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PerInKaMoOHHO-TPaHCKPUIILIMIOHHbIV KOMIIJIEKC KOPOHABUPYCOB:
(GVHKUMY MHAUBUAYAIbHBIX BUPYCHBIX HECTPYKTYPHBIX
CyObeIHNIL, CBOIICTBA U apXUTEKTYpa X KOMIIJIEKCOB

E.A. MMLueHKo@, B.A. VIBaHuCeHKO

DepepanbHbii NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® elmish@bionet.nsc.ru

AHHoTauusa. KopoHaBrpycbl oTHocATcA K cemeinctBy Coronaviridae nofcemeiictea Orthocoronavirinae u npeg-
CTaBnAlT coboit obonoueyHble (+) PHK-BUpYCbl ¢ HEOGBIYHO ANUHHBIM FEHOMOM. B HacTosLee Bpems YacTo uaeH-
TMOULMPYIOTCA, BbI3biBasA NPOAOKAIOLLYIOCA MaHAEMUIO BO BCEM MUPe, KOPOHABMpPYchl Severe Acute respiratory
syndrome CoV (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV) 1 HoBbiIln KopoHaBupyc (2019-nCoV,
SARS-CoV-2). ina caepxrBaHmA GbICTPO PacipOCTPAHAIOLENCS, OCTPON 1 YaCTO TAXKENOo npoTeKatoLlen UHGeKunn
LUMPOKO NPUMEHAIOT MpPOLUeALne KIMHNYECKME UCTbITAaHNA BaKLUMHbI, OAHAKO 3GPEeKTVBHbIX NIeKapCTB NO-Npex-
Hemy HeT. f[eHombl SARS-CoV-2 n SARS-CoV naeHTtnyHbl Ha ~80 %, a SARS-CoV-2 n MERS-CoV - Ha ~50 %. 3710 cBupe-
TeNIbCTBYET 06 O6LUMX MeXaHM3MaX NMaToreHe3a KOPOHaBUPYCOB 1 OAHMUX U TEX »Ke NMOTEHLUANbHbIX TepaneBTUYECKMNX
mMuLeHax. DepmeHTbl 1 3ddeKTopHble 6enku, BXxoadALme B COCTaB PEMIMKaLMOHHO-TPAHCKPUNUMOHHOIO KOMIMJIEK-
ca (PTK) KopoHaBrpyCOB, KOQNPYIOTCA BECbMa KPYMHbIM reHOM pensimkasbl Y TPeAcTaBaatoT COO0 NePCNeKTUBHbIE
MULLEHW JeCTBMA NOTeHUMaNnbHbIX SPGEKTUBHBIX NEKAPCTB. STV MULLEHN BKIOYatoT nanauH- 1 3C-nofobHble uu-
CTEVHOBbIE MPOTENHAa3bl, OCYLLECTBASIOWME MPOLECCUHT ABYX OOMbLUNX BUPYCHbIX nonunpoTtenHos, PHK-3aBucu-
myto PHK-nonumepasy, PHK-xenvkasy, dbepmeHTbl, MognduumpyoLlne BUPYCHbIA reHOM, pepmeHTbl, obnagatoLye
3'-5'-3K30pVOOHYKIIea3HON 1 ypuamnaT-cneundnyHomn SHAOHYKNea3HOM aKTUBHOCTbIO, @ Tak»Ke BaXHble 3pdeKTop-
Hble 6enKkun. B HacToALlee BpeMsA M3yyeHne CIIOKHbIX MONEKYNAPHbIX MeXaHW3MOB CO0PKM 1 GYyHKLMOHMPOBaHMUA
PTK HaxopuTca Ha nuke n3yyeHus. O630p NOCBSALLEH aKTyaNbHbIM Y COBPEMEHHBIM NCCNIEAOBAHUAM CBOWMCTB UHAU-
BUAYanbHbIX HECTPYKTYPHbIX CybbeanHuL PTK 1 nx KOMNIeKcoB v BKIKOYaET N3yyeHne CTPYKTYP NHAMBUAYANbHbIX
cy6benmHuL, PTK KopoHaBUpYCOB, [OMEHHOI opraHu3auun cybbegnHmL n ux GyHKLMIA, 6enoK-6eKoBbIX B3aMMo-
LEeNCTBUI, CBOWNCTB 1N apXUTEKTYPbl KOMMNEKCOB CyObeAuHWL, BAVAHUA MyTauui, a TakKe BbIABNEHUA MyTauuii,
BAVALWWYMX Ha >KU3HECMOCOOHOCTb BUPYCA B KIIETOUHON KybType.

KnioueBble cfioBa: HECTPYKTYpPHble 6enkn kopoHaBrpycoB (CoVs); cyobenmHuLbl pennmnkasbl CoVs; pennkayMoHHO-
TPaHCKPUMLUOHHBIV Komnnekc CoVs; apXnTeKTypa KOMMIEKCOB HECTPYKTYpHbIX 6enikos CoVs.

Ana untuposauma: Mmnwenko EJ1., IBaHnceHko B.A. PennnkauoHHO-TPaHCKPUMLMOHHbIV KOMIMEKC KOPOHaBMpPY-
coB: YHKLMUN NHAMBUAYANbHbIX BUPYCHBIX HECTPYKTYPHbBIX CyObefMHNL, CBONCTBA N apXUTEKTYPa X KOMIMIEKCOB.
Basusnosckuli xypHan 2eHemuku u cenekyuu. 2022;26(2):121-127. DOI 10.18699/VJGB-22-15

Replication-transcription complex of coronaviruses:
functions of individual viral non-structural subunits,
properties and architecture of their complexes

E.L. Mishchenko®), V.A. Ivanisenko

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

Abstract. Coronaviruses (CoVs) belong to the subfamily Orthocoronavirinae of the family Coronaviridae. CoVs are en-
veloped (+) RNA viruses with unusually long genomes. Severe acute respiratory syndrome CoV (SARS-CoV), Middle
East respiratory syndrome CoV (MERS-CoV), and the novel coronavirus (2019-nCoV, SARS-CoV-2) have been iden-
tified as causing global pandemics. Clinically tested vaccines are widely used to control rapidly spreading, acute, and
often severe infections; however, effective drugs are still not available. The genomes of SARS-CoV-2 and SARS-CoV
are approximately 80 % identical, while the genomes of SARS-CoV-2 and MERS-CoV are approximately 50 % identi-
cal. This indicates that there may be common mechanisms of coronavirus pathogenesis and, therefore, potential
therapeutic targets for each virus may be the same. The enzymes and effector proteins that make up the replication-
transcription complex (RTC) of coronaviruses are encoded by a large replicase gene. These enzymes and effector
proteins represent promising targets for potential therapeutic drugs. The enzyme targets include papain- and 3C-like
cysteine proteinases that process two large viral polyproteins, RNA-dependent RNA polymerase, RNA helicase, viral
genome-modifying enzymes, and enzymes with 3'-5’ exoribonuclease or uridylate-specific endonuclease activity.
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Currently, there are many studies investigating the complex molecular mechanisms involved in the assembly and
function of the RTC. This review will encompass current, modern studies on the properties and complexes of indi-
vidual non-structural subunits of the RTC, the structures of individual coronavirus RTC subunits, domain organization
and functions of subunits, protein-protein interactions, properties and architectures of subunit complexes, the effect
of mutations, and the identification of mutations affecting the viability of the virus in cell culture.
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BBepeHune

HoBas xoponaBupycHasi HH(EKIUS BHE3aIHO PacrpocTpa-
HUJIACh 110 BCEMY MUPY, 4aCTO BBI3bIBAs TSXKEJIbIC pecrupa-
TOpHBIE, KUIIEYHbIE U CUCTEMHBbIE 3a001eBanus. Koponasu-
pycsl (CoVs) otHOCsTCs K cemelicTBy Coronaviridae mog-
cemeiicta Orthocoronavirinae, KoTopoe pasjesnsiercst Ha o-,
-, Y- 1 d-xopoHaBHpYCHL. Severe Acute respiratory syndrome
CoV (SARS-CoV), Middle East respiratory syndrome CoV
(MERS-CoV), noBslit kopoHaBupyc (2019-nCoV, SARS-
CoV-2), Bupyc renaruta muimein (MHV), Opramii KopoHa-
Bupyc (BCoV) otHocsTes k B-koponasupycam (Malik et al.,
2020). KopoHaBHpYChI MTPEACTABISIOT CO00W 000I0UCUHBIC
BHPYCHI C HEOOBIYHO [UTMHHBIM ofHOoIeoueuHsM (+) PHK-
reHoMoM (26-32 Tteic. ocHoBauwmit). [enom SARS-CoV-2
6mu3ok k reHoMy SARS-CoV (MaeHTHYHOCTH MOCTIeI0Ba-
teapHOCTH ~80 %), TeHOMBI SARS-CoV-2 1 MERS-CoV
MeHee OJIM3KH (MAEHTUYHOCTH MocienoBarenbHocT ~50 %)
(Lu et al., 2020). 13BecTHO, YTO CTPYKTYpa U PyHKIMH OCJI-
KOB coxpasstorcs naxe npu 30 % ypoBHE MACHTHYHOCTH
WX aMUHOKHCIIOTHBIX TlocienoBaresbHocTel (Rost, 1999).
DTO CBHAETENBCTBYET 00 OOIIMX MEXaHM3Max HaTroreHes3a
CoVs 1 OHUX U TeX ke MOTCHINAIBHBIX TePANEBTHYECKUX
MHUILIEHSX. 5'-IPOKCUMAaNbHbIE paiioHbI TeHOMOB CoV's BKIIIO-
qaroT K31, 5'-HeTpaHcnupyemslit paifon (UTR) u noBomsHO
MIPOTSHKCHHBIN (BKIIFOYAONIIHA 2/3 TeHOMa) TeH PeIUTHKa3bL,
KOAMpYIOMHK 16 HEeCTPYKTYypHBIX OenkoB. 3'-o0macTtu re-
HOMOB CoV's KOTUPYIOT CTPYKTypHBIe Oenku (S — cmaiiko-
BhI, E — moBepxHOCTHEIN, M — MeMOpaHHBIi, N — HyKIIeo-
Karcu/1), BCIIOMOTaTeIbHbIE OEIKH, KOJINYECTBO KOTOPBIX
BaphUpPYyeT Y pa3HbIX KOPOHABHPYCOB, a Takke 3'-UTR u
moJu(A)-TpaKT.

Pennkanmonno-tpanckpuniuonHsiii komruieke (PTK)
CoVs mpencraBiseT coboil cIOKHBI aHCAMOJIb BUPYCHBIX
U, BEPOSATHO, KIIETOYHBIX OCIIKOB, HapabaTeBaromuii (+)
PHK-renowm, a takxe Habop cyorenomusrx PHK CoVs B un-
(hurpoBaHHBIX KIeTKax. [eH permnka3sl CoVs umeer iBe
MepEeKPBIBAIOIINECS OTKPBIThIE paMKku cunThiBanust, ORFla
n ORF1b, xoTopble KonupyroT BupycHble komrmoHeHTs! PTK.
Dxcnpeccus reHa BesleT K 00pa30BaHMIO MOJIUIIPOTenHa ppla,
komupyemoro ORF1a, a ppbocomansHBIN CABAT paMKH Ha —1
nepest KogloHOM TepMmuHanuu TpaHcasiuna ORFla u nepe-
kimtoueHre Ha ORF1b mpuBoasT k monunporenny pplab,
SIBIISIIOLLEEMY Csl IIpojtoJkeHreM ppla. [lonunporennsl pplau
pplab rmosBepraroTcs NPOIECCHHTY, OCYIIECTBIISIEMOMY JIByMSI
BUPYCHBIMH LIUCTEUHOBBIMH IPOTEHHA3aMHU, MAIanH-110/100-
Ho¥i ipotenHa3oit PLP i 3C-mogo6uoi mporennasoit 3CLPO
(MPr0), ¢ BBIXOIOM MPOMEXYTOUHBIX TPE/IIICCTBEHHUKOB 1
16 3penbIX BHICOKOKOHCEPBATHUBHBIX HECTPYKTYPHBIX OCITKOB
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(nsp), criocoOHBIX acCOLMUPOBATH MEXy COOOH M SIBIISIIO-
mmxcs cyosenuannamu PTK. TTonmunporenn ppla Brimrogaer
Oemku nspl-nspl1, a mommmporenH pplab — Bce 6emku ppla,
a Taroke nspl2—nspl6 (Naqvi et al., 2020).

CTpyKTYypHbIe 1 GpYHKLMOHalNbHble CBONCTBA
KOHCepBaTUBHbIX HECTPYKTYPHbIX
cy6bepuHuy PTK 1 nx komnnekcos
MornekynsipHble MEXaHU3MbI COOPKH U (DYHKIIMOHUPOBAHUS
PTK ne nzyuensl. OfiHaKoO CTPYKTYpHbIE U (DYHKIIMOHAIBHbBIE
CBOHMCTBA KOHCEPBATHUBHBIX HECTPYKTYPHBIX cyOonreauuu PTK
1 UX KOMITJICKCOB HaxoJsITCs ceifyac Ha MMUKe UCCIIEI0BaHNI
W YPE3BBIYAWHO BaXKHBI IS UACHTH(GUKAIMH KIFOYCBBIX
MUIIeHeH AelcTBhs 3(PEKTUBHBIX JIEKAPCTB MIPOTUB KOPO-
HaBHUPYCOB:

nsp1 B3aumoseiictByet ¢ 40S-cyObeaunuIeit pubocoM u
TO/IaBIIsIeT MHULMAIINIO TPAHCIIALIMN X03SHCKUX OEIIKOB, B TOM
yrcIe pakTopoB HHTEpPEpPOHOBOro OTBeTa. B3anmoyeiicTere
nspl ¢ pubocoMamu BeIeT TaKKe K JIerpajalnuyl X03sHCKUX
PHK. Taxmm 00pazom, nsp 1 mogapisieT KII€TOUHBIE 3aIIUTHBIC
aHTUBHpYCHBIe MexaHm3Mbl (Kamitani et al., 2006; Narayanan
et al., 2008);

nsp2 =e BxoauT B coctaB PTK B kierounoii kynsrype. Ho
OTCYTCTBHE NSp2 B KJIETKaxX, THOUIIMPOBAHHBIX JICTICIIOHHBI-
mu mytantTaMmu MHVAnsp2 unu SARS-CoVAnsp2, cHnxaer
HapaboTKy Bupyca u BupycHoit PHK (Graham et al., 2005);

nsp3 1 NSp5 — MPOTENHA3bI, OCYIIECTBISIOINIIE IIPOIIECCHHT
MOJUNPOTEHHOB ppla u pplab ¢ BBIX0A0OM HHAMBUAYATIBHBIX
komroHeHT PTK. JlomeH(b1) mamanH-moqo0HOW ITUCTEHHO-
Boii mportenHasbl (PLP™) nsp3 ocymIecTBISIOT MTPOIECCHHT
N-npokcuManbHbIX paiioHoB ppla u pplab. MHV nsp3
nMeeT aBa Takux nomena — PL1P® (PL1P) u PL2p®™ (PL2P).
Jomen PL1P™ pacmeruisier caidTsl nspl/nsp2 m nsp2/nsp3,
a nomen PL2P — caiit nsp3/nsp4 (Hughes et al., 1995; Ka-
njanahaluethai et al., 2000). SARS-CoV nsp3 umeer equs-
ctBeHHBI PL2P (PLP)-momeH, pacIleruisiiomnid Bce Tpu
caiita, nsp1/nsp2, nsp2/nsp3 u nsp3/nsp4 (Thiel et al., 2003).
SARS-CoV PLP sBnsieTcs aHTaroHUCTOM BHYTPHUKJIETOYHOTO
UMMYHHOTO oTBeTa. Tak, nomeH PLP Onokupyer akTHBaIuio
TpaHckpununoHHbIX Gakropos IRF3 u NF-kB, nnnynuupyo-
mmx skcrpeccuro [FN(I) u aHTHBHPYCHBIX TEHOB, ITyTeM He-
npsmoro narnomuposanus IKKi- n TBK1-kuna3, koropsie
aktuBupyroT IRF3, a Takke mocpencTBoM CTaOMIN3AIUU
IkBa — naru6uropa NF-xB (Frieman et al., 2009). Jlomen
PLP rakxe 3(h(eKTUBHO THIPOIU3YET IEMEHTHl YOUKBUTH-
Ha ¥ IIPOJIyKTa HHTEP(HEPOH-CTUMYIHPYIOILEero rena 15 you-
KBUTHH-TIOJJOOHOTO Oeka, OIIOKUPYS TEM CaMbIM KIICTOUHBIN
MEXaHHU3M IOCTTPAHCISIUOHHOTO yOUKBUTHHUPOBAHUS U
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ycunuBast BupycHyto perutikanuio (Daczkowski et al., 2017).
OpHako nsp3 cradmmu3upyeT xo3siickyio E3 yOnKBUTHHITH-
razy RCHY1 uepe3 B3aumoneiicteue ceonx SUD- u PLPr-
nomeHoB ¢ RCHY 1 u aktuBupyer RCHY 1 -omocpenoBannyo
nerpaganuio pS3-3QpQPeKTHBHOTO KICTOYHOTO MHTHOWTOpA
perumkanun SARS-CoV (Ma-Lauer et al., 2016). SARS-CoV
nsp3 B3auMOAEHCTBYeT ¢ nspS, nsp6, nspl2, nspl3, nspl4 u
nspl6 B gposxokeBoit aByrudbpuanoii (Y2H) cucreme u, Bepo-
ATHO, CITY>KUT KapkacoM Jutst coopku PTK (Imbert et al., 2008).

[Iporennasa nsp5 siBisiercst 3C-nogo0HON IMCTENHOBON
nporenHazoit (3CLPP, MP). [Tporennaza MP urpaet Kiro-
YeBYIO POJIb B NIPOIIECCUHTE MONUIpoTenHoB ppla/lab, pac-
HICTUISIS IEHTPaIbHbIH 1 C-MPOKCUMAIBbHBIN palioHbI pp lab
B 11 BBICOKOKOHCEPBAaTHBHBIX CalTaXx C BBIXOJOM 3PEIBIX
OemkoB nsp4—nspl6 (Ziebuhr et al., 2000; Thiel et al., 2003;
Goyal B., Goyal D., 2020). IIporernaza MP™ akTUBHA TOJIb-
ko B Bune aumepa. Camossimeruienne MERS-CoV MPr© g
nsp4/nspS- 1 nspS/nsp6-caiiTax MPOUCXOITUT B PE3YIIBTATE JIH-
raH/I-MHY[IUPOBAaHHOTO 00Pa30BaHUs «HE3PENIOro TUMEpay
nipu commxennu nomeHoB 11 MP' B cocTaBe ABYX IMOTUTIPO-
tenHoB (Tomar et al., 2015). CTpyKTypHBIi aHaJIN3 KOMILIEK-
coB SARS-CoV-2 MP® ¢ u3BeCTHBIMH ITPOTUBOBUPYCHBIMU
uarnouropamu Boceprevir (mentunomumeTnk NS3/4A ipo-
teasbl Bupyca renarura C) u GC376 (MHrHOUTOp peIuTKag
CoVs) BBISBIII B3aUMOACHCTBUA MeXAy MP U naHHBIMU
MHTHOMTOPAaMH Ha aTOMHOM YPOBHE. DTH NCCIIEA0BAHHS BaXK-
HBI JIUTSL ONTUMM3AINH U TU3aifHa 3(h(EKTUBHBIX JIEKAPCTB B
60pr0Oe ¢ kopoHasupycamu (Fu et al., 2020);

nsp6 B3auMozeicTByeT ¢ nsp2, nsp8, nsp9 B Y2H-cucteme
(Brunn etal., 2007). lllects 13 npenckazanHbIX THIPO(GOOHBIX
nomenoB MHV nsp6 u SARS-CoV nsp6 sBISIOTCS TpaHc-
MemOparHbIMH ToMeHamu (Oostra et al., 2008). MHV nsp6
1 SARS-CoV nsp6 nokanu3oBaHbl B MeMOpaHax dHJOIUIa3-
MaTu4yeckoro petukyiayma (OP), uHaynupyoT odpa3oBaHue
aytoarocom ot MeMOpaH DP u akTHBHPYIOT ayTodaruio
(Cottam et al., 2011). Korpancdexuns nsp3, nsp4 u nsp6,
coziepKalux TpaHCMeMOpPaHHbIE JIOMEHBI, HHAYLUPYET U3-
MEHEHHE BHYTPEHHUX MeMOpaH X035HCKOH KIIETKH ¢ 00pa3o-
BaHMEM JByXMEMOpaHHBIX BE3HKYJI, MOI0OHBIX BE3HKYaM,
unaynupoadHbiM SARS-CoV (Angelini et al., 2013);

nsp7 u nsp8 B3auMoneiicTByIoT Mexkay coboit. SARS-CoV
nsp7 1 nsp8 KOKPUCTAILTU3YIOTCSI ¢ 00pa30BaHUEM IreKcaieKa-
MEpPHOTo cynepkomIuiekca nsp7/8. Coopka cynepKoMILIeKca
BKITIOYaeT 00pa3oBaHHUE IBYX Pa3HBIX Nsp7/8 TeTeponnMepos,
D1 n D2, paznnyatommxcst koHopmarueit nsp8. Kaxpiii u3
D1 u D2 mumepusyercs ¢ 00pa30BaHHEM IeTepoTeTpaMepoB
T1 u T2, a B3aumoneticteue aAByx T1 u nByx T2 B mopsinke
T1-T2-T1'-T2' ¢ 3aMbIKaHHEM KOJbLAa YEPE3 B3aUMOJECH-
ctBue T1-T2' npuBOAUT K MOTHOIN KOHCTPYKILUH CYTIEPKOM-
TUIEKCa C YHUKAIBHON apXUTEeKTypoit: 16 Momexys (8 MoeKys
nsp7 U 8 — nsp8 TECHO B3aMMOJEHCTBYIOT APYT C APYIOM,
00pasysi oIy HWINHAPUYECKYIO CTPYKTYpY, B KOTODOii
COCYIIECTBYIOT B¢ KoH(popMmamuu nsp8. I1omoKnuTenbHBINA
3aps]] BHYTPEHHET0 KaHaa WITHH/PA, a TAKXKE €T0 JHAMETP
(30 A) yka3bIBaroT Ha CIIOCOGHOCTB CyMEPKOMILIEKCa nsp7/8
OKpYy>XaTh U B3auMozeicTBOBaTh ¢ JByuenodeuHoid PHK
(muPHK) (Zhai et al., 2005). I'ekcagekamepHbIi CynepKoM-
iekc SARS-CoV nsp7/8 obpasyercst Takike B pacTBOpE MpH
SKBUMOJIIPHOM nsp7 :nsp8 oTHomenuu (Zhai et al., 2005;
Velthuis et al., 2012).
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B pactBope rexcagekamep SARS-CoV nsp8/7 accouuupyer
¢ nuPHK (Kd ~1.2 MmxM). Acconmarmro nsp8/7 ¢ nuiPHK o6e-
crieanBaeT nsp8, Torna kak nsp7 ee ycunusaer (Velthuis et al.,
2012). UnpuBunyansuelii SARS-CoV nsp8 obnanaer npaii-
Mep-He3aBucuMmon PHK-3aBucumoit PHK-nonumepasnoi
(RdRp) akTUBHOCTBIO ¥ MHHLUHUPYET C HU3KOH TOUHOCTHIO
CHHTE3 de novo KOPOTKHX (MEeHee 6 HYKJICOTH]IOB) KOMILICMEH-
TapHBIX OJIUTOMEPOB (TIpaiiMepoB) Ha MAaTPHIIAX OIHOIIETIO-
yeynbix PHK (onlPHK) (Imbert et al., 2006). SARS-CoV nsp8
1 nsp8/7 KOMIUIEKCHI 00Ia1al0T TakXkKe IpaimMep-3aBUCUMOi
RdRp-aktuBHOCTEIO (Velthuis et al., 2012). FCoV (kommaumnii
KOpOHaBUPYC) nsp7/8-koMIulekC mpeacTasisier coboit 2:1
reTepoTpUMEp, COCTOSALIUMI U3 IBYX MOJIEKYJ NSp7 U ONHOU
MOJIEKYNTBI nsp8 6e3 0O0pa30BaHUS M0N0 CTPYKTYPHI Kak B
KpHCTaJNINYECKOM BHUze, Tak U B pactBope. FCoV nsp7/8
obnanaer npaiimMep-uezaBucumoit RARp-akruBHOCTBIO (Xiao
etal., 2012);

nsp9 seisercs onPHK-cps3pBatommm 6enkom (Egloff et
al., 2004; Miknis et al., 2009). B skcniepumeHTax in vitro B
pacTBOpe OOHApYKEHbI KAK MOHOMEpHAsI, TaK M JUMEpHas
¢opmer PDCoV (cBunoii §-xoponasupyc) nsp9 u PEDV
(BUpYC CBHMHOI SMHAEMUYECKON IHapeu, OTHOCSIIUNCA K
a-kopoHaBupycam) nsp9 (Zeng et al., 2018), a Taxkxe aumep-
Hast popma SARS-CoV nsp9 (Miknis et al., 2009). Hccneno-
BaHMe KprcTaundeckux ctpykryp SARS-CoV nsp9 (Egloff
et al., 2004; Miknis et al., 2009), PDCoV nsp9 u PEDV nsp9
(Zeng et al., 2018) BersBMIIO AUMepHBIE POpMBI Nsp9. MoHo-
Mep SARS-CoV nsp9 xapakrepusyeTcsi HOBOM CTPYKTypoOit
cpezu OeNKOB peruTMKaTHBHEIX KoMIuiekcoB PHKoBBIX BUpy-
COB, 0COOCHHOCTH KOTOPOH CXO/THBI CO CTPYKTYPaMH OJIMIoca-
Xapu1/0JIMroHyKIIeoTH I-cBsi3biBatonux OenkoB (Egloff et al.,
2004). Myramwu, Biausrontie Ha qumepusanimio SARS-CoV
nsp9, ocnadnsroT B3anMoseiicTere 3Toro Oenka ¢ onPHK u
netanbsHbl i perukanun SARS-CoV B k1eTouHOH Kyib-
type (Miknis et al., 2009);

nspl0 ¢ MuxpomosnsipHOH apPUHHOCTHIO B3aNMOJEH-
creyet ¢ nuPHK, au/THK u ouPHK (Joseph et al., 2006).
WccnenoBanus kpucrtamimdeckoi cTpykTypsl SARS-CoV
nspl0 mokazanm, 4To CTPYKTypa MOHOMEpa BKIIIOYACT J[Ba
IIMHKOBBIX MAaJIblla U SIBJISIETCS HOBOM Cpe CTPYKTYp Oel-
KOB C IIMHKOBBIMU MajiblaMy. MaeHTH)UIIMPOBAaHEI MOTHBbI
LMHK-CBSA3bIBAIOLIMX NocneaoBaTenbHocTeil nspl0. JBenan-
1aTh UACHTHYHBIX MOHOMEPOB 00pPa3yIOT yHUKAIIbHYIO cde-
PHUECKYIO T0JCKaMEPHYIO apXUTEKTYpy, KOTOpasi, MPeAro-
JIO)KUTETBHO, MOXKET OBITh (PyHKIMOHAIBHOH (hopmoii nsp10
(Joseph et al., 2006; Su et al., 2006). C momoript0 AByTUo-
PHIIHOTO aHalN3a B KIETKAX MJICKOIUTAOUINX BBISBICHBI
B3aumoneiictBus SARS-CoV nspl0 ¢ nspl4 u nspl6 (Pan
et al., 2008);

nsp11 npencraBnseT co00i KOPOTKUH MENTHI, TIOSBIISIO-
MUHca B pe3yinbTaTe paclieIUIeHus MOJUIpoTenHa ppla
nporenHazoii 3CLP/MP© g caiite nspl0/nspll. Ilentun
nspl1 xomuposan obmacteio reHoMHOI PHK, rae mponcxoaur
TPAHCISIIMOHHBIN CABUT paMKu cunTbiBanus (cMena ORFla
Ha ORF1b), xotopslii naetr Hauano Oenkam 12nsp—nspl6 B
6onee mmmHHOM, 4eM ppla, momumpotenne pplab. SARS-
CoV-2 nspll Bkmrouyaer Bcero 13 aMHHOKHCIOTHBIX OCTaT-
KOB M MMEET HEYNOPSJOUYEeHHYI0 KOH(POpMALHUIO, ANHAMUKA
KOTOPO¥ HCCIIEI0BAaHA B IPUCYTCTBUH JIMINI0B — MUMETHKOB
MeMOpaH. Muneisl naypuicynbdara HaTPHsl BBI3BIBAIOT
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TpaHC(hOpMALIMIO HEYIOPsIIoYeHHO koH(popMarmu nspll B
a-crimpans (Gadhave et al., 2021);

nsp14 6udpynknuonanseH. N-koHeUHbIH 1oMeH nspl4 00-
nagaet 3'-5'-sx30puboHyKIIeazHoil akTuBHOCTHIO (ExoN),
a ero C-KOHEYHBIN TOMEH MposBIiseT (TyaHHH-N7)-MeTHI-
TpaHcdepaznyto aktuBHOCTh (N7-MTaza). ExoN koppek-
TUPYET HU3KYI0 TOYHOCTh CHHTE3a KOMIJIEMEHTApPHOW 1[ern
BupycHoit PHK-3aBucnmoit PHK-momvepaszoii (RdRp) nsp12
1 KaTaJIM3UpYeT yAaJdeHue 3'-KOHEUHBIX OITMOOUHBIX HyKJICO-
tunoB B 1uPHK. N7-MTa3a karanusupyeT MEeTHINPOBaHUE
xoma BupycHoit PHK mo N7 ryannHa B IpuCyTCTBHA S-aIeHO-
3MIMETHOHHHA (JOHOpa METHIbHBIX Tpymin). N7-MTaza nme-
eT S-aJIeHO3UIIMETHOHHH-CBS3bIBAIOIINI MOTHUB, y3HAET KAII
BupycHoii GpppPHK u metnmmpyet N7 ryannna GpppPHK
¢ obpazosanuem ™MeGpppPHK (ko11-0). Kon-0 Beimonuser
BaXXHYIO pOJIb B OJOKHPOBAHUU JErpajalliyl BUPYCHOM
PHK 5'-3'-3x30pnboHyKI€a3aMi, HHUITHAIAN TPAHCISIIIAN
W YCKOJBb3aHUM OT KOHTPOJsI MMMYHHOH cuctemsl (Chen et
al., 2009; Tahir, 2021). MyTaHTbI KaTaJUTHYSCKOTO MOTHBA
MERS-CoV ExoN un SARS-CoV-2 ExoN He KH3HECTIOCOOHbI
B KierouHor kyaeType (Ogando et al., 2020). SARS-CoV
nspl0 accouunpyer ¢ ExoN-gomenom SARS-CoV nspl4,
ycunmuBast ExoN-akTuBHOCTE nspl14 6omee gem B 35 pas, He
Bimsisi Ha N7-MTasnyto aktuBHOCTh nspl4 (Bouvet et al.,
2012). CrpykrypHbie uccienoBanus SARS-CoV nspl10/14-
KOMITIEKca TIOKa3aJi, 9YTo offHa MoJieKyia nsp 1 0 accormmpyer
¢ ExoN-nomenom nspl4, ctaOumnsupyst 1 yCUInBasi aKTHB-
Hocth ExoN. Onpenenena apxutekrypa nsp10/14-komriuiekca,
BKJIOYAIOIIAs 1BAa pailoHa KOHTAKTOB MOJEKYNHI nspl0 ¢
ExoN-nomenom nspl4 (Ma et al., 2015);

nspl6 odmangaer (Hykieosua-2'O)-meTunTpancpepasHoi
akTUBHOCTHIO (2'0-MTa3za). 2'0-MTa3a y3naer kam-0 BH-
pycHoit PHK u katanusupyer nepeHoC METUIBHON IPYIIIBI
¢ S-ageno3uiamernonrHa Ha 2'OH rpynmy pudo3sl nepBoro
mocine N7-MeTHINpOBAaHHOTO TyaHWHA HYKJIEOTHAA C 00-
pazoBanueM "M°GpppN,,,\,.-RNA (mpespamenne kam-0 B
Kan-1). SARS-CoV nsp10 accoruupyet ¢ nsp16 u cTumymu-
pyet 2'0O-MTa3znyro aktuBHOCTE nsp 16 (Bouvet et al., 2010).
KaprupoBanue ¢ moMoIIpi0 MyTareHe3a MOBEPXHOCTHBIX
AMHHOKHCIOTHBIX 0cTaTKOB SARS-CoV nsp10, BoBneueHHbIX
BO B3amMmojeiicTue nspl0 ¢ nspl4 u CTpyKTYpHBII aHATN3
nspl0/16-komreKkca, BBISSBUIM NEPEKPHIBAHUE MTOBEPXHO-
creit nspl0, B3aumozelcTBytomux ¢ nspl4 u nspl6. Nspl0
MOXET CIYXHTb TaT(opMoi, pekpyTupyiomeit nspl4 wmm
nspl6 k PTK, ctumynupys ExoN-aktuBHOCTh nspl4 unu
2'0-MTa3Hy10 akTUBHOCTb NSpl6, 1 OBITH BaXKHBIM peTryJisi-
topom PTK. neHTHOHIMPOBAHBI MyTaluy, HapyIIAOIIHIe
nspl0-nspl4 u nspl0-nspl6 B3aumonelicteust. Hexoropeie
U3 HUX MPUBOAAT K HEIKU3HECIIOCOOHOMY (DEHOTHITY BHpyCa
B KJIeTOUHOH KyneType (Bouvet et al., 2014);

nspl12 (RdRp) karanm3upyer cuHTE3 KOMIUIEMEHTAPHBIX
ueneit PHK na (+) u () marpunax supycnoit PHK u npen-
craBisieT coboil kimroueBor ¢pepmeHT PTK. CoVs nspl2
UHHULUHPYET de novo ¢ 3'-KOHIIa BUPYCHOTO TeHOMa CHHTE3
nostHopasMepHoi (—) uernn PHK, a Taxke cyOreHoMHBIX (—)
PHK-TpanckpunToB, nMerOmux 3'-KOHIBI Pa3HOH JITUHBI.
B cBoro ouepenp, moaHOpasMepHbIE (—) a TaKXKe CyOTreHOM-
Hele (—) nenu PHK ciyxat matpuriamu a1 CMHTE3a HOBOTO
PHK-renoma, a Taxoke cyoreHomMHbIX (+) PHK-TpanckpunTos.
Cy6renomnsie (+) PHK BaskHBI 7151 SKCTIpECCHH CTPYKTYPHBIX
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1 BCIIOMOTaTeIIbHBIX OEJIKOB, KOJMPOBAHHBIX F'eHaMH 3 -IIPOK-
CHMAaJIbHO 00JIaCTH BUPYCHOTO TE€HOMA, HE JOCTYITHBIMH IS
pubocoM, TpaHCIMPYIOIUX BUPYCHBIN reHoM (Pasternak et
al., 2006). ITorHOpa3zmepHsblii pekomOrHaHTHBIH SARS-CoV
nspl2 acconmmupyer ¢ kopoTkuMmu (mrHOM 20—30 HYKICOTH-
noB) anPHK n onPHK (Kd 0.13 1 0.1 MKM COOTBETCTBEHHO),
a TakXXe MHUIUUPYeT npaimep-3aBucuMblii cuHte3 PHK
KaK Ha roMo-, Tak u rerepononumepHeix PHK-marpunax
ananornvHoi umHE (Velthuis et al., 2010). OgHako pexom-
ounanTHbld SARS-CoV nspl2 npakTuiyecky He acCOLMUPYET
¢ mpaitmep-MaTpuiei, mmutupyromen 3'-konednsie UTR
SARS-CoV-renoma, n He nposiisier RARp-aktuBHOCTE Ha
JTaHHOI mpaiiMep-marpuiie (Subissi et al., 2014).

MeTonoM KpHO3IEKTPOHHON MUKPOCKOIMM OIpeAeieHa
ctpykrypa moHomepa CoV-19 nspl2, koTopast BKIOUaeT
HunoBupyc-crenuduunbii N-konnesoi jomen RdRp-acco-
IUApOBaHHON HykIeoTuaunTpanchepassl (NiRAN), uaTep-
¢eiicubiit tomen u C-xonueBoit RARp-nomen. C-xoHreBoit
RdRp-1oMeH umeeT KOHCEpBATUBHYIO CpPEIM CeMeicTBa
BUPYCHBIX TTOJIIMEPa3 apXUTEKTypY, TOZOOHYIO IIPaBOH pyKe,
KOTOpast BKITFOYaeT TPH CyOJJ0MEHa: MaJIbIIEB, JIAJIOHU 1 O0JIb-
II0TO Tajblia. AKTUBHBIH LEHTpP C(POPMUPOBAH KOHCEPBATHB-
HBIMH MOTHBAMH aMUHOKHCIIOTHBIX OCTaTKOB, JIOKAJTM30BaH-
HBIMH B cyOmoMeHe ianoHu. OmnpeencHbl MOTHBBI KaHalla
BXoJa Hykieotuarpudocdaros, Bxona npaiiMep-MaTpHIbI
u BBIXONa obOpasyromieiics nenu PHK, xotopeie cxomsrcs
B LEHTPAIBHOM IMOJOCTH, TI€ 3TH MOTHBBI OCYIIECTBIISIOT
MarpuuHo-3aBucuMbIil cuaTe3 PHK (Gao et al., 2020).

Accormanus nsp7/8-koMruiekca ¢ nspl2 mpuBomuT K 00-
pasoBanuio nsp7/8/12-komriexca, 00Ia1a0IIero BEICOKOM
PHK-cBsi3pIBafoIICH CIIOCOOHOCTHIO, MOTHMMEPA3HONW aK-
TUBHOCTBIO U MPOLIECCHUBHOCTBIO: 3TOT KOMIUIEKC CIIOCOOEH
uHUIUUPOBaTh de novo cunte3 PHK Ha marpume 3'-UTR-
paiiona SARS CoV renoma c snonranueit PHK-nponyxra
6omnee 300 Hykieotunos. i ocymiectBieHns nsp7/8/12-kom-
TUIeKcoM IporieccuBHoOro crnTe3a PHK Tpr aMHHOKHCIIOTHBIX
ocrtarka nsp7 (K7, H36, N37) u onuH aMHHOKHCIIOTHBIH OCTa-
Tok nsp8 (K58) HeoOxoamMB 111 B3anMoaecTBus nsp7/8/12
¢ PHK-marpuueit, a ueTblpe aMHHOKHUCIOTHBIX OCTaTKa nspd
(D99, P116, P183, R190) BoBieueHbI BO B3aUMOJICHCTBHE C
nspl2 (Subissi et al., 2014). Bonee Toro, nsp7/8/12 ciocoben
acconnnpoBars ¢ nsp 14 ¢ 00pazoBaHHEM YHHKAIEHOTO MYJTb-
TUKOMIUIEKca nsp7/8/12/14. DToT ancaMOiIb HECTPYKTYPHBIX
OenmkoB obmamaet Beicokoii PHK-mommmepasHoit akTuBHO-
CTBIO, a TAKXKE aKTUBHOCTHIO, BOBJIeueHHOH B 5'-PHK-kamuHT,
HO IpakTHiecky He oonanaer ExoN-aktuBHOCTBIO (Subissi et
al., 2014). MetonoM KpHO3IeKTPOHHOH MUKPOCKOIIHH OTpe/ie-
neHa ctpykrypa CoV-19 u SARS-CoV nsp12/7/8-koMITIeKCcoB.
DTH KOMIUJIEKCHI, BKIIOYAIOIIME MOHOMEDPHI nspl2, nsp8 u
rerepoauMep nsp7/nsp8, UMEIOT MOAOOHYI0 apXHUTEKTYpy:
nsp8-1 B3ammoneiicTByer ¢ cyOnomenom nansies RdRp, a
cyObequHuIBI Nsp7 U nsp8-2 — ¢ CyOOMEHOM OO0JIBIIOTO
nmanbra RARp (Gao et al., 2020);

nsp13 obnanaer xeaMkazHON M HykIeo3uaTpudocdaras-
Hoit (NTPa3a) akTHBHOCTBIO; B3aUMOJIEHCTBYET € nsp7, nsp8
nunspl2 B Y2H-cucreme (Brunn et al., 2007; Pan et al., 2008).
Onpenenena kpucramudeckas crpykrypa MERS-CoV nsp13.
DT1a cTpyKTypa BKItoUaeT N-KOHEUHbBIH IUHK-CBS3BIBAIOIU I
nmomeH (ZBD), 6orarsrit Cys/His-ocTaTrkaMu, KOOPAXHUPYTO-
IAMH TPU MOHA IMHKA, a Takke C-KOHEUHbIE XeINKa3HbIe
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RecAl- u RecA2-nomeHsl, conepixaliue napasieibHble
B-mrermn (Hao et al., 2017). nsp13-xenmkasa pa3zgemnser memnu
muPHK u nu/IHK co cBucarommmu (amuHO# 5-20 HyKIT€0-
TtuaoB) 5'-koHuamu. Ilpu 3Tom nspl3 B3ammopencTByeT ¢
OIIHOLIETIOUEYHBIM 5'-KOHIIOM YaCTHYHOTO JyIUIeKca HyKJle-
MHOBBIX KHCIIOT 00OMX THUIIOB M pacKpy4HBaeT ero B 5'—3'-Ha-
NPaBJICHUH, HCIIOJIB3Ys SHEPTUIO TUAPOIN3a 5'-J€30KCH- U
pubonykieoruarpudocdaros (Ivanov et al., 2004; Adedeji
et al., 2012, 2016). PHK-5"-tpucocdaraznas akTHBHOCTb
nsp13 karanuzupyer orierienue Y-pocdara or 5'-koH1eBO-
ro nykneorua PHK 1, BO3M0OXHO, BOBIEUEHA B KIIIMPOBAHNE
BupycHbIX PHK (Ivanov et al., 2004). UccnenoBanns SARS-
CoV nspl3 noxasanu, uyTo packpyunBanue ayriekcos JJHK
MIPOUCXOIUT AUCKPETHBIMU MHTEPBANaMH JIMHON ~9.3 map
OCHOBaHHH (I1.0.) cO cKOpOCThI0 30 MHTEPBAJIOB/C, T. €. CKO-
pocth packpyuuBanus aymiekcos JJHK ~280 m. o./c.

Xenuka3Hasi aKTHBHOCTH nspl3 ycmnmBaeTcs B ~2 pasa
npu B3auMozaencTBuu nspl3 ¢ nspl2, uto nmo3BonseT npea-
roJaraTh B3aMMOACHCTBUE ATUX OCIIKOB B (DYHKI[MOHAIBHBIX
PTK (Adedeji et al., 2012). ITpu B3ammoneiictBun SARS-
CoV-2nspl13 ¢ PTK, Bkirowatormmm nsp7/2nsp8/nsp12: PHK,
00pasyroTcst cradbuibHbie KoMIuiekesl 2nsp13-PTK (67 %),
nsp13-PTK (20 %), a taxxe aumep (2nsp13-PTK), (13 %).
C NOMOIIBIO 3JIEKTPOHHONH KPUOMHKPOCKOITMH OIpeaeIeHa
apXUTEKTypa TOMUHHUpYomero komriekca 2nsp13-PTK, ko-
TOpasl BKJIIOUAeT B3aumonelcTteue ZBD nepBoil MoneKysbl
nspl3 ¢ N-konmom nsp8b u cyd60MeHOM OOJBIIOTO Mabia
nspl2, a Takxke B3aumopeiictBue ZBD BTOpoi MOIeKysbI
nsp13 ¢ N-xormom nsp8a. [Ipu sTom karamutnaecknit RecAl
XEJMKa3HBIN JIOMEH IepBOW MOJIEKYNbl nspl3 ¢ukcupoBaH
npotus nsp7 u rojosel nsp8b (Chen et al., 2020);

nspl5 — HUIOBUpPYCHAS YPUAMIAT-CIICIIUPUIHAS DHIIO-
pubonyxieaza (NendoU), pacmerusier PHK mo 3'-ypununary
B HECIIapPEHHBIX, OJHOLIENIOYEYHBIX M TETIEBBIX pallOHax
(Bhardwaj et al., 2006; Zhang et al., 2018). Kpucramnmmue-
ckue cTpykTypbl SARS-CoV-2, SARS- u MERS-CoVsnspl5
TOMOJIOTUYHBI U MPECTABISIOT CO00H (PyHKIMOHAIBHO aK-
THBHBIE T€KCaMepbl, 00pa30BaHHbIE ANMEPU3ALHEH TPUMEPOB.
Kaxplit 13 mpoToMepoB rekcamepa BKIIFOYAET TPH JJOMEHA:
N-koHeuHbIH, cpeaHuid U C-KOHEUHBIH KaTaJuTHYeCKUN
NendoU-gomen. IIpu c6opke Tpumepa N-KOHEUHBIH JOMEH
OJIHOTO IIPOTOMEpA YITaKOBAH B ILEJTb MEXK/TY IEHTPATbHBIM 1
C-KOHEUHBIM JJOMEHAMHU COCeHero nmporomepa. [Ipu coopke
rekcaMepa N-KOHEYHBIE IOMEHBI IPOTOMEPOB JBYX TPUMEPOB
YIIaKOBaHbI «CIHMHA K CIIMHE» U HaXOJSTCS B IIEHTPE TeKca-
MEpHO# CTPYKTYpBI, B TO BpeMsl kak C-KOHEYHbIE JOMEHBbI,
COZIepKalllie aKTUBHBIA LIEHTPBI, PACIIONIOKEHBI BOBHE, B
BEpIIMHAX KJIEBEPHOTO JHCTa. Takas apxuTekTypa obecnedn-
BaeT nspl5 mecTbio GyHKIMOHAIBEHO aKTHBHBIMH LIEHTPaMH
(Zhang et al., 2018; Kim et al., 2020).

Conepxanue ypuaunara 8 PHK, Mn*2 u B MeHbIueii cre-
nenn Mg*? yeennuusaet adurnocts nspl5 x PHK. Tekca-
MmepHas cTpykrypa SARS-CoV u MERS-CoV nspl5 kputnd-
Ha JUIS B3aHMMOJAEHCTBHS C CyOCTpaToM M KaTaJIWTHYECKOH
AKTHBHOCTH: MCCIICIOBAaHHE CEPUHM MYTAaHTOB 3TOro OejiKa B
MOHO-, TPU- U TeKCAaMEPHOM (hOpMax BBIIBHIIO JUISI MOHOMEPOB
U TPUMEPOB Kak caaboe B3aumoneiicteue ¢ PHK (rU ;).
TaK ¥ HU3KYIO KaTaJUTHYECKYIO aKTHBHOCTD 110 CPABHEHUIO
¢ Tekcamepamm, a Taxke nspl5 mamxoro tmma (Bhardwaj et
al., 2006; Zhang et al., 2018). Bonee Toro, nsp8, a TaKxke
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KoMIUTeKc nsp7/nsp8 BzaumozeiictBytor ¢ MERS-CoV nsp15,
YCHIIMBAsI CBSI3BIBAIOLIYIO CIIOCOOHOCTH TekcaMepa nspls k
PHK u ero karanutudeckyro aktuBHOCTH (Zhang et al., 2018).
NendoU-aktuBHOCTS nspl5 siBrsiercst anTaronnctoMm [FN-
MHJIyIUPOBAaHHOTO aHTUBUPYCHOTO OTBETA KIIETKH, a TaK¥Ke
CTHUMYITUPYeT HHUIHANKIO TpaHcsin BupycHoit PHK (Deng
etal., 2018, 2019).

Just CoVs xapakTepHO OOJbIIOE KOIUYECTBO HECTPYK-
TypHBIX CyOBEIUHUIl U UX KoMIiekcoB B coctaBe PTK.
BaxH0i1 0COOEHHOCTBIO SIBJISICTCS TAKKE TO, YTO HEKOTOPBIE
CyOBbeIMHUIIBI UMCIOT OMEHBI, OOJajaroiiue pasHon dep-
MEHTAaTUBHON akTHUBHOCTHIO (nspl4, ExoN u N7-MTa3nas
aKTUBHOCTB; nspl3, xenukasuas u Hykieosuarpudocda-
Ta3Has aKTUBHOCTH). HecTpykTypHbie 6enkn CoVs UMeEroT
kak yHuBepcasnbHblil s (+) PHKoBbIX BupycoB Habop
akTHUBHOCTEN: nporenHasnyto, PHK-3aBucumyro PHK-
nonumepasHyto (nspl2), PHK-xenukasnyto (nspl3), tak u
pEnKUe U JaXKe YHUKaJIbHbIE JIOMEHbI, BoBieueHHble B MPHK-
K3IUHT, K3T-Moaudukanuio (nspl4, nspl6), perynupyroriue
HanexxkHOcTh perummkanun PHK-renoma u oGmanmaromme
3'—5'-3k30pHOOHYKIICa3HOI aKTUBHOCTBIO (nspl4), a Takxke
ypuauiar-cnenuGuuHOd 3HJOHYKICa3HO! aKTHBHOCTBIO
(nsp15). Muorue 6esku ciyxar KohakTopaMu JJIsl BaKHEH-
mmx GepmeHTOoB (nsp7, nsp8, nsp10), a Takxke BIHAAIOT HA KIIe-
TOYHBIE MPOIIECCHI, B YACTHOCTH MOJIABJISIFOT aHTHBUPYCHBIN
KJIETOYHBIH 0TBET (nsp 1, nsp3, nsp6, nsp15). Ctpykrypsl nsp9
u nspl0 — HOBBIE CpPeAM CTPYKTYp OCJIKOB PEITMKATHBHBIX
komruiekcoB PHKoBeix BupycoB. Cyosenuannsl CoVs u
HX KOMILJIEKChI UMEIOT CIIOKHYIO apXuTekTypy. Tak, nsp7 u
nsp8 00pa3yroT GYHKINOHATBHBIA YHUKAIBHBINA TeKcaaeKa-
MEpHBIH cynepkomiuiekc, nspl0 BrirouaeT 12 uAeHTUYHBIX
cyOpenuHUI, a nspl5 mpeacrasisger coboil pyHKIIMOHATBEHO
aKTUBHBIN rekcamep. CnoxkHas apxutektypa PTK onpenenena
Ha Mozenu 2 nsp13/2 nsp8/1 nsp7/1 nspl2.

3aknioyeHune

OtcyTcTBHe 3¢ (HEKTHBHBIX JIEKapCTB IPOTHB HOBOI KOPOHA-
BUPYCHOH MH(EKINH SBJISCTCS BHI30BOM HAIIIETO BPEMEHHU.
PTK CoVs pemmunupyet (+) PHK-renom CoVs u onpenenser
HapaOOTKy BUpyca B MHOUIIMPOBAHHBIX KJIETKaX C IIOMOIIBIO
MOKA HEM3YYEHHBIX MOJCKYJISIPHBIX MeXaHW3MOB. bonbime
YCHIIUSL KCCIIeIoBaTe el HallpaBiIeHbl Ha CO3/IaHNeE CTPYKTYP-
HO-(YHKIIMOHATEHON CETH B3anMoecTBHi mpoteoma CoVs,
a TaK)Ke €ro B3auMOJICHCTBUIM € X035HCKOM KIETKOM, KoTopast
npezcTapisiia Obl MacITaOHYO aHes b TEPANeBTHUECKUX MHU-
meHel. Onpenenenne CTpyKTyp HHAMBUIYalIbHBIX HECTPYK-
TypHbIX cyObeanHnl PTK 1 nX KOMITIEKCOB, naAeHTH(DHUKAIINS
KIIFOYCBBIX B3aMMO}16ﬁCTBleH.lPIX AMHHOKHUCJIOTHBIX OCTAaTKOB
U TUIIOB CBA3EH MEX1y HUMH ITO3BOJIIIOT OCYIIECTBUTH
JIM3aifH CENEKTUBHBIX U 3P (PEKTUBHBIX MHrHOUTOPOB. Mc-
CJIE/I0OBAaHMS C TOMOIIBIO0 OMOXUMHUYECKUX METOJIOB, & TAKKE
MYTAIMOHHBII aHAJIN3 AAIOT BO3MOKHOCTH BBISBIATH (hak-
TOPBI, BIUSIONIME HA 3PPEKTUBHOCTH HAPAOOTKN BUPYCHOTO
PHK-renoma u Bupyca B MHQUIIMPOBAHHON KIJIETKE, MHOMXeE-
CTBEHHBIE (D (PEKTHI BUPYCHBIX OCIIKOB Ha XO3SHCKYIO KIETKY
Y MTOTEHIMAIIbHBIC KITFOYEBbIC MUIICHH ACHCTBHUS JICKapCTB.
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CucremMa MOJIEKY/ISIPHBIX MapKepOB JISI UAEeHTUPUKALIV
ajiiesneli reHOB KOpOoTKocTebenbHOCTU Rht-B1 n Rht-D1
YV MATKOI IIIIE€HUIIbI

V.B. ITopoTHMKOB ®, OIL Murpodanora, O.FO. AuToHoBa

DepepanbHbI NCCefoBaTENbCKUI LLEHTP BCepoCcninicknin MHCTUTYT reHeTUYeCKrX pecypcoB pacTeHuii um. H./. Basunosa (BUP), CaHkT-MeTepbypr, Poccus
® i.v.porotnikov@gmail.com

AHHoTauua. MyTtaHTHble annenu reHoB Rht-B1 n Rht-D1 (Reduced height) unpoko ncnonb3ytoT AnA CO3AaHnAa KOpoT-
KocTebenbHbIX COPTOB MAFKON MIUEHULIbI UHTEHCUBHOTO TWMa. ITW reHbl U GpnaHKupyioLwmne nx obnact ceKBEHUPO-
BaHbl, B NOCNef0BaTENbHOCTAX OMMCaHbl aCCOLUMPOBAHHbIE C M3MEHEHNEM BbICOTbl PAacTeHUA OAHOHYKNEOTUAHbIe
3aMeHbl, NprBOAALLME K 06pa30BaHMI0 HOHCEHC-KOAOHOB (annenu Rht-B1b, Rht-Ble, Rht-B1p v Rht-D1b), n pa3nuuHble
nHcepuuwn (annenu Rht-Bic, Rht-B1h v Rht-B1i-1). Ana naeHTMOMKaLMmM Takoro Tina OAHOHYKIEOTUAHbIX MyTaLuii pas-
paboTaHbl JHK-mapKepbl, 0OCHOBaHHble Ha NPYHLMME annenb-cneunduyHoi nonrmepasHoi LenHoi peakumm (MLP).
OpHako ngeHtudurKaumna annenen STum MeToaoM NpefbABAET NoBblleHHble TPe6oBaHMA K cOOM0LEHMNI0 YCIIOBUN
peakuuw, a nonyvyaemble pesynbTaTbl HE BCErAa OAHO3HAYHbI. AlbTepHaTNBOI MOXeT 6biTb CAPS-TexHONOIMSA, feTek-
TUpYyOLasa pas3finumna B NociefoBaTeNlbHOCTAX MyTeM pecTpukumm MLP-npogyKToB. B cnyyae oTcyTCTBUA pecTpuriKTas,
CnocobHbIxX paclennaTb [HK B MecTe nokanusaumm TOUKOBOW MyTaLuUm, PECTPUKLMOHHbIE CaiiTbl MOTYT BbITb UCKYC-
CTBEHHO BHECEHbI B NOCNeaoBaTenbHOCTb npaimMepa (derived CAPS). Llenb HacTosAweln paboTbl — paspaboTate CAPS-
1 dCAPS-mapKepbl A1 BbIAIBNEHWA 3aMeH OCHOBaHWI, Nofo6paTh Mo IMTepaTypHbIM UCTOUHKKaM STS-MapKepbl Ans
LEeTeKLUMUN MHCePLMIA 1 TEM CaMbIM NPELIOKUTb CUCTEMY MOJIEKYNAPHbIX MapKepoB ANA naeHTrduKaumm annenen re-
HOB KOPOTKOCTEOEBHOCTI, YAaCTO NCMOMb3yEMbIX 1 NePCREKTUBHbIX AN cenekunm. PaspabotaHo Tpu CAPS-mapkepa
Ons BblsBNeHus annenei Rht-B1b, Rht-D1b, Rht-B1p n npa dCAPS-mapkepa ans Rht-B1b n Rht-Ble, npeanoxeHbl Npo-
rpammbl 4ns nx amnnvounkaumm. Mo nutepaTypHbIM UCTOYHMKaM NogobpaHbl STS-mapkepbl anneneii Rht-Bic, Rht-B1h,
Rht-B1i-1, copepxaLmx nHcepumm. lNpennoxeHHaa cmctema MapkepoB anpobrpoBaHa npu reHoTunmMpoBaHnmn 11 06-
pasLoB MATKOW NieHWLbl U3 Konnekummn BUP, HecyLux BbileyKa3aHHble MyTaHTHbIE afifieNIn FeHOB KOPOTKOCTEGESb-
HOCTW ¥ annenu avkoro tmuna Rht-Bla v Rht-D1a. Hannune HoHceHc-MyTaLMiA NOATBEPKAEHO TakxKe Mpv MOMOLLM
annenb-crneyunduryHoi MLUP. 3Ta cuctema MapKepoB Hapsay C YXKe CYLLECTBYIOLMMI MOXET ObITb MCMONIb30BaHa Ans
naeHTMdMKaLmm annenemn reHos KopotkoctebenbHocTn Rht-B1 1 Rht-D1'y MATKOI NLIEeHNLbI C LieSIblo FreHeTUYecKoro
CKPUHVHIra 06pasLoB ex Situ KOMNeKLUMIN U/Unn B MapKep-OpUEHTNPOBaHHON CeNeKLUN.

KntoueBble cnosa: Triticum aestivum; annenu Rht-reHos; AS-PCR; CAPS; dCAPS; reHoTunupoBaHue.

[na yutuposanusa: MopoTtHukos W.B., MutpodaHosa O.., AHToHOBa O.t0. Cuctema MoneKynapHbIX MapKepoB Asis
naeHTnounKaymm annenein reHoB KopotkoctebenbHocTn Rht-B1 n Rht-D1 'y MArkon nweHuubl. Baguinosckudl XypHan
2eHemuKu u cenekyuu. 2022;26(2):128-138. DOI 10.18699/VJGB-22-16

A system of molecular markers to identify alleles of the Rht-B1
and Rht-D1 genes controlling reduced height in bread wheat

LV. Porotnikov®, O.P. Mitrofanova, O.Yu. Antonova

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
® i.v.porotnikov@gmail.com

Abstract. Mutant alleles of the Rht-B1 and Rht-D1 (Reduced height) genes are widely used in bread wheat breeding for
the development of intensive-type cultivars. These genes and their flanking regions have been sequenced and the
point mutations leading to the nonsense codons (Rht-B1b, Rht-Ble, Rht-B1p and Rht-D1b alleles) and various inser-
tions (Rht-B1c, Rht-B1h and Rht-B1i-1) associated with a change in plant height have been described. DNA-markers
based on the allele-specific PCR have been developed to identify single-nucleotide changes. However, the use of such
technique imposes stringent PCR conditions, and the resulting data are not always unambiguous. An alternative can
be found in the CAPS technology: it detects differences in sequences by digesting PCR products. In the absence of
restrictases capable of digesting DNA at the point mutation site, restriction sites can be introduced into the primer
sequence (derived CAPS). The aim of this study was to propose a system of CAPS-, dCAPS- and STS-markers for identi-
fying alleles of the reduced height genes frequently used in breeding programs. Three CAPS have been developed to
identify the Rht-B1b, Rht-D1b, Rht-B1p alleles, as well as two dCAPS for Rht-B1b, Rht-B1e. STS-markers for the insertion-
containing alleles Rht-Bic, Rht-B1h and Rht-B1i-1 have been selected from publications. The proposed markers were
tested during the genotyping of 11 bread wheat accessions from the VIR collection with the abovementioned mutant
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alleles and the wild-type Rht-B1a and Rht-D1a.The presence of nonsense mutations was also confirmed by the results
of allele-specific PCR. This marker system, along with the existing ones, can be used to identify dwarfing alleles of
the Rht-B1 and Rht-D1 genes in bread wheat for genetic screening of accessions from ex situ collections and/or for

marker-assisted selection.

Key words: Triticum aestivum; alleles of Rht-genes; AS-PCR; CAPS; dCAPS; genotyping.
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BBepeHune

OnHUM U3 3HAYUMBIX (DAKTOPOB ycIiexa B CENEKIMU MSITKO#
IIIEHNIBI, TIPEX/IE BCETO B PEANIM3aLUK TPOTPAMMBI «3eJIe-
HOH PEBOITIOIMNY B PA3BUBAIOIINXCSI CTPAHAX MUPA, CIUTAIOT
CO3/IaHUE KOPOTKOCTEOENIbHBIX COPTOB MHTEHCHUBHOIO THIIA
(Hedden, 2003; Sukhikh et al., 2021). CHWKEeHHE BBICOTHI
pacTeHHH HE TOJIBKO CONPOBOXK/AJIOCHh MOBBIIMICHHEM HX
YCTOWYHMBOCTH K MOJIETAHUIO, YTO OJIATONPUSTHO CKa3bIBa-
7och Ha 3((HEKTHBHOCTH MEXaHU3UPOBAHHON yOOPKH, HO U
YBEJIMYKMBAJIO YKUCIIO 3€PEH B KOJIOCE U YKCIIO 3epeH Ha 1 M2,
a BCE BMECTE PUBOJIMIIO K IOBBIIIEHNIO ypoxkaitHocTu (Gale
et al., 1985; Youssefian et al., 1992; Evans, 1998).

Y msirko#t muenuts! (7riticum aestivum L.) 1 poncTBEHHBIX
el BHJIOB ONMCAHO 1O MEHBIIEH Mepe 25 TeHOB, KOHTPOJIU-
PYIOIIMX TPHU3HAK «BBICOTA PACTCHHUS» M 0003HAYCHHBIX KaKk
Reduced height, Rht]1—-Rht25. Bce TeHBI Tak WX WHAYE CBSI-
3aHbl ¢ uToropMoHoM pocra rudbdepeminHom (Mclntosh
et al., 2013, 2016, 2018). Oxamr U3 HUX, TaK Ha3bIBaGMbIC
GA-uyBcTBUTENBHBIC TeHbI Rht4—Rht9, Rhtl12—Rht20 n Rht25,
MO-BUJIMMOMY, YYacTBYIOT B IIpolleccax CHHTE3a WM pac-
naga Tuo6epermtoBoit kucnotsl ('K = GA). pyrue, GA-He-
YYBCTBUTEINbHbIC I'eHbl Rht-Al, Rht-B1 n Rht-D1, nerepmu-
HUPYIOT OTBET Ha Hee. [ HeKOTOpBIX TeHOB (RAt22, Rht23
u Rht24) xapakrtep peakuuu rmoka He onpeneneH (Sukhikh et
al., 2021).

Hawubonee mmupokoe pacnpoctpanenue cpeau GA-uyB-
CTBHUTEIFHBIX T€HOB TIOTy4 I TeH RAtS, IepeTaHHBIN B HadaIe
20-ro Beka BMECTE C TECHO CLICTNICHHBIM C HUM aJllelieM Ir'eHa
HEYYBCTBUTEIBHOCTH K (hoTonepuony Ppd-Dla (response
to photoperiod) ot smoncKoro copta Akakomugi cHagana B
UTAJIBSHCKHUE, & 3aTeM BO MHOTHE BOCTOYHO- M I0)KHOEBPOTICH-
ckue copta (Borojevic K., Borojevic Ks., 2005). Dtot rex He
OKa3bIBAET CYIIECTBCHHOTO BIMSHNS HA yMEHbBIICHUE [UTHHbI
KOJICOTITHJIE U, KaK CJIC/ICTBHE, MTO3BOJISIET IIPOBOJIUTH TTOCEB
Ha OOJIBIIIYIO TIIYOWHY, YTO UTPaeT PEHIaronlyl0 POJb s
COXpPaHEHUsI ’KU3HECTIOCOOHOCTH POPOCTKOB B YCJIOBHUSIX JIe-
(unmTa Bojb! MM BeICOKMX TeMneparyp (Korzun et al., 1998;
Ellis et al., 2004; Divashuk et al., 2013; Grover et al., 2018).

Bbonee neranpHOo n3yueHsl GA-HEqyBCTBUTEIbHBIC TCHBI,
OHU PACIIOJIOKEHBI Ha KOPOTKUX IIEYax XpOMOCOM 4-i romeo-
nornunoi rpynnsl (Gale, Marhall, 1976; Borner et al., 1996).
JloMMHaHTHBIE AJJIETHN 3TUX T'€HOB (JUKHN THI) KOIUPYIOT
DELLA-6enkn, npuHajmexamye cemeiicty GRAS 6ernkos —
PEryIsITOPOB TPAHCKPHITIMK; HA UX C-KOHIIE HAXOUTCS KOH-
CEepBATUBHBIN JIOMEH, KOTOPBII MOXKET CBS3bIBATHCS C APYTUMHU
TPAHCKPUIIIMOHHBIMU (DAaKTOpaMH U T€M CaMbIM OJOKHPO-
Barh X (QyHKIM0. [loaTOMYy Hanuuue B KiIeTKax OOJbIIOTrO
kommuectBa DELLA-GenkoB 3amemsieT poct pacteHmid. Ha
BapuabenpHOM N-koHrie nmeercst DELLA-nomeH, criocoOHBIN
obpazoBbiBath koMiuieke GA—GID1 (gibberellin insensitive
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dwarf 1 — perenirop k GA). DTOT KOMIIEKC MTOIBEPracTCs
MONMMYOMKBUTHHAIIMY | Aerpaganuu mporeacomamu. Coor-
BETCTBEHHO, yMeHbleHue konuyectBa DELLA-GenkoB B
KJIeTKax B IpHCyTCTBUN GA CHIKAET X HETaTUBHOE BIMSIHUE
Ha poct pactenuii (Peng et al., 1999; Bazhenov et al., 2015;
Thomas, 2017; Sukhikh et al., 2021).

Jnst renoB Rht-B1 v Rht-D1 onicaHo JTOBOJIBHO OOJIBIIIOE
YHCIIO MyTaHTHBIX PEIIECCUBHBIX M YACTUYHO JIOMUHAHTHBIX
ajuiesieil, KOTopble M0-pa3HOMY HM3MEHSIOT JUIMHY CTEOIs.
ITocienoBaTenbHOCTH 3THX aJUIeNed CEKBEHUPOBAHBI, HaM-
Oosiee U3ydyeHHBIE U3 HUX NpuBeneHbl B [Ipunoxennn 11,
[Tokazano, uro amtenu Rht-B1b (=Rhtl), Rht-Ble (=Rhtll,
=Rht Krasnodari 1), Rht-Blp (=Rht17) u Rht-D1b (=Rht2)
ACCOLMUPOBAHBI C OJHOHYKJICOTHIHBIMH 3aMEHAMH, IPUBO-
JUIILIMMHI K 00pa30BaHMIO NPEXKICBPEMEHHBIX CTOI-KOAOHOB
(Peng et al., 1999; Ellis et al., 2002; Pearce et al., 2011; Di-
vashuk et al., 2012; Li et al., 2012; Bazhenov et al., 2015).
denorunnueckuii 3pHEeKT TAKUX HOHCEHC-MYTALMI BApbUPY-
€T OT YMEPEHHOTO (CHMKEHHE BBICOTHI pacTeHust Ha 20-24 %
y aimeneit Rht-B1b w Rht-D1b) no cunpHoTO (Ha 33 1 40 %
y Rht-Blp n Rht-Ble coorsercrBenno) (Gale et al., 1985;
Sukhikh et al., 2021).

Annenn Rht-Blh n Rht-Bli-1 umeror kpymnHble (Gonee
100 m.o.) BcTaBKM B IMIPOMOTOPHON 30HE, B TO BpeMs Kak
Rht-Blc (=Rht3) xapakTepu3yeTcsi HAIWIHEeM HHCEPIHU B
MIPOMOTOPHOM 30HE, HASHTUYHOHN TakoBOH y Rht-B1h, n onHO-
BPEMEHHO NPHCYTCTBHEM PETPOTPAHCIIO30HA Veju B KOAUPYIO-
meit oomactu (Wuetal., 2011; Lietal., 2013; Wen etal., 2013;
Louetal.,2016). ITomoOHbBIC BCTAaBKH MOTYT ITPUBOIUTH K 00-
Pa30BaHUIO OEJIKOB, KOTOPBIE HE TIOJIBEPIatoTCs Jerpaialii,
U, TAKUM 00pa30M, y MyTaHTHBIX PACTCHUI KOHCTUTYTHBHO
perpeccupyeTcst pocT, puYeM OoJIee CyIIeCTBEHHO, YeM IPH
HOHCEHC-MyTalusiXx B N-KOHIIEBOM KOJUPYIOLIEM y4acTKe
(Wu et al., 2011; Wen et al., 2013). Tax, amtens Rht-Blc
CHIKAET BBICOTY pactenuit nmpumepro Ha 60 % (Flintham,
Gale, 1983; Sukhikh et al., 2021). OgHako BCTaBKH MOTYT
HE TOJIBKO YMEHBIIIATh, HO ¥ YBEIMYUBATh BHICOTY PACTCHUI
OTHOCUTENBHO auKkoro tumna Ha 10-15 %, kak, Hanpumep, B
ciyuae auens Rht-Bli-1 (Lou et al., 2016). Kpome Toro, y
reHa Rht-D1 naeHTHQUIUPOBAHBI aJJIeNd «CHIIBHOHN Kap-
mukoBocTt» Rht-Dic (Rht10) n Rht-DI1d (Rht Ai-bian la),
yMeHbIaronye Beicoty Ha 60—70 %, oHM OKa3aIuch MHOXKe-
CTBEHHBIMH KOTIMSIMUA MyTaHTHOTO ajutens Rht-D1b (Pearce
et al., 2011). M3BecTHBI TakXe M JpPYyrue ajuleiy I'eHOB
Rht-B1h—o v Rht-D1e—j, cBsi3aHHBIE C HYKJICOTUIHBIMU 3aMe-
HaMH (MICCEHC-MYTAINH) TN00 ¢ HHATAMI. OHH BBISTBICHBI
y OompImoro ynca kutaiickux coproB Metogom ECoTILLING,
oHaKo uxX (peHotunuuecknii 3dexT He onmcaH. Y KUTaHCKUX

1 Mpunoxexuna 11 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx3.pdf
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COPTOB TaKKe BIIEPBbIE WJACHTU(QHUIIMPOBAHBI MYyTaHTHbIE
amenu reHa Rht-A1 (Li et al., 2013).

B cenekmoHHBIX TporpamMMax HanboJee YacTo HCIONb3Y-
toT ayutenu Rht-B1b v Rht-D1b, NCTOYHUKOM KOTOPBIX OBLT
simroHckui copT Norin 10. TTo cocrostamto Ha koHel 20-ro Beka
9T ajuienu cozepxkainu 6omnee 70 % BO3eIbIBAEMBIX COPTOB
Msirkoi rreHuibl B mupe (Gale et al., 1985; Evans, 1998). Ho
no3/Hee ObUIO MOKA3aHO, YTO BCTPEYAEMOCTh X 3aBUCHT OT
peruoHa Mupa. Y copToB MATKOH nieHuisl u3 Kuras annens
Rht-B1b 6w BeisiBIieH B 36.2 %, a annens Rht-D1b—853.4 %
ciryygaeB (Zhang et al., 2006). OtHako Mpy TeHOTHITMPOBAHNUHT
247 coptoB u3 CIILIA u Kanane! 5Tu ayuienu ObUTH UIACHTUDH-
nupoBanbl Oosiee ueM y 90 % u3 Hux (Guedira et al., 2010).
B renorunax eBponenckux COpToB IPEUMYILECTBEHHO TIPU-
CYTCTBYeT ajutenb Rht-D1b, Ipu 3TOM €ro BCTPEYaeMOoCTh Y
COPTOB, 3aperucTpupoBaHHbIx nocie 1990 r., cocrasnser 49
% (Wiirschum et al., 2017).

B Poccun mmpoko pacnpocTpaHeHbl copTa C ajuiesieM
Rht-Ble, KOTOpBIU MOJIYYEH IyTEM MyTareHesa y copra
besocras 1, myrantnas ¢popma — Kpacnomapekuii Kapmux 1
(Jlykestaenko, XKorun, 1974; Pabunosnd, 1986). B Hactos-
iee Bpemst KopoTkoctebenbHble copra (Kpomka, [Tobena 50,
Oy, [Manmuy, Bocropr, Hoka, Tans, Ecayn, Kansim, [lepBu-
11a, I poM), ToMO3UTOTHBIE 110 ayessiM RAt-B 1 e, BO3/ENbIBAIOT
Ha riomaau Oosee 4 MIIH ra He ToibKo B Poccuu, HO U B
crpanax CHI" (Divashuk et al., 2012, 2013).

IlepcrieKTUBHBIM AJISI CENEKIUH SIBIISETCS TAKKe aJlIelb
Rht-Blp, y KOTOpOTO 3a CYEeT 3aMEHBI INTO3WHA Ha THMUH B
no3uiuy 178 oT CTapTOBOrO KOJIOHA BO3HUKAET CTOI-KOJOH
B DELLA-nomeHe, oTa MyTtanus oOycnosinBaeT 10 30 cm
YMEHBIIECHUS BBICOTBI PACTEHUI Y MSTKOH IIIEHHIIBI, 0CO-
OEHHO HM)KHETO MEXJIOY3JIHs, HO MPU 9TOM HE YMEHbIIAET
mmHy kojioca (Bazhenov et al., 2015).

bnaronaps cexBenuposanuto JJHK nocnenoBarenbHo-
cTeit ayuterned TeHoB RAt-B1 w Rht-D1 'y pa3nudHbIX COPTOB
MSITKOH TTIIEHHIIB! CO3/IaHbI MOJICKYJISIPHBIE MapKephI ISl UX
naentnukanun. Tak, ji1st onpenenenus ajuieneit Rht-Blc,
Rht-Blh, Rht-Bli-1, copepkalux WHCEPIUH, pa3paboTaHbl
STS-mapkeps! (Pearce et al., 2011; Li et al., 2013; Lou et al.,
2016); s BeisiBneHus amueneit Rht-B1b, Rht-Ble, Rht-Blpn
Rht-D1b, necyx OJHOHYKJICOTH/THBIEC 3aMEHBI, TPUMEHSIOT
MapKepbl Ha ocHoBe ayutenb-crierduanoit [P (AS-PCR), B
toM uncie AS-PCR B peansHom Bpemenn (Ellis et al., 2002;
Pearseetal.,2011; Lietal.,2012; Bazhenov etal., 2015, 2019).

Wnentndukannio TIMpoKo pacpoCTpaHEHHBIX aJuleiel
Rht-Blb n Rht-D1b, a Taxke amneneir rena Rht24 mposo-
JIT HAa OCHOBE KOHKYPEHTHOW amnenb-crenuduyanoit [TLP
(kompetitive allele-specific PCR, KASP), no3Bossronieit
OLICHUBATH OOJIBILINE KOJIMYECTBA 00PA3LIOB MSTKOI ITIICHULIBI
¢ ManbIMH BpeMeHHbIMH 3arpatamu (Rasheed et al., 2016;
Wiirschum et al., 2017). Bmecte ¢ TeM cieayeT OTMETHTbD,
gT0 pe3ynsraTsl AS-PCR 3Ha4HTENEHO 3aBUCAT OT YCIOBHIA
peaknuy, TpeOyIOT MPOBE/ICHNS aHAN3a B HECKOJIBKHUX I10-
BTOPHOCTSIX, @ TAKXE CTPOTOT0 COOJIOEHUSI aBTOPCKOTO
MIPOTOKOJIA, YTO HE BCEI/ia BO3MOXHO. B cBOIO ouepens, npu-
MeHeHne KASP-anannza cBS3aHO ¢ UCTIONB30BAHNEM CIIOXK-
HOU IPpUOOPHO# 6a3BI U JOPOTOCTOSIINX PEAKTHBOB, KOTOPBIX
3a4acTyl0 HeT B HEOOJBIINX OPUCHTHPOBAHHBIX HA TPAKTHKY
nabopaTopusIX.
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AnsrepHatuBoi 171 AS-PCR MOXeT MOCITy HUTh UCTIONb-
3oBanue CAPS (cleaved amplified polymorphic sequence)
MapKepoB, OCHOBAaHHBIX HAa HAJIMUNH B PaliOHE C TOUKOBOM My~
Taluen calta peCTpPUKINHI, KOTOPOTO HET Y ANKOTO TUTIA, HIIH,
HA00O0pOT, Ha ICYE3HOBEHNH Y MyTaHTHOTO BapHaHTa Caira,
xapaktepHoro jist aukoro tumna (Shavrukov, 2016). B ciy-
Yyae OTCYTCTBHUSI PECTPUKIMOHHBIX CAalTOB B MECTax pacro-
JIOKEHHUsI aHAITM3UPYEMbIX MYTAIIMH UX MOXXHO CO3/IaTh Iie-
JICHAPaBICHHO MYTEM JAHM3aifHa MOAMGUIMPOBAHHBIX
npaiimepoB — metogoM derived CAPS, dCAPS (Neff et al.,
1998, 2002).

B ommmumne or AS-PCR, texnuka CAPS- u dCAPS-map-
KHpOBaHMsI 00JIaZiaeT XOpolleld BOCIIPOU3BOAMMOCTbIO, HE
TpeOyeT KeCcTKuX ycnoBuil 1 nmposenerus [1LP, a pesyns-
TaThl aHAJIN3a JIETKO MHTEPIIPETUPOBATH B arapo3HbIX IellsX.
I'enepupoBanne mMapkepoB BO3MOKHO Ha 0a3zoBom IIL[P-
o0opynoBaHuy. Panee Takoro poaa MapKepbl ObUIH CO3/1aHbI
JUTS TeHA KopoTkocTebenbHoCcTH Rht24 (Tian et al., 2017).

enb Hamero uccinenoanus — pazpadborarb CAPS- u
dCAPS-mapkeps! 1151 aHanu3a OJHOHYKICOTUIHBIX 3aMEH
B reHax Rht-BI u Rht-D1, anpobupoBath STS-Mapkeps! as
BBISIBJICHHSI HHCEPIMH B 3THX T€HAX M B UTOTE MPEIIOKNTD
cHCTeMy MapKepoB ISl HIICHTU(HUKAINHN ajieield, Hanbosee
YaCTO UCIOJIb3YEMbIX B CEJICKIIMH MATKOH MIICHHUIIBI.

MaTepmanbl n metogbl

Marepuasom 1J1 HccJaeT0BaHus ToCTy X 11 o6pa3ios
MSTKOH NIIeHU1bI U3 Kojutekinu BUP ¢ u3BecTHbIMY anensi-
MU T€HOB KOPOTKOCTeOebHOCTH Rht-B1 v Rht-D1 (tabm. 1).
Hcrounnkamu asieneit qukoro Tuna Rht-Bla v Rht-D1a Obutn
copra Chinese Spring u Hongdongmai. I1pu renorunuposa-
HUHM KaKAbIH M3y4eHHBIN 00paser] ObUT MpeCTaBIIeH ABy M-
TpeMs! HHIUBHAYaJIbHBIMU PACTEHHAMH, a TAK)KE CyMMapHO
10-20 renorunamu (IPOPOCTKAMH), U3 KOTOPBIX TTOJydeHa
JHK B Bune bulk-mpo0sr.

Boinenenne JJHK ocymectensinn u3 10-1HEBHBIX MPO-
poctkoB MoauduirpoBaHHbiM MeTogoM CTAB-skcTpakiuu
(AnToOHOBa U 11p., 2020).

BbipaBHMBaHMe N0C/I€10BATEJIbLHOCTEH Pa3HBIX ajljiesiel
reHoB Rht-Bl v Rht-D1 mpoBOAMIN TIPH MOMOIIH ITPOTPAMM
MEGA X (https://www.megasoftware.net/), Unipro UGENE
(Okonechnikov et al., 2012) u BioEdit Sequence Alignment
Editor (Hall, 1999). ITouck pecTpUKIMOHHBIX CAHTOB BbI-
nonasuTH mocpenctBoM GenScript Restriction Enzyme Map
Analysis Tools (https://www.genscript.com/tools/restriction-
enzyme-map-analysis).

Pa3padorky npaiimepos s BioxenHoi [T11[P (Nested-
[TLP) u CAPS-ananu3a ocyuecTBisuid B nporpamme Pri-
mer3Plus (Untergasser et al., 2007). KadectBo mpaiiMepos
(YncIno MWIHIIeK, TOMO- U TETEPOTUMEPOB) KOHTPOINPOBAIN
ipu oMo nHTepHeT-pecypca OligoAnalyzer ot Integrated
DNA Technologies, Inc. (https://eu.idtdna.com/calc/analyzer).
[Mpaiimepst it dCAPS-MapkepoB reHepupoBaIN C HCIOJb-
3oBanueM nporpammbl dCAPS Finder 2.0 (Neff et al., 2002).
[Ipaiimepsl, co3naHHbIC B Hateil paboTe, a TakKe MPUBIICUCH-
HBIE U3 JINTepaTypPHBIX HCTOYHUKOB, IPHUBEICHBI B Ta0I. 2 11 3,
a MecTa uX JIOKaJHM3aluy — Ha puc. 1, a, 6.

IMposenenue IIP: a) Bnoxennas [IP. Jlns Gonbrreit
crneruduanoctn dCAPS-ananm3a mpuMeHSIN METON BIIO-
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Ta6nuua 1. Micnonb3oBaHHble B paboTte 06pasLibl MArKoW NileHnLbl

2022
26-2

Cuctema MONEKYNAPHbIX MapKepOoB /1A NAEHTUGMKALMM annenen
reHoB KopoTkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHNUL b

C M3BECTHbIMU annensMm reHoB KopoTkocTebenbHocTu Rht-B1 n Rht-D1

Annenv reHoB N2 no katanory BUP «k-»  Ha3BaHuve obpasua

Rht-B1a, Rht-Dia 44435 Chinese Spring

6 1 292 ..................................... H ongdo ng ma .i ..........
Rh tm b Rhtma63o45 ..................................... K HmKHa .....................

5 4312 ..................................... K paCOTa .....................
RhtB]thtD7a40699TomThumb ..............
Rht31eRhtD7a64533 ..................................... B ;ﬁ; ..........................

5 5 223 ..................................... r po M ..........................
Rht37thtDm44977At|a566 .....................
Rht31thtD1b65711Zhen99023 ..............
RhtB],thtDm ........ 10152Tp,,|yM¢ .....................
RhtB]pRhtDms4348ChmMutant .............

skerHoi [THP —nepsyto I[P ocymecTsisinu ¢ mpaiimepamu,
(hIIaHKUPYIOIIMMH yYaCTOK JIOKAJIN3AIMU TOYKOBBIX My TallUii
B rene Rht-B1 (BF/VIR.B1R), mocie yero momy4eHHBIN
aMIIM(UKaT UCIONb30BAIM B Ka4eCTBE MATPHIIBI ISl BTO-
poii ITIP ¢ dCAPS-npaiimepamu (B1bF/R, BlepF/BleR) u
CAPS-mpaitmepamu B1lepF/B1pR. ITepssriii aran Nested-TTLP
MIPOBOJIMIIM B 25 MKJI peakLIMOHHOM cMmecH, conepaxatieit 40
Hr toranbHoi JIHK mmennusr; 1x peakuuonHslii Oydep;
1.5 MM MgCl,; 0.6 MM kaxoro us dNTP’s; mo 0.25 MmxM
npsiMoro u odparHoro npaiimepa n 1 ex. Tag-monmumepasbl
(unanart, Poccus, http://dialat.ru). J{nst 6onpmieit cnenuduy-
Hoctu mporpamma [P conepxana ¢yrxmmuro Touchdown:
HCXOJHAsl TeMIIepaTypa OTXKHra Oblia Ha 4 Tpajyca BbIIIE
pacueTHOH U noHmkanack Ha 0.5 rpagycoB Ha LIMKJI HA TIPO-
TsOKEHUH 8 TIUKIIOB (CM. TaoI. 3).

[To 2 MK OITyYEeHHBIX aMIUTH()UKATOB OTOMPAJIH B YUCTHIC
mpoOKpKH, pa3BoaMid Bomoit B 50 pa3 WU HCIOJIH30BAIU B
KagecTBe MaTpuibl Bo Bropom stamne [1P. Eme mo 10 Mk
otoupanm st KoHTposs yenenrnoctu [1LP myrem snexrpo-
(hopesa B arapo3rom rese (puc. 2, a). Octatok (oxosio 12 MKIT)
oOpabareBanu pectpukrazoir BsfV1I (Cu63u3um, Poccns,
http://russia.sibenzyme.com), renepupys Tem cambim CAPS-
mapkep-aienu Rht-Blb.

Bropoii stanr Nested-IIL[P ocymectsmsimn B 20 MK pe-
aKIIMOHHOM cMecH, coJepikalel 4 MKJI Marpuubl; 1% pe-
akuuoHHbIH Oydep; 2.5 MM MgCl,; 0,3 MM kaxnoro u3s
dNTP’s; mo 0.25 mMxM mpsmoro u obpatrHoro mpaiimepa u
1 en. Tag-monmumepassl ([lpanar), mporpaMmsl IS KKI0H
napsl paiiMepoB Takxke ykazansl B Ta0u. 3. [To 12 Mk am-
UIN(UKAMOHHOW CMECH OTOMpany Uil PECTPUKIIMOHHOTO
aHaJIM3a, a OCTaTOK MCIONb30Baiy aist KoHTposs TP me-
TOJIOM 351eKTpodhopesa;

0) cragmaptHas [ILP. B cirygae CAPS-mapkepoB ammens
Rht-D1b m MapkepoB, BBISBISIONINX PETPOTPAHCIIO30H B
Koziupyomield o01acTu reHa U BCTaBKHM B IIPOMOTOPHOM 00-
nactsix, [TIP npoBoanau B craHAapTHBIX yclIoBUAX. Peakuy-
onHast cMmech (20 mxu) coneprkana 40 ur IHK; 1x peakunon-
ueii Oydep; 2.5 MM MgCl,; 0.3 MM kaxzaoro u3z dNTP’s; o
0.25 MxM xaxxgoro u3 npaiimepos u 1 en. Taq-moiamMepassl
([Imanar); nporpamMMbl yKazaHsl B Ta0I. 2 u 3;
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MpouncxoxaeHne JInTepaTypHbIN NCTOYHMK

CLUA Lietal, 2013
Kutan »
CCCP, YkpaunHckaa CCP »

B) ayutesb-crienndrynas HIP. YenoBust u mporpamMMsI 1st
AS-PCR cooTBeTCTBOBaIM PEKOMEHIOBAHHBIM aBTOPAMHU
npaiimepam (Ellis et al., 2002; Bazhenov et al., 2015).

Pectpuxnuonnstii anaaus. [IIP-npoxyxTer oOpabarsiBa-
71 pectpukTazaMu GupMbl « CHODH3UMY C UCIIOIB30BAaHHEM
npoTokoia ¢pupmer-uzrotroButens (http://russia.sibenzyme.
com).

Pa3nesienne ppparmeHTOB IPOBOIMIIN B TOPU30HTAIbHBIX
arapo3HbIX ressix B Oydepe 1x TBE npu nanpsoxernn SB/cu.
I'enm oxpammBaIn OPOMHUCTHIM STHANEM M BU3YaJTU3UPOBAIIN
B npoxonsauiem YD-csere.

Pesynbratbl n 06cyKaeHne

st pazpaborku CAPS- u dCAPS-mapkepoB 13 6a3 TaHHBIX
NSBI (https://www.ncbi.nlm.nih.gov/) 6611 B3SITBI CHKBEHCHI
KOZIMPYIOIINX YYAaCTKOB CIIEIYIOMINX aJUIeNIeH TeHOB KOpOT-
kocrebenbHOCTH: Rht-B1b, Rht-Ble, Rht-Blp u Rht-D1b, a
TaK’Ke IOCJIEN0BATELHOCTH ajuIeliel nuKkoro Tuma Rht-Ala,
Rht-Blaw Rht-D1a. Homepa mocnenoBaTenbHOCTEH prUBeie-
Hbl B [Ipunoxenun 1. BelpaBHUBaHUE MTOCIEN0BATEIBHOCTEN
MOAITBEP/IMIIO HAJTMYHE HOHCEHC-MYTAIUN Y 9THX aJlJIeTIbHBIX
(hopM, 9TO TO3BOJIMIIO TPUCTYNHTH K pa3paborke CAPS- u
dCAPS-mapkepoB (cum. puc. 1).

Jist KaK 101 HOHCEHC-MYTaITuH OB TIPOBEIICH ITONCK Caii-
TOB PECTPUKIIIH, KOTOPBIE IIO3BOJIMIIN ObI OTIINYNTH IEJICBOM
aJjuleb OT BCEX OCTAJIbHBIX aJUIENIeH, B TOM 4MCIIE aluleled
nqukoro Tuma. s Rht-B1b Ovina momobpaHa pecTpuKTaza
BstV1I (GCAGC), He cnocoOHast pacuIeIuIITh MyTaHTHBIN
caiit GTAGC. AnanoruuHo juisi asuiens Rht-B1p (MyTaHTHBIH
caiit GCGT) Taxoii pectpukrazoii craia BstHHI (GCGC). Ha-
npotuB, pectpukrasza BstSFI (CTRYAG) paciernisiia uekimo-
yurtenbHo MyTanTHbIi caiiT (CTGTAG), umerowuiics y Rht-
D1b. Taxnm 00pazom, Ut naAeHTHUKAINH ajueneit Rht-B1b,
Rht-Blp n Rht-D1b ynanocs co3nare CAPS-mapkepst CB1b/
BstV11, CB1p/BstHHI u CD1b/BstSFI coorBeTCTBEHHO.

VY anmens Rht-B1e MBI He CMOTJIH BBISIBUTB CAThI pECTPHK-
IIMH B MECTE JIOKAJIN3aNU HOHCeHC-MyTaluy. [ToaTomy st
Hero paspaboranun dCAPS-mapkep dCBle/Hinfl, nocneno-
BaTeIHHOCTH 00paTHOTO MpaitMepa OblTa MOAN(DHUITPOBaHA
TaKuM 00pa3oM, YTOOB! aHAIN3UPYEMbIH HYKIICOTH BMECTE
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Ta6nuua 2. Vicnonb3oBaHHble B UCCIeAOBaHUN Npanmepbl 4ns naeHTudrKaumm annenen reHa Rht-B1

HassaHue T[locnegoBatenbHOCTb HasgaHne Komb6uHaums Llenesas obnacte Crnoco6 JNutepatypHbIi
npavmvepa 5'—3’ MapKkepa npaiMepoB MocnefoBaTenb- UAEHTUPUKALUN NCTOYHUK
HOCTW LeneBoro annens
Nested-PCR
BF ggtagggaggcgagaggcgag - BF/VIR.B1R 338 n.o.-Bce annenu; Ellis et al,, 2002
......................................................................... _ Rht—B7C—¢parM€HT

OTCYTCTBYET

Mporpamma: 94 °C - 3 muH 30 ¢; 8 unknos (94 °C - 45 ¢, 69 °C (10.5 °C Ha 1 umkn) - 150 ¢, 72 °C - 60 ¢);
30 umknos (94 °C-45c¢,65°C-45¢,72°C-45c¢); 72°C-7 MuH

BF ggtagggaggcgagaggcgag - BF/MR1 190 C—>T 237 n.o. Ellis et al., 2002

HacToslee nccnepoBaHne

Pearce etal., 2011
BlepF  acaagatgatggtgtcggggtc  dCBle  BlepF/B1eR® Hinfl- GANTC?  CaiitoTcyTcteyer  HacTosijee uccneposanve
BleR gecatctecagctgctecagatt
Mporpamma (117 Mapkepa dCB1e/Hinfl): 94 °C - 3 muH 30 C; 37 UKNOB (94°C - 45 ¢, 61°C 45, 72°C~ 45, 72°C—7mmn
e MnetTbnUAR RRCSTp
Rht-B1p-F/ 178 C—T 425n.o. Bazhenov et al., 2015
Rht-B1-R1

o

Rht-B1c-F1/ 150 G'2026mo.C 256 . 0. Pearce etal., 2011
Rht-B1¢-R1

Mporpamma: 94 °C — 3 MuH 30 ¢; 8 uuknos (94 °C — 45 ¢, 61 °C c noHwxkeHnem Ha 0.5 °CHa 1 umkn — 1 muH 30 ¢, 72 °C - 1 MuH);
30 umknos (94 °C-45c¢,57-°C-45¢,72°C-45c¢); 72°C-7 MuH

WpeHtudukauus Rht-B1h
RhtBThF gaggcaaaatcacgcaagtact - Rht-BIhF/  -502TV%77eC  247nm0. Lietal, 2013
RCBINIR taccanggatatcttccatoogs Rhe8h 1
RhtBTh2R cttatggcasaatggattccaaga - RhtBIRF/ 331 (ocTanbHble
Rht-B1h.2R annenn -134n.0.)

Mporpamma: 94 °C - 3 muH 30 ¢; 8 unknos (94 °C - 45 ¢, 63 °C c noHwKeHrem Ha 0.5 °CHa 1T uukn - 1 MuH 30 ¢, 72 °C - 1 MuH);
30 umknos (94 °C-45c¢,59°C-45¢,72°C-45c¢); 72°C-7 MuH

B1i-MF1 cagacgatatttaactggccgattga - B1i-MF1/ -366 AY160nOT 3307, 0, Lou etal., 2016
......................................................................... B1MRI

B1i-MF2  ctctaatttgcggggatttc - B1i-MF2/ -366 AY160n0T 586 . 0. (ocTanbHble  Louetal, 2016
......................................................................... B1i-MR2 annenn - 426 1. 0)

Mporpamma: 94 °C — 3 muH 30 ¢; 8 yuknos (94 °C — 45 ¢, 66 °C c noHwkeHneM Ha 0.5 °C Ha 1 umkn — 1 myH 30 ¢, 72 °C - 1 MuH);

30 umknos (94°C-60c,62°C-60¢c,72°C-45c¢); 72°C-7 muH

1 BMeCTo 3TUX pecTpuKTas MoryT 6biTb CMONIb30BaHbI UX U3owWwM3omMepbil: BstV11 (BseXl, Bbvl), Acc36l (Bvel, BspMI), BstHHI (AspLEl, Cfol, Hin6l, HinP 11, HspAl).

2 B ceneKkT1BHOM 06/1aCT KUPHbIM WPUGTOM BbieNeHbl Te HYKNeoTUAbI B CaiiTax peCcTPUKLAN, BAPUALIMA KOTOPbIX MO3BOMAET BbIABAATL HEOOXOAVMbIE annenm.
3 InA 3TX KOMBMHaLMI NPaiMepoB B KauecTBe MaTpyLbl CMOb30BaHbI NPOAYKTbl nepsoro payHaa Nested-PCR (pa3sseaeHvie B 50 pas).

4 K1pHbIM WPUGTOM C NOAUEPKMBAHMEM BbigeneHbl MoaMdULPOBaHHbIE HYKeoTuabl B npaimepax ans dCAPS mapkepos.
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Ta6nuua 3. Vicnonb3oBaHHble B CCefoBaHUN Npaimepbl Ansa ngeHtndrkauum annenei reHa Rht-D1

HassaHue [locnepgoBaTenbHOCTb HaseaHue KombuHauma CeneKkTvBHas Cnocob ngeHtnonkauum JiutepatypHbii
npanmepa 5'—3’ Mapkepa npaimepoB  065acTb LeneBoro annens MNCTOYHUK
MneHqu)MKaunght-D]b ....................................................................................................
OF cgcgcaattattggecagagatag - DFMR2  181G-T x4 Ellisetal, 2002
MR2 ccccatggecatetegagetgcta

DFR2 ggcaagcaaaagcttcgeg - DF2WR2 OparmenT oTcyTcTByeT

WR 2 ............. ggcc atc tcgag Ctg ca C ..............

VIRDIR  tgctctgacccaagacgacag  CD1b  DFVIRD1b  BstSFI': CTRYAG? Caiit npucyTcTeyeT  HacTosiiee uccnenosanie

Mporpamma (ana mapkepa CD1b/BstSFl): 94 °C — 3 muH 30 ¢; 8 unknos (94 °C - 45 ¢, 68 °C c noHmxeHnem Ha 0.5 °CHa T umkn - 1 muH 30 ¢,
72°C -1 muH); 30 ymknoB (94°C-45¢,64°C-45c¢,72°C-45¢); 72°C-7 MUH

Mpumeuarue. ! N3owmsomeps ans pectprkTassl BstSFI: Bfml, Sfcl.
2 B ceneKTvBHOM 06/1aCTV XKMPHBIM LWPUGTOM BblAEmEHbI Te HYKIEOTMAbI B CaliTax PECTPYIKLNIA, BapUaLvs KOTOPbIX MO3BOASET BbIABNATL HEOGXOAVMbIE arnienu.

Rht-B1Th.2R  B1i-MF1 B1i-MR1 <—‘

Rht-B1h.F Rht-B1h.1R B1i-MF2 B1i-MF2 Rht-B1c-F1 Rht-B1c-R1

-633! -584 -500 -404  160n.0. ! -174 22 i 2026m.0. Veju i 318
1197 n.o. uHcepuns; \___WHcepuMs 24 \ nHcepuma H 314
== %KLJ —

Lns annenen Rht-Bic, h Lns annens Rht-B1i-1 [na annens Rht-Bic

338 n.0. ueneson GparmMeHT Ansa naeHTUGUKaLnm
annenew reHa Rht-B1 (Rht-Bla, b, e, p)

l \E
6 10 20 30 40 50 60 70 80 90
T I [P SO (DA AU IV IR ISR (RN I N IR IR IR
BF o
Rht-Bla 1 GGTAGGGAGGCGAGAGGCGAGATCATGAAGCGCGAGTACCAGGACGCCGGAGGGAGCGGCGGTGGCGGGGGAGGCATGGGCTCGTCCGAG 90
REE-BID 1 oo e e e e e e e e e e 90
RRE=BIE 1 oo et e e e e e e e 90
RRE-BID 1 oottt e e e e e e e 90
100 110 120 130 140 150 160 170 180
| | | | | | | | | N | | | | | | | |
Rht-Bla 91 GACAAGATGATGGTGTCGGGGTCGGCGGCGECGGEGGAGGGGEAGGAGGTGGACGAGCTGCTGGCGECGCTCGGGTACAAGGTGCGGGCE 180
Rht-B1b 91 .. BIbE e e e 180
Rht-Ble 91 . BlepF______ e e e 180
Rht-B1p 91 . BleeF______ B e e 180
190 200 210 220 230 240 250 260 270
T D U N D B DU S SN D N D B SN DU SN DI
Rht-Bla 181 TCCGACATGGCGGACGTGGCGCAG. TGGAGCA%EFGGAGATGGCCATGGGGATGGGCGGCGTGGGCGCCGGCGCCGCGCCCGACGAC 270
RRE-BID 181 o ovveeeeeeaaeaaaeeeeeeeidhe T« BIbR . 270
RAt-BIle 181 . iiiiininnnnn.. T BleR . . . 270
RAt=BIP 181 . ueieieeiaeaennn.. T« BIPR. . 270
280 290 300 310 320 330
.. .. L. L. L.

[
- VIR.B1R
Rht-Bla 271 AGCTTCGCCACCCACCTCGCCACGGACACCGTGCACTACAACCCCACCGACCTCTCCTCCTGGGTCGA 338

RRE-BID 271 oo oo e e e e et e e et e e e e e e e e e 338
REE=BIE 271 oo oo e et e e e e e e e e e e e e e e e e 338
REE-BID 271 oo ee e et e e e e e e e e e e e e e e 338

Puc. 1. Jlokanusauma npaimepos Ans onpeaeneHna OCHOBHbIX annenei reHa Rht-B1.

a - Cxema reHa 1 CoCeiHNX PEerMoHoB ¢ 0603HaueHHbIMM MecTamm nokanusaLuvm npaimepos ana nepsoro payHaa Nested-PCR v BbiABNEHWA HCepLMI Y annenei
Rht-Bic, Rht-B1h n Rht-B1i-1; 6 — pe3ynbTaTbl BbIpaBHVBaHUA NOCIE[0BATENbHOCTEN, OrpaHNYeHHbIX Npaimepamn BF/VIR.B1R (nepsbiit payHa Nested-PCR), v
npaimepbl ANnA naeHTUMKaLMK TOYKOBbIX MyTauuii y anneneii Rht-B1b, Rht-Ble, Rht-B1p metopom CAPS/dCAPS-aHanu3a.

[paHubl BCTaBKM 197 n.0. 1 peTpoTpaHcno3oHa Veju npreegeHbl cornacHo pabote (Wen et al.,, 2013); rpaHuubl BctaBky 160 n.o. B3aTbl U3 (Lou et al., 2016). Koaun-
pytoLas 06nacTb reHa BbiaeneHa TeMHOI 3aNVBKON, TOHKMMU IMHUAMMN 0603HaueHbl PETPOTPaHCMO30H Veju 1 nHcepLumm B 5'-pnaHkumpyioLiein obnactv. Osanamm
Ha puc. 1, 6 oTMeueHbl 3ameHbl Hykneotnaos B dCAPS-npaiimepax.
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MEERNT GRNTZ8 N1 SR 9 208 821

400 n.o.

a 708 9 007 12 03
6
6 5 6 7 9 10 11 12 13
- e -
- - \ / - -— - - - e e
= >
Rht-B1b 100 1.0.
2 7 8 9 10 11 12 13
— — —
Rht-Ble
0

300 n.o.

M 15 16 17 18 19 20 21
- - - - -

300 rlv.(o.

M 05 16 7 e i

200 n.o.

M 15 16
200 n.o.

-

Rht-D1b

Puc. 2. VipeHTduKauma HoHCeHC-MyTaumin B reHax Rht-B1 n Rht-D1 ¢ ncnonb3oBaHnem pa3paboTaHHbix Hamu CAPS- n
dCAPS-mapkepos.

a - amnnundukaTbl, nosyueHHble ¢ npanmepamu BF/VIR.B1R, cnyxalme matpuueir ana BToporo payHaa snoxerHon MNLP (Nested-
PCR); 6 - ngeHtndukauma anneneii: Rht-B1b - CAPS-mapkep CB1b/BstV1l; 8 - Rht-B1b — dCAPS-mapkep dCB1b/Acc36l; 2 - Rht-Ble -
dCAPS-mapkep dCB1e/Hinfl; 0 - Rht-D1b — CAPS-mapkep CD1b/BstSFI.

Linppamun o603HaueHbl 0bpasLibl C pasnuyHbiMu annenammn Rht-B1 n Rht-D1: 1 — oTpuuaTenbHblii KoHTponb (H,0); 2, 3 - Hong-
dongmai (aukun Tun); 4, 5 - Kpacota (Rht-B1b, Rht-D1a); 6, 7 — KHaxHa (Rht-B1b, Rht-D1a); 8, 9 — pom (Rht-Ble, Rht-D1a);
10, 11 - Bepa (Rht-Ble, Rht-D1a); 12, 13 — Chris Mutant (Rht-B1p, Rht-D1a); 14, 15 - Touymd (Rht-B1i-1, Rht-D1a); 16, 17 — Chinese
Spring (auknn Tun); 18, 19 - Zheng 9023 (Rht-B1h, Rht-D1b); 20, 21 — Atlas 66 (Rht-B1h, Rht-D1a). M - mapKkep MOneKynsapHoOro seca

100 n.o. (CM63H3UM).

¢ 3'-KOHIIOM ITpaiiMepa 00pa30BEIBAI PECTPUKIIMOHHBIN CalT
GATTC, n03BONIAIOMINN OTIIMYUTH TaHHYIO MYTaIUIO OT BCEX
OCTaJBHBIX ajuienei myteMm pectpukiuu Hinfl. Jlns uiaentn-
¢bukanmu amnens Rht-B1b ObII TOTONMHUTEIFHO CKOHCTPYH-
posan dCAPS-mapkep dCB1b/Acc36I (cm. puc. 1).

IIpu mposenernnu [1L[P B 0OBIYHBIX YCITOBHAX C UCTIONB30-
BaHUEM B KauecTBe MaTpulibl reHoMHoN JIHK msrkoit mie-
HUIIBI HaM HE YJaJIOCh MOJYYUTh YETKUX (PPArMEeHTOB JJIs
dCAPS-maprepos 1 CAPS-mapkepa CB1p/BstHHI (mannsie
He rpezcTasieHsl). [I03ToMy MBI IPUMEHHIIH METOJT BJIOXKCH-
Hoii [II[P — B kauecTBe MaTpuLIbl 1151 BTOPOI'O payH/ia UCII0JIb-
30BaJIM IPOAYKTH aMIuiukarmm mpaiiMepoB BF/VIR.BIR,
KOTOpBIE (pIIaHKUPOBAIH 00JIaCTh JOKAIU3AINU BCEX aHAIIN-
3UpyEMBbIX TOUKOBBIX MyTauuii B rene Rht-Bl (cm. puc. 1).

B xone anpobaruu Ha BEIOOpKE 00pa3iioB MITKOM MIIIEHU-
bl C U3BECTHBIMH aJUICISIMH T'€HOB KOPOTKOCTEOCIBEHOCTH

134

BCE pa3paboTaHHBIE MApPKEPhI C BHICOKOH 3(h(hEeKTHBHOCTHIO
nuddepernupopanu aAukuil Tun Rht-Bla, Rht-Dia n my-
TaHTHBIC BapuaHTHl Rht-B1b, Rht-Ble, Rht-Blp n Rht-D1b
(cm. puc. 2 u 3).

ITapamienbHO ML ONpPENENICHUsS] HOHCEHC-MYTAlul y
Rht-B1b, Rht-Ble, Rht-Blp u Rht-D1b B cpaBHEHHUH C JUKUM
TUIIOM OBUTH HMCIIONB30BaHbl aJUIeIb-CleNN(UIHBIE Mpai-
Mepbl, B3sThle U3 JuTeparypubix ucrounukoB (Ellis et al.,
2002; Pearse et al., 2011; Bazhenov et al., 2015). ITpu sTom
JUTSE MICHTUUKAIMY KaKI0W MyTanuyu Opaiu J1Be mapbl
[IpaliMepoB, OJHA U3 HUX JETEKTUpPOBala MyTaHTHBIM Ba-
pHaHT, Ipyras — TUKAH THI U BCe OCTabHBIE amiend. [1o-
KaszaHo, 4To misi Rht-B1b, Rht-Ble n Rht-D1b pe3ymbrarsl
aenb-crenuuanoii [P B 1iesioM coBIanarOT ¢ JaHHBIMU
CAPS- nu dCAPS-ananmmza. OgHaxo uaeHTHDUKAIHS ajeneit
mukoro tuna Rht-Bla w Rht-D1a nipu mMOMOIIN mpaiiMepoB

BaBunoBckuii xKypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 2



M.B. MopoTHukos, O.N. MutpodaHosa
O.10. AHTOHOBA

2022
26-2

Cunctema MoneKkynApHbIX MapKepoB AJ1A naeHTUGVKaLmmn annenen
reHoB KopoTkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHNUL b

19 20 21 M

14 15 16 17 18

Puc. 3. nentudukauma annena Rht-B1p npu nomowm CAPS-mapkepa CB1p/BstHHI.

CTpenkoii yKasaHbl reHoTunNbl ¢ annenem Rht-B1p, MLP-npoayKTbl KOTOPbIX He NoaBeprnch pectpukumn. Lindpamn obo-
3HaueHbl 06pasLpbl C PasnnUHbBIMK annenamu reHoB Rht-B1 n Rht-D1: 1, 2 - Hongdongmai (gukuin tin); 3, 4 — Kpacota
(Rht-B1b, Rht-D1a); 5, 6 — KHsxHa (Rht-B1b, Rht-D1a); 7, 8 - Tpom (Rht-Ble, Rht-D1a); 9, 10 - Bepa (Rht-Ble, Rht-D1a); 11,12 -
Tpuymd (Rht-B1i-1, Rht-Dia); 13, 14 — Chinese Spring (aukui tun); 15, 16 — Zheng 9023 (Rht-B1h, Rht-D1b); 17, 18 — Chris
Mutant (Rht-B1p, Rht-D1a); 19, 20 - Atlas 66 (Rht-B1h, Rht-D1a); 21 — oTpuuaTenbHblii KoHTponb (H,0). M — mapkep moneky-

napHoro Beca 100 n.o. (Cn6IH3uMm).

Ta6bnuua 4. MapkepHble npodpunun ana naeHTMouKaLmMm annenen reHos KopotkoctebenbHocTn Rht-B1 n Rht-D1

NP NOMOLLM CUCTEMbI, MpeAaraemol B HaCTOALLEM UCCNIef0BaHNN

KomburHauwmm STS-npaiimepoB Ana BbisBNEHWUA NHCepLUUi
(pa3mep npoayKToB amnanduUKaLmm ykasaH B n.o.)

CD1b B1i-MF1  B1i-MF2  Rht-B1c-F1 Rht-B1h.F Rht-B1h.F
/BstSFI ~ /MR1 /MR2 /R1 /1R /2R
- HetMUP 426 Het MUP HetMUP 134
- HetMUP 426 Het MUP HetMUP 134
- HetMUP 426 Het NUpP HetNUP 134
- HetMUP 426 Het MUP HetMUP 134
- Het MUP 426 256 247 3312
- HetNUP 426 HerMUP 2472 3312
- 3302 5862 Het NUpP HetNUP 134
0 — — - - —
12 .............. e s R S R

Annenb  Lleneas CAPS/dCAPS-mapkepbl fnA BbliABNEHNA
(ctapoe  myTaums HOHCeHC-MyTaLui
Ha3BaHue (0 - oTcyTCTBME CaWiTa pecTpuKLumy, T — NnpucyTcTBre)
revia) CBlb  dCBlb dCBle CBlp
/BstV1l  /Acc36l'  /Hinfl'  /BstHHI!

Rht-Bla  [ukun tvn 1 1 1 1
Rht-B1b 190 C—T 0’ 0’ 1 1
(Rht1)
Rht-Ble 181 A—T 1 1 0? 1
(Rht171)
Rht-Blp 178 C—T 1 1 1 0?
(Rht17)
Rht-Blc  WHcepuus Hetr NUP HetMUP HetMNUP Het MUP
(Rht3) 150 Gl2026 n.o.C
Rht-B1h  WHcepuwma 1 1 1 1

-592 T“97 n.o.cC
Rht-B1i-1  WHcepumsa 1 1 1 1

366 Al160 n.o.c
Rht-D1a  [ukun tvn - - - -
Rht-D1b 181 G—T - - - -
(Rht2)

1 [Ins 3TMX MapKepOB B Ka4eCTBe MaTpULbl CMOMb30BaHbl NPOAYKTbI Nepsoro payHaa Nested-PCR (passeaeHue B 50 pas).
2 XKnpHbIM BbiAeneHbl Te NPoAyKThl aMmInGUKaLmm, Hanmume/oTCyTCTBIE KOTOPbIX MO3BOSISET BbIABMATH LieNeBble annenv reHos Rht-B1 n Rht-D1.

BF/WR n DF2/WR2 coorsercrBenno (Ellis et al., 2002)
ObLIa CONpPSDKEHA C ONPE/CICHHBIME TPYAHOCTSIMHU: IIJIOXOH
BOCTIPOM3BOINMOCTBIO PE3YIBETaTOB M 00pa30BaHUEM CI1abo
BBIPAKEHHBIX ()parmMeHToB y popm ¢ RAt-B1b w/nmm Rht-D1b
(ITpunoxenue 2). B ciyuae Rht-Blp annens-crieruduanast
TP B Hammx ycIoBHX OKa3ayiach Hed(hhekTuBHON — mpu
ammndukannu ¢ npaimepamu Rht-B1p-F/R1 (Bazhenov et
al., 2015) cnietuduaHbIi PoaYKT 00pa3oBbIBajcs Uy Gopm
C MyTaHTHBIMH JJIEIISIMU, Uy ()OPM C aJUIEISIMU AUKOTO THITA
(cwm. Ipunoxenwue 2).

B nccnenoBanue Taxoke ObLIH pHUBiIedeHb! 11Tk nap STS-
npaiimepoB (Pearse et al., 2011; Li et al., 2013; Lou et al.,
2016), TO3BOJISIFOIIHE BBISBIISITH MYTAIlHHU, ACCOIMHPOBAHHBIC
C HAJIMYMEM PETPOTPAHCIIO30HA B KOJUPYIOIIEH 00sacTH
(ammens Rht-Blc), a Takke cO BCTaBKAMH B TIPOMOTOPHON
30HE (Rht-Bli-1) u B 5'-¢nankupyromem yaactie (Rht-B1h).

FEHETUKA Y BUOTEXHOJIOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

MecrormonoxkeHne JaHHBIX HHCEPIHH MTPUBEICHO Ha CXEMe
reHa Rht-Bl, Ha Hell Takke yKa3aHbl paiiMepsl T UX Jie-
TeKkuuu (cM. puc. 1, a).

Just annenst Rht-B1i-1 ncrionb30Bany /1Be apsl IpaiMepoB
(Lou et al., 2016), onna u3 koropsix (B1i-MF1/MR1) naBana
MIpYU HAJIWYMH BCTaBKH crieruduyabiii pparment 330 m.o.,
a apyras (B1i-MF2/MR2) ammiudunuposana pparMeHThI
Pa3HBIX pa3MepOB y TEHOTUIIOB C MHCEpIMel 1 6e3 Hee (CM.
Tabmn. 2, 4, puc. 4, g). lnsa nerexuun amnens Rht-Blh npu-
mersn nipaiimMepsl Rht-B1h.F/R1, natomme cnennuyanbrii
NPOAYKT pazmepom 247 1. 0., u mpaiimeps! Rht-B1h.F/R2, re-
Hepupyromue GparMeHTHl pa3HbIX pa3MepoB (cM. Tabm. 2, 4,
puc. 4, 6) (Li et al., 2013). [TockoIbKY 3TOT ayuIeIh UMEET
0O0IIyI0 BCTaBKY B 5'-(uIaHKUPYIOIICH 007acTh C ajuieieM
Rht-Blc, nns nx nuddepeHIranny UCTIONb30BaTH CIICIH-
(bUUHBIN K TOCIIEI0BATEIBLHOCTH PETPOTPAHCIIO30HA TTPAKi-
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Puc. 4. inentndukauma annenen, Hecylwmx BCTaBKK, AnA reHa Rht-B1 ¢ nomouybto STS-npaiimepos.
MUP-npopykTbl npaimepos: Rht-B1c-F1/R1, cneuunduunbix ana Rht-B1c; Rht-B1Th-MF1/MR2, cneunduunbix ana Rht-B1h v Rht-Bic;

B1i-MF2/MR2, cneunduyuHbix ans Rht-B1i-1.

OrtcyTtctaue MUP-npoaykTos npaimepos BF/VIR.B1R y reHoTvnos ¢ annenem Rht-Bc, Hecywmx BctaBky B 2026 n.o.

Lundpamu 0603HaueHbl 06pasubl ¢ pasnnMuHbiMy annensmu reHoB Rht-B1 u Rht-D1: 1 — KpacoTta (annenb Rht-B1b, Rht-D1a); 2 - ot-
puuatenbHbil KoHTponb (H,0); 3, 4 - KnaxHa (Rht-B1b, Rht-D1a); 5,6 — Tpom (Rht-Ble, Rht-D1a); 7,8 - Bepa (Rht-Ble, Rht-D1a); 9, 10 -
Chris Mutant (Rht-B1p, Rht-Dia); 11, 12 — Tpuymd (Rht-B1i-1, Rht-D1a); 13, 14 — Chinese Spring (gukuin Tun); 15, 16 - Zheng 9023
(Rht-B1h, Rht-D1b); 17, 18 - Atlas 66 (Rht-B1h, Rht-D1a); 19, 20 - Tom Thumb (Rht-B1c, Rht-D1a). M — mapKep MONeKynapHOro Beca

100 n.0.+ 1.5 7. n. 0. (Cn6IH3UM).

mep Rht-Blc-F1/R1 (cm. tabm. 2, 4, puc. 4, a) (Pearce et al.,
2011). lomoTHUTENBHBIM OKAa3aTeIbCTBOM HMPHUCYTCTBUS
PETPOTPAHCIIO30HA MOXKET CIYXKHTH TOT (PaKT, YTO Y T€HO-
THUIIOB C 3TOM MHCEpUUEN NpU MPOBEJECHNUHU NIEPBOTO payHia
Nested-PCR c npaiimepamu BF/VIR.B1R He npoucxomut 06-
pazoBanus [1LP-poxykToB, 4T0 MOKHO OOBSCHHUTH OOJTBIITHM
paccTosTHUEM MEXy Mpaiimepamu (cM. puc. 4, 2).

IIpoBenennas Hamu anpoOarus STS-MapkepoB Mmokasana
MTOJTHOE COOTBETCTBUE MKy IPUCYTCTBHEM HUX JHATHOCTH-
4ecKHX ()parMEeHTOB U COCTaBOM alulejel, UMEIOLIUXCS Y
M3y4YeHHBIX TEHOTUTIOB (CM. pHC. 4). Y o6pasnoB Atlas 66 u
Zheng 9023, conepxamux RAt-B1h, mpucyTcTBOBAIN TPO-
JIYKTBI aMILTH(DUKAIINH, YKa3bIBAIOIIHME HA HATMYNE HHCEPIHH
B 5'-¢mankupyromeit oomactu. Y obpasma Tpuymd, Hecymie-
ro amienb Rht-Bli-1, yBeTUUNBAIONIMIA BBICOTY PACTCHHUS,
C IOMOIIbIO MOJICKYJIAPHBIX MAapKEPOB BbIABJICHA BCTaBKa
B oOmacTu mpomoTopa, a y copta Tom Thumb (RAt-Bic) —
PETPOTPAHCIIO30HA B KOAMPYIOMICH MOCICIOBATCIFHOCTH H
BCTaBKa B 5'-Quiankupytoriem paiione. Ciemyer OTMETHUTb, UTO
TIPY UACHTH(PHUKALINHN PETPOTPAHCIIO30HA ITPH ITOMOIITH TIpaii-
MepoB Rht-Blc-F1/R1 napsiny ¢ oOpazoBanuem (hparMeHTa
oXxmIaeMoro pazmepa Haomronanu u'y Tom Thumb (RAt-Blc),
1y BCEX OCTAIbHBIX TCHOTHITOB ITOSBIICHHIE HECTIEN(YUIHBIX
MIPOIYKTOB OOIBIIIEro pasmepa (cM. puc. 4, a).
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PaccmarpuBasi B LIeJIOM CHUCTEMY IPEAJIOKEHHBIX MOJe-
KYJISIPHBIX MapKepoB, HY)KHO OTMETHTB, 4TO C €€ TIOMOII[bIO
MOYKHO COCTaBHTh MapKEepHbIH MPOQHIb Ui KAKIOT0 U3
W3yueHHBIX HaMU ajuienel reHos, Rht-Bl n Rht-D1, t.e.
MOJYYUTh OJHO3HAYHBIA OTBET O MPUCYTCTBHH OJHOTO W3
MIEPEUYHCIICHHBIX BBILIE aJUIENCH TEHOB KOPOTKOCTEOSIBHOCTH,
Rht-Bl v Rht-D1, B TOM WM UHOM TeHOTHIE. MapKepHbIe
poduUIN ajuiesel mpeacTaBIeHsl B Ta0m. 4.

3aknioyeHune
B pe3synbrare ucciieqoBaHuil MpeaaoKeHa CUCTEMA MoJie-
KYJISIPHBIX MapKepoB /ISl HACHTU(HUKALMKA Hanbolee 4acTo
UCIIOJIb3YEMBIX B CEJISKIIMM MSTKOW MIIEHUIbI ajlieNeil re-
HOB KopoTkocTebensHOCTH RAt-B1 u Rht-D1. Ee ocHOBY co-
craBisToT pazpaboranabie HaMu CAPS- u dCAPS-mapxepst
HOHCEHC-MYTaIMi ATUX FCHOB, KOTOPBIE PaHEE ONPEICIISITH
nipu oMot ayutenb-cnerudraeckoit [TLP (Ellis et al., 2002;
Pearce et al., 2011; Bazhenov et al., 2015, 2019). JTns uneH-
TU(QUKAMKA UHCEPLUI UCIIOIb30BaHO 1siTh STS-mapkepos,
Mo00paHHBIX 10 TUTEPATYpPHBIM HcTouHNKaM (Pearce et al.,
2011; Li et al., 2013; Lou et al., 2016).

Anpobanusi CAPS- u dCAPS-MapkepoB npu reHotu-
MUPOBAHUK 00PA3IOB MSATKOHW MIICHHUIIBI U3 KOJIEKIIHH
BUP, comepkammx MmytanTHBIe amienu Rht-Blb, Rht-Blc,
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Rht-Ble, Rht-Blh, Rht-Bli-1, Rht-Blp v Rht-D1b u annenu
JIMKOTO THIIA, TI0Ka3aja IOJHOE COOTBETCTBHE MOITYyUCHHBIX
pe3ynbpTatoB oxujaeMbiM. Hanuune amneneit Rht-Blib,
Rht-Ble, Rht-Blp v Rht-D1b Taxxe MOATBEPKICHO TIPH MO~
Mo amens-crnenuduanoi [P ¢ mpalimepamu, mupoko
MPUMEHSEMbIMH B HayYHBIX NCCIIEIOBAHNSX M CENIEKIIMOHHBIX
nporpammax (Kypkues u np., 2008; Pestsova et al., 2008;
Divashuk et al., 2013; Li et al., 2013; Lou et al., 2016).

OCHOBHO€ ITPEUMYILECTBO HAIIIEH CUCTEMBI MOJIEKYIISIPHBIX
MapKepoB 3aKJII0YAeTCs B XOpOIIeH BOCIPOU3BOAMMOCTHU
PE3YABTATOB U OIHO3HAUYHOM MX uMHTepnperaunu. [Ipu mnpo-
BeneHnn CASP/dCAPS-ananm3a He BO3HHKaeT IpoOieM ¢
KOHTpOJeM ycnelmHocTy nporekanus [IP-peakuyu, Tak kak
MPOAYKTHI aMILTH(UKAINN 00pa3yloTCs Y BCEX TeHOTHIIOB, &
Pa3IUums MKy aJJIeTSIMU BBISIBISIFOTCS yoKe TIocie oopa-
60TKH pecTpukTazamu. Kpome T0ro, HeCMOTpPS Ha BBICOKYIO
cronmocTh pectpukras, CASP/dCAPS-ananmnu3 meHee 3a-
TpaTeH, MOCKOJIBKY JUTS IETEeKIINU KaK/I0TO aJlIels HeT Heoo-
XOIMMOCTH NMPOBOJIUTH ABE He3aBucuMble [I1[P B Heckombkux
MOBTOPHOCTSIX. VcciieoBaHus OCYIIECTBISIOT HA CTAHAAPT-
HOoM obopynosanuu juts I[P n ¢ ncrons3oBanneM 3eKTpo-
(hopesa B arapo3HbIX ressix. OHU MOTYT OBITh peaIi30BaHbI B
HEOOJIBIINX OPUEHTUPOBAHHBIX Ha MPAKTHKY Ja00PaTOPHSIX.
[Ipn mosiBiIeHNM CBEAECHUH O HOBBIX TOYKOBBIX MYTAaIHsX B
reHaX KOPOTKOCTeOenbHOCTH Rht-B1 vt Rht-D1 1myist uX uacH-
THU(PUKAIIMN MOXKET OBITh IPUMEHEH aHAJIOTUYHBIHN TOXO0] IO
pazpadorke CAPS/dCAPS-mapkepos.
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Androgenic response of Triticum durum-Dasypyrum villosum
amphidiploids and their parental forms

H. Stoyanov@, I. Belchev
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Abstract. Wide hybridization in cereal crops is one of the most efficient tools for the enrichment of genetic vari-
ability and addressing a number of breeding problems related to resistance and tolerance to biotic and abiotic
stresses. Therefore, a large number of amphidiploids between species possessing different morphological, genetic
and physiological properties have been developed. One of the most valuable species with regard to the possibilities
for introducing valuable traits and properties into wheat species is the wild Dasypyrum villosum. With the aim to
study the androgenic response of the Triticum durum-D. villosum amphidiploids, two accessions and their parental
forms - the durum wheat cultivars Gergana and Argonavt and a landrace of the D. villosum — were studied. The fol-
lowing parameters were determined: callus induction, plant regeneration, yield of albino and green regenerants.
It was found that the callus induction of the two studied amphidiploids differed significantly from that of the pa-
rental forms (2.1-7.2 %), being significantly higher, 30.7 and 16.5 %, respectively. Regardless of the difference in
callus induction, the amphidiploids did not significantly differ from the parental forms in their regeneration ability.
The yield of albino plants exceeded the yield of green regenerants and followed the tendency observed in callus
induction. Green plants were found only in the amphidiploid Gergana-D. villosum and in the parental form durum
wheat Gergana. Plants were regenerated from the species D. villosum, although they were only albinos, showing its
good responsiveness to anther culture. The established characteristics of the amphidiploids and their parental forms
make their practical use highly valuable for the improvement of different types of cereal crops.

Key words: anther culture; androgenic response; amphidiploid; Dasypyrum villosum; parental forms.
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AHOporeHeTm4yecKkasi peakuysi aM@UInIIIONI0B
Triticum durum-Dasypyrum villosum 1 X poguTeabCKX POPM

X. CrostnoB @, 1. Beaues

[lo6pyaMKaHCKMIN CeNbCKOXO3ANCTBEHHDIV MHCTUTYT, I. l[eHepan Towweso, bonrapus
® hpstoyanov@abv.bg

AHHoTayua. OTganeHHas rmbpramnsauma 3n1akos ABNAETCA OOHUM U3 caMbiX 3PeKTUBHbIX cnocoboB oboralie-
HIA FTEHETUYECKOrO Pa3HOObpasmna 1 peLleHns MHOXKECTBA CeNTEKLMOHHbIX 33/lay B OTHOLLUEHWW YCTONYMBOCTU U
TONEePaHTHOCTU K B1UOTMYEeCKOMY 1 abrnoTnyeckomy ctpeccy. [lostomy co3aaHo 6onbLuoe Konnyectso ambugmnion-
[l0B MeXJy OTAeNbHbIMU BUAAMY, KOTOPble HafeNleHbl PasHbIMU MOP(ONTOTMYECKMU, FEHETUYECKUMUI 1 GU31oNOo-
rmyecknmMmn xapaktepuctukamu. Jukunin sug Dasypyrum villosum — ogyH U3 cambiX LEHHbIX BUAOB C TOUKU 3peHna
BO3MOXHOCTU MHTPOAYLIMPOBaHMA LIEHHbIX Ka4eCTB 1 CBONCTB B Pa3Hble cOpTa NieHuLbl. 1A nsyyeHuna peakumm
amouaunnoungos Triticum durum-D. villosum nccnenoBaHbl fBa 06pasua, X poauTenbckue Gopmbl — copTa TBEPAON
nweHunubl fepraHa n AproHaBT, a Takxke MecTHaa nonynauma suga D. villosum. YctaHoBneHbl cnepyiolmne napamer-
pbl: MHAYKUMA KaniycoB, YacToTa BCeX NPOpPOCTKOB K 100 sMO6pronofo6HbIM CTPYKTYpaMm, YacToTa afibOUHOCHbBIX
NPOPOCTKOB N YacToTa 3e/IeHbIX NPOPOCTKOB. 10 NMOyUYeHHbIM pe3ysibTaTaM BbIABNEHO, YTO MHAYKLNA KaslycoB
ABYX aMOUANMNIONL0B CTaTUCTUYECKN AOCTOBEPHO OTIMYAETCA OT PoAnTeNnbCKux dopm (2.1-7.2 %), 6yayum 3Hauun-
TenbHO Bbiwwe, 30.7 1 16.5 % cOOTBETCTBEHHO. HeCMOTpA Ha pasHuLly B UHAYKLMMN Kannycos, amGuannionabl npak-
TUYECKW He OT/IMYAIOTCA OT poauTeNnbCcKmx Gopm CBoel pereHepupytoLlelt CoCcobHOCTbIO. YacToTa anbObMHOCHbIX
NPOPOCTKOB 3HAUNTENbHO NMPEBBILIAET YACTOTY 3€/IeHbIX NMPOPOCTKOB, Clieflysl TEeHAEHLUMY, HabloAaeMoi B MHAYK-
LMW KannycoB. 3efieHble MPOPOCTKY 3aperncTprpoBaHbl ToNbKo y ampuannnounga lepraHa-D. villosum vy pogu-
Tenbckow dopmbl TBEpAON NweHMubl lepraHa. Pactenus suaa D. villosum 6binn pereHepripoBaHbl, 1 TO, YTO Obinn
TONbKO aNbOUHOCHbIE MPOPOCTKY, MOKa3blBaeT XOPOLLYIO OT3bIBUMBOCTb BUAA HA KyNbTUBUPOBAHME MblIbHUKOB.
YcTaHOBNEHHbIE XapPaKTEPUCTUKN NCNbITAHHbIX aMd)I/I,EI,I/II'IHOVI,QOB N X POANTENBCKNX d)OpM AenakrT npakTnyeckoe
MNCMob30BaHMe 3TMX amduanNIoNa08 0CO6EHHO LIEHHbIM Af1A CeNneKUmn PasfiNyHbIX BUAOB 3/1aKOB.

KnioueBble cnoBa: MbUIbHUKOBAA Ky/bTypa; aHApOreHeTnyeckan peakums; amuannnong; Dasypyrum villosum; po-
antenbckme Gopmbl.

© Stoyanov H., Belchev I, 2022
This work is licensed under a Creative Commons Attribution 4.0 License



H. Stoyanov
|. Belchev

Introduction

The development of highly productive varieties of cultivated
plants, which at the same time are characterized with stable
yields and are resistant to different biotic and abiotic stress
factors, is a primary task in plant breeding (Chahal, Gosal,
2000). However, the increase of yield within the genome of
a given species is not limitless (Grassini et al., 2013). In this
respect, there are different approaches to enrich the genome of
the cultivated plants — wide hybridization, genetic engineering,
genome editing technologies, etc. (Chahal, Gosal, 2000; Liu
etal., 2014; Okada et al., 2019; Li, 2020; Wang et al., 2020).

Although contemporary science has reached high levels of
use of the latter two technologies, wide hybridization remains
a main conventional tool for achieving high genetic variabi-
lity. There is a large amount of research on amphidiploids de-
veloped through wide hybridization among the cereal crops
(Zhang et al., 2010; Ming et al., 2011; Babaiants et al., 2012;
Stoyanov, 2013, 2014, Dai et al., 2015; Nemeth et al., 2015;
Song et al., 2019; Klimushina et al., 2020; Zuo et al., 2020;
Kiani et al., 2021). One of the most promising species for
enrichment of the genome of common and durum wheat,
however, is Dasypyrum villosum. This species has been de-
scribed in detail with regard to the possibility of being used in
the improvement work on the wheat species in the researches
of A. Gradzielewska (2006a) and C. De Pace et al. (2011).
In another research, A. Gradzielewska (2006b) described in
detail a large number of studies on the production of hybrids,
natural hybrids, substitution and addition lines with wheat and
other species. There are a number of studies on the possibility
of using the hybrids and amphidiploids of the wheat species
with D. villosum in practical breeding (De Pace et al., 2001;
Vaccino et al., 2010; De Pace et al., 2011; Zhang et al., 2015,
2016a, b, 2018; Ando et al., 2019). A. Stefani et al. (1987)
reported rather detailed morphological characteristics of the
amphidiploid Triticum durum-D. villosum.

Since plant breeding is a rather dynamic process, when
developing lines from the cereal species, the biotechnologi-
cal method of anther culture is often used to accelerate the
breeding process (Belchev, 2003; Lantos, 2009). Different
researchers report that the efficiency of the process and the
production of a high number of green plants is related to the
response to anther culture of the parental forms involved in
the cross (Zamani et al., 2003; Dagiistii, 2008; Yildirim et
al., 2008; El-Hennawy et al., 2011). In this respect, the de-
veloped amphidiploids, substitution and addition lines with
D. villosum, are specific parental forms, the reaction to anther
culture of which has not been studied up to now. The possibi-
lity to apply anther culture to amphidiploids in principle has
been little investigated. The response to anther culture in the
amphidiploids has been studied in the amphidiploid Aegilops
variabilis-Secale cereale (Ponitka et al., 2002), and the authors
determined 0.1-13.4 % of regenerants obtained from 100 an-
drogenic embryoids. D. Plamenov et al. (2009) determined
1.9-3.2 % of green regenerants from 100 cultured anthers in
the amphidiploid 7. durum-T. monococcum ssp. aegilopoides.
In tritordeum (Barcelo et al., 1994), it was also found out that
anther culture is an efficient process. The results from these
researches showed that different amphidiploids are able to
give positive response to anther culture.
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The aim of this study was to determine the reaction of the
amphidiploid 7. durum-D. villosum to anther cultivation in
comparison to its parental forms.

Materials and methods

Plant material. Two accessions of the amphidiploid 7. du-
rum-D. villosum (1dv (Gergana-D. villosum) and 2dv (Argo-
navt-D. villosum)), a part of the collection of Dobrudzha
Agricultural Institute were used, as well the durum wheat
parental forms (7. durum cv. Gergana and cv. Argonavt) and
the wild species D. villosum.

The accession of D. villosum (2n = 2x = 14 (VV); family
Poaceae, tribe Triticeae, subtribe Triticineae, genus Dasypy-
rum) was collected in Dobrich region in 2011.

Crosses Gergana X D. villosum and Argonavt x D. villosum
were made conventionally, without embryo rescue in 2012;
the obtained seeds (Gergana x D. villosum — 3 seeds and Argo-
navtx D. villosum — 8 seeds) were germinated and at tillering
stage the plants (Gergana x D. villosum — 1 plant and Argo-
navtx D. villosum — 3 plants) were treated with colchicine in
2013. The seeds from the two obtained primary amphidiploids
were multiplied several times.

Anther culture. The experiment was carried out during
2016/2017. Anther donor plants were grown under greenhouse
conditions. The seeds from the accessions were germinated
in Petri dishes and then planted in plastic pots. Fifteen plants
from each accession were grown in three pots, using 10 plants
per genotype. Primary, seedling were vernalized at 4 °C
(3000 Ix, 16 h day/8 h night) for 45 days. After this period,
the plants were transferred to a cold greenhouse (515 °C) for
about three months, and the temperature was later increased to
15-20 (25) °C. Tillers bearing spikes containing anthers with
microspores at mid- to late uninucleate stage were cut, put in
a vessel with water and pretreated at 4 °C for 8-9 days. Ten
spikes from each genotype were collected. Cold pretreated
spikes were surface sterilized with 70 % ethanol under asep-
tic conditions. Sixty anthers from each spike were placed in
test tubes with 20 ml P2 induction medium (Chuang et al.,
1978). The anthers were cultured at 28 °C in darkness for
about 60 days. After the 30th day, they were periodically
checked for induction of embryogenic structures (calli and
embryoids), which were transferred to test tubes with 10 ml
regeneration medium (Zhuang, Jia, 1983) and cultured at 25
°C (3000 Ix, 16 h day/8 h night). Green and albino regenerants
were counted after 30 days.

The androgenic response was estimated by the following
traits: callus induction (CI) (number of embryogenic struc-
tures induced per 100 cultured anthers, %), plant regenera-
tion (PR) (number of regenerated green and albino plants per
100 embryogenic structures, %), frequency (yield) of green
plants (YGR) (number of regenerated green plants per 100
cultured anthers, %) and frequency (yield) of albino plants
(YAR) (number of regenerated albino plants per 100 cultured
anthers, %).

Statistics. The obtained results were summarized over
genotypes and parameters. One way ANOVA was carried
out with the aim of determining the effect of the genotype on
the studied parameters to estimate their androgenic response.
Significant differences between the amphidiploids and their
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parental forms were calculated based on the Duncan test. To
process the data, software MS Office Excel 2003 was used,
and to perform ANOVA and the Duncan test — IBM SPSS
Statistics v.19.

Results

The results on the androgenic potential of the investigated
amphidiploids and their parental forms (Table 1) showed that
accession 1dv had the highest callus induction (30.7 %), and
durum wheat Argonavt — the lowest (2.1 %). Between the
parental forms, there were no significant differences (both
between the durum wheat cultivars and between the species
durum wheat and D. villosum). The two amphidiploids differed
significantly by their callus induction, which was probably
related to the effect of the maternal component.

The yield of green plants, averaged for the entire investi-
gated set, was extremely low. In the entire experiment, only 5
green regenerants were produced, one of them being from the
durum wheat cultivar Gergana, and the other 4 — from the am-
phidiploid 1dv (Gergana-D. villosum). No green regenerants
were obtained from cultivar Argonavt and from the amphidi-
ploid 2dv. Also, no green plants were produced from the wild
species D. villosum. Although there was a rather small number
of the obtained plants for formulating a general tendency for
the effect of the parental forms, the presence of green plants
in cultivar Gergana and the amphidiploid, in which it was
involved, was probably due to genotypic specificity.

The albino plants considerably exceeded the green regene-
rants. In practice, they were predominant with regard to the
total number of regenerants. The amphidiploid 1dv again had
the highest yield of albino plants (10.3 %), and the lowest va-
lues were observed in cultivar Argonavt (0.4 %). The tendency
in yield of obtained albinos largely followed the tendency of
callus induction. The two amphidiploids significantly differed
from the parental forms by their values, as well as between
themselves (10.3 and 5.8 %, respectively). Meanwhile, sig-
nificant differences between the two durum wheat cultivars
and between the durum wheat and the wild species were not
registered. The higher yield values of the albino plants in the
amphidiploid 1dv may be related to the higher responsiveness
of cultivar Gergana, which was the maternal component of
this amphidiploid, although the difference between Gergana
and Argonavt was not significant.

On the whole, plant regeneration, expressed as a number
of regenerants per 100 embryogenic structures, was compara-
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tively low. The highest values were read in the two investigated
aphidiploids (35.9 and 35.4 %, respectively), and the lowest —
in the wild species D. villosum (13.0 %). This parameter
did not follow the tendency observed in the values of callus
induction and yield of green and albino regenerants. There
were no significant differences between any of the studied
accessions. However, higher plant regeneration was registered
in the amphidiploids, in comparison to cultivar Argonavt and
the wild species, and the difference with cultivar Gergana was
considerably lower. The differences not being significant was
an indication that the regeneration potential of all studied ac-
cessions was practically identical, and the differences formed
were entirely random. The total number of regenerants, how-
ever, expressly followed the tendency of callus induction and
yield of albino plants. The higher responsiveness to anther
culture of the two investigated amphidiploids in comparison
to either of the parental forms could be clearly observed in
this parameter.

The results from the analysis of the variance of the studied
parameters (Table 2) showed that the genotype had a signifi-
cant effect on the parameters callus induction and yield of
albino regenerants. This allows supposing that the separate
accessions gave specific responses and that there are signifi-
cant differences between them, as determined by the Duncan
test that was carried out. At the same time, the effect of the
separate accessions on the plant regeneration and the yield
of green plants was not significant. Worth mentioning are ac-
cessions Gergana and Gergana-D. villosum, in which higher
responsiveness to anther culture was observed, in general.
Nevertheless, these results do not give a definite answer to
the question of whether the amphidiploids are different as a
biologically distinct organism from the two parental forms
with regard to their androgenic response.

When summarizing the results at the level of the species,
a clear tendency of the amphidiploid 7. durum-D. villosum
having significantly higher callus induction and yield of albino
regenerants was evident (Table 3).

Simultaneously, significant differences between the two
parental forms were not observed, the values of both para-
meters being significantly lower in them. The yield of green
plants from the parental forms and from the amphidiploid was
extremely low and did not allow forming a clear tendency.
In this case, the production of green regenerants was rather
random, without observing significant differences between
the investigated species. Plant regeneration, at the levels of

Table 1. Androgenic response of parental forms and durum wheat-D. villosum amphidiploids

Genotype NCA NOC Cl, % NRC
Gergana .............................. 60043 72ab13 ......
Argonth ............................. 480 .................. 1 02132 ......
Dw”osum(Dv) ................... 54023 43ab3 ......
1dV(GerganaDv) ............... 600 ................ 1 84 ............... 307C ............ 66 ......
2dv(ArgonthDv) ............. 48079165b ............ 28 ......

PR, % NAR YAR, % NGR YGR, %
........... 302a12 2ab102ab
........... 200a2 04aoooa
130a3 ................. 06a .............. 0 ................... ooa .............
........... 359a62 103C407b
........... 354a28 58b000a

Note. NCA - number of cultivated anthers; NOC - number of obtained calli; CI - callus induction; NRC - number of regenerative calli; PR - plant regeneration;
NAR - number of albino regenerants; YAR - yield of albino regenerants; NGR — number of green regenerants; YGR - yield of green regenerants.
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Table 2. ANOVA according to factor “accession” of the studied accessions

Parameters Sum of squares df Mean square F Significance
C|Betweengroup5051392401297336930000 ..........................
W.th|ngroup5059697 ............................. 40001492 ..............................................................................................
TOta .| ...................................... 1 1 1 539 ............................. 44 .....................................................................................................................................
YARBetweengroup5006774400169477990000 ..........................
W.thmgroupsoogsge ............................. 40000217 ..............................................................................................
Tota|o15460 ............................. 44 .....................................................................................................................................
YGRBetweengroupsoooog,z400000321590091 ..........................
W.thmgroupsooo147 ............................. 40000004 .............................................................................................
Tota|ooo179 ............................. 44 .....................................................................................................................................
pRBetweengroupso36055400901408990474 ..........................
W.th|ngroup54o1134 ............................. 40010028 .............................................................................................
Tota|437138 ............................. 44 .....................................................................................................................................

Note. CI - callus induction; YAR - yield of albino regenerants; YGR - yield of green regenerants; PR - plant regeneration.

Table 3. Androgenic response of parental forms and durum wheat-D. villosum amphidiploid

Species NCA NOC Cl, % NRC PR, % NAR YAR, % NGR YGR, %
Tdu,um(Td) ............. 1 080 ................. 5 349a ............... 1 5283a ............... 1 4 ................... 1 3a ................. 1 01a ..............
DW”osum(Dv) ........... 5 40 ................. 2 343a ................. 3 .................... 1 30a ................. 3 06a000a ..............
Td_Dv ......................... 1 080263244b9435739083b ............... 404a ..............

Note. NCA - number of cultivated anthers; NOC — number of obtained calli; CI - callus induction; NRC - number of regenerative calli; PR - plant regeneration;
NAR - number of albino regenerants; YAR - yield of albino regenerants; NGR - number of green regenerants; YGR - yield of green regenerants.

Table 4. ANOVA according to factor “species” of the studied accessions

Parameters Sum of squares df Mean square F Significance
C|Betweengroupso417712 ............................ 020885 ......................... 1 25640000 ...........................
Wlthmgroupsosgmg ............................ 42 ............................ 001662 .................................................................................................
TOta .| ................................. 1 11 5 89 ............................ 44 ..........................................................................................................................................
YARBetweengroup50057632 ............................ 002881 ......................... 1 24800000 ...........................
Wlthmgroupsoo%gg ............................ 42 ............................ 000231 .................................................................................................
Tota|o1546o ............................ 44 ..........................................................................................................................................
YGRBetweengroupsoooonz ............................ 000005 ........................... 1 3490271 ...........................
Wlthmgroupsoom(,g ............................ 42 ............................ 000004 ................................................................................................
Tota|ooo179 ............................ 44 ..........................................................................................................................................
pRBetweengroupso313932 ............................ 015695 ........................... 1 6250209 ...........................
W|th| ngroups ................ 4 05 7 95 ............................ 42 ............................ 0096 6 2 .................................................................................................
TOta .| ................................ 4 37 1 88 ............................ 44 ..........................................................................................................................................

Note. Cl - callus induction; YAR - yield of albino regenerants; YGR - yield of green regenerants; PR - plant regeneration.

both genotype and species, did not differ as a tendency. The ~ was found in world literature that would present data on the
observed differences were not significant (see Tables 3 and 4),  amphidiploid 7. durum-D. villosum or the species D. villosum.
which indicated that the studied amphidiploid did not differ ~ An exception was the research of X. Chen et al. (1996), who

from the parental forms by its regeneration capacity. suggested applying the anther culture method on hybrids
(not amphidiploids) of the F, (T" durum x D. villosum). These
Discussion authors reported successful production of amphidiploids,

Concerning the results obtained on the androgenic response of ~ regenerated from colchicine-treated calli. At the same time,
the used accessions, it should be emphasized, that no source  there are researches on the use of tissue cultures on three-
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component hybrids 7. aestivum x (T. durum-D. villosum).
H. Li et al. (2005) reported lines with high powdery mildew
resistance obtained from such hybrids through the method of
embryo rescue and subsequent anther culture.

D. Plamenov et al. (2009), when investigating the an-
drogenic response of accessions from the amphidiploid
T durum-T. monococcum ssp. aegilopoides, came up with
results different from ours. The reported callus induction was
3.3-11.7 % for the two studied accessions, the plant regenera-
tion was considerably higher, 33.8-68.4 %, respectively, and
the albino regenerants yield was 1.9-3.2 %. At the same time,
the yield of green plants (0.4-0.8 %) was a little higher than
the data we obtained in our experiment (0.0-0.7 %). These
authors reported a total of seven regenerated plants from both
accessions, this parameter being significant, unlike the re-
sults we obtained. Using anther culture in the amphidiploid
Ae. variabilis-S. cereale, and P2 medium, A. Ponitka et al.
(2002) observed 1.4-15.7 % of callus induction, and on C17
medium — 20.0-65.2 %. Subsequently, the authors reported
0.1-13.4 % yield of green regenerants using 190-2 regenera-
tion medium. It was found out that the androgenic response
was strongly dependent on the genotype, similar to the results
of the experiment we conducted. Successful regeneration of
green plants through the method of anther culture has also been
reported for an aneupolyhaploid of Thynopyrum ponticum
(Wang et al., 1991), for the amphidiploid Festuca pratensis-
Lolium multiflorum (Lesniewska et al., 2001; Zwierzykowski
etal.,2001; Rapacz et al., 2005) and the amphidiploid Cycla-
men persicum-C. purpurascens (Ishizaka, 1998).

In contrast to these results, the parental forms were cha-
racterized with much lower androgenic response. This was
confirmed by the absence of callus induction in Ae. variabilis
and rye, reported by A. Ponitka et al. (2002), and also in the
species 1. monococcum ssp. aegilopoides in the research of
D. Plamenov et al. (2009). Durum wheat is also characterized
by weak androgenic response, in general. M. Dogramaci-
Altuntepe et al. (2001), using 10 durum wheat genotypes,
obtained only 248 green regenerants from 86,400 anthers
(0.29%). F. J*Aiti et al. (1999), investigating 15 durum wheat
genotypes and 7500 cultivated anthers, obtained just three
albino regenerants and one green plant.

L. Cistue et al. (2006), on the other hand, reported sig-
nificantly higher production of green plants, but including
6-benzylaminopurine or 6-furfurilaminopurine in the induc-
tion medium (C17). In more recent researches, the production
of haploids, even by the method of isolated microspores, has
been of extremely low efficiency in durum wheat (Slama-Ayed
et al., 2019). These results entirely corresponded to the data
we obtained with regard to the two cultivars Argonavt and
Gergana. Clear genotypic specificity was observed in the better
response of Gergana to anther culture as compared to Argo-
navt, although the difference was not statistically significant. It
is probable that this tendency is the reason for the amphidiploid
Gergana-D. villosum having better responsiveness to anther
culture. In this respect, the amphidiploid 7. durum-D. vil-
losum we investigated, and the amphidiploids reported by
A. Ponitka et al. (2002) and D. Plamenov et al. (2009) were
closer by their androgenic response to the response of triticale
(which is a typical amphidiploid crop) than to the response of
the parental forms. J. Pauk et al. (2000), K. Marciniak et al.
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(2003), C. Lantos et al. (2014) and H. Stoyanov et al. (2019)
demonstrated that in triticale the albino regenerants are often
predominant, similar to the amphidiploid we studied. The
values of the green regenerants in triticale also varied (from
0.9t0 27.9 %, but more often within 3—6 %), according to data
from various researches (Gonzales, Jouve, 2000; Marciniak
et al., 2003; Banaszak, 2011; Lantos et al., 2014).

In contrast to the above responses of the parental forms
Ae. variabilis, S. cereale and T. monococcum ssp. aegilopoi-
des, our study, although limited in volume, demonstrated the
comparatively good responsiveness of the species D. villosum
to anther culture. This is the first time when results on rege-
nerants from this species (although only albinos) are being
reported. At the same time, it should be emphasized that until
this moment results from testing of the reaction of D. villosum
to the anther culture method have never been reported. This
is highly significant for the breeding of the wheat species
since it would allow transferring genes from the wild species
through the methods of wide hybridization and anther culture
more easily, quickly and efficiently. X. Chen et al. (1996) and
C. Li et al. (2000) reported common wheat lines resistant to
powdery mildew, which were obtained by crossing common
wheat to the amphidiploid 7" durum-D. villosum, followed by
embryo rescue and anther culture. Such results showed that the
combination of wide hybridization with the method of anther
culture is an efficient tool that can be used in the breeding of
different cereal crops.

Conclusion

Based on the presented results, the following conclusions

could be made:

1. For the first time, results on the androgenic response (callus
induction, plant regeneration, yield of albino plants, yield of
green plants) of the amphidiploid 7. durum-D. villosum and
of the parental component D. villosum are being reported.

2. The callus induction of the two studied amphidiploids
differed significantly from that of the parental forms
(2.1-7.2 %), being considerably higher —30.7 and 16.5 %,
respectively.

3. The plant regeneration of the investigated accessions varied
within a certain range (13.0-35.9 %), the differences not
being statistically significant. This indicated that in spite of
the differences in the callus induction, the amphidiploids
did not practically differ from the parental forms by their
regeneration capacity.

4. Although plant regeneration was observed in all studied
accessions, the yield of albino plants considerably exceeded
the yield of green regenerants and followed the tendency
observed in callus induction — the two amphidiploids had
significantly higher values. At the same time, green plants
were registered only in the amphidiploid Gergana-D. vil-
losum and in the parental form durum wheat Gergana. Such
results emphasized the genotypic specificity of the response
to anther culture.

5. Plants were regenerated from the species D. villosum,
although only albinos, which indicated its good responsive-
ness to anther culture. This, together with the good response
of the amphidiploids with the participation of this species,
makes their practical use, in combination with the anther
culture method, highly valuable for improving the cereals.
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CooTtBeTcTBUE MOp@dosoruym 6yTOHOB U MbUIbHUKOB
CTaAVISIM PasBUTUS MY>KCKOro raMmetro@uTa abiHu (Cucumis melo L.)

M.A. Hryel—[1 ®, TH.B.T. XyeHl, A.M. Yuun!, A.B. Bop01-[1/u-[a2

1 YHusepcuTeT [laHaHra — YHUBepCuTeT 06pa3oBaHia 1 HayKu, [laHaHr, BbeTHam
2 Poccnickuin rocyAapcTBeHHbIV arpapHbi yHuBepcuteT — MCXA um. KA. Tummpsasesa, Mocksa, Poccua
& nmly@ued.udn.vn

AHHoTauusA. BbifiBneHne Koppenauuii Mexay Mopdonormyeckimy nprsHakamy 6yTOHOB U CTagUAMU Pa3BUTUA
MY>KCKOro rameTodurTa npeactaBnsaeT 60NblION NPAKTUYECKU MHTEpPeC, Tak Kak Hannume HafeXHoro mMapkepa
YCKOPAET 1 yNnpoLyaeT oT6op NOAXOAALLErO PacTUTENBHOrO MaTepuana Ans KylbTypbl M30/IMPOBaHHbBIX MKPOCTIOP.
KynbTypa 13011MpoBaHHbIX MUKPOCMOP MO3BOMAET B KOPOTKME CPOKM MOJTyYaTb YNCTblE IMHUM MHOTUX OBOLLHbIX
KynbTyp, ofiHako Ans AblHK (Cucumis melo L.) 3Ta TeXHONOrMA NOKa He Nosyynna pacnpocTpaHeHus. Ytobbl ycnetu-
HO NPVMEHUTb JaHHYIO TEXHONOTMIO AJSIA HOBOW KyNbTypbl, HEO6XOAUMO ONTUMU3NPOBATb MHOXECTBO €€ SNeMeH-
TOB, MpeXae Bcero nofobpatb Mopdosniornyeckrie MapKepbl, NO3BonsAoLMEe OTOMPaTb OYTOHBI, KOTOPble CoAepPKaT
MUKPOCMOpPbl OnpeAeneHHbIX CTaguin passutuA. B Halwen paboTe npuBefeHa OLEeHKa KOppenaumum Mexay AJIMHoOn
6yTOHOB, iMaMeTPOM By TOHOB, ANMHON BUAVMON YacTW BEHUMKA, ANIMHON MbUIbHVKOB U CTAAUAMMN Pa3BUTUA MyX-
ckoro rametoduTa apiHu F, rn6praa Kim Hong Ngoc. Hanbonee cunbHas koppenauua ycTaHoBReHa AnA grameTpa
6yTOHOB, KO3pdULIMEHT KoppenAuuy coctasun 0.885. CunbHas Koppenauvs BbisiBIEHa TakKe ANA ANVHbI 6y TOHa,
KoadbduumeHT kKoppenauun 0.880. ifivHa BUAMMOW YacTU BEHUMKA ABNANACh MEHEE HafieXXHbIM MPU3HAKOM, a Anu-
HY MbIIbHMKOB He CriefyeT NCMOoMb30BaTh B KauyecTBe NapameTpa AJfiA NPOrHO3MPOBaHNA CTaANA Pa3BUTUA MY>KCKO-
ro rametoduta apiHM. OTMEYEHO, UTO B OAHOM Mbl/IbHNKE OLHOBPEMEHHO HaxX0AMNCb MUKPOCTOPDI U MblfibLEBble
3epHa pasHbIX CTaguin passuTtra. B 6yToHax agnuHon meHee 4.00 mm 1 grameTpom ao 1.51+0.02 mm npeobnaganu
TeTpafbl; B OyToHax AnnHon 4.0-4.9 mm 1 gnameTtpom 2.30+0.02 MM 06HapyKeHa Hanbonbluas JONA PaHHUX MUK-
pocnop, Npu 3Tom npeobnaganyt MUKPOCNOpbl CPeAHEN CTaguy pas3snTus; B 6yToHax anuHoi 5.0-5.9 Mm u gua-
mMeTpom 2.32+0.00 MM nNpeobnagany cpegHne 1 NnosgHue BakyonnsnmpoBaHHble MUKPOCMOPbI; B ByTOHax AfMHOMN
6.0-8.9 MM 1 grameTpom 2.96 +0.37 MM — No3aHME BaKYyONM3MPOBaHHbIE MUKPOCMOPbI; B 6YTOHaX AfMHOM 9.0 MM 1
6onee, gnametpom 3.97 +0.34 mm 1 6onee — ABYXKNETOUHAA NbibLa.

KnioueBble cioBa: My»CKoI rameToduT; CTafnmn pas3BUTAA MUKPOCMOP; TETPaAa; NbibLa; OYTOH; NbiNbHWK; Cucumis
melo L.; obiHs.

Onsa yntuposaHusa: Hryed MJ1., Xyern TH.B.T.,, YnHb .M., BopoHurHa A.B. CooTBeTcTBME MOPGONOrMn 6yTOHOB 1
NbUIbHUKOB CTaMAM Pa3BUTUA My»CKOro rameToduTa abiHM (Cucumis melo L.). Basunosckuli XypHan 2eHemuku u
cenekyuu. 2022;26(2):146-152. DOI 10.18699/VJGB-22-18

Association of bud and anther morphology with developmental
stages of the male gametophyte of melon (Cucumis melo L.)

M.L. Nguyen! ®, T.N.B.T. Huyen!, D.M. Trinh!, A.V. Voronina?

"Da Nang University — University of Education and Science, Da Nang City, Vietnam
2 Russian State Agrarian University - Moscow Timiryazev Agricultural Academy, Moscow, Russia
& nmly@ued.udn.vn

Abstract. Correlations between the morphological features of flower buds and the developmental stages of the
male gametophyte are of great practical interest as a reliable marker that accelerates and simplifies the selection of
appropriate plant material for isolated microspore culture. Microspore culture enables one to quickly obtain many
pure lines of different vegetable crops, but it has not yet been widely applied in the melon (Cucumis melo L.). To suc-
cessfully apply this technique in a new culture, one has to optimize many of its elements: first, find the biological
markers for selecting the flower buds containing the microspores of certain development stages. The paper presents
the results of research estimating the correlations between the length and diameter of the flower buds, the length
of the visual part of the corolla, the length of the anthers and the development stages of the male gametophyte
in the F, hybrid of the Kim Hong Ngoc melon. The strongest correlation (CC = 0.885) was found for the flower bed
diameter and a strong correlation (CC = 0.880), for the bud length. The corolla’s visual part was a less reliable mor-
phological feature, and the anther’s length should not be used as a parameter to predict the developmental stages
of the melon’s male gametophyte. It was also found that one anther could contain the microspores and pollen grains
of different developmental stages. In the flower buds less than 4 mm in length and 1.51+£0.02 mm in diameter pre-
vailed tetrads, and in the buds 4.0-4.9 mm in length and 2.30+0.02 mm in diameter, early microspores. The micro-
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CooTBeTcTBUE MOPdONOrnv 6yTOHOB AblHN
CTaAVAM Pa3BUTUA MyXCKOro rametoduTa

spores of a middle stage of development prevailed in the flower buds 5.0-5.9 mm in length and 2.32+0.00 mm in
diameter; mid and late vacuolated microspores, in the buds 6.0-8.9 mm in length and 2.96 +0.37 mm in diameter;
and two-celled pollen, in the buds more than 9 mm in length and more than 3.97 +0.34 mm in diameter.
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BBepeHune

Heiast (Cucumis melo L.) — BaxkHast ¢ 5KOHOMHUYECKOU TOUKU
3peHus CENbCKOXO3AHUCTBeHHAs KynabTypa (Sebastian et al.,
2010), xotopas o cocrosiHuio Ha 2019 1. B Mupe 3aHnMana
wromas oonee 1 M ra (FAOSTAT)!. B Hacrosiiee Bpemst
B IIPOM3BOJICTBE JIbIHM PACTIPOCTPaHEHbI F ruOpupl, oTinya-
IOIIHECs] BBIPOBHEHHOCTBIO, 00JIe€ BHICOKOH YPO)XKaHHOCTBIO 1
obecrieunBarolyie OMOJIOrMYECKYIO 3aIUTY aBTOPCKUX TIPaB
OPHUTHHATOPOB.

VYInBOCHHBIC TalIOUAbI SBJISIOTCS [EHHBIM MaTepHaioM
JUISl TEHETUYECKUX HMCCIIC0BAaHUN U CEJIEKLIUU, 0COOCHHO
npH co3ganuu F ruOpuIoB cenbCKOX039HCTBEHHBIX KyJIBTYD
(IIImbrkoBa u ap., 20156; Abdollahi et al., 2016). Ha ceroa-
HSLIHUI IEHb TEXHOJIOT MU NOJTyYE€HHMS! Y/IBOCHHBIX TarlIOn10B
pas3paborans! 6onee wem ams 250 Bugos (Maluszynski et al.,
2003), st MHOTHX M3 HUX 3TOT METOJI UCTIONB3YIOT C IEIBI0
MacCOBOIO MPOU3BOJICTBA TOMO3UTOTHBIX pacteHuii (Ferrie,
Caswell, 2011).

W3BecTHBI MyOMMKauK, B KOTOPBIX OMHCAHO YCIICITHOE
MOJyYeHHE YABOCHHBIX TAIlJION/IOB JBIHU ITyTEM OIbIICHUS
o0my4yenHo# meuThIIoiN (Sauton, 1988; Hooghvorst et al., 2020)
100 METOJIOM OTJaJICHHON THOPHIN3aNNH C TTOCIIESTYIOIINM
JopaiiBanueM 3aposiiiei in vitro (Lotfi et al., 2003). Asro-
PBI APYTHX paboT KyasTUBUpPOBaIH MEUTEHUKH (Abdollahi et
al., 2016), meormonorBopeHHBIE cemsinouk ([1ImbikoBa u ap.,
2015a) u uzonupoBaHHbIe MUKpOCHOpbI (Zhan et al., 2009;
Chen et al., 2017) pactenuii cemeiicTBa THIKBEHHBIE.

Kynbrypa H3011MpOBaHHBIX MHUKPOCIIOP OTIMYAETCS BBICO-
KHM BBIXOJIOM PET€HEPaHTOB 10 CPABHEHUIO C KYJITYPOil He-
OTIJIOIOTBOPEHHBIX CEMSIOUEK U KYJIbTYpOH MBUIBHUKOB U
MOy4YnIIa IIHPOKOe TIpUMEHeHne, ocobeHHo y KamycTHbIx
(Apsayk u np., 2019; Kosaps u ap., 2020). K Tomy xe Kyib-
Typa MUKpPOCIIOP MOZIpa3yMEBAET OTCYTCTBHE HA TUTATEIbHOMN
CpeJie COMaTHYECKUX KJICTOK JOHOPHOTO PacTeHUs U, TAKUM
00pa3oM, T03BOJISIET UCKIIIOUUTH COMHEHHUS O TIPOUCXOMK/Ie-
HHUM pacTeHuil-pereHepanToB. OHAKO JaHHAsI TEXHOIOTHUS
HE peajn30BaHa JuIsl IPOU3BOACTBA YIBOCHHBIX TallJION/IOB
pacreHuil cemeiicTBa ThIKBEHHBIE.

Ha 3¢ ¢peKTuBHOCTD TEXHOJIOTHH MONYUYCHHUS YIBOSHHBIX
TaruIONI0B B KyJIBTYpE M30JIMPOBAHHBIX MHUKPOCIHOP BIHSCT
MHOXKECTBO (PAKTOPOB: CTAIMsI Pa3BUTHsI MUKPOCIIOP, T€HO-
THII, COCTAB TUTATEIBLHOMN CPEIbl, INIOTHOCTH KJIETOYHOH CyC-
MCH3UH, OCOOCHHOCTH TEXHOJIOTUU BBEACHUS B KYJIBTYDY,
TEMIIEpaTypHOe BO3JEHCTBHE U JPYTrUe YCIOBHS KYJIbTHBH-
posanus (Dunwell, 2010; Niazian, Shariatpanahi, 2020).
Crazust pa3BUTHSI MUKPOCTIOP SIBIISIETCS TIEPBBIM (PaKTOPOM,
KOTOPBIA HEOOXOAMMO YUHUTHIBATH MPU pa3pabOTKe TEXHOJIO-
THH KyJbTUBHPOBAHUS MUKPOCTIOP JIF000H HOBOI KyJIBTYpHI.
B 3aBucuMoCTH OT Bi1a ONITUMAJILHBIMU MOTYT OBITH Pa3HbIC

1 http://www.fao.org/faostat/en/#data/QC (gata obpaiieHnsa 01.06.2021).
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CTaJU1 PA3BUTHS MUKPOCIIOP — OT TETPAL J10 ABYXKJIETOUHOH
neutblbl (Touraev et al., 1996; Germana, 2011). Tak, mis
MPOU3BOJICTBA YIBOSHHBIX I'allJIONI0B MOPKOBU PEKOMEH/TIYIOT
KyJIBTUBHPOBATH TETPaJabl B paHHHE MUKpocmopsl (Gorecka
etal.,2010). Ins uHIyKIMH KaJuTyca B KyJABTYPE ITBUTEHUKOB
MOMOPJMKHN Haubonee 3()(HEKTUBHBI CPEIHHE U TO3HUE
mukpocrops! (Hryen u np., 2019). ¥V pacrenuii cemeiictsa
KamycTHble BBICOKOH CIIOCOOHOCTBIO K AMOpHOTreHe3y 00-
JIaJIaf0T M03/JHHE BaKyOJIN3UPOBAHHBIE MUKPOCIIOPBI U JIBYX-
kietouHas meubiia (Telmer et al., 1992; Binarova et al., 1997,
Custers et al., 2001; Babbar et al., 2004; Winarto, Teixeira da
Silva, 2011).

[IpsiMoit 0TOOP OTIENBEHBIX MEKPOCTIOpP COOTBETCTBRYIOIIECH
CTaJIM1 PA3BUTHS TSI KyJIGTUBUPOBAHMS in Vitro IPEICTaBIIS-
eTcsl HEeBBINOJIHUMOM 3aiaueil. Kak npaBuiio, ot6op pactu-
TEJILHOTO MaTepuaia BBIIOJIHSIOT O KOCBEHHBIM PU3HAKAM
C TIOMOIIBI0 MOP(OJIOTHYECKUX XapAKTEPUCTUK Oy TOHOB HITH
neiibHUKOB (Takahata, Keller, 1991; Parra-Vega et al., 2013).
V parica, cou, peauca, ToMaTa, MOMOPANKHY B KaUECTBE Map-
KEpOB CTa/INM Pa3BUTHUSI MUKPOCIIOP MCIIONB3YIOT [UIMHY H
IMpUHY LBeToYHbIX OyToHOB (Weber et al., 2005; Han et al.,
2014; Sumarmi et al., 2014; Adhikari, Kang, 2017; Hryen n
Ip., 2019). B HeCKONBKNX NCCIIEIOBaHUAX JEMOHCTPUPYETCS
MPUTOHOCTh TAKMX MApaMEeTPOB, Kak pa3Mep M LIBET Jalliey-
K, COOTHOIIIEHUE JUTMH YalIeYKd U BEHYNKa, pa3Mep MbLIb-
uuka (De Moraes et al., 2008; Parra-Vega et al., 2013; Zhang
et al., 2013). Dru nokasarenu BuIOCHEHU(PUUHBI, TOITOMY
JUIs 0TOOpa PAacTUTETHHOTO MaTepraia JbIHH HEOOXOIUMO
pa3paboTark CBOM MPOTOKOJI.

B nanHO# paboTre mpeacTaBIeHO U3y4YeHHE B3aMMOCBSI3U
MEKAYy MOP(OIOrHIECKUMHI XapaKTePHCTUKAMU OyTOHOB U
MBUTBHUKOB U CTa/INeH Pa3BUTHSI MUKPOCTIOP JbIHH.

MaTeleaﬂbl n metogbl
Ot0op OyTOHOB MPOBOIMIN C pacTeHnil rudpuna apian F,
Kim Hong Ngoc, mpoussenennoro komnanueii Chia Tai Seed,
Tannann. ByTtons! amuHOi oT 3.6 10 15.9 MM ¢ uHTEpBaIOM
1 MM orOupanu B 5:30-6:30 4 yTpa, MepeBO3UIN HA JIBAY U
xpaHuiu B TedeHue 24 4 npu 4 °C. YuuteiBaau HE MEHee
JecsTH OyTOHOB Ka)KJJOr0 MHTEPBaa JUINHBI.
XapakTepucTHKN OyTOHOB M MBUIBHUKOB (PUKCHpOBaIn
¢ moMoIIbp crepeomukpockona Zeiss Stemi 2000-C (Su-
zhou Co., Ltd). Muxpocmops! kax1oro OyToHa BBIIEISITH U3
MBUTFHHUKA ¥ TOMETIAIIH Ha IIPEAMETHOE CTEKJIO B KaIUTIO CMe-
CH nIuuepuHa 1 ﬂHCTI/IHJ’Il/IpOB&HHOﬁ BOJbI B COOTHOIICHHUH
1:1, 3aTem B OMy4EHHYIO CyCIIeH3MI0 100aBisutu 15 Mkt 2 %
pacTBOpa areToKapMruHa, HaKPBIBAJIM IIOKPOBHBIM CTEKIIOM U
MHUKpOcKorupoBanu. Jist (piayopecieHTHOro OKpariiBaHust
MHKPOCIIOPBI U3BJIEKAIN U3 MTBUIHUKOB, TPHKIBI TIPOMBIBAIII
Oytdepusim pactBopom PBS (8.00 r/1 NaCl, 0.20 r/n KCl,
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Flower bud morphology and developmental stages

of the male gametophyte of melon

Puc. 1. Craguun pa3sutus mukpocnop Cucumis melo L., okpaleHHbIx DAPI 1 aLeToKapMrUHOM: a — TeTpagbl; 6 — paHHUE MUKPO-
Cropbl; 8 — CpefHe MUKPOCMOPbI; 2 — NO3[HNE MUKPOCMOPbI; 0 — PaHHAA ABYXK/IETOUHAA MblibLa; e — MO3AHAA ABYXKNETOUHasA

nbinbLa.
Bap 20 mkm.

1.44 r/n Na,HPO,, 0.24 r/n KH,PO, pactBopsnu B 3/4 Tpe-
Oyemoro odobeMa JUCTHITUPOBAHHON BOJIBI, C TTOMOIIBIO
HCI u KOH noBomumu pH no 3HaueHus 7.4, MOIHBAIH TUC-
TUUTUPOBAHHYIO BOIY 10 KOHEYHOro 00beMa), JT00aBIIsuIIN
DAPI (4',6-nnamunuHO-2-GeHUINHI0N) W HAOMIOmaIH 10/
ONTHYECKUM (PIYOPECICHTHBIM MHKPOCKOTIOM Zeiss AXio
Lab1 (Suzhou Co., Ltd).

Craauu pa3BUTHS MHKPOCIIOP OMPEICIISUIH 10 pasMepy u
(hopMe KIICTOK, KOJIMYECTBY sIp U MX pacIoiokeHuro (Vergne
etal., 1987; Maluszynski et al., 2003; Blackmore et al., 2007;
Zhang et al., 2013). B kaxxaom mpenapare HaOIogaIN cTa-
nuu pa3Butus 100 mukpocnop. OTMeyanu HalIu4YKue TeTpa,
PaHHHX, CPEJAHUX M MO3JHUX MHUKPOCIIOP, ABYXKICTOUHOM
MBLUIBIEL. [IPOICHTHYIO JOMI0 Ka)KIOW CTAAWK Pa3BUTHS B
KOHKPETHOM TIpernapare pacCYUTHIBAIN KaK OTHOIICHUE KO-
JINYECTBA MUKPOCIIOP OMPENEICHHON CTaluu K 00IIeMy KO-
JIUYECTBY HAOTIOaeMbIX MUKPOCIIOp, yMHOKeHHOe Ha 100 %.

JI0CTOBEPHOCTP Pa3IUyIUiA TPOBEPSLUTH C TOMOIIIBIO JIHCIICP-
cuonnoro ananuza ANOVA u tecta Trioku ¢ o= 0.05. CBs3b
MEKIy apaMeTpaMy U3MEPEHUS U CTaIUSIMH Pa3BUTHS MH-
KPOCIIOPBI OIIPEICIISUIN C TOMOIIIBIO KO3 (DHUIIHNCHTA THHSHHON
perpeccun u ko3dduiuenra koppessiuu. CTaTHCTHYSCKOE
onrcaHue M 00padOTKy TaHHBIX IIPOBOIUIIN B TiporpamMme R.

PesynbTaTbl n 06CyxaeHue

[Tpu muTONIOrMUeCcKOM aHanmu3e OyTOHOB JBIHM HAOIIOMAN
[IeCTh CTAJUI Pa3BUTHUS MUKPOCIIOP, BKJIIOYAsT TETPAIbI,
paHHUE, CPEAHUE, TO3IHUE BAKYOJIM3UPOBAHHBIC MUKPOCIIO-
PBI, PAHHIOIO JIBYXKJICTOYHYIO M IO3IHIOI JABYXKICTOUHYIO
meUIBIY (pHcC. 1).
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Puc. 2. iameHeHne ANaMeTpa KNeTOK MY»KCKOoro FaMeTO¢MTa B 3aBUCU-
MOCTW OT CTagunn NX pasBuUTUA.

JluaMeTp MUKPOCIIOP YBEIHMYUBAJICS 10 MEPE UX PA3BUTHSI
U JIOCTHUTa]l MAaKCUMAJIbHOTO 3HAYCHUsSI Y MO3HEH JIByXKIIe-
TOYHOU TBUIBIBI (puc. 2). OTMEUCHO, YTO KaKaask CTaaus
XapaKkTepru30Bajach OINpeNeeHHOH GOopMOl U pazMepom
KJIETOK. PaHHME MHUKpOCTIOpEI, 00pa30BaBIIHEcs MOCIe pac-
naja rerpa, uMmenu quametp 33.41+4.34 MM, OTIUYATUCH
HecTaOWIbHOW OKpyIiIoW (OpMOH, TOHKUMH KIIETOUHBIMHU
CTEHKAMM U KPYIHBIMU siipaMu. CpeTHiHe MUKPOCIIOPBI OBLITH
OKpYTIION (hOPMBI, C IIEHTPATEHBIM PACIIONOKEHUEM SIIPA, X
quametp 39.06+2.33 mxm. [lozgHue MUKpPOCTIOPHI UMeENH
okpyriyto popmy, nuametp 40.45+3.26 MKM U XapaKTepHu30-
BJIMCH XOPOIIIO Pa3BUTON TPEXIIOMACTHOMW CTCHKOM SK3UHBI U
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CooTBeTCTBME pa3mepoB GYTOHA 1 [IMHbI MbINbHYKA CTAAMUAM Pa3BUTUA MyXXCKOTO rameTodpuTa

Ne  [dnuHa LnameTp OnuHa [ona MMKpocnop pasHbixX CTagunin pa3sutus, %

/n S)JOHOB' sLTOHOB' :‘:;anMKOB' TeTpagb PaHHAsA CpegHsn Mo3gHsaAn PaHHsAsA Mo3sgHsan
[BYXKNeTOYHaA [BYXKneTouyHas

1 <4 1.51+0.02% 1.63+0.19%8 48.00+5.66 22.00+849 6.00+2.83 22.00+£2.83 2.00+£2.83 0.00+0.00

2 40-49 230+002° 1.83+0.162 0 30.00+14.14 46.00+25.46 22.00+14.14 2.00+2.83 0.00+0.00

3 50-59 232+000° 250+051° 0 2.00+2.83 50.00+14.14 48.00+11.31 0.00+0.00 0.00+0.00

4  60-89 296+037° 289+023° 0 0.40+1.26 40.40+24.91 56.80+23.61 240+6.31 0.00+0.00

5 9.0-11.9 3.97+0.34° 296+0.20° 0 0 0.67+1.63 14.67+34.00 51.33£50.62 33.33£50.13

6 >12 516+0279 3124022 0 0 0 0 0 100.00

* 3HaueHus, OTMeUYEHHbIE OAUHAKOBbBIMY GYKBaMW, HE PA3NMYaALOTCA NPW YPOBHe 3HaunmocTu p = 0.05.

Puc. 3. /I3meHeHre MOpdONornyecknx xapakTepuctrk 6yToHoB (7, 6ap 20 MKM) 1 NbIbHKKOB (2, 6ap 10 MKM) AblHW B 3aBUCUMOCTY OT L/IViHbI 6y TOHOB:
a-3.6-4.0 mm; 6 — 4.0-4.9 mm; 8 — 5.0-5.9 Mm; 2 — 6.0-6.9 MM; 0 — 7.0-7.9 mM; e — 8.0-8.9 mm; % — 9.0-9.9 mm; 3 — 10.0-10.9 mm; u — 11.0-11.9 Mm; K — 12.0-12.9 mm;

71-13.0-13.9 Mm; M - 60nee 14.0 MM.

CMEIIEHHBIM OT IIEHTPA SIPOM, IPHKAThIM K CTEHKE OOJTBIIION
BaKyoJIbi0. B KiIeTkax paHHel ABYXKJIETOYHOM MBUIBLIBI C 1A~
METpOM KJIeTOK 44.94+2.65 MKM NPU MUKPOCKOITUPOBAHUU
OBLIM YETKO BUIHBI JIBA sI/Ipa: BEreTaTUBHOE (00JIee KPYITHOE)
1 TeHepaTuBHOE (Ooree spKo okpaiieHHoe). JlnameTp mo3nHen
JIBYXKJICTOYHOM MBLUTBITBI COCTABISUT 56.93 +£4.81 MkMm, hopma
KJIETOK BapbUpOBaja OT OKPYIIBIX A0 OBAJBHBIX, IPHUEM B
OJTHOM TIBITLHUKE MO’KHO OBIIIO HAOIIONATh IMBUTBIIEBBIC 3epHA
pazHoii popmsl. LluToruiazma B IbLIbIE CTAHOBHIIACH TNIOTHOM
Y HENPO3pavyHOH, PO IPH ITOM OBLIO TPYJHEE Pa3InUUTh.

B pesynbrare aHamm3a COOTBETCTBHS MOP(HOIOTHUECKUX
MPU3HAKOB CTAMSM Pa3BUTHSI MUKPOCIIOP H CYIIECTBYIOLIUX

FEHETUKA Y BUOTEXHOJIOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

M3MEHEHUH OyTOHBI pa3JeNin Ha mecTh rpymi. Kaxnas
rpyIina MOIJia CofepKarh MUKPOCTIOPBI pa3HbIX CTaUil pa3-
BUTHSL, HO TIPY ATOM OJ[HA U3 HUX Ipeodiaaia (cM. TabIuIy ).
OTMEUEHO TaKKe, YTO B OJIHOM IBUILHHKE OJHOBPEMEHHO
MOIJIA HAXOIUTHCSI MUKPOCHOPBI Pa3HBIX CTA/IUi pa3BUTHSL.
DTO COOTBETCTBYET HAOIIOICHNSIM HCCIIEI0BaTECH, N3y daB-
IIMX JaHHBIA BOIIPOC Ha JPYTHX KyJIbTypax.

TeTpaasl ObIM 0OOHAPYKEHBI B 3€JEHBIX OMYIICHHBIX,
MOJTHOCTBIO TOKPBITHIX YallleIMCTUKAMU OyTOHAX OBaJIb-
HOW (hopMBbI JUIMHON MeHee 4 MM, auaMeTpoM 1o 1.85 MM
(puc. 3, a). ITsIIPHUKY TIPU 3TOM WMENH CBETIIO-0CKEBYIO
OKpacky u anuHy 1.6—-1.63 mm.
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PanHne MuKpocropsl ObUTH HaleHbl B OyTOHAX JJIMHON
ot 3.8 mo 7.0 mm, Hanbompmas ux qoist (30+ 14.14 %) obHa-
pyxeHa B Oytonax uuHOH 4.0—-4.9 Mm. [Ipu 5TOM NBITEHUKH
CTaHOBIJINCH 3€JICHOBATO-XKEIThIMHU, UX JJIMHA COCTaBIsIa
1.63-2.74 MM (cwm. puc. 3, 6). B menom Komm4ecTBO MHKPO-
CHOp paHHEH CTajuu OBLIO HEOOJBIIMM MO CPABHEHHIO C
JIPYTHMU CTaJIUSIMH.

Mukpocnopsl CpeaHel CTaiun pa3BUTHs COAECPKAINUCH B
Oyronax mmuHOM 0T 4.0 10 10.9 MM. J{TMHA THUTEHUKOB TIPH
sToM gocturana 2.15+0.05 MM, UX BET OBLT JKEITOBATHIM
C TIISTHIIEBOH MOBEPXHOCTHIO (CM. pHcC. 3, 8). MakcumansHOe
KOJIMYECTBO MUKpoctop cpeaner cramuu (50+14.14 %)
BBISIBIICHO B OyTOHax AMuHON 5.0—5.9 MM, MMEBIINX YeTKOE
MOp(OJIOTHYECKOe OTINIHE OT OoJiee MOIOIBIX OyTOHOB —
MIPUOTKPBITHIC YAICTUCTHKH, TIO3BOJISIIOLINE BUACTh KOHUHK
BEHYHKA.

MUuKpOCIIOpEI TO3HEH BaKyOITM3UPOBAHHOM CTaIHH IIPE00-
nanany B OyToHax [ummHO# 6.0—8.9 MM. Ha 3ToMm 3Tare Oy ToHBI
MPOOJDKAJIN YBEINYNBATHCS B pa3Mepax, BEHUHK YIUTHHSIICS
3a IIPEZIEIIOM YaIIeINCTHKOB, OHAKO MOP(OJIOTHS TBIITEHUKOB
HE N3MEeHsUIach (M. puc. 3, e—e). CTaTHCTHYECKH JI0CTOBEp-
HOTO YBEJIMUCHHUS JTTMHBI [TBUTEHUKOB TOXKE HE IPOMCXOAMIIO.

PaHHsAs 1ByXKIIeTOUHAs MbUIbIA TIpeodnanana B OyToHax
umHo# 9.0-12.0 MM (cM. puc. 3, orc—u). [lpn sTom mnmuna
MBUIBHUKOB HE M3MEHWJIACh 110 CPABHEHMIO C MPEbIIyIIeit
ctagueil. Ha moBepXHOCTH MBIITBHUKOB MOKHO OBLIO YBUAETD
3pEIyI0 IBYXKJICTOYHYTO MBUIBILY.

B Oyrtonax miuHO#N Oosiee 12.0 MM Obuta OOHaApyKeHA
TOJIBKO IBYXKJIETOUHAs MTbUIbIA. [lepexos oT mo3iHel cragnu
K 3pEJION MBIIbLIE XapaKTepPH30BaJICsl HEOOIBIINM yBEInYe-
HHEM pa3Mepa OyToHa, JIETIeCTKH HaYMHAIN OTKPBIBATHCS (CM.
puc. 3, k—u). [IbIIbHUKY yBEINYNBAIICH H BCKPBIBAINCH, TAK
YTO Ha MX MOBEPXHOCTH MOXKHO OBIJIO YBHJIETH MHOXKECTBO
MBUTBLEBBIX 3EPEH.

B pesynbTrare cTaTHCTHUECKOTO aHaIN3a ATUHBI TBUIbHUKA
BBIUKCIIEH KOY(QDUIMEHT NrHeNRHOM perpeccun R = 0.52,
T. €. JUIMHY NBUILHUKOB HE CIIE/IyeT HCII0Ib30BaTh B KAYECTBE
rapaMeTpa Juis IPOrHO3UPOBAHNUS CTaUi Pa3BUTHSA MUKPO-
Crop. OTO COOTBETCTBYET JTaHHBIM, IOJYYECHHBIM Ha HEKO-
TOPBIX JIPYTUX KYJIBTYpax, HallpuMep Tomara M OakiakaHa
(Segui-Simarro, Nuez, 2005; Salas et al., 2012). 13BectHa
yOIUKALKs, B KOTOPOH moxoxkuii koapduiuent (R = 0.59)
XapaKTepU30BaJl CBSI3b MY JJIMHOM NMbIIIbHUKA U CTaIHAMH
passutHst Mukpoctop tomata (Adhikari, Kang, 2017).

Yacto ucciieioBaTesin peKOMEHAYIOT U3MEPSTh JAIUHY
OyTOHOB IpH OTOOPE MOAXOISINEIO PACTUTEIHLHOIO MaTe-
puana A KyJbTHBHPOBAHUS W30JMPOBAHHBIX MHKPOCIIOP;
9TO yNOOHBIN M HA/IC)KHBIN MOKA3aTEJb /ISt MHOTHX KYJIBTYP.
B kauectBe criocoba otOopa OyTOHOB COBETYIOT UCIIOJIb30BaTh
Takke auameTp OyToHos. Tak, B 2019 1. HanmTydIIIHE PE3yih-
TaThl SMOPHOTEHE3a B KYJIBTypEe MUKPOCIIOP JIFOLEPHBI OBLTH
MOJTyYeHbI NPH KYJIBTUBUPOBAHUH IO3HMX MHKPOCIOpP M3
O6yToHOB AnmuHOH 6.02—6.20 MM 1 nuamerpom 1.50-1.72 mm
(Yietal., 2019). B 2017 r. O6b11a peacTaBiaeHa KOPPESALIUsL
MEXJ1y pa3MepoM OyTOHOB (JUIMHOHM M JMaMETPOM), [UTMHOM
MBIIPHAKA ¥ CTAAUAMU pa3BUTHS MUKpoctiop TomaTa (Adhi-
kari, Kang, 2017).

B Hamewm uccnenoBanuy IMHEUHBIN PErPECCUOHHBIN aHa-
JU3 TOKa3aj YeTKYI0 JHHEHHYI0 3aBHCHUMOCTH (p < 0.05)
MEXIy XapaKTepUCTHKAaMH OyTOHOB M CTAIAMSMH Pa3BHTHUS
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MY>KCKOTO rameToduTa fblHu.
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Puc. 5. 3aBrcMoCTb Mexay AJIMHON GYTOHOB U CTafinen pas3BuTUA My»K-
CcKoro rametoduTa AblHW.

EyKBbI a—e COOTBETCTBYIOT pa3HbIM rpynnam 6yTOHOB.

MUKPOCIIOp, KOd(QOHUIMEHTHI THHElHOM perpeccun (R?) Ba-
peuposanu ot 0.767 no 0.783. Camas cuibHasi KOppesus
BBISBJICHA U1 AnameTpa OyTtonos: r = 0.885, R? = (.783
(puc. 4), 3atem uzet guuna 6ytoHos (r = 0.880, R? = 0.775)
(puc. 5) u, HaKOHel, IJIMHA BEHUUKA, KOTOPas SIBJISIETCSI MEHEe
HaJIeKHBIM npusHakoM (+ = 0.876, RZ = 0.763).

3aknioyeHune
Koppermsitus Mex ity MOp(OIOTHYECKUMH XapaKTePUCTHKAMHE
OyTOHOB ¥ TBUIBHUKOB M CTAJAMSMHU PA3BUTHSI MUKPOCIOP
neiau (Cucumis melo L.) mo3BosisieT oTOMparh MOAXOSIIHIA
Marepualt Juis KyJITHBUPOBAHUSI H30JIMPOBAHHBIX MUKPOCIIOP
in vitro. JIns 3TOW IETH Ty4YIlle BCETO TOAXOIAT TPH MTOKa3a-
TeJs: quaMeTp OyTOHa, ITiMHA OyTOHA, JUTMHA BUIUMOMN YaCTH
BeHunKa. /lmamerp u anmuHa OyToHa obecrednBaioT Oonee
CHIIBHYIO KOPPEJISIIIUIO, M MIX JIETYE MCIOIb30BATh.
Pesyinbrar uccienoBaHusi MOXKET OBITh ITOJIE3€H JUISL 1ajb-
Heifieil pa3paboTKi TEeXHOIOTUU MOJTYYCHHUsT YABOCHHBIX
TaruION/I0B JIBIHU B KYJIBTYypE N30JMPOBAHHBIX MUKPOCIIOP.
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Developmental and hormonal regulation
of Arabidopsis thaliana ornithine-delta-aminotransferase
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Abstract. Ornithine aminotransferase (OAT) catalyzes transfer of the delta-amino group from L-ornithine to oxo-glu-
tarate. In plants, this reaction biochemically connects urea cycle, proline cycle, and polyamine biosynthesis pathway.
OAT activity is shown to be associated with biotic and abiotic stress responses and nitrogen metabolism, but its
physiological role is still unclear. In our study, we decided to investigate transcriptional regulation of the OAT gene in
Arabidopsis thaliana under normal conditions and in response to various growth regulators. In the present work, the
reporter gene construct containing the Escherichia coli -glucuronidase gene (gus) under control of the A. thaliana OAT
gene promoter was introduced into the genome of A. thaliana ecotype Columbia plants using the floral dip method;
GUS activity was assayed in different experimental conditions including hormone treatment, low and high nitrogen and
salinity. The GUS activity was analyzed histochemically. Plants were incubated with staining solution containing X-Gluc.
We show that under standard growth conditions, the promoter is active during germination and in developing floral
organs. OAT promoter activity specifically activates in response to different forms of auxin (IAA, NAA, and 2,4D), cytokinin
(6-BAP), ethylene precursor (ACC), high nitrogen and salinity. Analysis of the OAT expression by qRT-PCR confirmed the
pattern observed using the GUS reporter system. The OAT gene showed a significantly elevated expression in four-
day-old seedlings and in plant roots in response to auxins and cytokinins. The analysis of the OAT promoter structure
reveals cis-acting regulatory DNA elements associated with auxin regulation and abiotic stresses. The results of the
study indicate that the OAT gene is involved in developmental processes and is regulated by auxin and cytokinins.

Key words: ornithine aminotransferase; Arabidopsis thaliana; auxin; nitrogen; development.

For citation: Egorova A.A., Gerasimova S.V., Kochetov A.V. Developmental and hormonal regulation of Arabidopsis tha-
liana ornithine-delta-aminotransferase. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding.
2022;26(2):153-158. DOI 10.18699/VJGB-22-19

Peryiasuus genbTa-OpHUTHHaAMUHOTpaHcdepasbl
Arabidopsis thaliana B pa3BUTU 11 B OTBET HA TOPMOHBI

AA. Eropmsal' 2®, C.B. repaCI/IMOBal’ 2 A.B. Kouerosl 2

1 DepiepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT yutonorum u reHeTnkn Crnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccus
2 HoBocnbrpcKmii HaLoHanbHbI NCCefoBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccna
® egorova@bionet.nsc.ru

AHHoTayua. ®epmeHT opHUTMHaMKHOTpaHcdepasa (OAT) KaTanusnpyeT nepeHoc AenbTa-aMUHOrpYynmbl OT L-opHu-
TMHa Ha anbda-KkeTornyTapaTt. B pacTeHuAx 3Ta peakumsa CBA3bIBAET LMKS MOYEBMHbI, MPOSIMHA U NyTb 6GUOCUHTE3a
nponvHa. B nutepatype aktnBHocTb OAT CBA3bIBAIOT C OTBETOM Ha BMOTUYECKME N abnOoTUYEeCK/e CTpecChl, MeTabo-
NN3MOM a30Ta, HO du3Monornyeckasa ponb 3Toro GpepmeHTa A0 CMX NMOpP OCTaeTcA HeACHOW. B Hawem nccnefoBaHnm
Mbl M3yYanu TPaHCKpUNLUOHHYto perynauunio reHa OAT B Arabisopsis thaliana B HOpManbHbIX YCNOBUAX U B OTBET Ha
pasnnuHble POCTOBbIE PerynAaTopbl. PenopTepHas KOHCTPYKLUA, COAepallas reH B-rmioKypoHupaassl (gus) Escherichia
coli nop koHTponem npomotopa reHa OAT u3 A. thaliana 6bina uHTpoayLMpPOBaHa B reHoM pacTeHuin A. thaliana. AKTuB-
HocTb GUS oueHMBanach B pasfiMyHbIX SKCNepUMeHTaIbHbIX YCIIOBUAX, BK/IOYAIOLWNX BO3AENCTBUE FOPMOHOB, HU3KNX
1 BbICOKMX COLIEPKaHNi1 a30Ta, CONIEBON CTpecc. 1N BbiABNEHUA akTMBHOCTM GUS Mbl UICNONb30Bany FMCTOXMMUYECKI
MeTOp, pacTeHns obpabaTbiBany pacTBopom, cogepxalynm X-Gluc. B HopMasnbHbIX YCNIOBUAX MPOMOTOP Obll akTUBEH
npv NpPopacTaHUV CEMEHM U B Pa3BUBAIOLMXCA NECTUKaX 1 MbliibHKKax. MpomoTtop reHa OAT cneunduyHo akTnsmpy-
eTCA B OTBET Ha pa3nnyHble popmbl aykenHa (IAA, NAA, 2,4D), umtokuHmHa (6-BAP), npegluectseHHnKa stuneHa (ACC),
BbICOKME KoHLeHTpaumm a3oTa 1 NaCl. Pesynbtatbl aHanusa skcnpeccuy reHa OAT cOOTBETCTBYIOT HabsllogaemMoMy nat-
TEPHY akTMBHOCTM MPOMOTOPA, MOMyYeHHOMY C UCMOJIb30BaHUeM penopTepHon cuctembl GUS. Skcnpeccusa reHa OAT
3HAUYMMO MOBbILLANACh B YETbIPEXAHEBHbIX MPOPOCTKAX U B OTBET Ha ayKCUHbI 1 LUTOKUHWHBI. [1py aHanm3e CTpyKTypbl
npomotopa reHa OAT o6Hapy»KeHbl LMC-3IEMEHTbI, CBA3aHHbIe C OTBETaMU Ha ayKCUH 1 abroTuyeckue cTpeccsl. Hatm
pe3ynbTaThl NO3BONAT CAeNaTb BbIBOA O CBA3Y reHa OAT ¢ npoLeccamm pasBUTUA PacTEHNIA 1 O ero perynsauum aykcu-
HaMU 1 LUTOKMHUHAMWU.

KnioueBble cioBa: opHUTVHaMHOTpaHcpepasa; Arabidopsis thaliana; aykcuH; a3oT; passutue.
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Introduction
The ornithine-3-aminotransferase (OAT) is a mitochondrial
pyridoxal-5-phosphate (PLP)-dependent enzyme that transfers
an amino group from ornithine to oxo-glutarate with formation
of glutamate-1-semialdehyde (GSA) and glutamate (Gera-
simova et al., 2011b). Although the biochemical function of
OAT is known, its biological role in plants is not fully under-
stood. On the one hand, OAT is involved in metabolism of or-
nithine, which takes part in numerous biochemical processes in
plants, such as arginine metabolism, synthesis of polyamines
and alkaloids (Funck et al., 2008; Majumdar et al., 2015). On
the other hand, one of the products of the reaction mediated by
OAT, namely GSA, is involved in proline production. It readily
interconverts into the cyclic 1-pyrroline-5-carboxylate (P5C),
an intermediate in the proline biosynthesis, in a non-enzymatic
fashion (Ginguay et al., 2017). Proline is involved in plant
stress response (Kochetov et al., 2004; Hayat et al., 2012) and
development (Kavi Kishor et al., 2015). It has already been
shown in various experiments on several plant species that
overexpression of the OAT gene is associated with increased
proline content and resistance to abiotic stresses (Roosens et
al., 1998, 2002; Wu et al., 2003). It is tempting to assume that
OAT might link biological processes related to proline, orni-
thine and P5C metabolism, such as nitrogen recycling, stress
response, secondary metabolism, growth and development.
We have previously shown that OAT overexpression in to-
bacco increases salt stress resistance. Interestingly, the level
of proline accumulation in OAT overexpressing lines did not
differ from that of WT plants under both normal and stress
conditions, suggesting that OAT might contribute to stress
resistance through processes not related to proline synthesis
(Gerasimova et al., 2010). On a model of transgenic tobacco
plants expressing GUS under the control of putative Arabidop-
sis thaliana OAT promoter we showed that the promoter acti-
vity is associated with meristems and zones of active growth
(Gerasimova et al., 2011a). This observation suggests that the
OAT gene might be involved in developmental processes. The
present study aims to investigate transcriptional regulation of
the OAT gene in A. thaliana under normal conditions and in
response to various growth regulators.

Materials and methods

Development of transgenic Arabidopsis harboring AtOAT
promoter construct. The 1844 bp region upstream of the
OAT gene translation start (TAIR, AT5G46180) was cloned
in the promoterless vector pBI101 with the formation of the
P1844 construct (Gerasimova et al., 2011a). The resulting
vector contains the expression cassette harboring the B-glu-
curonidase (gus) reporter gene under the control of putative
A. thaliana OAT promoter. A. thaliana plants ecotype Colum-
bia were grown at 22 °C in a long-day growth conditions (16 h
of light and 8 h of dark). Construct P1844 was transformed
into Agrobacterium tumefaciens strain AGLO, which was used
to transform A. thaliana by floral dip method (Clough, Bent,
1998). T1 transformants were screened on 1/2 MS agar plates
containing 50 mg/L kanamycin, transferred to pots and grown
to maturity until the T2 generation seeds were harvested.
T2 seeds were germinated on 1/2 MS agar plates containing
50 mg/L kanamycin and resistant plants were tested for the
presence of GUS activity by histochemical assay. Six indepen-
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dent transgenic T2 lines showing the presence of GUS activity
in seedlings were selected for further experiments. Plants from
the selected lines were grown to maturity and T3 generation
seeds were harvested. Thus, six independent T3 transgenic
lines have been obtained.

GUS staining. The histochemical staining method (Jeffer-
son et al., 1987) was used to visualize GUS (Escherichia coli
B-glucuronidase) activity in seedlings grown on agar plates
and plant parts grown in soil (5-week-old plants). Whole
seedlings and different plant parts were incubated in X-Gluc
solution (2 mM X-Gluc, 50 mM NaPO,, pH 7, 0.5 % (v/v)
Triton-X) for 24 h at 37 °C. Chlorophyll was removed by
repeated washing in 70 % (v/v) ethanol. GUS activity was
observed using a ZEISS Stemi 2000-C microscope coupled
with an AxioCam HRc camera.

Experimental treatments. Surface-sterilized seeds of six
independent transgenic A. thaliana lines (T3) were germinated
on MS plates supplemented with 1 % sucrose, 0.7 % agar. To
detect promoter activity during germination, histochemical
assay was performed for seedlings at 3rd, 5th, 6th and 14th day
after sowing (DAS) on plates. For experimental treatments,
one-week-old seedlings were transferred to the same medium
supplemented with the following growth regulators (from
Sigma-Aldrich): auxins (1 mg/L NAA, 2 mg/LIAA, 0.5 mg/L
2,4-D), cytokinins (1 mg/L 6-BAP, 100 uM trans-zeatin,
10 uM and 100 pM kinetin), gibberellic acid (10 uM GA3),
100 pM abscisic acid, 1 mM methyl jasmonate, ethylene
precursor (50 uM ACC), high nitrogen (10 mM NH,NO,),
high salinity (200 mM NaCl). For low nitrogen treatment,
MS NH,/NO,-free medium (Duchefa Biochemie) was used.
GUS activity was assayed after 1, 4, 6 and 8 days of treat-
ment. For cold and heat treatment, two-week-old transgenic
plants were used. For cold treatment, plates with seedlings
were incubated at +4 °C for 4 h, then for 2 h at 22 °C; for
heat treatment, plates were incubated at +50 °C for 15 min,
then 6 h at 22 °C.

Gene expression analysis (RNA isolation and qRT-PCR).
Wild type Col-0 seed was surface sterilized with 12.5 %
bleach (Aqualon) and 70 % ethanol and germinated on 1/2 MS
medium (16-h daylight, 22 °C). To measure expression of
the OAT gene during germination and early development,
total RNA was isolated from whole seedlings at 4th, 7th and
14th DAS. For experimental treatments, one-week seedlings
were transferred to 1/2 MS medium supplemented with diffe-
rent growth regulators (1 mg/L NAA, 2 mg/L [AA, 0.5 mg/L
2,4-D, 1 mg/L 6-BAP, 50 uM ACC), and control, to 1/2 MS
medium. For each treatment, experiment was performed in
three biological replicates. There were 30 seedlings per each
biological replicate. Total RNA was isolated from roots of
seedlings after 6 days of treatment with the RNeasy Plant
Mini Kit (Qiagen). RNA was treated with DNAse (QIAGEN
RNase-Free DNase Set). The concentration of RNA was
measured by NanoDrop 2000 (Thermo Scientific). The qua-
lity of RNA was evaluated using Bioanalyzer 2100 (Agilent).
First strand cDNA was synthesized from 1 pg of total RNA
using BIORAD iScript™ Reverse Transcription Supermix
for RT-qPCR. For gRT-PCR analysis, cDNA was diluted ten
times. PCR was performed in a final volume of 15 pL: 3 pL
of 5x Low Rox buffer (SibEnzyme), 0.15 pL of each primer
(10 uM) and the tagman probe solution, 3 pL of diluted
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Fig. 1. Histochemical GUS analysis of transgenic A. thaliana lines:

.3mm
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a-e, tissue-specific GUS expression during plant development: g, different stages of seedling development; b, GUS expression in immature anthers; ¢, GUS ex-
pression in ovules; d, developing silique with GUS expression in seeds; e, developing carpel; f, roots of plants treated with different inducers. Age of plants on

pictures b-e — 1.5 months, on picture f— 13 days.

cDNA. The primers and probes were designed using IDT’s
PrimerQuest Tool (https://eu.idtdna.com/PrimerQuest/). The
comparative threshold cycle method was used to determine
relative gene expression, with the expression of EF1-alfa and
F-box (accession no. Atlg13320 and At5g15710) serving as
an internal control. The structures of primers and probes are
given in Suppl. Table 1'. The relative expression levels of
OAT mRNA in all the treated samples were quantified using
an Applied biosystems 7500 Real Time PCR System. Each
reaction was performed in three technical replicates using
the following program of the qRT-PCR; 95 °C for 10 min;
45 cycles of 95 °C for 15's, 68 °C for 60 s. Statistical analysis
was performed using Student’s #-test. p-values < 0.05 were
considered significant.

Web tools used for cis-acting regulatory DNA elements
search and expression data analysis. Search of cis-acting
regulatory elements was performed using the PLACE data-
base (Higo et al., 1999). Gene expression data from different

T Supplementary Tables 1-4 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx4.pdf
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microarray and RNA-seq experiments were extracted from
Expression Atlas and Arabidopsis eFP Browser Web tools
(Winter D. et al., 2007; Papatheodorou et al., 2018).

Results

Tissue-specific promoter activation at different develop-
mental stages and under experimental treatments. Strong
GUS staining was detected in hypocotyls and cotyledons of
seedlings at 3—4th DAS. At later stages, the GUS activity was
observed only in cotyledons. In 6- and 14- DAS seedlings, the
GUS activity was found only in the distal parts of cotyledons
(Fig. 1). During flower development, the GUS activity was
observed in anthers, carpels and developing seeds of growing
siliques (see Fig. 1, Suppl. Table 2).

To get a deeper insight into the transcriptional regulation
of OAT, transgenic seedlings were subjected to experimental
treatments including different concentrations of growth regula-
tors and phytohormones auxins, cytokinins, gibberellin, ABA,
methyl jasmonate, ethylene precursor (ACC), low and high
nitrogen, high salinity, cold and heat stress (see Fig. 1, Suppl.
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Fig. 2. The relative expression of OAT: g, in whole 4-, 7- and 14-days seedlings; b, in roots of seedlings, which were grown for 6 days on medium with

inducers.

An asterisk indicates statistical significance in a one-way ANOVA (p < 0.05). Each bar represents the mean of three biological replicates + SE.

Table 2). We observed tissue-specific OAT promoter activity in
response to different forms of auxin (IAA, NAA, and 2,4-D),
cytokinin (6-BAP), and ACC. The strongest GUS activity was
observed in response to 2,4-D in whole plant. Treatment with
IAA and NAA caused GUS activation in root tips; treatment
with 6-BAP — in the zone of root hairs. Treatment with ACC,
salinity and nitrogen activated promoter along the whole root.

OAT gene expression analysis. The qRT-PCR results
showed that transcript levels of the OAT gene are significantly
higher in four-day-old seedlings, than at later developmen-
tal stages (Fig. 2, a). In experimental treatments, the OAT
gene showed significantly (p<0.05) elevated expression in
response to different forms of auxin (IAA and 2,4-D) and
cytokinin (6-BAP) in comparison to control conditions. Treat-
ment with synthetic auxin 2,4-D led to 3-fold increase in OAT
expression level in roots (see Fig. 2, b).

Cis-acting regulatory DNA elements search and tran-
scriptomic data analysis. Cis-acting regulatory DNA ele-
ments search revealed putative transcription factors binding
sites, corresponding to different physiological processes, in-
cluding hyperosmotic and hypoosmotic stress response, auxin
response, axillary bud dormancy control, specific regulation in
ontogenesis (Suppl. Table 3). Meta-analysis of microarray and
RNA-seq data (Winter D. et al., 2007; Papatheodorou et al.,
2018) shows that the OAT expression level changes in response
to cold, drought, heat, wounding, osmotic and salt stress. Ex-
pression increases in response to pathogens Botrytis cinerea,
Pseudomonas syringae, Phytophthora infestans and some
other infections. Altered OAT gene expression was observed
in response to different hormones: it increased in response to
3 h of treatment with ABA, methyl jasmonate, and decreased
in response to 3 h of treatment with brassinosteroids. The OAT
gene demonstrates high expression in seeds, siliques, embryos,
senescent leaves, floral organs in 4. thaliana (Suppl. Table 4).

Discussion

For more than a decade OAT has been considered an enzyme
involved in metabolic response to different stress conditions,
such as osmotic stress, pathogen attack and ROS production,
nitrogen starvation, etc. (Funck et al., 2008; Verslues, Sharma,
2010; Qamar et al., 2015). This enzyme belongs to the net-
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work of nitrogen-metabolizing pathways in plants, affected by
various environmental stimuli. It has been shown that plants
accumulate proline during stress conditions (Verbruggen,
Hermans, 2008). The results of Funck et al. (2008) and our
previous study did not support the hypothesis of OAT contribu-
tion to proline accumulation. Instead, a specific role of the OAT
gene in plant developmental and growth processes under both
normal and stress conditions is hypothesized (Gerasimova et
al., 2010, 2011a). This study provides a deeper insight into
the role of the OAT gene in plant development.

The important metabolic role of the OAT was clearly shown
in an experiment where OAT-deficient plants failed to develop
with arginine or ornitine as the sole nitrogen source (Funck
et al., 2008). This result demonstrated that OAT is required
for utilization of arginine and ornithine. The present study
demonstrates high OAT promoter activity and elevated OAT
transcript level during seed germination. These results are in
agreement with available transcriptomic data (Winter D. et
al., 2007). In arginine catabolism, OAT acts downstream of
arginase (Funck et al., 2008). Arginine is regarded as a major
nitrogen storage compound in seeds. Urease and arginase
activities increase sharply during germination in 4. thaliana
(Zonia et al., 1995) and other plant species (Winter G. et al.,
2015). Taken together, these data provide evidence for OAT
involvement in nitrogen reorganization during seed germina-
tion together with other enzymes of arginine catabolism.

Our work also shows that the OAT gene promoter is ac-
tive during inflorescence development. This observation is
in accordance with recent findings showing that the OAT
enzyme plays a role in flower development and seed setting
in rice (Liu et al., 2018). It has been reported that rice plants
with a mutated OAT gene (OsOAT mutants) have different
abnormalities in inflorescence and seed development. The
mutant phenotype of the OsOAT mutant could be rescued by
application of urea (Liu et al., 2018). Authors assumed that
OAT mediates arginase activity and plays a role in regulation
of nitrogen reutilization, which is critical for developing tis-
sues (Liu et al., 2018).

Taking into account the association between the OAT gene
expression and proline accumulation (Roosens et al., 1998,
2002; Wu et al., 2003), it can be assumed that OAT enzyme
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activity may also play a role in control of proline level during
inflorescence development. It has been reported that some
proline metabolic enzymes can regulate a number of deve-
lopmental processes including flowering time (Mattioli et al.,
2008), pollen development (Mattioli et al., 2012; Biancucci et
al., 2015a) and root growth (Biancucci et al., 2015b). Proline
is known to be accumulated in reproductive organs of many
plant species (Kavi Kishor et al., 2015). Ornithine to proline
conversion is mediated by the plant oncogene RolD (Trovato
etal.,2001), the overexpression of which stimulates flowering
and affects inflorescence architecture in transgenic tobacco
plants (Mauro et al., 1996). This study shows that the OAT
promoter is active in inflorescences on different developmen-
tal stages (see Fig. 1), suggesting that the OAT enzyme can
convert ornithine to proline directly or indirectly via arginine
catabolism and glutamate production and might serve as a
regulator of proline level during inflorescence development.
Tissue-specific activation of the OAT transcription in roots
in response to auxin and cytokinin treatments, as well as the
presence of the auxin-responsive element in the OAT promoter
(see Suppl. Table 3) allow us to assume specific regulation of
the OAT gene during root growth and development. Recent
findings show the importance of nutrient and especially nitro-
gen signaling for root development and its interplay with hor-
mone regulation. Thus, cytokinins negatively regulate uptake
of nitrogen, but enhance nitrate distribution and translocation
(Guetal., 2018). Auxin level was shown to be elevated in roots
of plants growing on a low-nitrogen medium, while in roots of
plants growing on a medium with high nitrate concentration
the auxin level was decreased. The reduction of auxin content
correlated with the degree of inhibition of root growth and
lateral root development (Kiba et al., 2011). The root growth
regulation is associated with local reorganization of nitrogen
metabolism (Kiba, Krapp, 2016). Thereby, OAT may play an
important role in hormone-dependent fine-tuning of nitrogen
metabolism during the process of root development.

Conclusion

The data regarding the OAT transcription activation in a wide
spectrum of experimental conditions, which was shown in
our experiment and other studies, support the hypothesis that
ornithine aminotransferase provides a link between different
biochemical pathways of nitrogen conversion and contrib-
utes to the complicated signaling network regulating plant
development.
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AHHoTayusa. CHTe3npyeMblii B neyeHn GpakTop pocta nbpobnactos 21 (FGF21), aeicTBya Kak FOPMOH, NOBbILLAET
YYBCTBUTENbHOCTb K MHCY/IMHY U pacxop 3Hepruun. BeeneHne FGF21 okasbiBaeT MolHoe 6naroTBopHoe BO3Aei-
CTBYE Y NIoAeN, 06e3bAH 1 FPbI3yHOB C OXMPEHMEM 1 AnabeToM BTOporo Tuna. Tepanestuyeckune sddpektol FGF21
nccnefoBaHbl rMaBHbIM 06Pa3oM Ha camMLax, OHW He BCerfa NpoABAAITCA Y CAMOK M CONPOBOXAAIOTCA NONo-Cre-
undurUeCcKol akTMBaLMen SKCNPECCH reHoB B TKaHAX. Mbl MPeAnonoXunm, 4to ogHON 13 NPUYKH NMOSI0BOIO ANMOP-
¢du3ma B oTBeTe Ha FGF21 aBnAaetca gencrere actpaamona (E2). B HacTosAwee Bpems HEM3BECTHO, Kak 3CTpaauon
BAMAET Ha nposBneHne dapmakonornyecknx sepdektos FGF21. 3apauein faHHOro nccnenosaHnsa 6b110 U3yyeHne
BAnAHMA FGF21 Ha meTabonmnyeckrie XapakTepuCTKy, noTpebneHmne NULWM 1 SKCNPECCUo reHOB YIIEBOAHOIO 1
XMpPOBOro obMeHa B MeuyeHu, XNPOBOI TKaHW 1 MMMoTalaMmyce Y CamMOK MbILLEN C aTUMEHTaPHbIM OXKUPEHMEM Ha
¢$oHe HM3KOro (OBapMIKTOMMA) 1 BbICOKOTO (0BapuaKToMUA + E2) ypoBHA 3CTpagmona B KPoBU. Y 0BaprIKTOMUPO-
BaHHbIX CAMOK Pa3BUTME OXUPEHVA MHOYLMPOBANU NOTPebneHnem CagKo-XMPHON ANETbl (CTaHJaPTHbIA KOpM,
cano, neyeHbe) B TeyeHve 8 Hepenb. Mbl oueHunu 3¢pdekTbl FGF21 Ha maccy Tena, mokKasaTtenu KpoBw, BbIGOP KoM-
NMOHEHTOB [AMETbI, SKCMPECCUIO FreEHOB B TKAHAX NPY pa3fenbHOM U COBMECTHOM BBefeHun ¢ E2 B TeyeHme 13 gHen.
Y 0oBapu3KTOMUPOBaHHbIX CaMOK € oxmpeHnem FGF21, He3aBrncumo ot BeefeHuA E2, He BAnAn Ha maccy Tena n
KMPOBOW TKaHW, TONIEPAHTHOCTb K [NIOKO3€, MoBbILWas NoTpebrieHne CTaHAapTHOrO KOPMa, CHVKan YPOBEHb io-
KO3bl B KPOBWU, MOJABNAN B MeYeHn cobCTBeHHY aKkcnpeccuio (Fgf21), a Takxe sKcnpeccuio reHoB G6pc n Acaco.
BnepBsble noKa3aHo BAVsAHUE 3CTpagmona Ha 3ddekTbl FGF21: uHrnbnposaHune FGF21-BnuaHma Ha skcnpeccuto Irs2
1 Pklr 8 neyeHn n noteHumpoBaHue FGF21-ctumynupoBaHHoi akcnpeccun Lepr n KIb B runotanamyce. Kpome Toro,
Ha dOHe BBeeHMs 3CTPajmnona He NPoABAANOCh NHIMbupytoee BnusaHe FGF21 Ha ypoBeHb UHCYNIMHA B KPOBU,
a B MOAKOXHOW 6eNoi XNPOoBOW TKaHW NPOABAANOCH MHIMbupytowee BnnsaHne FGF21 Ha akcnipeccuio Cptlo v He
NPoABNANOCH akTUBUpYtoLlee BnuaHne FGF21 Ha skcnpeccuio reHoB Insr n Acacfs. MonyyeHHble fJaHHble NO3BONA-
10T 3aK/I0YNTb, YTO Y OBaPUIKTOMUPOBAHHBIX CAMOK C OXMpeHnem oTcyTcTBue 3¢pdektoB FGF21 Ha maccy Tena u
KMPOBOW TKaHW 1 ero 651aroTBOPHOE BMAHUE Ha NOTPebneHne NULLU 1 YPOBEHD TIOKO3bl B KPOBU HE CBA3aHbI C
fencTBmem acTpaanona. OfHaKo 3CTpagnon BAMAET Ha TPAHCKPUMLMOHHbIe 3ddeKTbl FGF21 B neueHn, 6enom xupe
1 MMMoTanamMyce, UTo MOXKET JiexkaTb B OCHOBE MOJIOBbIX PA3/INyMiA B €ro AeCTBUM Ha SKCNPECCUio MeTabonnyeckmx
reHOB 1, BO3MOXHO, MOJIOBbIX Pa3nununii ero dapmakonornyeckmnx 3¢pPpeKTos.

Kntouesble cnoBa: FGF21; acTpaanon; neyeHb; X1UpoBas TKaHb; NULLEBOE NPeAnoUYTEHNE; SKCNPECCUA FeHOB; No-
NoBble Pa3NnYmA.
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Estradiol-dependent and independent effects of FGF21
in obese female mice
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Abstract. The fibroblast growth factor 21 (FGF21) synthesized in the liver, acting as a hormone, increases insulin
sensitivity and energy expenditure. FGF21 administration has potent beneficial effects on obesity and diabetes in
humans, cynomolgus monkey, and rodents. The therapeutic effects of FGF21 have been studied mainly in males.
They are not always manifested in females, and they are accompanied by sex-specific activation of gene expression
in tissues. We have suggested that one of the causes of sexual dimorphism in response to FGF21 is the effect of
estradiol (E2). Currently, it is not known how estradiol modifies the pharmacological effects of FGF21. The objec-
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Estradiol-dependent and independent effects
of FGF21 in obese female mice

tive of this study was to study the influence of FGF21 on metabolic characteristics, food intake, and the expression
of carbohydrate and fat metabolism genes in the liver, adipose tissue, and hypothalamus in female mice with ali-
mentary obesity and low (ovariectomy) or high (ovariectomy + E2) blood estradiol level. In ovariectomized (OVX)
females, the development of obesity was induced by the consumption of a high sweet-fat diet (standard chow, lard,
and cookies) for 8 weeks. We investigated the effects of FGF21 on body weight, blood levels, food preferences and
gene expression in tissues when FGF21 was administered separately or in combination with E2 for 13 days. In OVX
obese females, FGF21, regardless of E2-treatment, did not affect body weight, and adipose tissue weight, or glucose
tolerance but increased the consumption of standard chow, reduced blood glucose levels, and suppressed its own
expression in the liver (Fgf21), as well as the expression of the G6pc and Acaca genes. This study is the first to show
the modification of FGF21 effects by estradiol: inhibition of FGF21-influence on the expression of Irs2 and Pkir in the
liver and potentiation of the FGF21-stimulated expression of Lepr and KIb in the hypothalamus. In addition, when
administered together with estradiol, FGF21 exerted an inhibitory effect on the expression of Cpt1a in subcutane-
ous white adipose tissue (scWAT), whereas no stimulating FGF21 effects on the expression of Insr and Acac in
sCWAT or inhibitory FGF21 effect on the plasma insulin level were observed. The results suggest that the absence of
FGF21 effects on body and adipose tissue weights in OVX obese females and its beneficial effect on food intake and
blood glucose levels are not associated with the action of estradiol. However, estradiol affects the transcriptional ef-
fects of FGF21 in the liver, white adipose tissue, and hypothalamus, which may underlie sex differences in the FGF21
effect on the expression of metabolic genes and, possibly, in pharmacological FGF21 effects.

Key words: FGF21; estradiol; liver; adipose tissue; food preference; gene expression; sex differences.
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BBepeHune

dakrop pocra ¢pudpodnacros 21 (FGF21), cunresnpyembiii
B [ICYCHHU, CEKPETUPYETCS B KPOBb U JICHCTBYET Kak TOPMOH
(Kharitonenkov et al., 2005). Ero ypoBeHb CyIIeCTBEHHO BO3-
pacTaeT B yCIOBHIX METaOOINIECKOro CTpecca, 8 IMEHHO B
YCIIOBHSAX XOJIOAA, TIPH roonanuy U npu oxkupennd (Fisher et
al., 2011). beuto mokasano, uto FGF21 BoBIeueH B peryssimuio
YIIIEBOHO-KHPOBOTO MeTadomnu3Ma. B papmakonoruyeckux
nmo3ax FGF21 ynydmaer metabonmmdeckue moKa3aTeint y Ki-
BOTHBIX H Y JIIOJICH C O)KUPEHUEM: TIOBBIIIACT PACXO]] SHEPTUH
1 YyBCTBUTEJIBHOCTD K HHCYJIUHY, CHU)KAET YPOBEHb IJTFOKO3bI
B kpoBu (Kharitonenkov et al., 2005; Coskun et al., 2008).
Kpome Toro, FGF21 Bausier Ha BKyCOBBIE MPEANOYTEHUS:
CHIDKAeT MOTPeOSICHHE CIIaAKOTO M aJIKOTOJISA, TOBBIIIACT I10-
Tpebnenue Oenka (Talukdar et al., 2016; Allard et al., 2019;
Larson et al., 2019).

B nactosmiee Bpemst FGF21 u ero cunTeTHUECKHE aHATIOTH
UCTIONB3YIOTCS [UIsl CO3JaHMUS MIPENapaToB IS JICUCHHUs Me-
TabOIMYECKOTO CHHpOMa MK o’KUpeHnH. OHaKO OoJTbIIast
9acTh NPEKIMHNIECKHIX UCCIIeIOBAaHUH (papMaKOIOTrMYECKUX
spdexroB FGF21 Brmonnena Ha cammax. Mccnemys adpdex-
1ol FGF21 y MbIieit, Mbl 00HapyXmiu, 9To ero papMakoIio-
rudeckre 3pQeKThl MOTYyT pa3inyaTbCcsi y CaMOK M CaMIIOB.
VYV camok wmermeit C57Bl ¢ oxupeHnem, HHIYITUPOBAHHBIM
JIUETOM C BBICOKUM CoJepKaHueM caxapa u xkupos, FGF21
CHIDKAJI Maccy Teja, HO, B OTJIMYKE OT CAMIIOB, HE BJIMSI HA
TOJIEPAHTHOCTH K IITFOKO3€ M HKCIPECCHIO META00IIMYECKUX T'e-
HOB B ITI€4eHN U B Oypoii xupoBoii Tkanu (Bazhan et al., 2019).
V mbieit C57B1 ¢ osxuperreM, moTpeOIsBIINX CMEIIAHHY O
JMeTy (CTaHIapTHBIA KOPM U KOPM C BBICOKHUM COJCP)KaHUEM
*upoB), Beerenue FGF21 ymyumano psig merabonmyeckux
MoKasaresiell y >KHBOTHBIX 000HMX IOJIOB, HO MOBBIIIAJIO IKC-
MIPECCHI0 TCHOB B a0JOMHIHAIBHOI KUPOBOH TKAHH TOJIBKO Y
camok (Makarova et al., 2021). Y camok MbImieit 4 ¢ reHe-
THUYECKHU-JIETEPMUHUPOBAHHBIM OXKHPEHUEM, B OTIIMYUE OT
camtoB, FGF21 ne Bimsn Ha Maccy Tena, ypoBEeHb HHCYJIHHA
B KPOBH 1 SKCIIPECCHIO I'eHa ITPOOITMOMETaHOKOPTHHA B THIIO-
Tajamyce, HO MOBBIIIAJ TOTPEOJICHUE MUILHU, MACCy MIEYCHU

1 MOIM(HUIMPOBAT IKCIPECCUI0 METAOOINIECKIX TEHOB B
nedeHu U B Oestom xupe (Makarova et al., 2020).

[TpuuKHBI TOJOBBIX Pa3INUMii hapMakoIornieckux dhpek-
toB FGF21 B HacTosmee BpeMsl HE M3BECTHBI. MBI TIpearo-
JIOXKHJIIH, 4TO pa3nnuus B peakunu Ha FGF21 cBsi3aHbl ¢ BIH-
stHHEeM 3cTporeHoB. Dctpaanon u FGF21 oxa3sIBatoT ofHO-
HaIpaBJIeHHOE (CXOKee) AeHCTBHE Ha METa0OIMYeCKUe TTOKa-
3atenu. Dcrpaauor, mogoono FGF21, camkaer morpebneHme
UL U Maccy Tella, ypOBHH B KPOBH IIIIOKO3bI M MHCYJIMHA,
MOBBIIIAET TOJIEPAHTHOCTH K IIFOKO3€ Y OBAPHIKTOMUPOBAH-
HBIX W MHTAKTHBIX CaMOK MbIlIel ¢ oxxupernem (Gao et al.,
2006; Thammacharoen et al., 2009). CoriacHO HMEOIIIMCS
TaHHBIM, dcTpaanon 1 FGF21 umeror pa3Hble perenTopsl u
onmHaKoBbIe curHaNbHBIC yTH (Fisher et al., 2011; Vrtacnik et
al., 2014). Kpome TOr0, 3¢TpaIiio)i MOXKET BIIUATH HA YPOBEHb
B kpoBu FGF21. Bruto mokasano, uro skcnpeccus Fgf21 B
TMIEYCHH, KOTOpast ONPE/ICNISICT YPOBEHb TOPMOHA B KPOBH, 3a-
BUCHT OT CTaJMH ICTPAIBHOTO LIUKJIA U MOJIOKHUTEILHO KOp-
penupyer ¢ ypoBHeM dcTpaanona B kposu (Hua et al., 2018).
OK30TeHHBIN 3CTPaJUOI TAKKE CIIOCOOCH CTUMYIUPOBATH
sKcrpeccuio Fgf2] B nedeHu u nosblnars ypoenb FGF21
B kpoBH (Allard et al., 2019).

Me1 npeanonoxunu, uro FGF21 n scrpaanon moryT B3au-
MOJICHCTBOBATh B PEryJSILUHU YIJIEBOJHO-)KMPOBOIO 0OMEHa
u papmaxonmorunueckne 3¢pdexresr FGF21 moryT 3aBucers ot
YPOBHS 3cTpajyona B kposu. [losTomy 3a1adeld JaHHOTO HC-
cieioBanust ObuT0 M3yvenue BiausiHus FGF21 na merabonu-
YEeCKHE XapaKTEePUCTUKH, BBIOOP MHUIIHU U SKCIIPECCHIO TEHOB
YIJIEBOIHOTO ¥ JKMPOBOTO OOMEHa B IEUCHH, )KMPOBOW TKAaHH U
THIOTaIaMyce y CAaMOK MbIILEH C aTMMEHTAPHBIM OXXHPEHHEM
U pa3HbIM YPOBHEM 3CTPOTEHOBOM aKTHBHOCTH.

MaTtepwuanbl n metogbl

JKuBorHble. Bee sKcriepuMeEHTHI IPOBOAMIIN B COOTBETCTBUU
¢ PykoBO/ICTBOM 11O yXOIy M HCIIOJIB30BaHHIO Jlaboparop-
HBIX KHMBOTHBIX (1996 1) U poccuilckMMH HallMOHATBHBIMU
MHCTPYKIMSMH 10 YXOLy U UCIIOIb30BAHUIO JIADOPATOPHBIX
JKMBOTHBIX.
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Bospact 10 Hepenb ) 12 Hepenb 20 Hepenb Control Ivera:
CTaHAapTHbI M
KopMm Lveta FGF21 CTaHZAPTHbIN KOPM
nevyeHbe
E2 cano
FGF21+E2
l1l2]3]4]5]6]7[8]9/10][11]12[13]14] AHen
03 Macca Tena K
ExxegHeBHO [ekanvtauma
BeeneHune FGF21/E2
Macca tena T

Puc. 1. Cxema aKcnepummeHTa.

MoTtpebneHune nuwm

03 - oBapuakTomus; I'TT — TeCT TONePaHTHOCTM K roKo3e; AneTa — ad libitum cTaHAAPTHBIN KOPM, Caso, NeyeHbe; BBEAEHVE — OBAPUIKTOMUPOBAHHbIE CaMKW
C AVET-UHAYLMPOBaHHbIM OXMpeHVeM noslyyanu gaktop pocta ¢pubpobnactos 21 (FGF21) B fo3e 1 mMr/1 Kr maccbl Tena NoaKoxXHo 1 actpaavon (E2) B pose
20 Mr/>U1BOTHOE NepopanbHO pasfenbHO N COBMECTHO B TeyeHMe 13 AHeir exefiHeBHO. Control-camki nonyyanu pocdatHbiin 6ydepHblii pacteop (PBS) nog-

KOXXHO 1 MaCno nepopanbHO.

Pabora BeImonHeHa Ha camkax Mblei uann C57BL/6J
(BMBapHii KOHBEHIIMOHAIBHBIX XXMBOTHBIX IHCTUTYTA IUTONIO-
rin ¥ reHeTrkr CO PAH). JKuBOTHBIX comeprkalii B yCIOBHSX
12 4:12 g cBeroBoTO pexxnMa (cBeroas daza 07:30-19:30)
npu temreparype 22—-24 °C 1 cB0OOIHOM JJOCTYIE K BOJE U
nute. B Bo3pacte 10 Hemens Bce caMKu OBIITH OBaPUIKTOMH-
poBaHbI. J{J1st MHAYKIMY pa3BUTHSI OKUPEHHS Yepe3 JIBe Helle-
JIM TIOCTIE OTIePALIH ’KUBOTHBIX ITEPEBOIMIIN HA CMEIIAHHYIO
JIMETY, COCTOSIIIYIO U3 CTAHAAPTHOTO KOPMA, TIEYEHbSI U cala.
JKvBOTHBIE HAXOMWIIMCH HAa 3TOM AMETE B TEUCHUE 8 HeJelb
JI0 Hayaja BBEJEHHs MpenaparoB M Ha NMPOTSHKEHUH BCETO
neprofa (2 Henmenn) BBeACHHS IpenapaToB (puc. 1).

MpimmHsni pekomOnHaHTHBIN FGF21 (B mo3e 1 Mr/kr mac-
CBI Tela), paCTBOPEHHBII B ocharHoM OydhepHOM pacTBO-
pe (PBS), rtn PBS BBOMIH mokokHo (B 006eMe 200 MKIT) B
KoHIIe cBeToBOro eprona (17:00-19:00) B redenue 13 mHeid.
Okcnpeccuro 1 04ucTKy MblirHoro FGF21 BeimonHui qokTop
Bapanos, kak onmicano panee (Makarova et al., 2021). Dcrpa-
quon (E2 Sigma, CIIA, 20 MKr/)KHBOTHOE), paCTBOPECHHBII
B Maclie, WIA Macjo BBOIWIN nepopaibHo (100 M) ogHO-
BpemenHo ¢ FGF21.

OsaprakromupoBanHble (O3J) caMKH MBIIICH ¢ IUET-HHITY-
LMPOBAHHBIM O)KHPEHHEM OBbLIH CITydaifHBIM 00pa3oM pasjie-
JICHBI Ha YEThIPEe IKCIIEPUMEHTAIBHBIE TPYIIHI (TI0 6—8 K-
BOTHBIX B rpymme): 1) Control-camku, KOTOpbIE MOIydann
pactBoputenu (macio u PBS); 2) FGF21-camku, kotopsie
nonyvanu FGF21 u macno; 3) E2-camku, KOTOpBIe TOTyYain
E2 u PBS; 4) FGF21+E2-camkn, kotopsie noiydanu FGF21
n E2 omHOBpEMEHHO.

Tect TonepantHoCcTH K Timoko3e (GTT) mpoBoamnu Ha
13-ii 1eHb 9KCIEPUMEHTA, TTOCIIe Yero CaMKH MOTydalu Ho-
CIIEIHIOI0 MHBEKIIMIO MPENapaToB WK paCTBOPUTEINIEH COOT-
BETCTBEHHO 3KCIIEPUMEHTAIbHOM rpynme. Yepes cyTku nocie
ToCTIeTHEH MHBEKITIH CAMKH OBLITH IeKamuTHPOoBaHbI (14:00—
16:00). DcTpaaunon yBenuuua maccy matku (43.5+6.5 mr
y caMoK, moiydaBmux macio (n = 15), m 114.0+£8.6 mr
(n =12) y camoxk, noiyuasmux E2, p < 0.001 no kpurepuro
CTbI0/IEHTA), UTO yKa3bIBaeT Ha d(PEKTUBHOCTD BEIOPAHHOI
110361 TopMoHa. Ilepen nexanuTanueil >KHBOTHBIX B3BEIIN-
Baym. [locite nexanuTanuu me4eHb, MOAKOKHBIA (SCWAT),
abnomuHanbHbI (abWAT) Genblit sxup u Oypsbiit xup (BAT)
ObUTH BBIPE3aHbI M HEMEJICHHO B3BEIIEHBI. B3AThI 00pa3ibl
KpOBH ¥ TKaHel. OOpa3sipl TKAHEH JUIsl OLIEHKH SKCIIPECCUH

TEHOB HEME/UICHHO TIOMEIIAJIN B )KUIKAH a30T U XPaHWIIH 10
BoiienieHust PHK.

Juera. DHepreTHueckas IEHHOCTh CTaHAAPTHOTO KOpMa
(«buolIpo», HoBocubupck, Poccust) cocrasmsina 250 kkan/
100 1, sHepreTuyeckas LEeHHOCTH nedeHbst («lllokomannas
cTpaHay, bepack, Poccnst) — 458 xxan/100 1, a sHEpreTIyecKas
[EHHOCTH caa (CBUHOW MONKOXKHEIH xup) — 800 kkan/100 1.
KonundecTBo kanopuii, HOTpeOIIsieMbIX ¢ KaXKAbIM KOMITOHEH-
TOM JIUETHI, PACCUNTHIBAJIN KAK MAcCy KOMIIOHEHTA B TPaMMaXx,
YMHOXEHHYIO Ha YHEPreTHYECKyl0 LEHHOCTh KOMITOHEHTA.
Jomnto kamopuil, OTPEOICHHBIX ¢ KaXKIbIM KOMIIOHCHTOM
JIMETHI, PACCYUTHIBAIIN KaK KOJIMUYECTBO KaJIOPHU, MOCTYIHB-
IIMX C JAHHBIM KOMITOHCHTOM, JISJICHHOE Ha o01ee KoJmye-
CTBO KaJIOPHH, TOTPEOIICHHBIX CaMKoOii, yMHO)KeHHOe Ha 100,
Y TIPEACTABIISUIN B IPOLIEHTAX.

OBapuIKTOMHSsI. AHECTE3HIO IIPOBOAMIN IIyTEM BHYTPH-
OprommMHHON uHBEKIUH 2.5 % aBeptuHa (cMmech 2,2,2-TpH-
6pomaTanona (Sigma-Aldrich Inc., CIIIA) u 2-meTuin-2-06y-
tanona (Sigma-Aldrich Inc.) B o6seme 400 mxi. Bumare-
palibHyI0 OBapPUAKTOMHIO BBIIIOJHSIIN Yepe3 pa3pe3 KOXKH B
001acTH MOSICHUIIBI.

Tect TostepanTHocTH K ri1oko3e (GTT). B 08:00 y xu-
BOTHBIX yOUpanu KOpM, TecTupoBaHue HaunHaiu B 15:00.
I'mokozy (AO «PEAXHNM», Mocksa, Poccust) BBOTUITH BHYT-
PHUOPIOMIMHHO B J103€ | I/KTr Macchl Tena. YpOBEHb ITIOKO3BI
B KPOBH OIIPEJIeIIsUTH € MOMOIIIBIO IirokomeTpa Lifescan One
Touch Basic Plus (LifeScan Inc., [1IBeiinapns) 1o u guepes 15,
30, 60 1 120 MuH mocie BBEACHUS IIIOKO3EI. [1momans mos
KpUBO# M3MeHeHHs ypoBHS TtoKo3bl B kpoBu (AUC) mpen-
CTaBJISUTH B BUJE MMOJIB/JI- 4.

T'opmonsl 1 MeTabouanThl kKpoBu. KoHlleHTpanuwo B
Tu1a3Me KpOBY MHCYJIMHA, JIEITHHA, aIATOHEKTHHA 1 KOPTHKO-
CTEepOHA ONPEIEIISIIN, HCIIOIB3YsS KoMMepUuecKue Habopsr Rat/
Mouse Insulin ELISA Kit, Mouse Leptin ELISA Kit (EMD
Millipore, CIIA), Mouse Adiponectin/Acrp30 Quantikine
ELISA Kit (R&DSystems, CIIIA) 1 CORTICOSTERONE
rat/mouse ELISA Kits (Xema Co. Ltd., Mocksa, Poccus)
COOTBETCTBEHHO. KOHIIEHTpALINK TIITOKO3bI, TPUTITULIEPUIOB,
XOJIECTEPUHA U CBOOOIHBIX JKUPHBIX KHUCIIOT B IJIa3Me KPOBH
M3MEPSUTH KaJIOPUMETPHUECKIM METOJIOM C ITOMOIIBIO KOM-
mepyeckux Habopos Fluitest GLU, Fluitest TG, Fluitest CHOL
(Analyticon Biotechnologies GmbH, I'epmanns) u NEFA FS
DiaSys kits (DiaSys Diagnostic Systems GmbH, I'epmanmust)
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COOTBETCTBEHHO. J1J1sl M3y4YeHUsI BIMSHHUS XPOHHYECKOTO BBE-
nmernst FGF21 6noxummdeckne moka3aTelI ONpeaesIn Y
JKMBOTHBIX B CHITOM COCTOSTHUH, OCKOJIBKY TOJIOJIAHHE BBI3bI-
BAaeT pe3Koe MOBBIIICHHE YH0TeHHON mpoaykuun FGF21.
KoHuenTpanus TpuriunepuaoB B nedeHu. OOpasisi
neyeHn romoreHusupoBanu B PBS (50 mr B 400 mkn) u
uenrpudyruposanu npu 1000 o6/mun. CynepHaraHT xpa-
Hum ipu —20 °C. YpoBeHb TPHUITIHIIEPHIOB OTPENEIISITH C
MOMOIIIBI0 KoMMepueckoro Habopa Fluitest TG (Analyticon
Biotechnologies GmbH, I'epmanust), cOrIaCHO HHCTPYKIIHH.
YpoBens 3xcnpeccun reoB (Q-PCR) onennBamu mo
ypoBHi0o MPHK MeT010M OTHOCHTENBHOM OLICHKH C IPOBEC-
HueM oOparHoi Tpanckpurniuu 1 [TLP B peasibHOM BpeMeHH
(relative quantitation real-time PCR). Oburyro PHK Bwige-
JSUTA U3 00pas3IoB TKaHeH ¢ momomipio Habopa ExtractRNA
(«EBporen», MockBa, Poccusi) B COOTBETCTBUM C HHCTPYK-
nusimMu npousBogurens. kJJHK nepsoit nenu cunteznposanu
C MCHOJIB30BaHMEM OOpaTHOM TPaHCKPHITa3bl BUpYyca JeH-
ko3a Mbit Mononn (MMLV) («EBporen») u onuro (dT)
B KauecTBe Inpaiimepa. g nposenenus [P B peanbHOM
BPEMEHH HCIIONIB30BalIM paiiMepsl 1 30H161 TagMan (Applied
Biosystems, CIIIA): fibroblast growth factor 21 (Fgf21,
MmO00840165 gl), peroxisome proliferator-activated recep-
tor gamma coactivator (Ppargclo, Mm01208835 ml), carni-
tine palmitoyltransferase 1A/1B (Cpt/o/B, Mm01231183 m1/
MmO00487191 gl), acetyl-CoA carboxylase alpha/beta
(Acaca/B, MmO01304257 m1/MmO01204671 ml), insulin
receptor (Insr, MmO01211875 _m1), insulin receptor substra-
te 1/2 (Irs1/2, MmO01278327 m1/Mm03038438 ml), pro-
tein-tyrosine phosphatase 1B (Ptpnl, Mm00448427 ml),
pyruvate kinase (Pklr, Mm00443090 ml), glucokinase
(Gck, Mm00439129 ml), glucose-6-phosphatase (G6pc,
MmO00839363 m1), phosphoenolpyruvate carboxykinase
(Pck, Mm01247058 m1), solute carrier family 2 mem-
ber 2 (Slc2a2, Mm00446229 ml), solute carrier family 2
member 4 (Slc2a4, Mm00436615 m1), estrogen receptor 1
(Esrl, Mm00433149 ml), signal transducer and activator
of transcription 3 (Stat3, MmO01219775 ml), peroxisome
proliferator-activated receptor alpha/gamma (Pparaly,
Mm00440939 m1/Mm00440940 m1), hormone-sensitive
lipase (Lipe, Mm00495359 ml), adipose triglyceride
lipase (Atgl/, Mm00503040 ml), fatty acid synthase
(Fasn, Mm00662319 _ml), uncoupling protein 1 (Ucpl,
MmO01244861 ml), deiodonase-2 (Dio2, Mm00515664 ml),
corticotropin releasing hormone (Cri, Mm01293920 sl),
agouti related neuropeptide (4grp, Mm00475829 ¢g1), neu-
ropeptide Y (Npy, Mm01410146_m1), proopiomelano-
cortin (Pomc, Mm00435874 _m1), leptin receptor (Lepr,
MmO00440181 m1), klotho beta (K/b, Mm00473122 ml),
cyclophilin A (Ppia, Mm02342430 gl), beta-actin (Actb,
Mm00607939 sl). Huxnodenin mim B-akTHH HCIOJIB30BAIN
B KaueCTBE PHJJOT€HHOT0 KOHTPOJISL. AMITIH(UKALIUIO TTOCIIe-
JIOBAaTEIbHOCTH U AETEKIHUIO (IyOpeCLEeHIIMN MTPOBOIMIN
Ha cucteme [P B peanmsaoM Bpemenu Applied Biosystems
VIIA 7. OTHOCHUTENBHYIO KOJIMYECTBEHHYIO OLICHKY BBITTOIHS-
JIF METOJIOM CPaBHHUTENBbHOTO TToporoBoro 1wkia (CT-merton).
Crarucruyecknii anaamu3s. Pe3ynsratel npencTaBieHsl B
BUJIE CpelHero apudmernyeckoro+omudka cpenHero. Jlus
ananm3a BaustHuS FGF21 n E2 ma merabonnyeckue mapa-
METpBI MPUMEHSIIH AByX(akTopHbIi aHamn3 ANOVA ¢ ¢dak-
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topamu “FGF21” (PBS nnu FGF21) u “E2” (macno win E2)
C TIOCJIEAYIONINM CPAaBHEHHEM C MOMOINBIO post-hoc TecTta
Tukey nimm U-tecta Mann—Whitney B ciryuae HepaBeHCTBa
nqucnepcuit. J{ng ananuza Bmuanust FGF21 u E2 na TonepanT-
HOCTB K TITFOKO3¢ MCIoNb30Baiy repeated measures ANOVA
¢ daxropamu “FGF217, “E2” u “Bpems” (Bpems mocie
BBEJICHUS IJIIOKO3b1). Pasiingusi cuuTanu A0CTOBEPHBIMU
mpu p < 0.05. AHanu3 BBIMIOTHEH B MPOTPaMMHOM MaKeTe
STATISTICA 10.0 (StatSoft Russia, Mocksa, Poccus).

Pesynbratbl

MoTpebneHune nuwym, macca Tena,

neyeHu 1 XKNPOBOI TKaHM

B xoHne sxkcniepuMenTa y OO caMOK ¢ 0)KUPEHUEM, TOTydaB-
mux E2, macca tena, abWAT u scWAT ObutH MEHBIIE, YeEM
y caMoK, morrydaBmmx mMacio (p < 0.05, p <0.05 u p <0.01
cooTBeTcTBeHHO) (puc. 2, @). FGF21 He Bnusiin Ha maccy Tena
n 0enoil KUPOBOH TKAHU MPHU BBEACHUU OTACIBHO I CO-
BMECTHO € 3CTpaiosioM. He BBISBICHO OCTOBEPHOTO BIIHS-
HUS pa3zienbHOro uinu copmectHoro Beaenus E2 u FGF21
Ha Maccy Oypoil )KHUPOBOI TKaHH, TIEYCHHU U YPOBEHB TPUTIIN-
LEPUIOB B TIEYCHH (CM. pHC. 2, a, puc. 3, a).

DcTpaauo CHUXKaN IMoTpedieHne cana u ollee KoJu-
gecTBO NoTpebneHHbIx kajgopui (p < 0.01 u p < 0.05 coot-
BETCTBEHHO), HO HE OKa3bIBaJI BIMSHHS HA COOTHOIICHHE Pa3-
JIMYHBIX KOMIOHEHTOB JIeThl (puc. 4, a). FGF21 nezaBucumo
ot BBeJeHNs E2 yBennumBai KOJMUYECTBO U JOJIO KaJlOPHH,
MOTPEOIEHHBIX CO CTaHAapTHEIM KopMoM (p<0.001 up <0.05
COOTBETCTBEHHO), HO HE BJIMSUI Ha 00IIee KOJINYEeCTBO MO-
CTYNHUBILUX KAJIOPUH.

Takum o6pazom, y OO caMOK ¢ 0XKHPEHUEM ACTPAIHOI CHU-
JKaJl Maccy Tella, MO-BUUMOMY 3a CUET YMEHBILCHUS )KUPOBOH
Maccel. O0a mpemnapara OKa3bIBaIN BIUSHUE HA BBIOOP KOM-
MIOHEHTOB MMUIIH, ¥ X ACHCTBHE HE 3aBHCENO0 APYT OT ApyTa.

YyBCTBUTENbHOCTb K MHCYNINHY
1 YPOBHU B KPOBM rOPMOHOB 1 MeTabonntos
Y O3 caMOK ¢ 0XKHPEHUEM HE BBISBICHO BIUSHUS pa3fieib-
HOTO MJI COBMECTHOTO BBEICHUS IPENapaToB Ha YPOBHU B
IU1a3Me KPOBH KOPTHKOCTEPOHA, CBOOOIHBIX KHUPHBIX KHUCIIOT,
TPUIINLIEPUIOB 1 XosecTepuHa (puc. 5). FGF21 ne Bmusin, a
ACTPAANOI CHIKAJ YPOBHH B TJIa3ME KPOBH JICTITHHA U aJTH-
nonekTHHA (p < 0.001 B 060HX CiTydasix). DCTPaoI CHIKAI
YpOBEHb MHCYJIMHA B IUIa3Me KPOBU U YPOBEHb IIIOKO3BI B
KpPOBH B COCTOSIHMM HATOIIAK W IMOBBIIIAJI TOJIEPAHTHOCTH
k mmoko3e (p < 0.001 Bo Beex cimywasx) (puc. 6, a, 0). Ilpu
BBesieHHH pas3zenbHo FGF21 Toxke cHUXkan ypoBeHb MHCYIMHA
B mia3me kpoBu (p < 0.05, post-hoc Tukey-tect). ¥ camok,
MOJTy4YaBIINX TPETapaTbl COBMECTHO, YPOBHU MHCYJIMHA HE
omyanuch ot nokaszareneid y FGF21- n E2-camok n 6b1umn
JI0CTOBepHO HIKe, ueM y Control-camoxk (p < 0.05, post-hoc
Tukey-Tect). HezaBucnMo OT BBEZICHHS SCTPAINOIIA, y CAMOK,
nony4asmux FGF21, TonepaHTHOCTH K INIIOKO3€ HE OTIHYa-
J1ach, 2 ypOBEHB INTIOKO3HI B IJIa3Me KPOBH B CBITOM COCTOSHUU
6611 HIDKE 1O cpaBHEHMIO ¢ Control-camMKaMu, XOTs! pa3Inyust
HE TOCTHTANU ypoBHs 3HaunMocTH (p = 0.07).

Taxum obpazoM, y OO caMOK ¢ O)KHPEHHEM 3CTPATHOI
TMOBBIIIAJT 9yBCTBUTEIHEHOCTE K HHCYNMHHY. FGF21 HezaBucu-
MO OT BBEICHHSI SCTPaJMOIA HE BIHUSII HAa TOJIEPAHTHOCTD K
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Puc. 2. Macca Tena, macca abfoM1HaNbHOM 1 MOLKOXHOW 6eNo XMpPOoBOI TKaHW, Macca 6ypoit XKnposoii TKkaHu (a) n ypoBeHb MPHK reHoB perynauunm
MeTabonM3Ma XKUPOB 1 YINIEBOLOB B MOAKOXKHOW 6efioi XMpoBoW TKaHU (6) 1 B 6YpOI XKUPOBOI TKaHW (8).

3pech 1 Ha puc. 3-6: dakTopbl ANOVA, BInAHME KOTOPbIX Ha MapameTp ABMAETCA AOCTOBEPHbIM, MOKa3aHbl Hag ckobkamu (E2, FGF21 nnn E2XFGF21).

*vs Control, # vs FGF21, post-hoc Tukey-TecT; $ vs E2, post-hoc Tukey-TecT. abWAT — abgomunHanbHasa 6enas xuposas TKaHb; SCWAT — noaKoxHasa 6enas xvposas
TKaHb; BAT — 6ypas *kupoBas TKaHb; Insr — insulin receptor; Ptpn 1 - protein-tyrosine phosphatase 1B; S/lc2a4 - solute carrier family 2 member 4; Ppary - peroxisome
proliferator-activated nuclear receptor gamma; Ppargcla - peroxisome proliferator-activated receptor gamma coactivator; Acaca - acetyl-coenzyme A
carboxylase alpha; AcacP - acetyl-CoA carboxylase beta; CptTa - carnitine palmitoyltransferase 1A; Lipe — hormone-sensitive lipase; Atgl — adipose triglyceride
lipase; Fasn - fatty acid synthase; Ucp1 — uncoupling protein 1; Dio2 — deiodonase-2; Cpt1 - carnitine palmitoyltransferase 1B; Ppara — peroxisome proliferator-
activated receptor alpha coactivator.
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Puc. 3. Macca neyeHu 1 ypoBHN TPUIIMLEPWAOB B nedeHn (a); ypoBHY MPHK reHOB, perynmpytowyx Metabonnsm ritokosbl 1 annugos (6).

#vs FGF21; S vs E2, post-hoc Tukey-tecT; & vs Control, Mann-Whitney U-TecT.

Esr1 - estrogen receptor 1; Stat3 - signal transducer and activator of transcription 3; Insr — insulin receptor; Irs1/2 — insulin receptor substrate 1/2; Slc2a2 - solute
carrier family 2 member 2; Pklr - pyruvate kinase; Gck — glucokinase; G6pc — glucose-6-phosphatase; Pck — phosphoenolpyruvate carboxykinase; Acaca - acetyl-
coenzyme A carboxylase alpha; Fgf21 - fibroblast growth factor 21; Ppargc1a - peroxisome proliferator-activated receptor gamma coactivator; CptT1a - carnitine
palmitoyltransferase 1A; Acacf - acetyl-CoA carboxylase beta.
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*vs Control; $ vs E2, post-hoc Tukey-Tecr.

Lepr - leptin receptor; Pomc - proopiomelanocortin; Agrp — agouti related peptide; Npy — neuropeptide Y; Crh — corticotropin releasing
hormone; KIb — klotho beta.
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IJIIOKO3€ M YPOBEHb IVTFOKO3bI HATOLIAK, HO TIOHMKAaJ YPOBEHb
DJTIOKO3BI B CBITOM cocTostHnK. FGF21 oxassiBan Takxke 6ma-
TOTBOPHOE BIIMSIHUE HA YPOBEHb MHCYIIMHA B KPOBH, OJHAKO
JTAHHBIN 2(P()EKT MPOSBIISIICS TOIBKO Y CAMOK 0€3 AcTparoa.

JKcnpeccna metabonnmyecknx reHos

B scWAT y OD camok ¢ oxupenuem FGF21 u sctpamuon
IIPU Pa3AeIbHOM BBEJICHUHU YBEJIMUUBAIHN SKCIIPECCUIO TeHA
penentopa wHCYnHHA (Insr) u TeHa aneTwi-KoA xapOokcu-
na3bl 6eTa (AcacP, mogaBiIeHNE OKUCICHUS )KUPHBIX KHCIIOT)
(cMm. puc. 2, 6). Y caMoK, KOTOpBIe TIoJTy4alti 00a rpemnapara,
aKcIpeccHst ATUX reHoB B sSc WAT Oblia HUKe, 4eM y KHUBOT-
HBIX, [TOJTy4YaBIINX Iperaparhl pa3ieibHo, U He OTINYaIach OT
TakoBo# y Control-camok (BnusiHHE B3aUMOACHCTBHS (PaKTO-
poB —p < 0.05 B 00oux ciydasx). Kpome toro, B sScWAT mipu
paznensHoM BBeneHuu FGF21 He Bnusin Ha sKkcnpeccHio rena
KapHUTHHITaIbMUTOMATpanchepassl 1o (Cptlo, akTHBALS
OKHCJICHHS JKUPHBIX KHCIIOT), HO Ha ()OHE BBEICHUS dCTpa-
JIMOJIa TTOJIABJISLI €T0 SKCIPECCHIO (BIMSHUE B3aUMOIACHCTBHUS
(haxTopoB —p <0.05). Y camok, morygaBImumx oba mpemnapara,
ypoBerb MPHK 3Toro rena ObIT 3HAYUTEIEHO HIDKE, YEM Y
E2-camok (p < 0.05, post-hoc Tukey-Tect), u He oTIHUaINCS
ot 3HaueHuii y Control-camoxk.

He BbIsIBIIEHO BIMSIHUS Pa3/IelIbHOTO MIIM COBMECTHOTO BBE-
JICHHS TIPEraparoB Ha dKcnpeccuio reHoB B abWAT. B BAT
3CTPAANOI CHIKAI SKCIIPECCUIO TPAHCKPHUITIIMOHHOTO (DaKTO-
pa perenTopa, akTHBUPYEMOTO TposindepaTopaMu EPOKCH-
com, Tina ramma (Ppary) (p < 0.05) (cm. puc. 2, 6). He3asu-
CHMO OT 3CTPAJHOJIOBOTO CTaTyca, B Oypoi »KUPOBOH TKaHU
FGF21 He Bnusn Ha 3KCIPECCHIO T€HOB, YYacCTBYIOIIUX B
TepMoreHe3e U 0eTa-oOKUCICHUH KUPHBIX KHUCIIOT.

Taxum ob6pazom, y OD caMOK ¢ OKHPEHHEM KaTtabomnde-
CKUH 3P PEKT dcTpaanona ObIT aCCOIMUPOBAH C €r0 CTUMY-
JMPYIOIIUM BIUSIHAEM Ha 3Kcnpeccuto /nsr, Acacl B SCWAT
u Ppary B BAT. HecMoTpst Ha 0TCyTCTBHE KaTabOINIEeCKOTO
neiictBus, FGF21 oxaspiBan TpaHCKpUNIMOHHBIE Y deKThI
B sSCWAT: ctumynupoBai akcnpeccuto Insr u Acac, npuaeMm
Ha ()OHE BBE/ICHMS 3CTPAANOIA CTUMYINPYIOIIEE AeHCTBUE
FGF21 na sxcripeccuro reHOB He POSIBISIIOCH.

B runoranamyce u3MeHEHHUS B IOTPEOJICHUN TUINH, BbI-
3BaHHbBIE JICHCTBUEM 3CTPajHoia, ObUIM ACCOIMUPOBAHBI C
MOBBIIIEHHOW AKCIIPECCHel TeHOB perienTopa jentuHa (Lepr)
U KOPTUKOTPONUH-pUIU3UHT ropMmoHa (Crh) (p < 0.05 u
p < 0.01 coorBercTBeHHO) (CcM. puc. 4, 6). Bmusane FGF21
Ha 1oTpedIeHne MUK ObIIIO ACCOIMUPOBAHO C YBEINYECHHEM
akcnpeccun Lepr (p < 0.05), xotopoe ObuIO Gonee BbIpa-
JKEHHBIM y caMokK, nony4aBmux E2. [Tomumo storo, FGF21
MOBBIILIAJ IKCIPECCHI0 COOCTBEHHOTO Kopelenropa Oera-
kioto (KIb) (p < 0.01); adpdexT Taxxke OblT OOIEE BHIPAKEH
y caMoK, rmomy4aBmux E2.

CrenoBarenbHO, BIMSHHE MPENIapaToB HAa BBIOOP KOMIIO-
HEHTOB IHIIH OBUIO aCCOIIMUPOBAHO C M3MEHEHUEM DKCIIpec-
CHH B THIIOTaJIaMyce (haKTOPOB, yYaCTBYIOIIUX B PETYJISIIIUH
MOTPEeOJICHUS MUY, TIPHYEM ICTPAANOI YCHIMBAJI TPaHC-
kpurronnsie 3¢ pexrer FGF21.

B negenn y O3 caMOK ¢ O)KHPEHNEM 3CTPaIH0I TIOBBIIIAIT
9KCIIPECCHIO TeHa perenitopa uHcynmuHa (Insr) (p < 0.05)
(cMm. puc. 3, 6). FGF21 nezaBucuMo oT BBEICHUS 3CTpavo-
JIa TIOJABIISUT COOCTBEHHYO 3KcIpeccuto (Fgf21), saxerpec-

2022
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3aBUCUMbIE 11 HE3aBUCUMbIE OT YPOBHA 3CTpaguona
3¢ dekTbl FGF21y caMOK MblLLen C OKUpeHneMm

CHIO T€HOB, CB3aHHBIX C CHHTE30M M OKHUCIEHUEM JKHUPHBIX
KHCJIOT (aneTui-kopepMeHT a kapOokcuiasza anbha, Acaca,
W KapHUTHHIAIbMUTOMATpaHchepa3a la, Cptlo (TeHACH-
IIUs)) U ¢ TIFOKOHEOTeHe30M (TIF0K030-6-(hocdaraza, Gopc)
(p <0.05,p <0.05, p=0.08 1 p <0.01 cOOTBETCTBEHHO).
Kpowme Toro, FGF21 yBennunBan sxcripeccuto rena cyocrpara
MHCYJIMHOBOTO perentopa BToporo tuna (I/rs2) u momasisul
9KCIPECCHI0 MUpyBaTkuHa3b! (Pklr, xinroueBoro ¢epMeHTa
IVIMKOJIN32) TOJIBKO MPH PA3IETbHOM C 3CTPAINOIOM BBEACHUU
(p <0.05, FGF21-camku vs Control-camxu, Mann—Whitney
U-tecT B 000uX ciry4asx). Y caMOK, MOJTy4aBIIUX OJHOBpPE-
menHo FGF21 u acrpaguon, yposau MPHK /rs2 u Pkir ne
omMyanch ot TakoBbiX y E2- u Control-camok.

Taxum 06pa3om, B Te4eHN MOKa3aHbI HE3aBUCUMBIE APYT OT
npyra TpanckpumiuonHse d3¢pdextsl FGF21 u actpaguona:
acTpaanona — Ha skcrpeccuto Insr, FGF21 — Ha skenpeccuto
Gb6pc, Acaco. n Fgf21. B 1o xe Bpems Bnustnue FGF21 na
aKcnpeccuro /rs2 v Pklr IposIBISIIOCH TOJIBKO TIPH Pa3ieIbHOM
BBE/IEHUH C ICTPAIUOIOM U OTCYTCTBOBAJIO TPU COBMECTHOM,
yto npeanonaraet E2-unrnouposanue apdexro FGF21.

O6cyxpeHue

B a10ii paboTte MBI UCCIIEI0BAIH, BIUSET JIX YPOBEHb ICTPa-
Jwolia B KpoBu Ha (apmakonoruueckue 3¢ dexrs FGF21 y
caMok ¢ oxxupenneM. Xpoundeckoe Beenenne FGF21 camiiam
MBIIIEH ¢ OKUPEHNEM, KaK U3BECTHO, BBI3BIBACT YIIyUIIICHUE
MHOTHX MeTa0O0INYeCKUX TapaMeTPOB, BKIIFOUasi HOpMaJIn3a-
MO TIPOQMIIS JINTIONPOTEHHOB, YPOBHS B KPOBH TITFOKO3BI U
TPUIIINIEPHU/IOB, TIOBBIIICHHE YyBCTBUTEILHOCTH K HHCYJIH-
HY, YBEJIMUEHHE PACX0/ia SHEPIUH, CHIIKCHUE MAcChl Tella 1
yMEHbIIIEHNE IIIOKOHeoreHe3a 1 crearosa B neueHu (Khari-
tonenkov et al., 2005; Coskun et al., 2008; Xu et al., 2009;
Chau et al., 2010; Véniant et al., 2012; Fisher, Maratos-Flier,
2016; BonDurant, Potthoff, 2018). FGF21 pnusiet Takxe Ha
BKYCOBBIC ITPEAIIOUYTEHHS, yBEITMUMBasi OTpeOIeHne Oenka 1
yMeHbllas norpedienue caxapa y camuos mbimei (Talukdar
et al., 2016; Hill et al., 2019; Larson et al., 2019).

CornacHO MONY4YeHHBIM HaMU TaHHBIM, Yy OD caMok ¢
0KUPEHHUEM HCTPAAN0JI CHU3WII MACCy TeJa U )KUPOBOH TKaHH,
o011ee KOJIMYECTBO OTPEOIICHHBIX KAJIOPHH, yPOBEHb HHCY-
JIMHA B IJTa3Me KPOBH B CBITOM COCTOSIHUH U TIIFOKO3BI B KDOBH
B COCTOSIHMM HATOLIAK, & TAK)KEe MOBBICHII TOJIEPAHTHOCTD K
[JTFOKO3€, YTO COOTBETCTBYET OOLIETPUHITOMY MHEHHUIO O
BIIMSTHAN 3CTPAMOJIa HA 3TH MapaMeTphl y CaMOK MBIMIEH C
oxupenneM (Riant et al., 2009; Yan et al., 2019). Buepssie
MIOKa3aHo, YTO aHOPEKCUTeHHBIH a(dexT scTpanmona y OO ca-
MOK C O’)KUPEHHEM 00YCIIOBIICH MOJaBJICHUEM MOTPEOICHUS
KOMITOHEHTA JIUEThI C BBICOKUM COJIEp:KaHUEM Kupa (cajo),
1 9TOT 3G (PEKT acCOIMUPOBAH C aKTHBAIMEH YKCIPECCUH
TeHa KOPTHKOTPONHH-PHIM3HHT TOPMOHA B THUIOTAJIaMyce.
HeszaBucnmo oT BBEICHUS 3CTPAANOIA, MBI HE OOHAPYKMIIN
y OD camok ¢ oxupeHreM HeKoTopsix 3¢ dexroB FGF21,
HaOJIroaeMbIX y camioB ¢ oxxupenuem. Hanpumep, FGF21
He BJIMSLT HA Maccy Tella ¥ Maccy KHUPOBBIX TKaHEH, ypPOBHH
B KPOBH JIMMKJIOB, JICNITHHA, aJIMITOHEKTHHA, a TAK)KE Ha IKC-
MIPECCHIO TEHOB, CBA3aHHBIX C PEryJSAIMEl TEPMOTCHE3a B
BAT, reHoB, CBSI3aHHBIX C THIIOTAJIAMUYECKOW perysuuen
npueMa IMUIIHA, ¥ psija TeHOB, CBS3aHHBIX C JMITUIHBIM 00-
MeHOM B ScWAT u B neueHu. T pe3yabTaThl COIACyIOTCs ¢
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nanHbIMU 0 BiusiHNM FGF21 y HeoBapH3KTOMUPOBAHHBIX Ca-
MOK ¢ oxxupenneM (Bazhan et al., 2019) u HaBOAAT Ha MBICTTD,
YTO TOMHUMO 3CTPAJINOIIA CYIIECTBYIOT APYTUe (PaKTOPBI, CBSI-
3aHHBIC C TI0JIOM, KOTOPbIE TOAABIISAIOT (DAapPMaKOIOTHIECKUE
a¢pdexrsr FGF21 y camok ¢ oxxupennem.

MBpi okasanu, uto Biussaue FGF21 Ha motpebnenune mumm
y OD caMOK ¢ 0)KHpEHHEM, a UMEHHO MOBBILIEHUE TOTpedIIe-
HUS UMM CTaHIapTHOTO KOPMa, HE 3aBUCEII0 OT 3CTPAN0IA U
Ob1T0, TO-BUMMOMY, aHAJOTMYHO €T0 BIMSHUIO Ha TTOTpebiie-
HUE ITHTIH Y CAMIIOB, TOCKONBKY Yy camiioB FGF2 1 moBsimaet
noTpebieHue Oenka (Ka3emHa, 00OTaIleHHOTO IIHCTHHOM)
(Larson etal., 2019), a B Hameld MoyieNn SKCIIEpIMEHTa CTaH-
JIApTHBINA KOPM COJIEpIKall MAKCUMaJIbHOE KOJIMYECTBO OeJlKa,
10 CPaBHEHHUIO C casioM 1 neuenbeM. O6a ropmona, FGF21 u
3CTPAIHO, BIUSIIN HA BBIOOP KOMIOHEHTOB ITUIIH, BIUSTHUE
Ka)KJJ0ro OBbUTO HAIpaBJICHO Ha CHIKECHNE KaJIOPUHHOCTH HO-
TpebneHHoH muiy. [Ipu aToM 3cTpaanosn cHU3MI notpedie-
HUE BEICOKO)KUPHOTO KOMITOHeHTa 1ueTsl, a FGF21 yBemunn
norpebiieHre cTaHaapTHOro kopma. Oba ropMoHa MOBBIIIA-
JIU B THUIOTaJIaMyCe YKCIIPECCHIO JISITHHOBBIX PELEITOPOB.
I'eHBI rUTIOTATAMUYIECKUX HEHPOMIETITHIOB ITPOOITHOMENIaHO-
koptuHa (Pomc), arytunogoOHoro nentuna (Agrp) n Heil-
ponentuna Y (Npy) sSBISIOTCS TeHAMHU-MUIICHSIMH JIEITHHA
(Cowley et al., 2001) u cBsi3aHbI ¢ perymsuen moTpedIeHus
nuimu. Msl He oOHapyxwunu BausgHus FGF21 u actpaguona
Ha UX KCIIPECCHIO U MOXKEM IPEAINOIO0KNUTE, YTO AKTUBAIINS
TUIIOTAJIAMUYECKON 3KcHpeccuu Lepr M, COOTBETCTBEHHO,
MOBBIIICHUE YyBCTBUTEIBHOCTH TMIIOTAJIaMyCa K JIEITHHY B
orBet Ha BBeneHue FGF21 u sactpanuona, no-sBuauMomy, He
OIIOCPEIOBAIIN UX BIMSHKE Ha MoTpebieHne numu. B cesizu ¢
9THM MexaHu3M Bo3zaeicTBust FGF21 Ha noTpebieHue nuim
0CTAaeTCs HEICHBIM U TpeOyeT AaJbHEUIIIero H3y4eHus, Tora
KaK aHOPEKCUTEHHOE JCHCTBUE 3CTPaN0IIA, BEPOIATHO, 00y-
CJIOBJICHO TOBBIIIEHNEM 3kcrpeccun Crh U akTUBanuei
KP®-cucremsl. CaenyeT OTMETUTB, UYTO TIOMUMO YKCIIPECCUU
Lepr, FGF21 ctumynupoBan 3KCIOPECCUI0 B THIIOTaIaMyce
cobctBeHHoro Kopeuenropa K/b, npudem skcrpeccust Lepr
u KIb Gpia MaKCUMaTbHOM IPU COBMECTHOM BBEJCHHH TIpe-
naparoB. [ToryueHHBIE Pe3ynbTaThl CBUAETENBCTBYIOT O TOM,
gto FGF21 npu dapmakonornueckoM BBEICHUH MOXKET I10-
BBIIIATh YyBCTBUTEILHOCTh THIIOTAJIAMyCa K PETYISTOPHBIM
(hakropam, a ACTPaaNON — MOTEHIUPOBATh IIEHTPAIbHbIE
s¢pdexrer FGF21.

Y O3 camok ¢ oxupenneM FGF21 mpu BBenenun pas-
JIENBHO C 3CTPAJNOJIOM YBEIMUYMBAI HKCIPECCHIO [nsr U
AcacP B scWAT u Irs2 B IeUeHH U TTOAABIISIT SKCIIPECCHIO B
MeYeHH TIMI0K030-6-ocdarassl (G6pc), Pklr, Acaca, Cptla
1 CBOIO COOCTBEHHYIO SKCIIPECCHIO. Y CAMIIOB C OKUPEHHEM
xpoHndeckoe BBeaeHne FGF21, kak n3BecTHO, aKTUBUPYET
aKcrpeccHio Insr, AcacP v nogasisier sxcnpeccuto Cptla B
scWAT, a B ieyeHu CTUMYJIUPYET SKCIPECCUIO [nsr U noja-
BJISIET COOCTBEHHYIO SKCIIPECCHIO U SKcTpeccuro Acaca, Cptla
(Coskun et al., 2008; Fisher et al., 2011). CnegoBatrensHo, y
0D caMOK ¢ OXKHpeHHeM Oe3 ICTPaaNoIIa TPAHCKPHUITIIOHHbBIE
s¢pdexrel FGF21 Obutn aHAMOTHYHBI TAKOBBIM Y CaMIIOB C
OXXMPEHUEM: OJIarONpUsITHBI U HAIPaBJICHbI HA MOBBIIICHUE
YYBCTBUTEILHOCTU K MHCYIHHY B IIEYEHH U B )KUPOBOW TKa-
HH, CHIDKEHHE YPOBHS TIIIOKO3bI M )KUPHBIX KUCJIOT B KPOBH.
Y O3 caMoK ¢ OKHpEeHHEeM, KOTOpBIE TIOJTydasi 00a mpena-
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para, OyaronpusiTHbIe TpaHCKpUIuoHHbIe 3¢ dexT FGF21
coxpaHsnuch Tobko B nedenn: FGF21 mogasmsi skcnpeccuio
B ieueHn G6pc, Acaco, Cptlo u COOCTBEHHYIO IKCIIPECCHIO.

IIpu coBmecTHOM BBeneHnu ¢ dctpaguonom FGF21 mo-
nasun sxcnpeccuro Cptla B sScWAT, onnaxo Biaustnie FGF21
Ha skcripeccuto [nsru AcacP B scWAT u Irs2 v Pklr B neuenun
He nposBisnock. Bnusaue FGF21 Ha sxcnipeccuio B edeHu
G6pc, Takum 00pa3zoM, He 3aBHCEII0 OT ICTPaANOIIa 1 OBLIO ac-
COIIMMPOBAHO CO CHIYKEHNEM yPOBHSI ITFOKO3bI B IJIa3Me KPO-
BU B CBITOM COCTOSIHUM. MBI IIPEIIOIaraeM, 4To 3TH 3P eKTs
FGF21 (nmonasnenue sxenpeccun G6pc 1 CHIDKEHUE YPOBHS
IUTIOKO3bI) OBUTH OTTOCPE/I0BAHbI aKTUBAIMEH SKcpeccun Lepr
B TUIIOTaJIaMyCe, TOCKOJIbKY ITOKa3aHa CIOCOOHOCTD JICHTH-
Ha, BIUsisl Ha akTUBHOCTH POMC HelipoHOB, HOpMAIU30BaTh
YPOBHH INIIOKO3bI B KPOBHU U MOBBIIIATH YyBCTBUTEIBHOCTD K
uHCynuHY B redeHu (Berglund et al., 2012).

Takum 00pazom, H3ydeHUE TPAHCKPHUITIIMOHHBIX 3P (PEKTOB
FGF21 B nevyenu, >kupoBoii TKaHU U THIIOTAJIaMyCe 0Ka3aJlo,
YTO CYIIECTBYIOT paszHble THmbl B3aumonenicteus FGF21 u
ACTpaJHoJa B PETYISIIIMN SKCIIPECCUN META0OIMYECKHX Te-
HOB y O3 camok ¢ oxuperneM: 1) FGF21 moxeT oxa3pIBaTh
E2-ne3aBucumele 3h(hexTsr; 2) 3¢Tpaauon MOKET IOIaBISTh
wm yeunmath 3¢ dexrst FGF21; 3) B3aumonelicTBue ropmo-
HOB MOJKET IPUBOJIUTH K B3aMMOITOIaBICHUIO NX 3P (eKToB,
HAOJIOIaeMbIX MPHU pa3ieiabHOM BBeaeHUU. CrocoOHOCTh
FGF21 npu ¢apmMakoIorn4eckoM NPUMEHCHHUU TOJABIIAThH
3¢ PEeKTHI ScTpaanoIa HaBOJUT HA MBICIB O BO3MOYKHOM He-
raruBHOM BIstHUE FGF21 y caMmok, B TOM YHiCIie HEraTHBHOM
BIIMSTHUN Ha PEIPOAYKTUBHYIO (DyHKIHUIO.

KakoBbl BO3MOXHBIE MEXaHHM3MbI BIMSHUS CTPAIHOIIA
Ha Qapmakonoruueckue d¢pdpexrsr FGF21? Ilokazano, 4uro
FGF21 cBsa3pIBaeTcs ¢ pelenTOPHBIM KOMIUIEKCOM, COCTOSI-
MM H3 perientopa (akropa pocta GpuOpPOOIACTOB IEPBOTO
tuna (FGFR1) un xopenenropa G6era-kimoro (Kurosu et al.,
2007). B runoranamyce, )XHpPOBOH TKAaHH M MOKEITYIOUHON
JKese3e dKCIpeccupyroTes perentop u kopenentop FGF21,
a TaKKe Bce THIbI perentopoB scrpanuona (Kurosu et al.,
2007; Nadal et al., 2009; Fisher et al., 2011; Bian et al., 2019;
Pan et al., 2019). DTu TKaHU SBISIOTCS MHUIIEHBIO IEHCTBUS
FGF21 nacrpagnona. B medeHn sSKCIpecCUpYIOTCS PEEenTop
acTpaanona tuna anbda u G-0eIoK CBsI3aHHBIA PELEnTop
scrpaguona (Palmisano et al., 2017), moatomy redeHs sBIs-
€TCsI MUIIIEHBI0 AeHCTBUA dcTpanuona. YposeHb FGFR1 B ne-
yenu oyeHb Huskui (Fisher et al., 2011), ogHako HeKOTOpbIE
npsmbie 3 dextsr FGF21 MoryT HabmronaTecs B me4eH: Ipu
ero (hapMaKoJI0rnIeckoM BBEJCHNH KaK CIIeCTBUE OOIbIION
no3bl pemapara (Owen et al., 2015). Bzaumoneiictere FGF21
W DCTPAJHoNIa B PEryISIUA METa0OINYECKHX ITapaMeTpoB
MOXKET 3aBHCETh OT MOJIEKYJISIPHOTO MEXaHM3Ma PeryJsisiiiuu
IKCIIPECCHHU LEJIEBBIX T€HOB, a TAKXKEe OT THIIA M YPOBHS pe-
LENTOPOB B TKAHH, T.€. MOXKET OBITh TKaHECTIEIM()UIHBIM.
MornekynspHBIil MeXaHU3M TaHHOTO B3aNMOACHCTBHUS TPeOyeT
JIOTIOTHUTEIBHOTO N3YYCHUSL.

3aknioyeHune

Cymmupysl BBIIIECKa3aHHOE, MOXKHO CKa3aTh, YTO OBAPHUIK-
TOMHPOBaHHBIE CAMKH C OKHUPEHHEM TPOSIBIISIOT PE3UCTEHT-
HOCTh K Karabonmueckomy nevictsuio FGF21, u ara pesn-
CTEHTHOCTB HE CBsI3aHa C JelicTBHeM acTpaanoia. Crioco0-
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HocTh FGF21 noBsimars norpedieHue CTanIapTHOTO KopMa
U CHMYKaTh YPOBEHB TNIFOKO3BI B KPOBHU TAaKKe HE 3aBHCUT OT
actpanuona. Omunako FGF21 u sctpaamon, mo-BuaIuMomy,
MOT'YT B3aMOJICHCTBOBATh B PETYJISIIIUU HKCIIPECCHH TEHOB
W yPOBHS MHCYJIMHA B KPOBH: 3CTPAIHOJI MOXKET MO/ABIISATH
TpaHckpurnionusie 3¢dextsl FGF21 B nedeHn u noTeH-
LIUPOBATh €r0 BIMSIHUE B TMIIOTAJaMyCe; B )KHPOBOH TKaHU
B3anmoneiicteue FGF21 u sctpaanona MoxxeT momaBisaTh
aKTHBUPYIOIIEE BIUSHNE Ka)KI0TO U3 IPenaparos, HaOIO-
JlaeMoe TIpH Pa3[elbHOM BBEICHHUH, WM CIIOCOOCTBOBATH
nposiBiIeHUI0 HHrHOMpytomero Biuusnus FGF21; na ¢one
9CTPaANOIIa He IPOSIBIIIETC sl MHruoupytoiee Biustaue FGF21
Ha YpPOBEHb MHCYJIHHA B KPOBH.

Octpanuonzasucumele 3pdextsl FGF21 moryT mo-paznomy
MPOSIBIISATHCS B MY’KCKOM U )KEHCKOM OPTaHU3ME C pa3IuIHON
AKTHBHOCTBIO 3CTPOTEHOB, OIIPEAEIISS ITOJI0BOH TUMOP(HHU3M
(hapmaxonornueckux 3¢¢pexroB FGF21 y )KMBOTHBIX ¢ 0XKH-
peHHEM.
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The impact of the Hsp67Bc gene product
on Drosophila melanogaster longevity, fecundity,
and acute heat stress tolerance
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Abstract. Drosophila melanogaster Hsp67Bc is a heat- and cold-inducible small heat shock protein that participates
in the prevention of aggregation of misfolded proteins and in macroautophagy regulation. Overexpression of the
Hsp67Bc gene has been shown to enhance macroautophagy in Drosophila S2 cells, and the deletion of this gene
leads to the formation of a slightly increased number of autophagic vacuoles in the fruit fly brain neurons. Recently,
we found that Hsp67Bc-null D. melanogaster flies have poor tolerance to cold stress (0 °C) of various durations. In
the present work, we investigated how the Hsp67Bc gene deletion affects the fitness of fruit flies under normal
conditions and their tolerance to elevated temperatures at different developmental stages. Larvae and pupae were
not adversely affected by the Hsp67Bc gene deletion, and adult Hsp67Bc-null flies showed an extended lifespan
in comparison with the control at normal (24-25 °C) and elevated temperature (29 °C), and after acute heat stress
(37 °C, 2 h). At the same time, the fecundity of the mutant females was lower by 6-13 % in all tested environments,
except for permanent maintenance at 29 °C, where the mean numbers of eggs laid by the mutant and control flies
were equal. We explain this phenomenon by a reduced number of ovarioles in Hsp67Bc-null females and enhanced
macroautophagy in their germaria, which promotes the death of forming egg chambers. In addition, short heat
stress (37 °C, 2 h), which increased the control line’s longevity (an effect common for a wide range of organisms), had
a negative impact on the lifespan of Hsp67Bc-null flies. Therefore, Hsp67Bc-null D. melanogaster have an extended
lifespan under normal and elevated temperature conditions, and reduced fecundity and thermal stress tolerance.
Key words: Drosophila longevity; thermal stress tolerance; elevated temperature; heat stress; small heat shock
proteins; autophagy.

For citation: Malkeyeva D., Fedorova S.A., Kiseleva E. The impact of the Hsp67Bc gene product on Drosophila mela-
nogaster longevity, fecundity, and acute heat stress tolerance. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal
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BiansiHue nipoaykTa reHa Hsp67Bc Ha MPOOOIKUTEIbHOCTD KI3HI,
TIJIOLOBUTOCTD U YCTOMUMBOCTDL Drosophila melanogaster
K KPaTKOBpEeMEeHHOMY TeIJIOBOMY CTPecCy

AA. Maabkeea®, C.A. dépoposa, E.B. Knceaera

DepepanbHbIi NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonornm n reHetukn Cnbmpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® malkeyeva@bionet.nsc.ru

AnHoTauusa. Hsp67Bc Drosophila melanogaster - nHayLMpyeMbii B OTBET Ha TEMIOBOW 1 XONIOLOBOW CTpecc Ma-
Nbll 6eNOK TENNOBOrO LWOKA, YYacTBYOLWMIA B NPeAOTBPALLEHNI arperaLym NoBpeXaeHHbIX 6e1KoB 1 B perynauum
MakpoayTodaruu. bbiio nokasaHo, UTo NOBbILWEHHAA SKCNpeccus reHa Hsp67Bc ctumynupyeT Makpoaytodaruio B
Knetkax S2 apo3odunbl, a ero feneuns NPUBOANUT K HEOObLLOMY YBENMYEHWIO KOTIMYECTBA ayTodarnyeckrx Bakyo-
nein B HeMPOHax mMo3ra Myx. HepaBHO HaMu OGHaPYKEHO, UTO HyNb-annenbHble No reHy Hsp67Bc ocobu D. mela-
nogaster UMeIOT CHUMXEHHYI0 YCTONUMBOCTb K Xonoposomy cTpeccy (0 °C) pa3nuuHoi gnutenbHoOCTU. B HacToAwen
paboTe Mbl ncceaoBany, Kak Hanuuve aeneumnn B reHe Hsp67Bc noBnusaeT Ha }un3HecnocobHocTb D. melanogaster B
HOPMasbHbIX YCIIOBMAX U Ha UX YCTONUYMBOCTb K NOBbILEHHON TeMMepaType Ha pasHbiX CTaguax pa3sutua. eneuyua
Hsp67Bc He oKa3ana Ha MIMYUHOK U KYKONTOK Ap030dus1 HE6aronpuAaTHOrO BO3LENCTBISA; HYNb-aieNbHble MO reHy
Hsp67Bc nmaro nmenu yBenmyeHHyo No CPaBHEHMIO C KOHTPOEM NPOAOIIKUTENBHOCTb XU3HWU NMPY HOPMaNbHOMN
(24-25 °C) n nosbiweHHOM (29 °C) TemnepaType, a Takxe Nnocsne KpaTkoBpeMeHHOro Tennosoro ctpecca (37 °C, 2 u).
B TO e BpemA NIoJOBUTOCTb MyTaHTHbIX CaMOK Oblia CHUKeHa Ha 6-13 % Mo cpaBHEHMIO C KOHTPONIEM Npu BCex
nccnefoBaHHbIX TeMMepaTypPHbIX PeXKMMaX, 38 UCKITIoUYeHeM NOCTOAHHOTO coaepkaHna npu 29 °C, npy KOTOpom
cpefHee Yncno OTKNaZAblBaeMbIX ANL, He Pa3finyanocb Mexay KOHTPOMbHOM U MyTaHTHOW AMHUAMUK. Mbl CBA3bIBaEM
3TOT PeHOMEH CO CHUKEHHBIM KOMIMYECTBOM OBapUON Y HyNb-annefnbHbIX MO reHy Hsp67Bc caMok, a TakKe C yCuseH-
HoW MaKkpoayTodarunei B Ux repmapusx, NPUBOAALLEN K POCTY umcia rmbHyLmnx GopMmpyoLwmnxcs anLesbix Kamep.

© Malkeyeva D., Fedorova S.A., Kiseleva E., 2022
This work is licensed under a Creative Commons Attribution 4.0 License
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Hsp67Bc-null D. melanogaster longevity and fecundity
under normal and elevated temperature conditions

Kpome Toro, KpaTkoBpemeHHbI TennoBow cTpecc (37 °C, 2 ), NpMBOAMBLUNIA K YBENNYEHWIO MPOAOIKUTENIBHOCTN
Xn3Hu D. melanogaster KOHTPONBHOWM NMHUN (YTO ABNAEGTCA PACNPOCTPAHEHHON PeaKLMen y XMBbIX OPraH13mMoB),
OoTpULATENbHO BAVAN Ha NPOAOCIKUTENBHOCTb XKU3HWN MyX C feneunein Hsp67Bc. Takum obpasom, D. melanogaster c
Leneuvel B reHe Hsp67Bc MMeloT yBENNUYEHHYI0 MPOJOMKUTENIBHOCTb »KN3HW B HOPMaibHbIX YCIOBUAX U MPW MOBbI-
LIeHHON TemnepaType 1 CHUKEHHbIE MAI0A0BUTOCTb U YCTONYMBOCTb K TeMnepaTypHOMY CTpeccy.

KnioueBble cioBa: NPOAOIKUTENBHOCTb XKM3HW Drosophila; ycTonunBOCTb K TemnepaTypHOMY CTPeCCy; MOBbILIEH-
Has TemnepaTypa; TEMOBO CTPeCC; Masnble 6enKy TEMIOBOTO WOKa; ayTodarus.

Introduction

During ontogenesis, all living organisms experience stress.
The effects of stress-inducing agents on cells include oxidative
modification of proteins, which leads to their misfolding (Jolly,
Morimoto, 2000). Misfolded proteins are detrimental to the
cell because they may gain deleterious biological functions and
are prone to forming insoluble aggregates (Jolly, Morimoto,
2000). To maintain homeostasis, cells synthesize heat shock
proteins (HSPs): a group of conservative proteins that ensure
correct folding of peptides, prevent aggregation of denatured
proteins, and resolubilize protein aggregates (Jolly, Morimoto,
2000). This response is universal among all the known pro-
and eukaryotes (Lindquist, 1986). Expression of the majority
of HSP genes is up-regulated in stressful conditions such as
heat and cold stress, hypoxia, bacterial and viral infections,
and oxidative stress (Lindquist, 1986; Serensen et al., 2003).
Some HSPs are constitutively expressed and are necessary for
growth and development of organisms under normal condi-
tions (Kampinga et al., 2009; Sarkar et al., 2011). In a study
by Raut et al. (2017) on Drosophila, knockdown of 42 out of
95 tested HSP genes led to F1 lethality indicating their crucial
role in the fly development.

Drosophila melanogaster Hsp67Bc belongs to the small
heat shock protein family of HSPs (Vos et al., 2016). It shares
a function of preventing damaged protein aggregation with
other members of the family (Vos et al., 2016). In addition,
Hsp67Bc was shown to be involved in the regulation of
macroautophagy — a conservative catabolic process allowing
the recycling of cytoplasm components — alongside Starvin
protein (Carra et al., 2010; Parzych, Klionsky, 2014). Overex-
pression of the Hsp67Bc gene separately or together with stv
resulted in protein synthesis inhibition and macroautophagy
stimulation (Carra et al., 2010).

Our studies on the Hsp67Bc gene deletion in D. melano-
gaster revealed that in brain neurons of Hsp67Bc-null flies
infected by a pathogenic Wolbachia bacteria strain wMelPop,
the number of autophagosomes and autolysosomes (organelles
formed in the process of macroautophagy that sequester cy-
toplasm components and digest them) was increased, and the
cross-sectional area of autolysosomes was more than 1.5-fold
larger than in the control line with the wild-type Hsp67Bc gene
(Malkeyeva et al., 2021). These observations may indicate that
in the absence of the Hsp67Bc gene product, macroautophagy
is slightly enhanced and autophagosome maturation process
is affected. Furthermore, we showed that the Hsp67Bc gene
product plays an important role in tolerance to cold stress in
the fruit fly (Malkeyeva et al., 2020). Hsp67Bc-null adult flies
needed more time to recover from chill coma than the control
flies, and adult females with the Hsp67Bc gene deletion had
a 1.6-3-fold lower survival after cold stress of various dura-
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tions (2, 4, and 12 h at 0 °C) as compared to the control line
(Malkeyeva et al., 2020).

In this study, we investigated fitness of Hsp67Bc-null
D. melanogaster under normal conditions (24-25 °C) and their
tolerance to elevated temperatures (29 °C or 2 h at 37 °C) at
different stages of ontogenesis (larva, pupa, and imago). We
found that the adult mutant flies had an increased lifespan at
all the tested temperatures, in comparison with the control line
with an intact Hsp67Bc gene. Hsp67Bc-null adult flies, how-
ever, had slightly reduced fecundity under normal conditions
and after heat stress (37 °C, 2 h) and were negatively affected
by acute heat stress (37 °C, 2 h) that prolonged longevity of
the control line. Thus, despite having extended lifespan in
comparison with the control line under all tested conditions,
Hsp67Bc-null flies had lower fecundity and were less tolerant
to acute heat stress.

Materials and methods

Drosophila melanogaster lines. In this study, we used
Hsp67Bc-null D. melanogaster line Hsp67Bc-0 we created
by an imprecise excision of a P-element located in proximity
to the Hsp67Bc gene transcription start. Fly line Hsp67Bc-2
containing a wild-type variant of Hsp67Bc obtained by a pre-
cise cutting out of the mentioned P-element was used as a
control. The procedure for obtaining the fly lines is described
in our recent article (Malkeyeva et al., 2020).

Heat stress applied to larvae and pupae. For these ex-
periments, wandering late 3rd instar (L3) larvae were trans-
ferred from their rearing vials to the walls of vials with fresh
cornmeal-agar medium, at 20 per vial. The larvae were then
either directly transferred to a 37 °C environment (water bath
in an incubator) for 2 h incubation or allowed to first reach
the developmental stage that was to be treated. In particular,
these were pupal stages P1-P2 (white prepupae, 1-2 h after
pupation), P5 (1820 h after pupation), or P7-P8 (4648 h
after pupation) (Bainbridge, Bownes, 1981). The cottons
sealing the vials were slightly moisturized with water before
the start of heat treatment to prevent drying of the larvae and
pupae. After the heat stress treatment, the flies were kept at
24-25 °C until eclosion. Survivors to the pupa stage (in case
of late L3 treatment) and to the adult stage (for all treatment
groups) were then counted. In each experiment, 39107 flies
of each genotype were used.

Analysis of the lifespan and fecundity of adult D. mela-
nogaster Kept at either normal or elevated temperature.
The flies were collected from rearing vials on the 1st day after
eclosion and placed into vials with a fresh cornmeal-agar me-
dium, at eight males and eight females per vial. The flies then
underwent one of four treatments. The 1st group was kept at
24-25 °C (normal conditions); the 2nd group was subjected
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to heat treatment at 37 °C for 2 h at 1 day of age and then
was returned to the 24-25 °C environment; the 3rd group was
heat treated (37 °C, 2 h) at 7 days of age, then returned to
the 24-25 °C environment; the 4th group was transferred to
a 29 °C environment at 1 day of age and kept at the elevated
temperature. Each experimental group contained 45-62 males
and 51-62 females of relevant genotypes.

All the flies were kept under the specified conditions until
the death of all individuals, with survivors transferred to fresh
food daily or every other day. In parallel, fecundity was mea-
sured in these Drosophila starting from day 2 in the 1st, 2nd,
and 4th groups and starting from day 8 in the 3rd group (one
day after the heat treatment). D. melanogaster females were
allowed to lay eggs for 24 h in vials with fresh medium, then
the parents were transferred to new food, and the eggs were
counted. The number of eggs in a vial was then divided by the
number of females that oviposited in that very vial. The egg per
female ratio was evaluated on days 2—11, 15-17, and 22-24
in the 1st, 2nd, and 4th experimental groups; in the 3rd group,
the ratio was measured on days 8—10, 13—15, and 20-22.

Protein starvation assay. For this assay, newly eclosed
adult D. melanogaster individuals were collected every 2 h
from their rearing vials and transferred to vials with protein-
free medium containing 100 g/L sucrose, 5 g/L agar and
0.78 g/L methyl 4-hydroxybenzoate. The flies were transferred
to a fresh medium every other day.

LysoTracker Red (LTR) staining. On the 5th and 15th
days of the protein starvation experiment, ovaries of the
starved adult D. melanogaster females and females kept
on standard food were dissected in 0.01 M PBS (Medigen)
(pH 7.4) and stained with 100 nM LysoTracker Red DND-99
(Life Technologies) and DAPI. The LTR staining was per-
formed as follows: the dissected ovaries were first placed
into a droplet of a 100 nM LTR solution in 0.01 M PBS for
10 min incubation, washed thrice in PBS, and then fixed in 4 %
paraformaldehyde for 20 min; next, the ovaries were washed
three times with a 0.1 % Triton X-100 solution in PBS and
mounted on a slide with a drop of DAPI-containing SlowFade
Gold Antifade Mountant (Thermo Fisher Scientific). To make
sure the antifade mountant penetrates inner ovarioles, we let
the ovaries stay without a cover slip for ~15 min before seal-
ing them under it with nail polish. The samples were stored
in the dark at 4 °C until analysis under the LSM 780 confocal
microscope (Zeiss) with the Plan-Apochromat 20x/0.8 M27
objective.

Statistical analyses. Survival and recovery curves were
compared by the log-rank test. The fecundity, lifespan, number
of ovarioles, and number of dying egg chambers per ovariole
datasets were tested for normality by the Shapiro—Wilk test;
normally distributed data were compared by the heterosceda-
stic ¢ test; data with non-normal distribution were compared by
the Mann—Whitney U test. Differences in fecundity between
the control and mutant fly lines throughout the experiment
were evaluated at each point by the heteroscedastic ¢ test, fol-
lowed by the Benjamini—Krieger—Yekutieli method to control
the false discovery rate. Analyses of the proportion (%) of
LTR-positive germaria obtained in the LTR-staining experi-
ments were performed by the chi-squared test. Differences
were considered statistically significant at p < 0.05.
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The Shapiro—Wilk test and the Mann—Whitney U test were
conducted using Statistics Kingdom statistics calculators
(https://www.statskingdom.com).

Results

Hsp67Bc-null D. melanogaster under normal conditions
To expand our knowledge on the functions of Hsp67Bc in the
fruit fly we created a D. melanogaster line carrying a deletion
of almost the entire Hsp67Bc gene (described in detail in our
recent article (Malkeyeva et al., 2020)). The flies carrying
the deletion in the Hsp67Bc gene in the homozygous state
(Hsp67Bc-0) were viable and fertile, and had no visible mor-
phological deviations from the control. The Hsp67Bc-0 line
had extended longevity under normal conditions (24-25 °C)
as compared to the control Hsp67Bc-2 line (Fig. 1, a—c). The
mean lifespan of Hsp67Bc-null D. melanogaster significantly
exceeded that of the control by 35 % in males and by 34 % in
females at 24-25 °C (see Fig. 1, ¢). Thus, it was 70.9+1.3 days
in the mutant males as compared to 52.4+1.9 days in the
control males (p < 0.001) and 63.9+2.2 days in Hsp67Bc-0
females, compared to 47.84+2.4 days in the control line
(p < 0.001). On the contrary, the mean fecundity measured
during the first month of life was 5.9 % lower (p = 0.809) in
Hsp67Bc-0 females than in the control (see Fig. 1, d).
Because under normal conditions the absence of the
Hsp67Bc gene increased the mean lifespan of the flies while
causing only a minor decrease in fecundity, and because no
cases of the loss of this gene in wild fruit fly populations have
been reported to date, a question arose about the role of the
Hsp67Bc gene in D. melanogaster. It is known that heat shock
proteins (which include Hsp67Bc) are essential for stress toler-
ance in all the living organisms (Lindquist, 1986; Serensen et
al., 2003). In our previous study, we discovered involvement
ofthe Hsp67Bc gene product in cold stress tolerance in D. me-
lanogaster (Malkeyeva et al., 2020). In addition, the Hsp67Bc
gene expression was shown to increase in response to heat
stress (Vos et al., 2016). Therefore, we decided to investigate
the impact of the deletion in the Hsp67Bc¢ gene on elevated
temperature tolerance in the flies.

The effect of heat stress on survival

of Hsp67Bc-null larvae and pupae

According to FlyBase (https:/flybase.org), the Hsp67Bc gene
expression levels are the highest in wandering 3rd instar
(late L3) larvae and pupae of D. melanogaster, in particular,
white prepupae, 12 h pupae, and 48 h pupae. We decided to
check how heat stress would affect Hsp67Bc-0 flies at those
stages of development, in addition to the adult stage.

The larvae and pupae were placed in a 37 °C environment
for 2 h, after which they were returned to 24-25 °C to recover
and continue development. The survival rates of the larvae and
pupae were computed as a proportion (%) of eclosed indivi-
duals (Fig. 2, @). The mean survival rates to adult stage were
similar between the control and Hsp67Bc-null pupae, varying
between 95.0+£2.9 % (12 h Hsp67Bc-0 pupae) and 100 %
(48 h Hsp67Bc-0 pupae). Statistically significant differences
were observed between the survival rates of the control and
mutant flies at wandering L3 larva stage: the mutant larvae
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Fig. 1. The survival, lifespan, and fecundity of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) D. melanogaster under normal

conditions (24-25 °C).

Survival curves of males (a) and females (b); the mean lifespan (c); fecundity (eggs per female) dynamics of mutant and control females
throughout the first month of life (d). The error bars denote standard error of the mean (SEM). ***p <0.001.
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Fig. 2. Survival rates of larvae, white prepupae, and pupae of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) flies after acute heat stress (37 °C, 2 h),
and the mean lifespan of adult mutant and control flies under different regimens involving heat treatment.

a, the proportion (%) of wandering L3 larvae (LL3), white prepupae (WPP), 11-13 h pupae (P (12 h)), and of 47-49 h pupae (P (48 h)) surviving to the adult stage
after 2 h of heat treatment (37 °C); b, the mean lifespan of the adult males and females constantly kept at 29 °C; ¢, the mean lifespan of the adult flies kept at
24-25 °C after 2 h heat treatment (37 °C) at 1 day of age; d, the mean lifespan of the adult flies kept at 24-25 °C after 2 h heat treatment (37 °C) at 7 days of age.

The error bars represent SEM. * 0.010 < p < 0.050; *** p < 0.001.

showed higher survival rate as compared to the control line
(88.9+3.1 % in the Hsp67Bc-0 line against 76.6+8.3 % in
the control, p = 0.044).

The impact of elevated temperature

on Hsp67Bc-null adult flies

In continuation of the temperature stress experiments on larvae
and pupae, Hsp67Bc-0 and control adult flies were subjected to
one of the two variants of elevated temperature treatment. The
first variant was life-long maintenance at 29 °C starting from
one day of age; the second variant included heat stress (2 h
at 37 °C) at either one or seven days of age with subsequent
maintenance at 24-25 °C until death of all individuals. The
fly ages for heat stress treatment (2 h at 37 °C) were chosen
based on FlyBase (https:/flybase.org) data indicating that the
Hsp67Bc protein levels are much higher in 1-day-old flies
than in 7-day-old flies.

172

Constant maintenance at 29 °C significantly shortened
the lifespan of both control and Hsp67Bc-null flies, as com-
pared to maintenance under normal conditions (24-25 °C)
without heat treatment (see Fig. 2, b, Fig. 1, ¢). The mean
lifespan of males was 28.1+0.9 days in the control line and
31.3+0.8 days in the mutant line. Still, the mean lifespan of
Hsp67Bc-null males was 11.5 % higher than that of the control
line at 29 °C (p = 0.010), and the mutant males passed 50 %
survival between days 33 and 34 of the experiment, whereas
the control ones had passed it already between days 29 and
30 (Fig. 3). Females of the control line had a mean lifespan
of 32.4+0.7 days and Hsp67Bc-0 females had a mean life-
span of 32.5+ 1.1 days. Unlike males, females of the control
and mutant lines had similar survival dynamics and lifespan
at 29 °C (see Fig. 2, b, Fig. 3). Of note, although the mean
lifespan of Hsp67Bc-null Drosophila was exceeding or equal
to that of the control flies at the 29 °C environment, the re-
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Fig. 3. Survival curves of adult Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) flies kept at 29 °C or at 24-25 °C after 2 h heat

treatment (37 °C) at either 1 or 7 days of age.

duction of longevity caused by maintenance at the elevated
temperature (29 °C) was more prominent in the mutant flies
than in the control ones. Thus, maintenance at 29 °C reduced
the lifespan of Hsp67Bc-2 males and females 1.9-fold and
1.5-fold, respectively, as compared to normal conditions
(24-25 °C) without heat stress, whereas the decline was
2.3-fold in Hsp67Bc-null males and 2.0-fold in Hsp67Bc-0
females (see Fig. 1, ¢, Fig. 2, b).

Heat shock (37 °C, 2 h) did not cause death in neither
the control nor Hsp67Bc-null fly line. The mean lifespan
of Hsp67Bc-0 flies was higher as compared to the control
among both males and females at both variants of heat treat-
ment (at one or seven days of age) (see Fig. 2, ¢, d). Survival
dynamics also significantly differed between the lines with
p < 0.010 (see Fig. 3). The mean lifespan of Hsp67Bc-0
males heat-treated at one or seven days of age was higher
than that of the control males by ~13 % (p <0.001) and was
67.0+1.7 days in Hsp67Bc-0 males heat-shocked at one day
of age and 67.9+ 1.3 days in the mutant males heat-shocked
at seven days of age (see Fig. 2, ¢, d). The mean lifespan
of Hsp67Bc-null females that underwent heat stress at one
day of age exceeded that of the control females by ~16 %
(58.9£2.8 days, p = 0.014); between the control and mutant
females heat-treated at seven days of age, the difference in

the mean lifespan was ~35 % (65.44+2.0 days, whereas that
of Hsp67Bc-2 females was 48.5+2.4 days, p < 0.001) (see
Fig. 2, ¢, d). Of note, the applied heat stress (37 °C, 2 h) had
a different impact on the control and Hsp67Bc-null flies.
In comparison with the maintenance under normal condi-
tions (24-25 °C, without treatment), it increased longevity of
the control males and females by 1.5-14.5 % (see Fig. 1, c,
Fig. 2, ¢, d). On the contrary, in the Hsp67Bc-0 line, heat
stress at 37 °C reduced the mean lifespan of females treated
at one day of age by 7.8 %, and the mean lifespan of males
heat-shocked at one and seven days of age by 5.5 and 4.2 %,
respectively (see Fig. 1, ¢, Fig. 2, ¢, d).

These findings may suggest that even though the Hsp67Bc¢
gene deletion causes an increase in the lifespan of flies at both
normal and elevated temperature, it has a detrimental effect
on tolerance to acute heat stress, which normally improves
the longevity of flies (Hercus et al., 2003; Le Bourg, 2011;
Sarup et al., 2014).

The effect of elevated temperature

on D. melanogaster fecundity

In parallel with lifespan and survival, we measured fecundity
of the control and Hsp67Bc-null females as the number of
eggs laid in each vial within 24 h divided by the number of
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Fig. 4. Fecundity (eggs per female) measured throughout the first month
of life of the Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) females
kept at 29 °C (a) or at 24-25 °C after 2 h heat treatment (37 °C) at either
1 day (b) or 7 days (c) of age.

The error bars denote SEM. ** 0.001 < p < 0.010; *** p < 0.001.

females kept in those very vials. The mean egg per female
ratio calculated throughout the experiment did not statistically
differ between the control and mutant lines in any of the heat
treatment groups (29 °C, 2 h at 37 °C at one day of age, and
2 hat37°C at seven days of age). Nevertheless, Hsp67Bc-null
females had slightly reduced fecundity as compared to the
control flies after being subjected to heat shock (37 °C, 2 h).
The differences between the lines were more prominent than
at 24-25 °C without treatment. Thus, the mean number of eggs
per female was 10.5 % lower in the mutant flies that underwent
the heat treatment at one day of age as compared to the control
(8.71 eggs/female in Hsp67Bc-0 line and 9.73 eggs/female
in Hsp67Bc-2 line, p = 0.564); in the mutant flies subjected
to heat stress at seven days of age, this value was 12.8 %
(9.77 eggs/female in Hsp67Bc-0 line and 11.2 eggs/female
in the control, p = 0.427).

The egg/female ratio measured each day significantly dif-
fered between the mutant and control lines only on some of
the days of the experiment (Fig. 4). It is worth mentioning that
heat shock (37 °C, 2 h) at one day of age was detrimental for
the fecundity of females. The next day after the heat treatment,
the number of laid eggs per female was much less than under
normal conditions without treatment in both the control and
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mutant lines (see Fig. 4, b, Fig. 1, d). The decrease was more
prominent in Hsp67Bc-null flies (72 % decrease in Hsp67Bc-0
line as compared to 40 % reduction in the control line).

In search for the cause of the reduced mean fecundity in
Hsp67Bc-null females kept at 24-25 °C, we analyzed the
morphology of ovaries in the control and mutant lines. In the
ovaries of both the control and mutant flies, egg chambers at all
stages of oogenesis were present. However, the mutant females
had lower number of ovarioles than the control ones. Five-
and 15-day-old Hsp67Bc-2 females had 16.9-18.4 ovarioles
per ovary, whereas Hsp67Bc-0 females had 14.6-16.2 ova-
rioles per ovary (p = 0.680 in case of the 5-day-old flies and
p <0.001 in case of the 15-day-old flies). This finding may
partially explain the difference in the fecundity of the two lines.

The number of ovarioles may be influenced by nutrient
deprivation in D. melanogaster (Sarikaya et al., 2012). Dietary
restriction stimulates macroautophagy, a process of intracel-
lular component degradation, in regulation of which Hsp67Bc
was shown to participate (Amano et al., 2006; Carra et al.,
2010; Kroemer et al., 2010). Our recent studies on macro-
autophagy revealed a slight increase in autophagic vacuole
number in the brain of adult Hsp67Bc-null flies (Malkeyeva
etal., 2021). Therefore, we next decided to study the morpho-
logy of the control and Hsp67Bc-null D. melanogaster ovaries
under the stress of protein starvation.

The impact of Hsp67Bc gene deletion on starvation-
induced macroautophagy in D. melanogaster ovaries

It is known that starvation, including protein deprivation,
induces macroautophagy in Drosophila ovaries at two nutri-
ent status checkpoints: germarium and mid-oogenesis (Hou
et al., 2008), which then leads to oogenesis slowdown and to
an increase in the number of egg chambers eliminated from
oogenesis (Barth et al., 2011). The discarded egg chambers
degrade through apoptosis with the participation of autophagy
(Bolobolova et al., 2020). To evaluate macroautophagy inten-
sity, we used the LysoTracker Red DND-99 (LTR) dye, which
had been shown to label acidic organelles, such as lysosomes
and autolysosomes, in D. melanogaster (Scott et al., 2004;
Klionsky et al., 2007). Massive acidification of the cytoplasm
signifies death of forming egg chamber cells. We estimated
the percentages of LTR-positive germaria in the control and
Hsp67Bc-null flies kept on standard food and after five (Fig. 5)
and 15 days of protein starvation.

As compared to the control line, in the ovaries of Hsp67Bc-
null females kept on either the standard or protein-free me-
dium, a higher number of LTR-positive germaria was observed
(Fig. 6, see Fig. 5). During early oogenesis, the Hsp67Bc gene
deletion resulted in a 1.2- to 1.5-fold increase in the LTR-
positive—germaria proportion (see Fig. 6). Thus, in 5-day-old
Hsp67Bc-0 females kept on the standard medium, 32.1 % of
germaria were LTR-positive, relative to 21.1 % in the control
Hsp67Bc-2 line (p = 0.066); in 5-day-old starved Hsp67Bc-
null female ovaries, the percentage of LTR-positive germaria
was as high as 77.9 % but was only 59.3 % in Hsp67Bc-2
females (p = 0.045). In 15-day-old Hsp67Bc-null females
kept on the standard food, LTR-positive germaria consti-
tuted 31.1 %, whereas in the control line, this proportion was
24.3 % (p = 0.348); in 15-day-old starved flies, the percent-
ages of LTR-positive germaria in ovaries were 73.3 % in the
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Fig. 5. LTR-labelled ovaries of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) adult D. melanogaster females kept on either

the standard or protein-free medium for 5 days.

a,an ovary of a control female kept on the standard medium; b, ¢, the magnified white rectangle from panel a showing DAPI (blue) and
LTR (red) channels (b) and a separate LTR channel (c); d-f, an ovary (f) of an Hsp67Bc-2 female kept on the protein-free medium, and its
magnified fragment (white rectangle from panel f) showing DAPI and LTR channels (e) and a separate LTR channel (d); g-/, same as a—f,
for the Hsp67Bc-0 line. Yellow asterisks denote egg chambers with highly condensed and/or fragmented nuclei; white arrows indicate
LTR-positive germaria; because too many LTR-positive germaria are present in panel k, not all of them are indicated by arrows, and three
of them are indicated by a brace. Scale bars are 200 um.

Hsp67Bc-0 line and 60.4 % in the Hsp67Bc-2 line (p =0.226).
These data reflect an increase in macroautophagy intensity in
the germaria of Hsp67Bc-null females.

During mid-oogenesis, we noted a decrease in the number
of egg chambers with highly condensed chromatin (see Fig. 5),
which is a marker of apoptotic cell death, in Hsp67Bc-null
flies in comparison with the control, except for the 5-day-old
females kept on the standard medium. In 5- and 15-day-old
starved and in 15-day-old normally fed Hsp67Bc-null flies,
the mean number of apoptotic egg chambers per ovariole was
slightly lower than that in the control flies, the difference being
significant only in 5-day-old starved flies (Fig. 6). Thus, the

observed egg chamber apoptosis was 37 % lower in 5-day-old
starved mutant females than in the control females (p = 0.008).
In 15-day-old starved flies, the mean number of apoptotic egg
chambers per ovariole was 11 % lower in the Hsp67Bc-0 flies
than that in the control individuals (p = 0.528); in 15-day-old
females kept on the standard food, this number was 35 % lower
in the mutant flies than in the Hsp67Bc-2 line (p = 0.131).
Although we observed a lower mean number of apoptoti-
cally dying mid-oogenesis egg chambers in Hsp67Bc-null
flies, we can hypothesize that this phenomenon is related to
the observed increased apoptosis of forming egg chambers in
germaria during early oogenesis in the mutant flies.
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Discussion

In this study, we investigated the impact of the Hsp67Bc gene
deletion on D. melanogaster fitness under normal conditions
and on their heat-stress tolerance. Hsp67Bc-null flies showed
extended lifespan as compared to the control line under nor-
mal conditions (24-25 °C), elevated temperature conditions
(29 °C), and after acute heat stress (37 °C, 2 h) (see Fig. 1,
Fig. 2). At the same time, the mean fecundity of the mutant
females was slightly reduced at 24-25 °C without heat treat-
ment and after the short heat stress (Fig. 1, d, Fig. 4, b, c).

The observed statistically insignificant decrease in Hsp67Bc-
null female fecundity can be explained by a combination of
the following factors. First, the mutants had reduced number
of ovarioles, a trait that was reported by other researchers to
result in lower egg yield (Yamamoto et al., 2021). Second, the
quantity of LTR-positive germaria was higher in Hsp67Bc-
null females as compared to the control line (Fig. 6), which
indicates increased macroautophagy and enhanced death of
forming egg chambers resulting in less eggs (Drummond-
Barbosa, Spradling, 2001; Nezis et al., 2009). Contrary, in
the mutant females, a lower number of mid-oogenesis egg
chambers dying via apoptosis was present as compared to the
control flies (Fig. 6). This last feature of the mutant ovaries
may partially compensate the first two in terms of eventual
egg yield making the difference between the lines statistically
insignificant. In D. melanogaster, ovariole number is deter-
mined at the stage of 3rd instar larva and can be influenced
by either genetic or environmental factors, such as rearing
temperature and diet (Sarikaya et al., 2012).

Nutrition plays an important role in defining the quantity
of ovarioles: larvae kept on medium with reduced nutrient
level develop into adult flies with less ovarioles (Sarikaya et
al., 2012). The decreased ovariole number in Hsp67Bc-null
flies reared on the standard food may be caused by impaired
larva nutrition due to reduced food intake or uptake, which
was not registered in our studies. Alternatively, the number
of ovarioles in mutant flies could be affected by slightly in-
creased macroautophagy, which we detected in Hsp67Bc-null
fly germaria and, previously, in brain neurons of adult flies
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with the Hsp67Bc gene deletion (Malkeyeva et al., 2021). Itis
known that macroautophagy is strongly stimulated in response
to starvation (Kroemer et al., 2010); therefore, enhanced
macroautophagy on larval stage caused by the absence of the
Hsp67Bc gene product may mimic nutrient deprivation condi-
tions leading to formation of less ovarioles. The decrease in
apoptotic stage 8 egg chambers in Hsp67Bc-null females may
be a result of increased death of forming egg chambers and,
hence, enhanced quality control in the germarium resulting in
less defective mid-oogenesis egg chambers in Hsp67Bc-null
fly ovaries in comparison with the control line.

Extended longevity caused by gene mutations has been
reported in D. melanogaster. Lifespan is increased in fruit
flies carrying hypomorphic mutations in the /nR (insulin-like
receptor), chico, and methuselah genes (Lin et al., 1998;
Clansy etal., 2001; Tatar et al., 2001). Notably, products of all
these genes are involved in macroautophagy modulation via
target of rapamycin (TOR) pathway (Clansy et al., 2001; Wang
et al., 2015; Graze et al., 2018; Yamamoto et al., 2021), and
their down-regulation leads to macroautophagy stimulation.
Similarly, macroautophagy stimulation by dietary restriction
or TOR kinase inhibition expands lifespan of animals be-
longing to various taxa (Masoro, 2000; Kapahi et al., 2004).
Moreover, it was shown that longevity extension of chico-null
D. melanogaster is only possible with intact macroautophagy
(Bjedov et al., 2020). In this work, we discovered that the
number of LTR-positive germaria was slightly higher in
Hsp67Bc-null D. melanogaster ovaries (Fig. 6), which signi-
fies increased macroautophagy. Similarly, our recent study on
ultrastructure of neurons in Wolbachia-infected Drosophila
brains revealed an increment in the number of autophagic
vacuoles in Hsp67Bc-0 fly neurons, which, again, points
towards enhanced macroautophagy (Malkeyeva et al., 2021).
Bjedov et al. (2020) demonstrated that moderate enhancement
of macroautophagy in a complex of tissues increases lifespan
in D. melanogaster, while strong and ubiquitous stimulation of
macroautophagy shortens it. Hence, the extension of lifespan
we observed in Hsp67Bc-null flies may be caused by slight
increase in macroautophagy in their tissues.
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Although the Hsp67Bc-0 flies had an increased lifespan as
compared to the control line under all the tested conditions
(normal temperature, elevated temperature, and short heat
stress), a decline in longevity was present in the mutant flies
that were heat treated in relation to untreated Hsp67Bc-null
flies. Heat shock had the opposite effect on the control line,
with acute heat stress improving the longevity of the flies.
Generally, mild heat (or other stress) treatment of young adults
extends Drosophila longevity (Hercus et al., 2003; Le Bourg,
2011; Sarup et al., 2014), as we observed in the control flies.
Our experiments with 2—12 h cold treatment of Hsp67Bc-
null fly line revealed a decreased cold stress tolerance in the
mutants (Malkeyeva et al., 2020). Taken together, our results
point towards an adverse impact of the Hsp67Bc gene deletion
on short temperature stress tolerance in adult D. melanogaster.
While in the laboratory environment flies are rarely exposed
to thermal and other stresses, conditions are different in the
D. melanogaster natural habitat, where fruit flies may experi-
ence a wide variety of extreme stresses including heat shock
and chill coma. Therefore, an extended lifespan under normal
conditions does not guarantee survival in the wild, as was
revealed in a study by Wit et al. (2013). It is important for the
survival of poikilothermic animals like Drosophila to be able
to cope with thermal stresses. Hence, the loss of the Hsp67Bc
gene, the product of which promotes tolerance to acute thermal
stresses, though extending lifespan under normal conditions,
may be deleterious in a changing environment. Taking into
account that D. melanogaster overwinter at the adult stage
in temperate regions (Izquierdo, 1991), we assume that the
Hsp67Bc gene was not eliminated from the fruit fly genome
because of its prominent role in promoting acute heat and cold
tolerance in adult flies.

Conclusion

Here, we studied the effect of the Hsp67Bc gene deletion
on D. melanogaster lifespan and fecundity under normal
conditions, and their tolerance to elevated temperature and
acute heat stress. We did not detect any difference in survival
of heat-shocked (37 °C, 2 h) pupae between the mutant and
control lines, and the Hsp67Bc-null larvae showed improved
survival. Adult Hsp67Bc-null flies had a greater lifespan than
the control line at all the tested temperature regimes but lower
fecundity and decreased acute heat tolerance. We hypothesize
that the lifespan extension is caused by slightly increased
macroautophagy in the mutant flies, which we observed in
ovaries of Hsp67Bc-deficient Drosophila and — in our earlier
work — in the brains of Hsp67Bc-null females. At the same
time, the enhanced macroautophagy in germaria, combined
with a reduced number of ovarioles, may be the cause of the
fecundity reduction in the mutant flies. In conclusion, although
the Hsp67Bc gene deletion causes the increase in D. melano-
gaster lifespan in a stress-free environment, it has a negative
effect on fruit fly acute heat stress tolerance, which may negate
the longevity benefits in nature habitat, where stresses like
extremely high and low temperature are common.
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AHHoTauuA. HeBepbanbHbIi MHTENNEKT — OAWH N3 KOMMOHEHTOB KOFHUTUBHBIX GYHKLMIA MO3ra, UCMONb3YoWmi
BUM3yasibHble 06pasbl N HeBepbOasnbHble METOAbI ANS PELLEHNA NOCTaBeHHbIX 3agad. Ocobyio ponb B Pa3BUTAN UH-
AVBUAYaNbHbIX Pa3fIMYNiA B YPOBHE KOTHUTUBHBIX QYHKLMIA MO3ra OTBOAAT B3aUMOZENCTBUIO HEPBHOW 1 MIMMYHHOW
cucteM. leHbl, KogupyioLime Npo- U NPOTMBOBOCNANNTENbHbIE LUTOKUHBI, MOTYT ABAATLCA KaHAMAaTamMu Npu nsyye-
HUW HeBepbanbHOro MHTennekTa. MpoBeaeH aHanM3 accoumaLMii LLeCTN IOKYCOB reHOB, 6eIKoBble MPOAYKTbI KOTO-
PbIX NPUHMMAIOT YYacTne B perynauum BOCNanuTesibHOro OTBeTa B LieHTpasibHoM HepBHoW cucteme: CRP (rs3093077),
ILTA (rs1800587), IL1B (rs16944), TNF/LTA (rs1041981, rs1800629), P2RX7 (rs2230912), ¢ ypoBHeM HeBepbHanbHOro 1H-
TenneKTa y 340pOBbIX MHAMBMAOB 6€3 KOTHUTUBHBIX HAapyLUeHW B Bo3pacTe 18-25 NeT ¢ BKJIIOUYEHVEM MOJSIOBOA, 3T-
HUYECKON NPUHAANEXHOCTU 1N Hannuma «puckoBoro» annens €4 reHa APOE B kauecTtBe KoBapmaT. C yyeTom BaKHOW
ponu cpefoBbix GakTOPOB, BAUAIOWNX HA POPMUPOBAHNE KOTHUTMBHbIX GYHKLUIA MO3ra B LIENOM 1 HeBepbanbHOro
VNHTeNNeKTa B YaCTHOCTY, OCYLLeCTBNEH aHanun3 reH-cpepoBbix (GXE) B3anmopencTeumii. B pesynbrate ctatncTnyecko-
ro aHanu3a nokasaHo, 4to nonumopdHble BapraHTbl rs1041981 1 rs1800629 reHa pakTopa Hekpo3a onyxonu anbda
(TNF) accounnpoBaHbl ¢ GeHOTUNNYECKMUN BapmaLMAaMI B NMoKasaTene HeBepbanbHOro UHTENNIEKTa Ha YPOBHe ra-
nnotunos (ans rannotuna AA: Ber = 1.19; p = 0.033; pyem = 0.047) B rpynne HOCUTENEN «PUCKOBOrO» BApUaHTa €4 reHa
APOE. lMocTpoeHbl Mofenn reH-cpefoBbIX B3aMOAENCTBUIN, AeTEPMUHNPYIOLLE MEXUHAVBUAYaIbHbIE Pa3NNymA B
YPOBHe HeBepbHANbHOro MHTENIEKTa: YMCIIO AeTEN B CEMbe U TabaKOKypeHMe MoaynvpyoT accoLraLnio BapnaHToB
reHoB TNF/LTA (rs1041981) (B = 2.08; Bsy = 0.16; p = 0.001) n P2RX7 (rs2230912) (B = -1.70; By = -0.10; p = 0.022) ¢
YPOBHEM HeBepbanbHOro nHTeNneKTa. MonyyeHHble JaHHble CBUAETENBCTBYIOT O TOM, UTO 3¢ deKT reHa TNF/LTA Ha
dopmmpoBaHme 0cobeHHOCTe KOrHUTUBHOW cdepbl HabnohaeTca TONbKO B Cllyyae Hanuumna «HebnaronpuaTHOro»
BapvaHTa reHa APOE 1 npu coueTaHnm onpeaesneHHbIX coLnanbHbiX GakToposB.

KnioueBble cnoa: HeBepOasbHbIN NHTENNEKT; KOTHUTVBHbIE GYHKLUMMW; OQHOHYKNEOTUAHBIA NONMMMOPOHBIN NOKYC;
aHanu3 accoumaunii; MUKPOTNA; BOCNanuTeNbHbI OTBET.

[Ana untuposauusa: EHnkeesa P.O., KazaHuesa A.B., laBbigosa t0.l., MyctaduH P.H., Taxuposa 3.P., Manbix C.b.,
Kosac 10.B., XycHyTauHoBa 3.K. Posib reHOB BOCNanuTenbHOro 0TBETa OpraHr3Ma B GOpMUMpPOBaHN NHAUBUAYANbHbIX
pasnuuunin B ypoBHe HeBepOanbHOro MHTenNeKTa. Basunosckul XypHan 2eHemuku u cenekyuu. 2022;26(2):179-187.
DOI 10.18699/VJGB-22-22

The role of inflammatory system genes
in individual differences in nonverbal intelligence

R.E. Enikeeval 2@, A.V. Kazantseval’ 2@, Yu.D. Davydoval 2, R.N. Mustafin® 3, Z.R. Takhirova?,
S.B. Malykh?* °, Y.V. Kovas® ®, E.K. Khusnutdinoval % >

T Institute of Biochemistry and Genetics - Subdivision of the Ufa Federal Research Centre of the Russian Academy of Sciences, Ufa, Russia
2 Bashkir State University, Department of genetics and fundamental medicine, Laboratory of neurocognitive genomics, Ufa, Russia
3 Bashkir State Medical University, Department of medical genetics and fundamental medicine, Ufa, Russia
4 Psychological Institute of the Russian Academy of Education, Moscow, Russia
Lomonosov Moscow State University, Department of psychology, Moscow, Russia
6 Goldsmiths, University of London, Department of psychology, London, United Kingdom
@ Kazantsa@mail.ru; Enikeevarf@gmail.com

Abstract. Nonverbal intelligence represents one of the components of brain cognitive functions, which uses visual
images and nonverbal approaches for solving required tasks. Interaction between the nervous and immune systems
plays a specific role in individual differences in brain cognitive functions. Therefore, the genes encoding pro- and anti-
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in individual differences in nonverbal intelligence

inflammatory cytokines are prospective candidate genes in the study of nonverbal intelligence. Within the framework
of the present study, we conducted the association analysis of six SNPs in the genes that encod proteins involved
in inflammatory response regulation in the central nervous system (CRP rs3093077, IL1A rs1800587, IL1B rs16944,
TNF/LTA rs1041981, rs1800629, and P2RX7 rs2230912), with nonverbal intelligence in mentally healthy young adults
aged 18-25 years without cognitive decline with inclusion of sex, ethnicity and the presence of the “risky” APOE €4 al-
lele as covariates. Considering an important role of environmental factors in the development of brain cognitive func-
tions in general and nonverbal intelligence in particular, we conducted an analysis of gene-by-environment (G X E)
interactions. As a result of a statistical analysis, rs1041981 and rs1800629 in the tumor necrosis factor gene (TNF) were
shown to be associated with a phenotypic variance in nonverbal intelligence at the haplotype level (for AA-haplotype:
Bsr=1.19; p = 0.033; ppem, = 0.047) in carriers of the “risky” APOE €4 allele. Gene-by-environment interaction models,
which determined interindividual differences in nonverbal intelligence, have been constructed: sibship size (number
of children in a family) and smoking demonstrated a modulating effect on association of the TNF/LTA (rs1041981)
(B =2.08; Bsy = 0.16; p = 0.001) and P2RX7 (rs2230912) (B = -1.70; Bs; = —0.10; p = 0.022) gene polymorphisms with
nonverbal intelligence. The data obtained indicate that the effect of TNF/LTA on the development of cognitive func-
tions is evident only in the presence of the “unfavorable” APOE €4 variant and/or certain environmental conditions.
Key words: nonverbal intelligence; cognitive functions; single nucleotide polymorphism (SNP); association analysis;
microglia; inflammatory response.
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BBepeHune

[TonnManue MpHUpOJIbl KOTHUTUBHOTO Pa3BUTHS YeJIOBEKa —
aKTyajbHas mpolieMa COBPEMEHHOMN ncuxoreHeTuku. I1o-
BhIIeHNe 3()()EeKTUBHOCTH Tporiecca OOydIeHUsI Ha JTIF000M
BO3PACTHOM JTalle HaNpsIMYIO 3aBUCHT OT 3HaHHs 3aKOHOMEP-
HOCTEW Pa3BUTHsI KOTHUTUBHBIX (YHKLIUI Mo3ra 1 (haKTOpOB,
JIETEPMHUHUPYIOLINX 3TOT nporecc. OXHNUM U3 KOMIIOHEHTOB
KOTHUTHBHBIX (DYHKIIMH MO3Ta SIBISICTCS] HEBEpOaIbHBINA MH-
TEIUIEKT — [OKa3aTeNb KOTHUTUBHOTO PAa3BUTHSI, KOTOPBIH MO~
pa3ymeBaeT 1oz co00ii CrrocOOHOCTH YeTI0BEKa HCITOIh30BaTh
CTpaTeruy peleHus MpooieM U MaHUITYJIHPOBaTh BU3Yallb-
HOW MH(OpManuei 0e3 MpUMeHeHHs BepOaIbHbIX HABBIKOB
(Kuschner, 2013). B cBoro odepens, kK BepOaTbHOMY UHTEI-
JIEKTY OTHOCSTCSI SI3bIKOBBIC HAaBBIKM, ()OPMHUPOBAHHE PELIeTI-
TUBHOW U IKCTIPECCUBHOI pedr, 00beM CIOBapHOTO 3amaca,
CIOCOOHOCTh K BepOaJIbHBIM a0CTPAKTHBIM PacCyKICHUSIM
(Dawson, 2013). Heo0xonuMo OTMETUTH CYIIECTBOBAHHUC
paznuunii B QyHKIMOHAIBHOM apXUTEKType FOJIOBHOIO MO3ra,
CBSI3aHHBIX C MPUMEHEHHEM BepOaJIbHBIX M HEBEPOATBHBIX
nasbikoB (Feklicheva et al., 2021).

B Hactosiiee Bpemst Hanbosiee OnpaBIaHHBIM CUUTACTCS
MIO/IXO0J] K M3YUIEHHUIO HEBEPOAIbHOTO HHTEIJIEKTA C OMOJIOTH-
yeckoii Toukn 3penus (Vyshedskiy et al., 2017), B cBsi3u ¢ ueM
MPE/IIOIaraeTcsl, YTO MHANBHyaIbHbIE PA3INYKs B [TOKa3aTe-
JISIX MHTEJUIEKTYaJIbHOTO Pa3BUTHUS OOBSICHAIOTCS ICHCTBHEM
psina ¢puznonornyecknux (HakTopos (aHaTOMO-(HU3HOIOTHYEC-
CKHX 0COOEHHOCTEH MO03Ta, 0COOEHHOCTEN CUTHAIBHBIX CH-
creMmu . 11.) (Li et al., 2009), Ha KOTOpBIE CYIIECTBEHHOE BITHI-
HHUE OKa3bIBaeT reHoM nHauBHIa (Mustafin et al., 2020). Paz-
HbIE coloIeMorpaduueckre 0COOCHHOCTH UTPAIOT HE MEHEe
Ba)XHYIO pOJIb B (JOPMHUPOBAHMY PA3IMUMiA B ITOKA3aTeNe He-
BepOAJIBLHOTO MHTEIUIEKTA Ha HHANBHIyanbHOM ypoBHe (Fra-
ni¢ et al., 2014).

Meauaropsl BOCIIaIeHHsl OTHOCSTCSL K OAHOM U3 MEPCIEK-
TUBHBIX M MAJIOM3YYCHHBIX B OTHOIICHUH HEBEPOAIHLHOTO
MHTEJUIeKTa OMOJIOrHYECKUX cucTeM. EMHCTBEHHBIMHU KJIET-
KaMH IMMYHHOM CHCTEMBI B ITApEHXHMeE [EHTPAIbHON HEPB-
Hoii cuctemsl (LIHC) siBIstroTCSs KITETKM MUKPOTIIMH, BBITIOJHSIIO-
mue Qynkiun pesuaeHTHeix Makpodaros (Kierdorf, Prinz,
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2017). MukpornuanbHble KJIETKH B 3peJIOM MO3Te, TOMUMO
6apbepHOi (QYyHKINH, MOTYT POy LIMPOBATH PA3INYHbIEC HEH-
porpoduueckue dakropsl, Takue kak BDNF (aeiiporpoduue-
ckuii pakrop rososroro Mo3ra) u GDNF (ueiiporpoduueckuii
(haxTop TmanbHbIX Ki1eTok) (Parkhurst et al., 2013). Kpome
TOTO, COBPEMEHHBIE HCCIIC[IOBAHUS COOOIIAIOT O TOM, YTO
MUKpOIIHAIbHBIE KIIETKH HMEIOT peLieNTOPbI HeiipomMeanaro-
POB, HEHPOTIENITHIOB U HEHPOMOIYIATOPOB (AJleKceeBa H Ip.,
2019), 9TO CBHIECTENBCTBYET O CBSI3U MEX/Ly MUKPOTIIHEH 1
HEUPOHAIbHOM aKTUBHOCTBIO, YKa3bIBasl HA [IEPCIIEKTUBHOCTh
M3Y4YEeHUs] CHCTEMBl MEIUATOPOB BOCITAJIECHUS B KOHTEKCTE
KOTHUTHBHBIX (DYHKIMI MO3Ta B II€JIOM 1 HeBEpOAIbHOTO HH-
TeJUIEKTa B 4aCTHOCTH. Takum 00pa3om, IeHbl, OTBEYAIOIINE
3a PeryJsALHUIo aKTUBAINN U I€AKTUBAIIMN MUKPOTIHATBHBIX
KJIETOK, MOTYT OMOCpe/IoBaTh ()OPMUPOBAHHUE YPOBHS He-
BepOaJIbHOrO MHTEIUIEKTA.

Baxxknas (yHKIHMS MHKpOTIIMK — TOAJEpKaHUe OanaHca
MIPO- ¥ MPOTHBOBOCTIAJIUTEIBHBIX IPOILECCOB B MHTAKTHOM
Mmosre. Takoit OanaHc JOCTUraeTcs IyTeM MpPOAYyLIUPOBAHUS
MUKPOTJIHEH TPOTHBOBOCTIAIUTENBHBIX IUTOKUHOB: C-peak-
tuBHOTO Oenka (CRP), unrepneiiknna la (IL1a), matepneii-
kuHa 1 (IL1B), pakropa Hekpo3a onyxosnei anbga (TNFa).
Hapymenne 6ananca B paboTe MUKPOTTIHATBHBIX KIIETOK MO-
JKEeT MIPUBOIUTH K HakoruieHu o uToknHOB B [ITHC (Ferro et
al., 2021), yto siBNIsIETCS OTHOI M3 MPUYNH HOBBILICHHS ITPO-
HHUIIAEMOCTH reMaTo3HIedamaeckoro 6apsepa (I'96). Hapy-
menne narerpannu ['Ob ciocodcrByer nudunsrparm [IHC
JIEUKOMTaMHU U HEHPOBOCHAJIEHUIO, KOTOPOE MOXKET Mepe-
XOJHTh B XPOHUYECKYIO ()OPMY U MPUBOJUTH K HAPYIICHUIO
CHHANTHYECKOH IMIIaCTHYHOCTH HEHPOHOB, YMEHBIIICHHIO KO-
JIMYECTBA CHHANTHYECKUX COSIMHEHUI 1 HelpoJiereHepaTHB-
HBIM TIporieccaM (Haruwaka et al., 2019). Eme omue, He MeHee
BO)XHBIH YYaCTHHK PETYISALUN BOCHAIUTEILHOTO OTBETA —
IIypUHEPrU4eCKue perenTopbl. Tak, akTUBALMsT MUKPOIIIUH
B I[THC ocymecTBnseTcss MOCPEACTBOM ITypPHHEPTUUIECKON
nepenaqan curaanos (Franke et al., 2007). CornacHo nurepa-
TYPHBIM JIAaHHBIM, aKTUBALIUS IyPUHEPTUYECKOTO perenTopa
P2X7 wHUTIIMPYET BPOKACHHBI UMMYHHTET, CITIOCOOCTBYS
TMIOBBIILICHUIO KOHIICHTPALIMH POBOCTIATUTEIbHBIX IINTOKUHOB
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(npeumymiectBenHo IL-1P u IL-18) B IIHC, yro npuBoaut
K YCHJICHUIO BOCIIQJICHHS W/WIIM THOEIN HEPBHBIX KIIETOK y
Pa3IMYHBIX BUIOB )KUBOTHBIX 1 uesioBeka (Lister etal., 2007).

K mornonHuTenbHBIM reHeTHYeCKUM (pakTopam pucka pas-
BUTHSI HAPYIIEHUI KOTHUTUBHOTO (DYHKIIMIOHUPOBAHHS MOXKHO
TaK)Ke OTHECTH HAJIMYNE auiels €4 B reHe aloNInIonpoTeH-
Ha E (APOE), KOTOpBI{, B COOTBETCTBHHU C JINTEPATYPHBIMH
JTAaHHBIMH, ACCOLIMMPOBAH C PHCKOM Pa3BUTHUs HEHposereHe-
paruBHBIX 3a001eBanuii (Emrani et al., 2020), crapenuem u
nonronerueM (Erdman et al., 2016). beniok APOE nmeer tpu
nzodopwmel, E2, E3 u E4, xogupyewmsie amensamu €2, €3 u &4
COOTBETCTBEHHO. Bce 0oblie JaHHBIX CBUIETEIBCTBYET O
oM, ut0 APOE cumxkaet Bocnasnienue B [LIHC uzodopm-cre-
muduIecknM oopazoM: n30PopMel €2 U €3 o0IagaroT Mpo-
THUBOBOCTIAJINTEILHBIMA W TPOTEKTHBHBIMHU CBOMCTBaMH, a
n3oopma €4 MposiBISIET HU3KYIO TPOTHBOBOCHIAIUTEIbHYIO
axktuBHOCTH (Lanfranco et al., 2021). Kpome Toro, Mprmm, y
KOTOPBIX OTCYTCTBYeT reH APOE, NeMOHCTPUPYIOT MOBBI-
IIEHHOE KOJIMYECTBO MPOBOCHATUTENbHBIX HIUTOKHHOB B [THC
(Vitek et al., 2009), aTO TOATBEPKAALT TO, YTO IMPUCYTCTBHE
APOE perymupyer uMMyHHYI0 (yHKIHI0. TakuM obpaszom,
CYILECTBYET ITpsiMasi CBsI3b MeX 1y BiusinueM A POE Ha (yHK-
IIMOHUPOBAHNE MUKPOTINAIBHBIX KJIETOK U BEIPAOOTKOM 1K~
TOKHHOB.

OnyOauKOBaHHbBIE JIAHHBIE YKa3bIBAIOT Ha (YyHKIIHO-
HAJIBHYIO 3HAYMMOCTH MOTUMOPGHBIX JToKycoB 151800629
(c.-488G>A) nrs1041981 (c.179C>A mmu Thr60Asn) B rene
TNF/LTA (Hameed et al., 2018), rs2230912 (¢.1379A>G wiu
GIn460Arg) B rere P2RX7 (Winham et al., 2019), rs1800587
(-889C>T) B mpomortopuoM pernone reHa /LI/A (Dominici
et al., 2002), rs16944 (-511T>C) B rene /LIB (Tayel et al.,
2018), cBuaeTenseTBYs 00 aCCOMAINN UX aJUIETTHHBIX BapH-
AQHTOB C U3MEHEHNEM DKCIIPECCHU COOTBETCTBYIOIMINX TCHOB.
Kpome Toro, monHOreHOMHBIN aHaNINU3 acColUalui YPOBHS
C-peakTuBHOTO OeJKa TI03BOJIMI BBIBUTH JIOKYC 1$3093077
B reHe CRP B 60BIION KOTOPTE 3M0pOBBIX MHIUBUIOB (Nai-
tza et al., 2012).

C yderoM (QyHKIMOHAIBHON PONM OTMEUCHHBIX ITOJIN-
MOp(HBIX BapHAHTOB I'€HOB, OTBETCTBEHHBIX 3a PETYJIs-
nuto BocnanurensHoro oreera B [{HC, BnepBbie mpoBeneH
aHanmu3 acconmanuii JokycoB reHoB CRP (rs3093077),
IL1A4 (rs1800587), ILIB (rs16944), TNF/LTA (rs1041981,
rs18006290), P2RX7 (rs2230912) ¢ MeXUHAUBUYaTbHBIMU
pa3nu4usMU B ypOBHE HeBepOaJbHOrO MHTEIIeKTa. [Ipo-
AQHAIM3MPOBAH TAKKe BOZMOXKHBIN Momynupyomuit aGdext
annens €4 rena APOE (KOTOpBIi oIpesienseTcst BapuaHTaMU
ToKycoB 157412, 1s429358) u psina counomeMorpadgpuaecKux
MapaMeTpOoB Ha aCCOIMAIINIO TEHOB CHCTEMBI MEIHaTOPOB BOC-
NaJIeHNs] OpraHu3Ma ¢ ypoBHEM HeBepOaJIbHOIO MHTEIJICKTA.

MaTtepwuanbl n metogbl

B uccnenoBanuu npunsnu ydactue 1011 nagusunos (80 %
JKEHCKOTO TI0JTa; CPeHAI BO3pacT cocTaBmil 19.79+1.69 roma)
Pa3IUYHON dTHUYECKOHW MPUHAUIEKHOCTU: 535 pycckux,
231 TarapuH, 160 yamMypToB 1 85 711l CMEIIaHHON ASTHIYECKON
MPUHAUISKHOCTH. Bee nenbITyeMble HA MOMEHT YJacTHs B
UCCIIEI0BaHUM SIBIISUIACH CTyIeHTaMH By30B Poccuiickoii ®e-
Jiepaliuy, He COCTOSUIM Ha Y4eTe y TICUXuarpa u/wiiv HapKo-
sora. OT BCeX Y9aCTHUKOB MOITY9eHO 100pOBOIBHOE HHPOP-
MHPOBAHHOE COTJIacCHe Ha YIaCTHE B HCCIIEI0BaHNH. [lU3aiiH

Pornb reHoB BOCManuTesibHOro OTBETa OpraHn3ma B popmupoBaHum 2022
VNHAVBUAYaNbHbIX Pa3fnymnii B ypoBHE HeBepOanbHOro MHTENNEKTa 6.2

HACTOSIILIETO UCCIIeJ0BaHMUS ObLT 0100peH OMOATHYECKUM KO-
mutetoM MHCTHTYTa OMoXumun u reHetnkn YOUWL] PAH.

VYpoBenb HEBEepOATHLHOTO MHTEIJIEKTA HCITBITYEeMbIX OBII
M3MEPEH U IOMOIIH YepHO-0Oesioro BapuanTa tecra «IIpo-
rpeccuBHbIe MaTpubl PaBena» (Raven, 2000), sensromerocs
HE3aMEHHMBIM 1 IIUPOKO UCTIONB3YEMbIM HHCTPYMEHTOM JTHa-
THOCTHKH JIAHHOTO KOTHUTHBHOTO KOHCTPYKTa, 00JI1a Iaf0IIEero
BBICOKOH BaJINTHOCTBIO M BOCIIPON3BOAMMOCTBIO PE3YIIbTAaTOB
(Feklicheva et al., 2021). CyTb 3T0O# METOANKN 3aKIFOYAETCSI
B TOM, YTO UCIIBITYEMOMY TPEIbSBISIOTCS PUCYHKH C UTY-
pamH, CBI3aHHBIMU MEXITy COOOH OTpe/IeIeHHON 3aBUCHMO-
cTb10. OIHOMN (UTYPBI HETOCTAET, U UCIIBITYEMOMY TpeOyeTCst
BBIOpATh KaKyr-1M00 U3 MPE/ICTaBICHHBIX IECTH-BOCHMH
¢uryp. 3aaga HCIBITYEMOTO — YCTAaHOBHTH 3aKOHOMEPHOCTD,
CBSI3BIBAIOIIYI0 MEXTy COO0H (HUTypBI Ha PUCYHKE, M BEIOpPATh
UCKOMYIO (DUTYpy W3 TIpesiaraeMbiX BApHaHTOB. TeCT COCTOUT
n3 60 Tabmw (At cepuit). CI0KHOCTB 3a1aHI HapacTaeT
C YBEIMUCHUEM HOMEpa CEpUU M HOMEpPA 331aHHsI B KXKIOH
cepuu Ta0IuUIL.

Jist onteHKM MomyHpytomiero 3¢ dexra psaa conraibHO-
JeMorpaduiecKux mapamMeTpoB, paHee IPOJIEMOHCTPHPOBAB-
UX BJIUAHHUC HAa Pa3BUTUC KOITHUTHUBHBIX CHOCO6HOCTeI‘/II, y
UCTIBITYEMBIX ObLTa coOpaHa HH(opManys, BKIIOYArOIas Ha-
[IMOHAJIBHYIO IPUHA UISKHOCTB 10 TPEX MOKOJICHUH, TTOPSITOK
POXKICHUSI U KOJUYECTBO JIETEH B CEMbE, CTATYC KypEHUS,
0COOCHHOCTH BOCTIUTAHUS, HAINYUE y ONIN3KNX POICTBEHHHU-
KOB OTATOILIEHHOCTH T10 ICUXUYECKUM 3200JIeBaHHSIM, 3HAHUE
CBOET'0 POJTHOTO sI3bIKa (OAIIKUPCKOTO, TaTaPCKOT0, YIMYPT-
ckoro u ap.). Uupopmanus o cTuie BOCIUTaHHUS BKITIOYaia B
ce0st TaKKe BOIIPOCHI O AETCKO-POIUTEIECKUX OTHOIICHHSX B
CeMbe, KaK 3IU30/1bI TJIOX0r0 00pallleH s B IETCTBE, BOCIIHU-
TaHWE B [TOJTHOM/HETIOIHON CeMbe, MaTePHAIbHOE ITOJIOKEHIE
CEMbH, BO3PACT MATECPH NPU POXKICHUH PeOCHKa.

B kauectBe marepuana JuIsl UCCIEIOBAHUS CIYKWIN 00-
pasubl JIHK, BbleneHHbIE U3 BEHO3HOW KPOBU 110 METOAY
(heronpHO-X10pOHOPMHON HKCTpaknuu. [eHoTHIIHpOBaHNe
noJMMOpQHBIX BapuaHToB reHoB [L1b (rs16944), ILI1A
(rs1800587), CRP (1s3093077), TNFa (rs1041981,151800629),
P2RX7 (1s2230912), APOE (rs7412, rs429358) ocymiecT-
Bisutu ¢ nomoinkko TP ¢ duryopecueHTHO# AeTeKIueH 1o
Metory KASP. JleTekiuro BRITOTHAIN Ha aMIUTH(UKaTOpe
CFX96 (Bio-Rad, CIIIA) ¢ BO3MOXXHOCTBIO ITPOBEICHHUS
aHaJM3a (IIyOPECICHIIMHU 110 KOHEYHOM Touke. [ CHOTHITBI B
reae APOE Obuth CrpynImupoOBaHbl HA OCHOBAHMH HATNYHS
ajuienei €2, €3, 4.

O11eHKY 4acTOT ajuielieil ¥ FTeHOTUITOB IIPOBOMIIM ITPH I10-
Mom Tecta Xapan—BaitaOepra. [IpoBepky Ha mogunHEHNE
JIaHHBIX TECTa IPOTPECcCHBHBIC MaTpHIlbl PaBeHa» pacnpene-
JieHuto ["aycca BBINOJIHUIN C HcToib30BaHueM W-tecta [lanu-
po—Yurxa. J{71s1 onieHKH 0CHOBHOTO 3¢ ekTa momumMoppHBIX
JIOKYCOB I'€éHOB-KaH/IM1aTOB M I'€H-CPEIOBbIX B3aUMOACHCTBHI
(GxE) B Baprianiuu ypoBHsI HEBepOaJIbHOIO HHTEIIIICKTA ObLI
IIPOBEJECH JIMHEWHBIN PerpecCUOHHbIN aHanu3. B kauecTe
HE3aBUCHMBIX IlepeMeHHBIX B GXE aHanm3e BbICTYNaM reHo-
THUIBI U pAJ COOUAJIBHBIX ITapaMETPOB, a 3aBUCHUMOM TNICPEMEH-
HOH — ypOBEHb HeBepOaTbHOTO HHTEIIIEKTa. CTaTUCTHIECKUI
aHaJIM3 BKJIFOYAJ TPOBEPKY HECKOIBKUX MOJIEIIeH IMHEHHOM
perpeccuu (aaANTUBHOMN, TOMUHAHTHOH, PEIIECCUBHOM), KO-
BapuaTaMM BBICTYNAJIH TIOJIOBasi M 3THUYECKas! IPUHAIIICHK-
HOCTb U HaJIn4ue «puckoBoroy amnens e4 APOE. Koppekuus
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Ha MHOXXCCTBCHHOCTb CpaBHeHl/Iﬁ BBITIOJIHCHA C IIOMOIIBIO
npouenypsl FDR (false discovery rate) mnmm mepmyranun
(10000) B cityuae ananmi3a ramioTunos. CTaTucTHYECKUi aHa-
JI3 OCYIIECTBIIEH ¢ HcTob30BanueM rmporpamm PLINK v.1.09,
R, SPSS Statistics 23.0. Busyanmzarus mposeneHa B cpene R.

Pesynbtatbl
B nccnenoBanny npoaHaaM3npoBaHa BOBIEYEHHOCTh BOCBMHU
nonmMopdHBIX JIOKycoB B mectu renax: CRP (rs3093077),
IL1A4 (rs1800587), ILIB (rs16944), TNF/LTA (rs1041981,
rs1800629), P2RX7 (rs2230912), APOE (rs7412, 1s429358),
YYacTBYIOIIMX B PETYJISIIUH CHCTEMBl BOCIAIUTEIHHOTO
OTBETa OpraHu3Ma, B (POPMUPOBAHUHU PA3IMYUI B YpOBHE
HEBEpOATbHOTO MHTEIUIEKTa Y MCUXUUYECKU 340POBBIX HH-
nuBuaoB. CormacHo W-tecty Illanupo—Yuinka, nokasarenu
YPOBHs HeBepOaJIbHOTO MHTEJJIEKTa OAYHHSUINCH HOPMaJlb-
HOMY pacmpeneinenuio (p > 0.05). Pacnpenenenne anneneit
Y TEHOTHIIOB BCEX M3YUEHHBIX ITOTMMOP(HBIX JIOKYCOB COOT-
BETCTBOBAJIO pacrpenenenuto Xapau—Baituoepra (p > 0.05).
AHanus3 pacnpe/ieNieHns] 4acTOT ajuiesiel ¥ TeHOTHIIOB MEKITY
Pa3NUYHBIMHM STHUYECKUMH TPYyINIaMU HE IOKa3al CTaTH-
CTHUYECKH 3HAYMMBIX paznuuuii (p > 0.05), B cBs3u ¢ ueM
MOCTIETYIONLYIO CTATUCTHYIECKYIO0 00pabOTKY OCYIIECTRISITN
B 00mIel BBIOOPKE C MPUHATHIM BKJIIOYCHHEM MOJIOBOH H
STHUYECKOH NMPUHAJUIC)KHOCTH B Ka4€CTBE KOBAPHAT, & TAKKE
Cpey MY>KYUH U KEHIIUH MO0 OTJEIbHOCTH.
CraricTHuecKuii aHaIU3 acCOIMAIMI BOCKMH MOIUMOpPh-
HBIX JIOKYCOB B ILIECTH I'€HaX, OTBETCTBEHHBIX 32 PETYIISLIHIO
CHCTEMbI BOCHAJIUTEIEHOTO OTBETA OPraHU3Ma ¢ HeBepOaslb-
HBIM MHTEJUICKTOM, TIPOBE/ICHHBIN TP ITOMOIIN METOAA JIN-
HEHO# perpeccuu, Mokaszajg acCOLHMALHUI0 MOTUMOP(HBIX
nokycoB rs1800629 (nns apnurtueHON Momenu: Bgp = 0.15;
»=0.022; prpr =0.137; nns JOMMHAHTHOM MOJEIIN: BST =0.16;
p=0.019; pppr = 0.059) nrs1041981 (a1 JOMUHAHTHON MO-

The role of inflammatory system genes
in individual differences in nonverbal intelligence

aemu: Bgr = 0.16; p=0.019; pppe = 0.059) B rene TNF ¢ pas-
JMYHUSMH B YPOBHE HEBEPOAIbHOTO HHTEIIIEKTA CPEIN MHIH-
BUJIOB—HOCUTENEH «pHCKOBOro» Bapuanta &4 B rene APOE
(cm. Tabnuiy, puc. 1, 6, ¢). OnHaKo mocie BBeACHUS MOMPABKU
Ha MHO>KECTBEHHOCTb CPAaBHEHHI 3Ta aCCOIMAIHS OCTaIACh
JUIIb Ha YPOBHE TeHAEHUUHU. B wacTHOCTH, y HOcuTenen
MHUHOPHOTO ayuiesist A mosmmMopdHbIX JIoKycoB rs1800629 u
rs1041981 nabmonamoch MOBKIIICHNE YPOBHS HEBEPOATFHOTO
MHTEJJIEKTA [0 CPAaBHEHMIO ¢ HOCHTEINSIMH TeHOTHIIOB G/G 1
C/C (COOTBETCTBEHHO) Ha YPOBHE TCHICHIIMH, KOTOPasi OTME-
YaeTCsl INIIb B yCIOBHUAX FEHETHYECKU-IETEPMUHIPOBAHHOMN
HHU3KOH NMPOTHBOBOCTIANINTEIBHON aKTHBHOCTH (ayuiess €4 B
rene APOE). B rpynne MyX4nuH oOHapyKeHHast aCCOLHALHsI
70KycoB B reHe TNF ¢ HeBepOaTbHBIM HHTEIIIEKTOM OCTaach
CTaTHCTHYECKH He3HaunMoil mociie FDR-xoppekmum (cM.
Tabmuiy, puc. 1, 6, 0).

IIpoBenenHbIil HAMU aHAIM3 HEPABHOBECHSI I10 CLIETIIEHUIO
Mexy Tokycamu 151800629 nrs1041981 B rene TNF BbIsIBUI
Hajuuue cueruienus mexay numu (D' = 0.741, 72 = 0.235),
B CBSI3U C 4e€M ObUI BBHINOJHEH TalIOTHIINYECKUN aHAIIH3.
YacTotsl ramiotunos B reHe 7NF (na ocuose rs1041981,
rs1800629) 6su1u crnenyromue: AA — 0.094, CA — 0.023,
AG - 0.143, CG — 0.740. B pe3ynbrare rammioTHIINIECKOTO
aHanmm3a oOHapyKeHa accoruanus ramiaoruna TNF*AA
(rs1041981, r31800629) (Bg = 1.19; p=0.033; p ..., = 0.047)
C TTOBBIIICHHBIMH [TOKA3aTENIIMI HEBEPOAITLHOTO HHTEIUIEKTA y
WHJMBU/IOB O€3 KOTHUTHBHBIX HAPYIIIEHHH, KOTOPasi OCTaIach
3HAYMMOM I10CJIE IIONIPABKU HA MHOXKECTBEHHOCTb CPABHEHU.

B Hacrosmieit pabote Taxke MPOBEICHO HCCIIT0BAHUE TeH-
CpEIOBBIX B3aNMO/ICHCTBHH, BKITIOUaroliee ananm3 3(phexTon
14 coumonemorpapuueckux napameTpoB. BeisiBieHO, 4TO KO-
JMYECTBO JIETEH B ceMbe OKasbIBaeT 3 ekt Ha popMupoBa-
HHE acconnanuy noauMopguoro Bapuantars1041981 B rene
ITNF(B=2.08;Bg=0.16;p=0.001). Tak, moxazaHo, 4To HOCHTE-

M3yueHHble nonnmMopdHble NOKyChl, TecT Xapan-BaiiH6epra v pe3ynbTaTbl IMHENHOMO PErPeCcCMOHHOIO aHanvsa
accouvaLmy reHoB C HeBep6anbHbIM UHTENNIEKTOM B O6LLEN rpynne 1 nogrpynnax

leH SNP Annenna  MAF

Prwe

O6wan BoibopKa KeHLMHbI

My>unHbl APOE g4+

<-0.01 0.946

MpumeuaHue. pyye - p-value ana tecta Xapau-BaiiH6epra; MAF — yactoTa MMHOPHOTO annens; By — CTaHAapTU30BaHHbIN Ko3ddULMeHT perpeccum; p - p-value.
B BepxHei1 cTpouUKe Ana Kaxkaoro nonmmop@Horo BapraHTa ykasaHbl pesysbTaTbl napameTpoB 414 aAAUTUBHOW MOAENN, B HUXKHEN — ANA AOMUHAHTHOW MOAENN.
CTaTMCTUYECKM 3HAUNMbIE PA3AIMUNA BbIAENEHBI XKUPHBIM PUGTOM. @ MUHOPHDI/MaxopHbIi annenu; ® prpg = 0.051; € pppg = 0.058; 4 prpg = 0.059; € pepg = 0.137.
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Pornb reHoB BOCManuTesibHOro OTBETa OpraHn3ma B popmupoBaHum 2022
VNHAVBUAYaNbHbIX Pa3fnymnii B ypoBHE HeBepOanbHOro MHTENNEKTa 6.2
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Puc. 1. CpepHuie 3HaueH sl ypOBHA HeBep6OanbHOro NHTENIEKTa B 3aBUCMOCTYM OT FeHOTMMa Mo Jiokycam rs1800629 v rs1041981 B reHe TNF B obuiei
rpynne (a, 2), B 3aBUCMOCTM OT MOJIOBOW NPUHAANEXHOCTM (6, 0) 1 Hannuus/oTcyTcTBus annens APOE €4 (g, e).
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Puic. 2. Pe3ynbTaTbl aHanv3a reH-CpefoBbiX B3aMIMOAENCTBIN, [EMOHCTPUpPYIOLLMe MOaynnpyowmuin 3GdeKT (a) umcna geten B cembe Ha accoumaumio
nonumopoHoro BapuaHTa rs1041981 B reHe TNF, (6) TabakoKypeHus Ha accoLmaumio BapuaHTa rs2230912 B reHe P2RX7 ¢ ypoBHeM HeBepbanbHOro

NHTeNneKTa.

CTaTMCTMYECKM 3HAUMMbIE Pa3NNUNA B yPOBHE HeBep6anbHOro MHTENEeKTa MeXy rpynnamin oTMedeHbl Ckobkamm. “pepg < 0.05.

i amtens rs104198 1% A, BociuTaHHBIE B MHOTOJIETHON CEMbe
(3 u OoJiee meTeit), IEMOHCTPUPYIOT 00JIEE BBICOKUE MIOKa3aTe-
T HeBepOAIbHOTO MHTEIIIEKTA 10 CPABHEHUIO C HOCUTEIAMHU
reroruna rs1041981*C/C (puc. 2, a). Kpome Toro, o0Hapyxe-
HO, 4TO TabaKOKypeHHE OKa3bIBaeT MOAYIUPYIOIHii dpdexT
Ha accoranuio Jokyca rs2230912 B rene P2RX7 (B=-1.70;
By =—0.10; p = 0.022) ¢ pasmuuuAMU B ypOBHE HEBEPOAIIb-
HOT'O MHTEJUIEKTa. B yacTHOCTH, Cpeliy KypsIluX HHANBUIOB
HAOTIONAJICS J0303aBUCHMBIN Y(PPEKT MUHOPHOTO aJuIess
1s2230912*G B rene P2RX7 Ha CHIKEHHE YPOBHS HEBepOab-
HOTO MHTeJUIeKTa (CM. pHc. 2, 6). [TonmuMopdHbIe JOKYCHI B
reHax ILIB (rs16944), IL1A4 (rs1800587), CRP (rs3093077)
HE NPOJEMOHCTPHUPOBAIN ACCOIUANUN C MHAMBHUAYATb-
HBIMH pa3JInYUsIMH B YPOBHE HEBEpOAIbHOIO MHTEIUICKTA.

O6cyxpeHue

CucreMa BOCHAJIUTEIBHOTO OTBETa OPraHU3Ma UIPaeT BaxK-
HYIO poiib B (QOPMUPOBAHNU ¥ HOPMATHHOM (YHKITHOHUPO-
BaHWM KOTHUTUBHBIX (yHKIMH Mosra (Sartori et al., 2012;

Fard, Stough, 2019). B nammewm ucciieoBaHuN NpeapHHsATA
TIOIIBITKA BBISIBUTH JIOKA3aTEJIbCTBA BOBJICUEHHOCTH I'CHOB,
KOZIUPYIOUINX OEIIKM CHCTEMBI MEJATOPOB BOCTIAIIEHHS Op-
raHnsMa, B OpMHUpPOBAHHE WHAWBUAYAIbHBIX PA3IUUUil B
ypOBHE HeBepOalbHOTO MHTeIUIeKTa. Pesynbrarsl 3Tol pa-
00THI MACHTHPHUIINPOBAIN yJaCTHE TEHOB (paKTopa HEKpo3a
omyxonu anbda (TNF) u mypuHeprudeckoro perentopa P2X7
(P2RX7) n Takux COIMAJbHBIX MapaMeTpPOB, KaK CTaTycC
Tab0AKOKypeHHs W KOJIMYECTBO CHOIMHTOB Yy HCIIBITYEMOTO
B JICTCTBE B Pa3BUTHH KOTHUTHBHBIX CIIOCOOHOCTEH. Panee
HaMU TaKx)ke ObUT BBISIBIIEH MOIYJIUPYOLIIHN 3P dEKT Konnye-
CTBa CHOJIMHTOB Ha Pa3BUTHE KOTHUTHUBHBIX CIIOCOOHOCTEH
(Kazannesa u nip., 2016). IlomydeHHbIe pe3yabTaThl MOTYT
MPE/ICTABUTH LIEHHYI0 HH()OPMAIHIO JUIsl OTIPEAEIICHUs TeHe-
THYECKUX MEXaHH3MOB, JIEKAIIUX B OCHOBE (DOPMHUPOBAHNUS
KOTHUTUBHBIX (DYHKIMI MO3ra B II€JIOM M HEBEpOaIbHOTO
MHTEJJIEKTA B YACTHOCTH.

Ha ceropssiiuHuil AeHb CyIIECTBYET OTHOCUTEIBHO HE-
MHOTO Hay4HBIX HCCIICAOBAHMH, MOCBSIICHHBIX H3Y4YECHHIO
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CUCTEMbI BOCHAJIMTEIILHOTO OTBETA OpraHU3Ma B KOHTEKCTEC
KOTHUTHBHBIX (DYHKIIMH MO3Tra B HOpME. DTOMY MOXET OBITh
HECKOJIbKO 00bsicHeHNi. KorHuTHBHBIE (PyHKIMM MO3Ta ITpei-
CTaBJISIIOT COOOH CIIOKHBIN JINUHOCTHBIN KOHCTPYKT, B OCHOBE
(hopMHPOBAHUS KOTOPOTO JISKHUT OOJBIIOE KOJHMYECTBO KaK
Ouonornuecku 00yCIOBICHHBIX ()aKTOPOB, TAK U ITAPAMETPOB
BHeHel cpensl (Xu et al., 2015; Wang et al., 2019). B cBs3u
C 3TMM T'eHETHYECKHE JaHHBbIE OTHOCHUTEIHHO 3TOTO KOTHHU-
TUBHOTO (JCHOTHIIA HAKAIUIMBAIOTCS MEIJICHHO, OONbIIas
4yacTh pabOT HampaBiieHa Ha HW3yueHHE 00Jee OUEBUIHBIX
OMOIOTMYECKUX CHCTEM, KOTOPBIE MOTYT OKa3bIBaTh HEMO-
CPE/ICTBEHHOE BIMSHHUE Ha IMepefady MHPOpPMaluu MExITy
HelipoHamH, Heifporenes, TUPPepeHINPOBKY HEHPOHOB U
np. (Kazantseva et al., 2020; Kazanmesa u ap., 2021). Bropoii
MIPUYNHON MOXKET OBITB TO, YTO J0JITOE BPEMS MO3T CUUTAIICS
OpraHoM, MOJHOCTbIO M30JIMPOBAHHBIM OT UMMYHHBIX IIPO-
reccoB. OJTHAKO K HACTOSIIEMY BPEMEHHU HOSBIISETCS BCE
OoJIBIIIE TAHHBIX O KJIETOYHBIX KOMIIOHEHTaX BPOXKICHHOTO U
MPUOOPETEHHOT0 UMMYHUTETA, PEACTABICHHBIX B TOJIOBHOM
mo3re (Filiano et al., 2015; Morimoto, Nakajima, 2019).

BocnannTensHas peakuus opraHu3Ma OTHOCHTCS K HecIe-
]_II/I(l)l/I‘-IeCKOMy BpPOXKACHHOMY UMMYHHUTCTY U BO3HHUKACT
B OTBET Ha IPOHMKHOBEHME NaroreHa. Hayunsle myOnukanuu
CBUJICTEJIBCTBYIOT O TOM, YTO BOCIIQJIMTEIBHBIA MPOLECC B
MO3Te, B IIEPBYIO 0Yepe/ib, CBsI3aH ¢ paOOTON MHUKPOIIIHAIIb-
HBIX KIeTok (Li, Barres, 2018), koTopsle mpeacTaBisioT co0oi
OOJIBIIYIO TOIYJISIINI0 UMMYHHBIX KJICTOK B IEHTPAJIbHOU
HepBHO# cucteme (Ginhoux et al., 2010). OnHa U3 TIaBHBIX
(DyHKIMI MUKPOTIIMHY — HOLAEPKAHUE OaaHca BOCTIAIUTEINb-
HBIX W MIPOTHBOBOCTIAJIUTEIBHBIX MPOLECCOB B WHTAKTHOM
mo3re (Li, Barres, 2018). Hapyuienue storo 6ananca Moxer
TpaHC(HOPMHUPOBATHCS B TTATONIOTMYECKHUI POLIECC, MHUIIUH-
pytromrwii sHA0TeHHOE HelipoBocnanenue (Wake et al., 2011),
[IPUBOJAILEE K IIOBPEXKICHUIO LIEJIOCTHOCTU HEUPOHOB. I1o-
CJIeTHEE, B CBOIO 0UEPE/Ib, MOXKET OBITH PE3YIBTATOM JICHCTBUS
(hakTOpOB, OTBETCTBEHHBIX 32 AKTUBAIIMIO MUKPOTIHUH, H
BJIMATH HAa TPOXOKACHUE KOTHUTUBHBIX MIPOIIECCOB B I'OJIOB-
HOM MO3Te. DTO OTYACTH MOXKET OOBSICHUTH OOHAPYKEHHBIE
B 9TOI paboTe acconManyuy noIMMOpQHEIX MapKepoB I'eHa,
KOAMPYHOIIero GpakTop Hekpo3a omyxonu anbda (TNF), ¢ Ba-
pHaIsIMU B YPOBHE HeBepOaIbHOTO MHTEIUIeKTa. [Toka3ana
accolyanys MUHOPHBIX ajuiesiell MOIMMOP(HBIX JIOKYCOB
rs1800629 u rs1041981 rena TNF (Ha ypoBHE raruioTura)
¢ 0osee BBHICOKMM YPOBHEM HEBEpOATBLHOTO WHTEIUIEKTA Y
MCUXUYECKU 310pOoBbIX MHAMBHUIIOB. berok TNFa — ogun
13 MPOBOCHAIUTCIBHBIX TUTOKUHOB, UT'PACT BaXXHYIO POJIb
B MHHUIMALNMU ¥ PETYINPOBAHUN IUTOKMHOBOTO KacKaja B
nporecce BocnanuTenbHol peaknun (Makhatadze, 1998).
CornacHo nureparypHbiM naHHbIM, aeduiut TNFo npuso-
JIIT K HEKOHTPOJIMPYEMOMY BOCTIAINTETILHOMY OTBETY, UTO, B
CBOIO OYepe/Ib, MOKET BBIPAYKaThCsI B XPOHHYECKOM TCUCHUH
BOCIAJIMTEIBHOTO IPOLIECCa U HETaTHBHO BIMATH HA LIEJIOCT-
HocTh Heliponos (Raffaele et al., 2020).

W3yuennsie HamMu nonumopdusie Jokychl 1s1800629
(c.-488G>A) B rene TNF u 151041981 (c.179C>A wnnu
Thr60Asn) B rene LTA sBrsioTcs (GyHKIMOHAIBHO 3HAYH-
MBIMH, 1 MUHOPHBIE aJUIEJIN ACCOLIMMPOBAHBI C ITOBBIIICHHON
skcnpeccueid renoB TNF/LTA (Hameed et al., 2018), 4ro
CBHJETEIBCTBYET O TOM, YTO HAIIIK PE3YJIBTAThI COMIACYIOTCS C
JTAaHHBIMH ITPEABIIYIINX nccaeaoBanuil. Mexomst n3 nomyuen-
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HBIX PE3YJIbTaTOB, MOKHO MPEIMOJIOKHUTh, YTO MOBBIIICHHAS
skcrpeccusi reHa INF MOXET BBIIOJHATh IPOTEKTOPHYIO
(DyHKIMIO M c1I0cOOCTBOBATH OOJIee KOHTPOINPYEMOMY BOC-
MAIUTEIEHOMY MPOLIECCY B TOJIOBHOM MO3I'€, YTO TO3UTHBHBIM
00pa3oM CKa3bIBAacTCsl HA KOTHUTUBHBIX (DYHKINSX YEITOBEKA.

Heo0xoaumMo OTMETHTb, YTO MOJIOKUTEIBHBIN AP HEKT
MUHOPHBIX ajulesield B rene TNF Ha yllydlleHUe KOTHUTUB-
HBIX TIOKa3aresieil HaOIo1aICs TOIBKO B YCIIOBHSX HAJTMUHUS
«HebOmaronpusTHoro» ayutens g4 B rene APOE. M3BecTHO,
yro Oesiok APOE, Hapsity ¢ BOBJIEYEHHOCTHIO B META00JIN3M
XOJIeCTeprHa, 00JaaeT TaK’ke NMMYHOMOIYIHPYIOINMHU
CBOMCTBaMH, M BCE Yallle B JUTEPATypE MOSBISIOTCS CBUIE-
TeNbCTBA, yKa3biBatommue Ha posib APOE B pazButun Heiipo-
JleTeHepaTuBHBIX 3a0oneBannii. Ha ceromHsHuil 1eHp u3-
BecTHO, uTo APOE MoxeT uzmensite orBet LIHC Ha ocTpoe u
XPOHHYECKOE MTOBPEXKIICHUE, TAKUM 00pa30M, ObITh AKTHBHBIM
YYaCTHUKOM PETY/ISILUN MPOLECcca aKTUBALMHN U IEAKTHBAIINT
mukpornu (Fitz et al., 2021).

OOHapy)keHHasi B HallleM UCCJICA0BaHUM aCCOLMAIHS 10~
TUMOpP(HBIX BapuaHTOB TeHa TNF ¢ HeBepOaTbHBIM HHTEN-
JIEKTOM y HOCUTeNel «puckoBoroy» annens g4 rena APOE
MOXXET O0OBSICHATBCSI TECHOM CBSI3bI0 3THX OEJIKOB B OpraHU3Me
genoseka. B padore D.T. Laskowitz ¢ komneramu (1997) mo-
kazano, uto APOE crioco6en 610kupoBats cekpennto TNFa
MabHBIMK KiteTkamu, a Aedunur TNFo B LIHC npuBoant
K HapyIIEHHIO OajlaHCca B BOCHAIUTENLHBIX U IIPOTHBOBOCTIA-
JUTEJFHBIX MPOLIEccax B MHTAKTHOM Mo3re. Takum o0paszom,
OnaronpusTHBIN A eKT HATMUWsI MUHOPHBIX aJlielNeil B reHe
TNF (1a ypoBHE raruioTuia) Ha (GopMHApOBaHNE KOTHUTHBHBIX
criocoOHOCTEl MOKeT OBITh Kak pa3 o0ycnosieH APOE-cBs-
3aHHbIM nU3MeHeHueM cekpeunn TNFo u, xak ciencrsue,
OTIPEICTICHHBIM YPOBHEM HEHPOBOCHANICHNUSI.

WHTepecHBIMH MPEICTABIISIOTCS PE3YIIBTaThl TeH-CPEOBBIX
uccienoBanuii. Tak, 00HAPYKEHO, YTO YKCIIO ICTCH B CEMbE
MOXXET OKa3bIBaTh MOAYIUPYIONIH 3((EeKT Ha aCCOIHANINI0
nonmmopdHoro nokyca rs1800629 rena TNF ¢ BapuanusiMu
B YpOBHE HeBepOaIbHOTO MHTEIIEKTa. B ureparype cye-
CTBYET MHOKECTBO NPOTHBOPEUMBBIX JAHHBIX, KACAIOIINXCS
BOIIPOCA BIMSHUS «MHTEIIEKTYAIBHOTO KIIMMaray B CEMbE
Ha YPOBEHb UHTEIUIEKTA. Pe3ynbrarsl 00sbILeH yacT 1ccie-
JIOBAaHWH CBUJETEIILCTBYIOT O TOM, YTO MJIa/IIINE IETH MEHEE
YCIICITHBI B 00yYIEeHUH U IMEIOT OoJiee HU3KHUE ITOKa3aTeIH 110
KOTHUTHUBHBIM TE€CTaM, €CIIM CPaBHHUBATh UX C MEPBEHIIAMU
(Kanazawa, 2012). Takue HaOMrOmeHUsT OOBSICHSIIOTCS TEM,
YTO OJIMH PeOCHOK B CEMbE ITOJTydaeT OOJIbIIE POJUTEIILCKOTO
BHUMAaHHA U BPEMEHH, B TO BpeMs KaK C MOABICHUEM KaxJ10-
TO MOCIIEAYIONIETO peOeHKa BPEMEHHU U PECYPCOB POIUTENEH
CTaHOBHTCSI HEZIOCTATOUHO. TeM He MeHee TaKkue 3aKOHOMep-
HOCTH CIPaBEJIMBbI OOJIbIIIE /I BepOaIbHOTO MHTEIIEKTa 1
MOT'YT HE pacTIpoCTpaHAThCA Ha HeBepOanbHbIi (Blake, 2020).

B mamewm mccenoBaHUE HE OBUIO HAMICHO pa3W4uii B
YPOBHE KOTHUTHBHBIX CIIOCOOHOCTEN B 3aBUCMOCTH OT Pa3-
Mepa ceMbr. Ho accormmanus 0osee BEICOKHX TIOKa3aTenei B
YpOBHE HeBepOAILHOTO MHTEIUIKTA ¢ HAIMYMEM MHUHOPHO-
ro amens rs1041981*A B rene TNF HaOnronanach TOJIbKO
Cpeiu MHAWBHUJIOB, BHIPOCIINX B MHOTO/IETHOM CEMbE, B TO
BpeMsI KaK B TPYIIIAX JIKIL C APYTUM YHCIIOM CHOIMHTOB 7 NF-
3aBHCHMOM acCOIMALMH ¢ KOTHUTHUBHBIMH [TOKA3aTEeNIIMU HE
ormeueHo. C Ipyroi TOUKH 3peHHs1, HeBepOaTbHbIH HHTEIIIEKT
MOJOKUTEJIBHO KOPPENUPYET C Pa3MEPOM CEMbH, IIOCKONBKY
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JIeTH B OOJIBIIMX CEMBSIX JIy4Ille CUUTHIBAIOT HEBepOaIbHbIE
CUTHAJIbI B CBSI3U CO CHM)KEHHEM BEpOAIbHBIX KOHTAKTOB
(Morand, 1999). Takum o0pa3om, Kak pa3 B Ciydae BOCIIHU-
TaHHs B MHOTO/IETHOM CEMbE, CITIOCOOCTBYIOIIETO Pa3BUTHIO
HeBepOanpHBIX mporieccoB (Morand, 1999), cymecTBeHHyIO
poJib B JOPMHUPOBAHUN HEBEPOATHHOTO HHTEIUICKTA UTPAIOT
IeHETHYECKH JIETePMHUHUPOBAHHbBIE OCOOEHHOCTH HPOBOC-
MAUTEIBHOTO OTBETa OPraHU3Ma, CBSI3aHHBIE C 3KCIPECCHEH
rena TNF. ITonydeHHbIe HAaMU JaHHbBIE YKa3bIBAIOT Ha Oaro-
npusTHBIN 3 dexT MuHopHoro awiens rs1041981*A B rene
TNF, accOIMIpOBaHHOTO C 0oJiee KOHTPOIUPYEMBIM BOCIIa-
JIMTETBHBIM ITPOLIECCOM B TOJIOBHOM MO3Te, Ha ()OPMHPOBaHHE
HEeBepOaJIbHOTO MHTEIUIEKTA, KOTOPBIA MPOSBISIETCS JIMIIb
B YCIIOBHSAX OTPAaHHUYEHHOCTH BEPOANBHBIX POAUTENHBCKUX
pecypcoB (T. . MHOTO/IETHOH CEMBH).

Bropoii craructryecku 3HaUUMBbIN pe3yNbTaT IeH-Cpe1o-
BOTO aHAJIN3a, TPOBEIECHHOTO B 3TOH paboTe, IMPOIEMOHCTPH-
POBaJI MOAYIMPYIOIINH 3P PEKT «cTaryca KypeHHUs» Ha acco-
uanuio nonmmopgHoro Bapuanta rs2230912 B rene P2RX7
C MoKa3aTelsIMH HeBepOalbHOTrO MHTE/IeKTa. Tak, HocuTe-
m amenst rs2230912*G rena P2RX7 nponeMOHCTpUPOBa-
JIM CHI)KEHHUE YPOBHS HeBepOaIbHOTO HHTEJIEKTa B TPYTINe
KypSIIUX JIFOJICH 110 CPAaBHEHUIO ¢ HOCUTEJSIMH APYTHX Te-
Hotunos. Penentop P2RX7 OTHOCUTCS K IIypHUHEPTUUECKON
CUTHAJIBHOM CUCTEME, KOTOPast PEryaupyeT B3auMOJIEHCTBUE
HEWpPOHOB 1 OBEACHNE NINAIBHBIX KIIETOK, B IEPBYIO O4YEPE/b
mukpornu (Lister et al., 2007).

CornacHO JUTEpaTyPHBIM AaHHBIM, TPAH3UIUS ajens A
Ha G mommmMop¢Horo Mapkepa 152230912 rena P2RX7 ipuBo-
JIUT K 3aMEHE IITyTamMara Ha apruHuH B 460-M IOIOKEHUH, YTO
BBIPA)KAETCs B U3MEHEHUH NIePeAaul CUTHAIOB TPAHCIUpYe-
MbIM OerkoM P2RX7 (Winham et al., 2019). Dtot perenrrop
Y4YacTBYET B CEKPELIUH 1 IIPOLIECccax JAerpaianii BHEKIETOU-
Horo AT®, oTHOcAIIerocs K MOJIEKYIaM, HHIYyIHUPYIOIIUM
Bocmaienue. Hapymenue meradonmsma AT® npuBOauT K 110-
BBIIICHUIO KOHIIEHTPAIINH 3TOH MOJICKYITbI B MEKKIETOUHOM
MPOCTPAHCTBE, YTO MOXET CIIOCOOCTBOBATH XPOHUUECKOMY
BocnanuTenabHOMY nporieccy B LIHC u HeratuBHO BIHATH Ha
nenoctHocTh HelipoHoB (Llesena n ap., 2020). ITpuunnoii
Hapy1ueHnus merabonnima AT® B opranusme Taxxke sIBISIETCs
curapeTHslit 1piM. OTHUM U3 MEXaHU3MOB BO3/IEHCTBUS CHU-
rapeTHOro apiMa Ha Metabonu3m AT® mosker OBITh €ro cIo-
COOHOCTB BBI3bIBATh M3MEHEHUsI B okcnpeccuu rena 7SPO,
KOZIMPYIOIIET0 OTHONMEHHBIN TPAaHCIOKaTOPHBIN OEJIOK, BbI-
COKast KOHIIEHTPALHSI KOTOPOT0 OOHAPYKUBAETCS BO BHEIITHEH
MUTOXOHIPUAIBHOM MeMOpaHe, OTBevaroliei 3a cuare3 ATD
(Zeineh et al., 2019). Kpome Toro, B COBpeMEHHOI! THTEpaType
CYIIECTBYIOT pabOThI, CBSI3BIBAIOIINE BOSHUKHOBEHHE KOT'-
HUTUBHBIX HApPYIIEHUH ¢ HUKOTMHOBOHN 3aBHCHUMOCTBIO U
KOJIMYECTBOM BBIKYPEHHBIX CHrapeT B JeHb. CornacHo mac-
IITAOHBIM JIOHTUTIOAHBIM HCCIIEIOBAHHUSAM MHANBHUJIOB C HU-
KOTHHOBOM 3aBUCHMOCTBIO, OBLITO TTOKa3aHO CHIKEHHE 00be-
Ma paboueii mTaMATH U CIIOCOOHOCTH pemiaTh mpooiems! (Ver-
meulen et al., 2018).

WzyueHHblit Hamu nosiuMopdHbIil sokyc (amens G) u
yBennueHne skcnpeccnn Oenka P2RX7 panee Owbim acco-
IIUMPOBAHBI C PUCKOM pa3BUTHS aPEKTHBHBIX U JIETpec-
cuBHBIX paccrpoiictB (Winham et al., 2019), uyto yacTu4HO
COIIaCyeTCsl C HALIMMHU Pe3ylIbTaTaMu O 00J1e€ HU3KOM YPOBHE
KOTHUTHBHOTO ()YHKIIMOHMPOBAHMS Y HOCHUTENICH aJlIes

Pornb reHoB BOCManuTesibHOro OTBETa OpraHn3ma B popmupoBaHum 2022
VNHAVBUAYaNbHbIX Pa3fnymnii B ypoBHE HeBepOanbHOro MHTENNEKTa 6.2

1rs2230912*@, KoTOpOE MPOSIBISIETCSI TONBKO B YCIOBUSIX yBeE-
JTUYCHHON HEHPOBOCMATUTENbHON peakiun (Tabakokype-
Hus). Takum o0Opa3oM, NMPEANOIOKNUTEIBHO, CHIDKEHHE
YpOBHSI HEBEpOATbHOIO MHTE/UICKTa MOXKET OBITh CBSI3aHO
¢ u3MeHeHnsAMH Metabonm3mMa ATD 1 acconnupoBaHHOTO €
9THM HEHPOBOCIIAJIUTEIHLHOTO TIpoIecca.

3aknioyeHune

[IpoBeseHHOE HAMM HCCIIEI0BAHNE HMEET CBOM OTpaHUICHHS,
IMOCKOJIBKY PE3YJIbTAaThl 6])1.]11/1 IMOJIYYCHBI C UCTIOJIb30BaAHHUEM
cpemHeil mo pasmepy BBIOOpKH. pyruMm orpaHHYCHHEM
SBIISICTCSI HEOOJIBIIIOE KOJIMYECTBO MPOaHAIN3UPOBAHHBIX
HOJ'II/IMOp(bH])IX JIOKYCOB, 4YTO A€JIa€T HAllIX BBIBOJbI O BOBJIC-
YEHHOCTH CHCTEMBI MEIHATOPOB BOCHAJICHUS HETIOIHBIMH.
Heobxomumo Takke OTMETUTB, YTO B 9TOH paboTe HE Mpo-
BeJIeHa OLIEHKa KOPPEJISALUHI MEX1Y YPOBHEM HEBEpOAIBLHOTO
¥ BepOaIbHOTO MHTEIIEKTOB, @ TAKXKE IPYTUX KOTHUTHBHBIX
XapaKTEePUCTHUK, YTO HE ITO3BOJISIET CJeNIaTh OKOHYATEIbHBIC
BBIBOJBI O CHeIJ,l/I(i)I/IlIHOCTI/I MMPOACMOHCTPUPOBAHHBIX T'€HE-
THYECKUX aCCOIMAIMNA UMEHHO JUIl HeBEpOaIbHOTO MHTEIN-
nekra. TeM He MEHee MOTyYeHHbIE PE3Y/IbTaThl 3aK/IabIBAIOT
Ba’KHBIN (byH}laMeHT 1 3a/1al0T HAIIpaBJICHUE JIA U3YUYCHUA
TEHETUYECKHU 00yCIIOBIEHHBIX (DAaKTOPOB, JISKAIINX B OCHOBE
PacCMOTPEHHOTO KOTHUTHBHOTO MapaMeTpa.

Hacrosiiast pabota MMeeT 1 CHIIbHBIE CTOPOHBIL: BIIEPBbIE
OCYIIECTBIICH aHAJIN3 aCCOLMALINII TeHOB, OEJIKOBBIE MPOIYK-
TBI KOTOPBIX YY9acCTBYIOT B PETrYJSIIUN BOCHAIUTEIHFHOTO OT-
BETa OpraHu3Ma, ¢ HeBepOaJIbHbIM HHTEIIEKTOM. Kpome Toro,
Hallle MCCJIEI0OBAHNE BKITFOUAET B c€0s aHAIN3 TeH-CPEJOBBIX
B3aMMOJICHCTBHI, KOTOPBIH TOMOTaeT MOHSATH OMOJIOTNYECKYTO
MIPUPOAY HEBEPOAILHOTO HHTEIIEKTA U POJIb UMMYHHOM CH-
CTeMbI B MaHU(ECTAUN MEKHHIUBHUIYaTbHBIX Pa3IHIUM
B YPOBHE 3TOTO KOTHUTHBHOTO KOHCTPYKTa Y HMCHXHUYECKH
310POBbIX UHIUBUJIOB.
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AHHoTayus. ViccnepoBaHre YacToT GyHKLMOHANbHO 3HAUVIMbIX BapyaHTOB reHOB B MeLMKO-OMONOrMYeckoM 1 reHo-
reorpadnyeckom KOHTEKCTe ABMIAETCA aKTyallbHbIM HanpaBneHNeM B N3YUYEeHNN FTeHETUYECKON CTPYKTYPbl MONynALumi
yenoseka. C nepexofom YenoBeyecTsa OT TPAAULMOHHOIO K ypbaHM3MpoBaHHOMY 06pa3y *M3HM Bce 6onbluee pac-
NpoCTpaHeHvie NonyYatoT 60e3HN LUMBUIM3aLNY, CBA3aHHbIE C HapyLeHneM MeTabonn3ma, B TOM YMCie CaxapHbii
amnabert 2-ro Tmna. Llenb HacToAwe paboTbl — NpoaHanu3nMpoBaTh YacToTbl QYHKLMOHANbHO 3HAUNMbIX annenei reHoB
MeTabonmnyeckoro npoduns y KopeHHbix Hapofos Crbrpw, YTOObI ONpPeAenuTb «3anac MPOYHOCTM» reHOPOHAa, oLle-
HUTb CTEMEeHb NOABEPXKEHHOCTU Pa3HbIX STHUYECKMX FPpynn 3aboneBaHNAM MeTaboIMyecKoro CleKTpa B MeHALMXCA
YCIIOBUAX BHELIHeN cpefibl N CMPOrHO3MpOoBaTb 3NAEMUONOTNMYECKyio CUTyauurio B bnvxanwem 6ygyuwem. Matepua-
NOM MCCnefoBaHNUA NOCAYKUNUN STHUYECKME BbIGOPKIN BOCTOUHbIX 1 3anafHblX Oy pAT, TeneyToB, JOraH 1 ABYX TeppUTo-
pUanbHbIX rpynn AKyToB. MeTogoM nonnmepasHom LienHON peakuymn B pexrme peanbHOro BpemeHy onpeaeneHbl yac-
TOTbl NONNMOPPHbLIX BapaHTOB, 0OYCNOBAEHHbIX OL4HOHYKNEOTUAHBIMU 3ameHamun G103894T, rs12255372, n C53341T,
rs7903146 reHa TCF7L2. MonyyeHHble NOKasaTesin CPpaBHEHbI C YaCTOTaMu B BbIOOpKe pycckmx BoctouHoin Crnbnpm u ¢
NUTepaTypHbIMU JaHHBIMU. B COOTBETCTBMM C 06WIMM reorpadyeckm rpagueHTomM pacnpeaeneHnsa noMMopOHbIX Ba-
PUAHTOB, YaCTOTbI MX B BbIGOPKAaX KOPEHHBIX CMOMPCKUX HAPOLOB HAaXOAATCA B MPOMEXKYTOUHOM MOJIOKEHUV MEXY €B-
poneomngamu 1 nonynaumamy BoctouHoi Asumn. NMokasaHa CTaTUCTUYECKM 3HAUMMO MEHbLLIAA BCTPEeYaemMoCTb ansenen
pucKka caxapHoro anabeta 2-ro Tuna TCF7L2 (103894T) n TCF7L2 (53341T) B BbibOpKax KOPEHHbIX CUOUPCKUX HapOZ 0B
MO CPaBHEHMIO C PYCCKUMMU, YTO COFMACyeTCs C UX MEHbLUEW NMOABEPKEHHOCTbIO MeTaboIMUECKUM HapYLLUEHNAM, YeM y
NPULLIOro eBpOneongHoOro HaceneHus. B ycnosuax yp6aHusaumm MoxHO TakKe NMpPOrHO3MpOBaTb CHYKEHHbI pOCT
3ab0neBaemMoCTu caxapHbIM AnabeToM 2-ro Tna y KopeHHbIX Hapoaos Cnbupu — BypaT, AKYTOB, AONTaH 1 TeNeyToB, Mo
CpaBHEHNIO C MPULLIbIM €BPOMNeoUAHbIM HaceneHnem. [1na 6onee NONHOro MOHUMAHUA MONEKYNAPHO-TEeHETNYECKMX
OCHOB afanTVBHOIO NOTEHLMAaa KOPEeHHbIX HapoaHocTen Cbrpr HeoOXOANMO JanbHelLLee N3yUYeHre CTPYKTYpbl No-
nynAuuiA No Apyrum reHam metabonmyeckoro npoduns.

KnioueBble cioBa: 6ypATbl; TeneyTbl; AKYTbl; JONraHbl; pycckune BoctouHol Cnbumpu; caxapHblil fuabeT 2 Tmna; reHeTuye-
ckuin nonumopodusm; MUP B pexkume peanbHoro Bpemenu; TCF7L2 (G103894T,rs12255372); TCF7L2 (C53341T,rs7903146).

Ana yntuposaHua: TabuxaHosa J1.3., Ocmnosa J1.M., YypknHa T.B., BopoHuHa E.H., ®unnnenko M.J1. Monnmopdunsm
reHa TCF7L2 B nonynaumsx Natu 3THocos Cnbupwn. Basuinosckul XypHan eeHemuku u cenekyuu. 2022;26(2):188-195. DOI
10.18699/VJGB-22-23
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Abstract. Investigation of the frequencies of functionally significant gene variants in the context of medical biology and
gene geography is a relevant issue for studying the genetic structure of human populations. The transition from a tradi-
tional to an urbanized lifestyle leads to a higher incidence of civilizational diseases associated with metabolic disorders,
including type 2 diabetes mellitus. The goal of the present paper is to analyze the frequencies of functionally significant
gene alleles in the metabolic profiles of indigenous Siberian peoples to identify the gene pool resilience, evaluate the
susceptibility of various ethnic groups to metabolic disorders under changing environmental conditions, and predict
the epidemiological situation that may occur in the near future. The study was performed in the monoethnic samples
of eastern and western Buryats, Teleuts, Dolgans, and two territorial groups of Yakuts. A real-time PCR was used to de-
termine the frequencies of single nucleotide polymorphisms (SNPs) G103894T, rs12255372, and C53341T, rs7903146 in
the TCF7L2 gene. The results obtained were compared to the frequencies identified for Russians from Eastern Siberia
and the values available in the literature. The frequencies of the polymorphic variants studied in the samples from the
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indigenous Siberian peoples place them in between Caucasian and East Asian populations, following the geographic
gradient of polymorphism distribution. A significantly lower occurrence of type 2 diabetes risk alleles TCF7L2 (103894T)
and TCF7L2 (53341T) in the samples of indigenous Siberian peoples compared to Russians was observed, which agrees
with their lower susceptibility to metabolic disorders compared to the newcomer Caucasian population. Taking into
account urbanization, a reduced growth in type 2 diabetes incidence may be predicted in indigenous Siberian peoples,
i.e. Buryats, Yakuts, Dolgans, and Teleuts, compared to the newcomer Caucasian population. A further study of popula-
tion structure with respect to different metabolic profile genes is required to better understand the molecular genetic
foundations of the adaptive potential of indigenous Siberian peoples.

Key words: Buryats; Teleuts; Yakuts; Dolgans; Russians from East Siberia; type 2 diabetes mellitus; genetic polymorphism;
real-time PCR; TCF7L2 (G103894T, rs12255372); TCF7L2 (C53341T, rs7903146).
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BBepeHune

N3ydenne ocoOeHHOCTEH MOMYIAIHOHHO-TEHETUYECKON
CTPYKTYPbI STHHYECKHX T'PYII B MEIUKO-OHOIOTHIECKOM 1
reHoreorpap)uueckoM KOHTEKCTE SIBJISICTCS aKTyaJIbHbIM Ha-
MPaBJICHHEM T€HETHKH YeJIOBeKa. J[ysi MOHMMaHUsI MOJIEKY-
JSIPHO-TEHETHYECKUX OCHOB aJIaITHBHOTO MTOTEHIINAA KaX-
JIOTO 3THOCA, CIIOKUBIIETOCS B IIPOLIECCE €r0 CTAHOBJICHUS B
KOHKPETHBIX KJIIMMATO-Te0rpaueCcKUX YCIOBUSIX MIPOKHUBA-
HUS ¥ a1aliTallii K 0COOCHHOCTSIM MHIIIEBOTO PAIMOHA, BaXKEH
aHaJIM3 YacTOT ajlieNeil TeHOB-KaHAWAATOB, QyHKIIMOHAbHAS
3HAYMMOCTbh KOTOPBIX YCTAHOBJIEHA IO pe3yJbTaTaM Hccie-
JIOBAaHWH B OT/ICIBHBIX HOMYJSIHUAX MUPOBOTO HACEIICHUSI.

Caxapusbrii quabet 2-ro tumna (C/[2) 3aanMaet ogHy U3 Be-
JIYIIUX TTO3UIMH 110 IPMYMHAM CMEPTHOCTH M MHBAJIMIU3AIINT
cpenu TpygocnocooHoro HaceneHus (Achanausposa, 2015).
CJ12 siBisieTCst KOMITOHEHTOM METa0O0INYeCKOTO CHHAPOMA U
CBSI3aH C MOBBIIICHHBIM PUCKOM MHOKECTBEHHBIX aCCOLMH-
POBaHHBIX MATOJIOTHYECKUX COCTOSHUH, B MEPBYIO OUepellb
CEepJIIEYHO-COCYANCThIX 3a0osieBaHuil (MH(APKT, HHCYJIBT,
CEepIeUHO-COCYAUCTast HEJOCTATOYHOCTh ) M XPOHNYECKOH MO-
YEYHOW HEJI0CTaTOYHOCTH.

C nonumopdusmom resa TCF7L2 cBA3aHO OIHO U3 Bax-
Helmux 3BeHbeB matoreneza C/I2 — nedext cekperuu rop-
MOHOB HHKPETHHOBOTO Psi/ia; MPOIYKT ATOTO F'eHa PEryInpyeT
00pazoBaHue B-KIETOK IOPKEIYIOYHOM JKeJIe3bl U3 MOJIUTIO-
TEHTHBIX CTBOJIOBBIX KJIETOK ¥ HEOOXOANM JIS IITFOKO30CTH-
MYJIMPOBaHHOM cexperun uHCyanHa (Bennett et al., 2002).
MulieHbt0 1J11 ACHCTBUS I'eHa SIBISETCS TakkKe TOJOBHOM
Mo3r, rie TCF7L2 onipenemnsieT BRIpaKeHHOCTh aHOPEKTOTCH-
HOro 3((heKxTa 1 BIUSIET Ha IIEHTPAILHBIN MEXaHU3M pPeTyIIsi-
UM TITEIOKO3BI (AMETOB 1 1p., 2016). B iedeHu red BoBIeUeH B
peryisiuio oOMeHa JIMITONPOTENHOB HU3KOH U 04€Hb HU3KOH
TUTOTHOCTH ¥ TPUIIIMIIEPUIOB, B ITPOLIECC IIIIOKOHEOTeHE3a 1
OTIOCPEAYET pa3BUTHE COCTOSHUSA HHCYAMHOPE3UCTEHTHOCTH
(Nobrega, 2013).

YcranoBineHo, uto acconmarnmeii ¢ C/I2 obnamaror monu-
MOp(QHbIE BApHAHTBI, 00YCIOBICHHBIE OJIHOHYKJICOTHIHBIMH
3ameHamu G103894T, 1512255372, u C53341T,1s7903146, B
unTpoHax 3 u 4 rena TCF7L2 (Sladek et al., 2007; Timpson
et al., 2009; Xi et al., 2014; Katsoulis et al., 2018). Css3b
amneneit TCF7L2 (103894T) u TCF7L2 (53341T) ¢ noBbI-
1eHHBIM prckoM CJ12 mpoeMoHCTpHpOBaHa B Psijie MUPOBBIX
MOTYJISIIMIN, B TOM YHCIIE B poccHiickux (Saxena et al., 2006;
Cauchi et al., 2007; Potapov et al., 2010; bornaps u mp., 2013;
AB3anerauHoBa u Jip., 2016; Kaya et al., 2017; MenpHUKOBa 1
np., 2020). IToxazano, yto Bapuant TCF7L2 (53341T) cBsizan

¢ 60mpIuM prickoM pazsutust C[12, uem TCF7L2 (1038947T),
a FTOMO3UTOTHI 110 3TUM aJUIEJISIM ITOJJBEPIKEHBI 3a00JIEBAHHIO
B OOJIBIIIEH CTETIeHH, 9eM TeTepo3uroTsl (Anjum et al., 2018).

[Momumopdusie Bapuautel 7CF7L2 UMEIOT CBS3b TaKXe
C MHJIEKCOM MacChl Teja, O0IUM 00BEMOM KHPOBBIX OTJIO-
JKEHUH M KOJIMYECTBEHHBIM COJIEPKaHNEM BHCILEPAILHOTO U
nozikoxkHoro xwupa (Haupt et al., 2010; Cmeranuna, 2015).
Amnens TCF7L2 (53341T) acconuMpoBaH C PUCKOM Pa3BH-
THUSI CHHTPOITHBIX, HMEIOIINX OOIINE 3BEHBS AaTOTeHE3a, 3a-
OosieBaHMI — HMIIEMHYECKON O0Ne3HH ceplia U HHpapKTa
muokapna (Melzer et al., 2006; Han et al., 2010; OpsoB u
Ip., 2011). T'en TCF7L2 cBs3aH C TOYEYHBIM SMOPHOTEHE30M,
HOCHTEJIBCTBO €r0 MOIMMOP(HBIX BAPHAHTOB COINPSIKEHO C
Pa3HOM CTEIEeHBIO MPOrPECCUPOBAHUSI XPOHHUYECKON 00JIe3HN
movex, 3TuM cocyaucteiM ocnoxaennem CI2 (Franceschi-
ni et al., 2012; AmeToB u np., 2016; Vikulova et al., 2017).
[TpencraBneHsbl 10Ka3aTebCTBA TOTO, YTO HOJIUMOP(U3M reHa
TCF7L2 B nokycax rs7903146 m rs12255372 accorumpoBaH ¢
PHCKOM BO3HUKHOBEHHS PaKa JKEITy/IKa, MOJIOYHON XKeJe3bl 1
KoJiopekraibHoro paka (Rosales-Reynoso et al., 2016; Zhang
et al., 2018). BrisiBneHO neiicTBHE eCTECTBEHHOTO 0TOOpa Ha
nokyc 157903146 rena TCF7L2, nokazaHa CTaTUCTHUYECKU
3Ha4YKMMasi CBS3b YacTOThI ayuiens 533417 ¢ psaaoM KIuMaro-
reorpaduueckux akropos (Trifonova et al., 2020).

PaboThI 110 M3y4EHHIO YacTOT aJuiesiell TeHOB, aCCOIUUPO-
BaHHBIX C PUCKOM Jriabera 2-ro THIa U JPYTHX HapylIeHUH
MeTa0oIM3Ma B KOPEHHBIX MOTYIAIIX CHOMPH, COXPAHSIIOT
CBOIO aKTyaJIbHOCTh B rmocnennee aecsatuierne (banposa
u ap., 2013; barypun u np., 2017; Kypranos u np., 2018;
Hallmark et al., 2018; WesneBa u ap., 2019; Tabikhanova
et al., 2019; MenbaukoBa u 1p., 2020). OxHako pacmpesne-
JICHUE BAPMAHTOB TAKOro (PyHKIMOHAJIBHO 3HAYMMOI'O TeHa,
kak 7CF7L2, B cHOUPCKUX MOIMYJSIINAX €Ile He0CTaTOYHO
n3ydeno. B uccrnenosanun (Trifonova et al., 2020) npuse-
JICHbI YaCTOTHl BAPHAHTOB B OJHOM IOJMMOP(HHOM JIOKYyCe
1s7903146 y HEKOTOPBIX CHOMPCKHUX HAPOIOB, B TOM HUHCIIE
y OypsT | SKyTOB, HO HE yKa3aH pailoH cOopa marepuaia,
YTO MPEICTABISETCS HEOOXOMUMBIM Ul TAKMX MHOTOYHC-
JICHHBIX, 3aCENIAIOIINX OOMINPHBIE TEPPUTOPUH T€TEPOTEHHBIX
3THOCOB.

Hacrosiias paboTta nocBsiilieHa U3y4eHHIO YacTOT MOJIH-
Mop¢HBIX BapuaHToB G103894T, rs12255372, u C53341T,
1s7903146 rena TCF7L2, accCOUMUPOBAHHOTO C PSIIOM 3a-
OoJieBaHU, B MOMYJISIUAX KOPEHHBIX CHOUPCKUX 3THOCOB —
OypsIT, TEJIEyTOB, SIKYTOB U JOJTaH, B CDABHEHHH C PYCCKUMHU
xuressimu Cndnpn.
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['enernyeckuit Marepuan Juist KCCIIe0BaHMs ObLT cOOpaH BO
BpeMs skcnenuiuii 2000-2006 rT. 3a00p KpOBH MPOU3BO-
JIMIICS y JOOPOBOJIBIIEB, IPAKTUIECKH 3I0POBBIX HA MOMEHT
HCCIIe0BaHMs, C HCTIoNb3oBanueM «MHpopMupoBaHHOTO CO-
[JIACHsD», C OIOOPEHUSI MECTHBIX OPraHOB 3/IPaBOOXPAHEHHUS 1
strueckoro komurera UL{ul” CO PAH. Ilepen coagei kpoBu
KasK/IbIF MCITBITYEMBIH 3aTI0JTHSLIT CIICIMAIbHO Pa3paboTaHHYTo
JieMorpauuecKyro aHKeTY, B KOTOPOH YTOUHSLT HAIIMOHAb-
HYIO IPUHA/JICKHOCTD TPEAKOB JI0 TPETHETO-YETBEPTOTO MO-
KOJICHHSI.

Ha ocHoBanuu cobpannoil uHpopmanuu Obutn chopmu-
pOBaHEI ceMb BBIOOpOK HaceneHus HOxxHo#t m BoctouHoi
Cubupu. Jlnna OypsATCKOW HaMOHAIBHOCTH, HE MMEIOIINE
WHOSTHUYECKHUX MPEIKOB, MPOXKUBAIOIINE B cenax AJjxa-
Hait 1 OpnoBckuit AruHckoro Bypsitckoro okpyra (ABO)
3a0aliKkabCKOTO Kpasi, BOILIM B IPYIITY BOCTOYHBIX OypsIT
(N = 132). OtHHueckue OypsATHI, MPOKUBAIOIINE B celax
Oxupurt-bynararckoro paiiona YcTb-OpasiHCKOro BypsTckoro
okpyra (YOBO) Upkyrckoii obmactu (N = 278), cocTaBuIn
3amagHyo BBIOOPKY. Takxke B MCClIeIOBAaHHE OBUIM BKIIO-
4yeHbl TeneyTsl benoBckoro paiiona Kemeposckoit obmactu
(N = 116). boum chopMHupOBaHBI ABE STHHYECKH YUCTHIE
BBIOOpKH sKyTOB: HropOuHCKas — U3 MPOXKMBAIOIINX B celax
Hrop6auan u Crombirst Hropounckoro yayca (N=109), u YeTh-
Annanckas — u3 xurtenei cena Jromncs YeTh-AngaHCKOTO
yayca (N = 100). Xurenu 1. Jlynunaka, moceiakoB Bomodanka
n Yerb-ABam Talimbipckoro Jlonrano-Heneukoro paiiona
KpacHosipckoro kpasi, OTHOCSIIHE ce0sl K T0JATaHCKOMY 3THO-
Ccy, cocTaBmiIM BeIOOPKY moarad (N = 180). Pycckue xurenu
3abaiikansckoro kpas u MpkyTckoit obmactu Obu 00beIH-
HCHBI B CEJIbMYIO BBIOOPKY (N = 133).

O6pasipt JIHK Obutn BblIeNeHbI U3 JTEHKOIMTAPHBIX (pak-
U BEHO3HOW KPOBH C ITOMOIIBI0 HaOopoB «brnoCumimkay
(Poccust). I'enorunupoBanne OAHOHYKJICOTHIHBIX 3aMEH
TCF7L2 (G103894T, rs12255372) u TCF7L2 (C53341T,
rs7903146) mpoBOaUIIN B PSKUME PEATHHOTO BPEMEHH C UC-
MOJTb30BaHUEM KOHKypHUpyromux TagMan-30H10B, KOMILIe-
MeHTapHbIX nojaumMopdubiM yuactkam THK. Crpykrypy npaii-
MEpOB ¥ 30HJI0B ITO0MPAIX C HOMOIIIO ITOCIIEI0BATEILHO-
creit, noctynHeIxX B 0ase ganubix NCBI (http://www.ncbi.nlm.
nih.gov/), ¢ ucnons3oBanuem nporpamm UGENE (version 1.14,
http://ugene.unipro.ru/) u Oligo Analyzer (version 1.0.3,
https://eu.idtdna.com/pages/tools/oligoanalyzer) (tabm. 1).

AMIuMQUKaLuo BBIIOMHLH B 00beme 25 Mk, [TIP-cmech
BKurogana B cebs 300 HM mpaiimepos, 100 HM TagMan-
308108, 65 MM TrisHCI (pH 8.9), 16 MM (NH,,),SO,, 2.5 MM
MgCl,, 0.05 % Tween-20, 0.2 MM dNTP, 0.5-10 ur JHK n
0.5 U Taq-AHK momumepassr (hot-start, Biosan, [HBFM).
VYenosus TIIP: nHauansHas nenarypanus 3 MuH npu 96 °C;

TCF7L2 gene polymorphism
in populations of five Siberian ethnic groups

3areM 46 IMKIIOB, BKIIOYAIONINX JIeHaTypanuto npu 96 °C —
5 ¢, OTXKUT TIPaliMEpPOB U MOCIEAYIOLIYIO JIOHTALNIO IPU
61 °C — 30 ¢ (kax/Iblii IIar CONPOBOXK/IAJICS PErHCTpaueit
(hyTyopeclieHTHOTO CHI'HaJIa Ha JUTHHE BOJIHBI SMUCCUH (ITyO-
pocdopos FAM u HEX).

[TonmynsAnroHHbIE YaCTOTHI aJJIEJIBHBIX BAPHAHTOB OIpeie-
JISUTY Ha OCHOBE HAOJIOAAaEMbIX 4acTOT reHOTUIIOB. COOTBET-
CTBHE SMIHMPHUYECCKH HAOIIOIaEMOTO PaCTIPEACTICHUS YacTOT
T€HOTUIIOB TEOPETHUYECKH OXKUAAEMOMY PACIPEAENICHUIO,
paBHOBECHOMY IO 3aKoHY Xapau—BaitHOepra, mposepsuin
¢ ucnonbssoBanueM kputepus x2 (Ilupcona) (mpu p > 0.05
paBHOBecHE BBINONIHSACTCS). JlOCTOBEpHOCTD pa3Inyuil B
4acTOTax ajuieed MEXAY HCCIIeJOBAHHBIMHU BBIOOpKAMU
OLEHWMBAIM MO KPUTEPUIO ¥ C MPUMEHEHHEM MOTPABKH
eiitca Ha HenpepbIBHOCTS; 1pH p < 0.025 (¢ mompaskoii Ha
MHOXKeCTBEHHOCTh cpaBHeHus1, 0.025 = 0.05/2) pesynbrarhl
CUUTAINCH CTAaTUCTUYECKN 3HAYUMBIMH.

Pesynbratbl

Pesynwsratel renotunupoBanus TCF7L2 (G103894T,
rs12255372) u (C53341T, rs7903146) B BbIOOpKaxX OypsT,
TEJICYTOB, SIKYTOB, JIOJraH U pycckux Bocrtounoit Cubupu
MIPUBEACHHI B TaOIMI. 2.

Pacnipenenenue reHOTHIIOB COOTBETCTBOBAJIO paBHOBE-
curo Xapnu—BaitnOepra 11st Bcex moauMOpQHBIX JOKYCOB U
BeIOOpoK. Yactots! amneneit TCF7L2 (103894T) u TCF7L2
(53341T) B u3ydeHHBIX BHIOOpKaX, a TaKKe B HEKOTOPBIX
STHUYCCKUX IPyIIax, onucanHeix B aureparype (The 1000
Genomes..., 2012), u cpaBHEHHE TOMYIAIHI ( p-value) mpea-
CTaBJICHBI B Ta0MI. 3 1 4.

ITokxaszano, uto wyactora amnenss TCF7L2 (103894T) B
BBIOOpKE pycckux (23.1 %) cOOTBETCTBYET BCTPEUAEMOCTH
ero B ApPyrux eBpomneon HbIx rpynnax (22-37 %) (The
1000 Genomes..., 2012). B u3y4eHHbIX BHIOOpKaX KOPEHHBIX
HapoznoB Cubupu oHa Bapbupyer oT 5.4 % y 3amaHbIx OypsT
10 9.5 % y TeneyToB, MpU 3TOM CTaTUCTHUUYECKH 3HAYMMbIE
pas3iuuusl MeXly HUMH He BbIsiBIIeHbI. OJIHAKO BO BCEX BbI-
60opKax KOPEHHOTO HACEJIEHHS 9aCTOTa 3TOTO AJUIEINS CTATH-
CTHYECKH 3HaYMMO MEHbIIIE, YeM y pycckux Bocrounoit Cu-
OupH, a TaKKe y Ipyriux eBPONEOUTHBIX TPYIII, OITMCAHHBIX
B suteparype (The 1000 Genomes.. ., 2012). B To sxe Bpems
OHA 3HAYMMO BBINIE, YeM B psje nonymsannid BocTounoit
A3HH — KUTaNIIEB ¥ BbeTHAMIIEB. TakKe 1o 5TOMY MOKa3aTelto
TEJICYThl CTATUCTUIECKN 3HAYMMO OTIINYAIOTCA OT SIOHIIEB,
YTO HE BBISBJICHO JUIS JPYTHX MCCIIEOBAHHBIX Tpymil. [Ipo-
MEXYTOYHOE TMOJIOKEHNE KOPEHHBIX nomnyisiiuii Cudbupu
Ha TpuMepe OypsAT U TENEyTOB YK€ OBIIO MPOJAEMOHCTPH-
POBaHO paHee 110 YacToTaM MOJIUMOP(HBIX BAPUAHTOB psijia
npyrux reHoB Metabomuueckoro npoduist (Tabikhanova et
al., 2019).

Ta6bnuua 1. CTpyKTypbl NpaiMepoB 1 30HA0B, NCMOb30BaHHbIX A1 FEHOTUMMPOBAHUA OLHOHYKNEOTUAHbIX 3aMeH B reHe TCF7L2

Mpanmepol

(C53341T,rs7903146
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Ta6nuua 2. PacnpegeneHue reHotunos TCF7L2 B BbIGopKax BypAT, TeneyTos, AKYTOB, AONraH 1 pycckux BoctouHoi Cnbrpn

Monynauuna BypsATbl TeneyTbl  AKyTbl Honranbl  Pycckne
.................................................................... B
BOCTOYHbIE 3anagHble HlOp6|/|HCK|/W| yCTb'AJ'I,anCKVIVI
Cnbrpu
ynyc ynyc
G103894T,  Pacnpepenenve G/G  116(885) 251(90.3) 96(82.8) 96 (88.1) 87 (87) 159 (883) 78 (59.1)
r$12255372 ;e(ﬂ/o")m"os' GT 150115  24(86)  18(155) 13(11.9) 13(13) 20(11.1) 47 (35.6)
T 0 30.) 207) 0 0 1(0.6) 7(53)
N, uenosek 131 278 116 109 100 180 132
p (H-W) 0.905 0.668 0817 0907 0.899 0.940 0.993
C53341T,  Pacnpepenenve C/C 119(90.1)  225(81.6) 91(79.1) 90 (90.1) 84 (87.5) 143(85.1) 73 (54.9)
fs7903146 ;e(':;T”"OB' OT 1399  49(17.7)  22(19.1) 9(99) 12(12.5) 24(143)  51(38.3)
7T 0 2070 2018 0 0 1(0.6) 9(6.8)
N, uenosek 132 276 15 99 96 168 133
p (H-W) 0.925 0.932 0904 0942 0.907 0.999 0.982

MprmeuaHune. N — 06bem BbIGOPKY; N — YNCIEHHOCTD; p (H-W) — 3HaueHvie BepOATHOCTY OTKIIOHEHNA OT PaBHOBECHOTO pacrnpeaeneHns Xapan-BanHbepra.

Ta6bnuua 3. YactoTa annena TCF7L2 (103894T) B HeKOTOPbIX NOMYAALMAX (STHUUECKUX rpynnax) U cpaBHeHKe nonynauui (p-value)

Monynauwnsa/ N, YacToTa CpaBHeHvie nonynauyuii (p-value)

STHUYECKas FpynNa UGIOBEK TCF7LD  rrereesssseteeees ot e st tasaassse s e s s
(103894, BYPIT TeneyTl TS Ponranel  Pycckne
% Hion6 " VeroA N BoctouHon

BOCTOYHblE 3anagHble IOPOUHCKINIA  YCTb-ANLaHCKNN Cnbnpn
ynyc ynyc

BypATbl BOCTOUHblE® 131 57 0.991 0.153 0.955 0.873 0.971 p <0.001

BypaTbl 3anagHble™ 278 54 0.991 0.051 0.878 0.691 0.763 p <0.001

TeneyTbr™ 116 9.5 0.153 0.051 0.227 0.336 0.168 p<0.001

AkyTbl, HlopbuHckuin ynyc® 109 6.0 0.955 0.878 0.227 0.993 0.896 p <0.001

AKyThI, 100 6.5 0.873 0.691 0.336 0.993 0.996 p <0.001

YcTb-AnpaHckuii ynyc™

DonraHbr™ 180 6.1 0.971 0.763 0.168 0.896 0.996 p <0.001

Pycckne 132 23.1 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p <0.001

BocTtouHoit Cnbnpu®

Kutanubl pan, 93 1.1 0.024 0.022 p<0.001 0.020 0.013 0.013 p <0.001

CvwyanbaHbHa, Kutain®*

KunTarnubl XxaHb, 103 0 0.001 0.001 p <0.001 0.001 p <0.001 p <0.001 p<0.001

Mekun, Kntan™*

IOXHble KuTamLbl XaHb, 105 1.0 0.013 0.012 p<0.001 0.011 0.007 0.007 p <0.001

Kutain®*

AnoHubl, Tokuo, Anoxns™ 104 2.4 0.125 0.116 0.004 0.109 0.076 0.073 p <0.001

KnHb (BbeTbl), 99 0.5 0.006 0.005 p <0.001 0.005 0.003 0.003 p <0.001

XowmnmuH, BoetHam™

HaceneHwue wrata l0Ta, 99 27.8 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.296

NMOTOMKM BbIXOALEB

13 CeBepHow 1 3anagHon

Eponb™*

OuHHbIL, OuHnanana™* 99 21.7 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.807

AHrnyaHe v wotnaHaub™™ 91 26.4 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.493

W6epbl, Ncnanna™* 107 374 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 p<0.001

TockaHupl, Utanua™ 107 31.8 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.043

MpumeyuaHne. 3gech 1 B Tabn. 4: ¥ cobcTBeHHble AaHHble; ** nuTepaTypHble AaHHble (The 1000 Genomes..., 2012). XMPHbIM WPUGTOM BbiAeNeHbl 3HaUeHNs
p < 0.025, npy KOTOPbIX Pa3NYNA CYNTANNCH CTATUCTUYECKIN 3HAUNMbIMU.
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Ta6bnuua 4. Yactota annena TCF7L2 (53341T) B HeKOTOPbIX NONYNALMAX (3THUYECKMX Fpynnax) 1 cpaBHeHWe nonynauui (p-value)

Monynauwnsa/ N, Yactota CpaBHeHwue nonynayui (p-value)

STHUYeCKas rpynna GEMOBEK TCFJLD - tereseermsssoems oottt Lo
(533417), BypaTbl Teneytol  AKyTbl [onranbl  Pycckne 5
% e = BoCTOUHOV

BOCTOYHbIE 3anagHble Hiop6uHCKMI  YcTb-AnpaHcKuin Cnbupm
ynyc ynyc

BypaTbl BocTouHble™ 132 4.9 0.030 0.014 0.983 0.660 0.224 p <0.001

BypaTbl 3anagHble’™ 276 9.6 0.030 0.556 0.037 0.213 0.399 p <0.001

TeneyTbr™ 115 1.3 0.014 0.556 0.017 0.106 0.190 p <0.001

AKyTbl, HopbuHCcKnn ynyc™ 99 4.5 0.983 0.037 0.017 0.573 0.205 p <0.001

AKyTbl, 96 6.3 0.660 0.213 0.106 0.573 0.672 p <0.001

YcTb-AnpaHckuii ynyc®

Honranbr™ 168 77 0.224 0.399 0.190 0.205 0.672 p <0.001

Pycckne 133 259 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p <0.001

BocTtouHoit Cnbnpu™

KnTanupl gai, 93 22 0.220 0.002 p<0.001 0.335 0.086 0.017 p <0.001

CuyaH6aHbHa, KnTair™*

Kutanupl xaHb, 103 24 0.245 0.001 p<0.001 0.375 0.094 0.017 p <0.001

MekuH, Kutain™*

KO>Hble KnTanubl XaHb, 105 29 0.386 0.003 0.001 0.552 0.162 0.033 p <0.001

Kutain™*

AnoHubl, Tokno, AnoHns™ 104 29 0.388 0.003 0.001 0.554 0.164 0.033 p <0.001

KnHb (BbeTbl), 99 1.0 0.037 p<0.001 p<0.001 0.068 0.011 0.001 p <0.001

XownmuH, BoetHam™**

Hacenenwe wrara l0Ta, 29 313 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.240

NMOTOMKM BbIXOALEB

n3 CeBepHoli 1 3anagHomn

Esponbl™*

OuHHbIL, QuHnanana™* 99 22.7 p<0.001 p<0.001 0.002 p<0.001 p <0.001 p<0.001 0.494

Anrnuyane v wotnanaub™* 91 25.8 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.931

V6epbl, Ncnanna™* 107 39.7 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.002

TockaHupl, Utanua™* 107 374 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 p<0.001 0.009

Yacrora amnens TCF7L2 (53341T) B BBIOOpKE pycCKUX
(25.9 %) Taxke COOTBETCTBYET 3HAYCHHSIM 3TOTO MOKa3a-
Test B APYrux esponeouansix rpynmax (23—40 %) (The
1000 Genomes..., 2012). B u3y4eHHbIX HaMU BBIOOpKax
KOPEHHBIX HApOJIOB OH CTaTUCTUYECKH 3HAYMMO MEHBIIIE, YeM
B IPYIIIE PYCCKUX, U BapbupyeT oT 4.5 % y sikyroB Hiopoun-
ckoro ynyca 1o 11.3 % y TeneyToB. BeIsBI€HBI CTaTUCTHYECKU
3HAUUMBbIE Pa3JIHUMsl MEX/y TPYIIION TeIeyTOB U BEIOOpKa-
MH, TJI€ 3T 9aCTOTa MUHUMAaJIbHA, — BOCTOYHBIMH OypsiTaMu
(4.9 %) n sxyramu HiopOunckoro ymyca. [IpuBeneHHbIe B
pa6ore (Trifonova et al., 2020) naHHbBIC 1O YACTOTE U3yUYCH-
Horo amtenst TCF7L2 (53341T) B Beibopkax Oypst (6.3 %)
n sKyToB (4.3 %) okazanmuch OJIM3KM K MONYyYCHHBIM HaMHU
pesynbratam. K coxaneHuto, B 3TOH CTaThe HE yKa3aHbl 00b-
€MbI BBIOOPOK M MECTO IPOKMBAHUS HCIBITYEMBIX, YTO HE
MIO3BOJIMJIO HAM OLIEHHTH JIOCTOBEPHOCTH Pa3iIn4uil. MBI He
O0OHapY MM CTaTHUCTHUYECKU 3HAYMMBIX PAa3IHUUl MEXITy
BEIOOpKaMH BOCTOYHBIX OypsT U sIKyToB HropOmHCKOTO yiyca
U TIPEACTaBICHHBIMH B JINTEPAType BHIOOPKAMU KOPEHHOTO
HaceneHuss BocTouHo A3uu — KHTaWIaMu, SIOHLIAMH U
BbeTHaMLaMU. /115 IKyTOB YCTh-AJJIaHCKOTO yilyca [T0Ka3a-
HO, uTo 4actora aymtens 7CF7L2 (53341T) craTucTHYeCKA
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3HAYMMO BBIIIE, YEM y BHETHAMIIECB; Y JIOJTAH BBISIBICHBI
pas3jinuud €uIC U ¢ HEKOTOPbIMHA KUTalCKUMU MOMyJIAUAMMU.
['pymmsl 3anagHbIX OYpAT U TENEYTOB IEMOHCTPUPYIOT CTaTH-
CTHYECKH 3HAUMMO OOJIBIIYIO YaCTOTY U3YYEHHOTO aJIIEIIs 110
CpaBHCHHIO CO BCCMH OIMMChIBAEMbIMU BOCTOYHO-a3UaTCKUMHU
BeIOOpKamM. [1oka3aHo Takke, 9YTO 4aCTOTa ITOrO BapHaHTa
B IOIYIISIMSIX KOPEHHBIX skuTeneid CuOupH CTaTHCTHYECKH
3HAYMMO MEHbIIE, YEM B CBPOINICONIHBIX I'PYIIIAaX, OIMMCAHHBIX
B urepatype (The 1000 Genomes. . ., 2012). Takum obpazom,
TEHJICHINS K MPOMEXYTOYHOMY ITOJIO)KEHHIO BBHIOOPOK KO-
PCHHBIX CHOUPCKHX HAPOJOB MEXKIYy BOCTOYHO-a3UATCKIMU
HONYJIALMAME U €BPOIIEOUIaMU HAOMIOAAaeTCs ¥ 110 4acTOTe
amnenst TCF7L2 (533417).

O6¢cyxpeHue

HccnenoBanne 4acToT GpyHKIMOHAIBHO 3HAYMMBIX BapHaH-
TOB '€HOB B MEJIMKO-OMOJIOTHYECKOM M TeHOreorpaphuueckoM
KOHTEKCTE SIBIISIETCS aKTyaJIbHBIM HAllPABICHUEM B H3yUCHUHT
MOMYJISIIIMOHHO-TEHETHUECKOH CTPYKTYPBI KOPEHHBIX HAPO/I-
Hocrel Cubupu. B HacToseid paboTe onpeeaeHbl 4acTOThI
amneneit 103894T n 533417 rena TCF7L2, acconunpoBaH-
HbIX ¢ C/12 1 1pyruMu MeTaboIMuecKMMHU 3a00JIeBaHIsIMY,
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B HOMYJISIIUSX OypsIT, SIKYTOB, I0JITaH, TEJIEYTOB U B BHIOOPKE
pycckux Boctounoit Cubupu. Ilokazano, 9To B Tpymime pyc-
CKUX OHM HaXOJATCS B MHTEPBAJIC, XapaKTEPHOM JUISl IPYTHX
€BPOIEOUIHBIX MOMYJISIUA. B TO ke BpeMsi B MOIMYIISIHAX
KOPEHHBIX CHOMPCKHUX 3THOCOB BBISBICHBI CTATUCTHYECKH
3HAYMMO MEHbIINE J9acToThl BapuantoB TCF7L2 (103894T)
u TCF7L2 (53341T). 1o aToMy noka3zaresito KOpeHHOe Hace-
nerne CHOMPH 3aHUMAET MTPOMEKYTOTHOE MTOTOKEHUE MEKTY
€BpOIeouIaM1 U nonyssiuusiMu Boctounoit Azuu.

Cy1iecTByeT psiJi paboT, B KOTOPBIX IIOKA3aHO, 4TO METa0o-
JIIYEeCKUI CHHAPOM U OIWH U3 €r0 KOMITOHEHTOB — C/12 — pexe
BCTPEYAIOTCS Cpei KOPEHHBIX 3THOCOB Cubupwm, /lamsaero
BocToka, a Takxke eBpomneiickoil uactu Poccun, numeromux B
cocTraBe reHO()OHIa MOHTOJIOMIHbIH KOMITOHEHT, YeM CpEIH
esponeonnios (Lpiperoposa u ap., 2015; Kuunurun u ap.,
2017; Ipirankosa u np., 2018). o 00yCIOBICHO, IPEK IS
BCETO, TPAAUIIMOHHBIM 00pa30M KHU3HH, MPEIIONATAIOIINM
JIOCTaToOuHbIC (PM3MYECKHE HATPY3KH M PALlMOH, COCTOSIINI
U3 TPEUMYIIECTBEHHO XKMBOTHOM MUIKM, Ooraroii Oenkamu
1 J)KHpPaMH, C OTPAaHMYEHHON YIIIEBOJHOM COCTaBIISIIOLIEH
(banposa u np., 2013).

OTHHYeCcKre 0COOCHHOCTH B PACIIPOCTPAHEHUH U ITPOSIB-
neanu C/I2 ompeaemnseT ¥ OTIWYHBIN OT eBpPOTIEHIIEB TeHO-
(hoH, XapaKTepU3yOLIMIics YHUKAIBHBIM COYCTaHUEM YacTOT
(DYHKIMOHAIIBHO 3HAYMMBIX T€HOB, KOTOPBIH C(HOPMHUPOBAJICS
B pe3yJbTare afanTaly K yciaoBusiM cpens! (batypun n ap.,
2017; Hallmark et al., 2018). Pasnuuus B ycIOBUSAX KU3HA
KOPEHHOTO W TIPHIIIOTO HACENICHHUs] HUBEIUPYIOTCS B IPO-
ecce ypOaHN3aIMy: H3MEHSIOTCSI MHOTOBEKOBBIE TPaIUIINH,
XapakTep IMUTaHUS W, KaK CIIEJICTBHE, CPEN KOPEHHBIX Ha-
POIOB BCe OOJIbIIIEE PACIPOCTPAHCHHE MOJIYYAOT OOJIC3HU
LIMBUJTH3ALMH, CBA3aHHBIE C HAPYIIIEHHEM METa00II3Ma, B TOM
qrcie caxapHbli quadet 2-ro Trmna (OBcssHHIKOBA 1 1p., 2007
piperoposa u ap., 2015; Lpirankosa u np., 2018). Nzyyas
pacnpezesieHue BapuaHTOB (PyHKIIMOHATIBHO 3HAYHMMBIX T€HOB,
ACCOIIMMPOBAHHBIX C PUCKOM 3a00JIEBaHUN B IOIYJISIIHSAX
KopeHHOro HaceseHus: CHOMPH, MOXKHO OIPEJIENUTD «3arac
MPOYHOCTH» TEHO(OH/IA, OLIEHUTD CTETICHB MO/IBEP)KCHHOCTH
Pa3HBIX 3THUYECKUX IPYIIT 3200JICBAHUSIM METa0OIMYECKOTO
CIIEKTPa B MEHSIOLMXCSl YCIIOBUSIX BHEIIHEH Cpelibl U CIIPO-
THO3MPOBATh SMHUAEMHUOIOTHIECKYIO CUTYAIINIO B OMrKaiiiem
OymyrieM.

MeHbmas pacnpoCTPaHEHHOCTh caxapHOro auadera
2-r0 THIIa CPEAN KOPEHHOTO HaceneHust Cuonpu cormacyercs
C BBISIBJICHHBIMHU B HACTOSIIIIEM UCCIIEA0BAaHUN TTOHMKEHHBIMH
MOMYJISIIIMOHHBIMY YaCTOTaMU U3y4eHHBIX auenedt TCF7L2
(103894T) u TCF7L2 (53341T), accormupoBanubix ¢ C/12
U PSIZIOM CHHTPOITHBIX 3200JIeBaHUH. MOXKHO ITPEATIONI0XKHTS,
YTO CHW)KEHHAs! 4aCTOTa dTHX BaPHAHTOB BHOCHT BKJIAJ B
STHUYECKNE OCOOEHHOCTH 3a00J€BAEMOCTH B M3YUECHHBIX
nonyssinusx. B ycrnoBusax ypoaHuzanum y KOpEHHBIX STHOCOB
Culupy MOXKHO TIPOrHO3UPOBATH CHUKEHHBIH, 10 CPABHEHHIO
C TIPUIIIBIMU €BpOIIeonIaMu, pocT 3aboneBaemoctrn CI2 u
JPYTHMMH aCCOIMUPOBAHHBIMU C ’TUMH BapHAHTAMH T1aTOJIO-
T'MYECKUMH COCTOSTHUSIMH.

BbIcoKy10 10 cpaBHEHUIO ¢ OypsiTaMy U SIKyTaM{ YacTOTY
Bapuanrta TCF7L2 (53341T) y TeneyroB KemepoBckoii 00-
JIACTH MOXXHO OOBSCHHUTH TE€M, YTO BO BPEMsI CTAHOBIICHUS
9TOT 3THOC BOOpaJI B CBOIf reHO(OHT HEKOTOPYIO IO EBPO-
neonaHOTO KomnoHeHTa (Ocramiesa u 1ip., 2006). [IpoxuBas
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Monumopdusm reHa TCF7L2
B NOMYNAUMUAX NATM 3THOCcoB Cnbupmn

B O0Jiee KOM(OPTHBIX YCIOBHUAX, 00YCIOBICHHBIX OJIN30CTHIO
roponoB IIpoxonbsesck, KemepoBo, HoBoky3Henk, u umes
pacIIMpeHHbIH, MPUOIMKEHHBIH K €BPOINCHCKOMY paIriioH
IMUTaHuA, TCJICYTbl MOT'YT 6]>ITI) MOABEPIKCHBI ITOBBIIICHHOMY
pucky passutus CII2 m acCOIMMPOBAHHBIX C HAM 3a00Je-
BaHMH. [lOBBIICHNE YACTOTHI CEPACUHO-COCYUCTHIX 3200-
JICBaHUU B MOCJIEAHUE ACCATUIICTHSA Y HUX YIKE OTMEUACTCA
(OBcstHEMKOBA 1 71p., 2007). OmgHaKko a7 601ee KOPPEKTHBIX
BBIBOJIOB HEOOXO/TMMO M3yUCHHE YACTOT BAPHAHTOB U PYTHX
(DYHKIIMOHAJIBHO 3HAYMMBIX T'€HOB.

3aknioyeHmne
B Hacrosiiedt pabore M3y4deHbl 3THHUECKHE OCOOCHHOCTH
B paclpeeleHNH 4acTOT MOIMMOP(HBIX BapHAHTOB Te€HA
TCF7L2 (G103894T, rs12255372) u (C53341T, rs7903146)
B HOMYJSIUSAX OypsiT, SIKYTOB, JOJITaH U TEJIEYTOB U B BbI-
6opxe pycckux Boctounoit Cubupu. VccnenoBanune oxyca
rs12255372 y pa3HbIX TEppUTOPHAIBHBIX TpyHn OypsT U
SIKyTOB OBIJIO BBITIOJTHEHO BIIEPBbIE, TAK K€ KaK 1 BIIEPBbIE UC-
CJICIOBAHBI MOIYIISIINK TEJIEYTOB 1 I0TaH 110 000MM JIOKycaM
rs12255372 u 1s7903146. [TokazaHo, 94TO B COOTBETCTBHH C
001muM reorpaduyeckuM IpaIdeHTOM paclpe/elieHus 1o-
JTUMOP(HBIX BaApUAHTOB, YACTOTHI UX B BEIOOPKAX KOPEHHBIX
CHOMPCKUX HAPOJIOB 3aHIMAIOT ITPOMEKYTOYHOE MOJIOKECHHUE
MEXJ1y €BpOIeOonIaMy U MOMYJISIUsIMU BocTouHoit A3um.

IIponemMoHCTpUpPOBAHO, YTO BCTPEYAEMOCTh alljIesIed
TCF7L2(103894T)n TCF7L2 (53341T), accolunpoBaHHbBIX
C caxapHbIM JMa0deToOM 2-To THIIA U IPYTUMU 3a001€BaHHUSIMU
METabOIMUECKOTO CIEKTPa, CTATUCTUYECKN 3HAYNMO HIDKE
B BBIOOpKaxX CHOMPCKUX HAPOJIOB, YEM CPEIH PYCCKHX, YTO
COITIaCyeTCsl C MEHBIIEH MOBEPKEHHOCThIO KOPEHHOIO Ha-
CeJIeHUs] MeTabONMNYEeCKIM HapyIIeHusM, B ToM gucie C/12.
B ycnoBusix nepexona K ypOaHH3UpOBAaHHOMY 00pa3y HU3HU
MOXHO NMPOTHO3UPOBATh CHUKEHHBIH, IT0 CPABHEHHIO C MPH-
IIJTBIMU €BPOTIeOUIaMHt, pocT 3a0oieBaemocTtr CI2 1 1pyTux
ACCOIMMPOBAHHBIX C 3TUMH BapHaHTAMU MaTOJIOTMYECKUX
COCTOSIHUH y KOpPEHHBIX 3THOCOB CHOMpH — OypsiT, SIKYTOB,
JIOJITaH U TEJIEYTOB.

st Goree MOTHOTO TMOHMMAHHS TPUPOJBI ITHUIECKUX
pasznnuunii HeoOXOMUMO JajbHelIee U3yueHHe CTPYKTYPbI
MOMYJISIINHN 110 IPYTUM TeHaM METa00JINIeCcKOTo PO(HIIs.
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IToka3aTe/nb CHUXXEHUS TEMIIEPATYPbI PAaCTUTEJIBHOT'O I10JIOT'a
B CeJIeKU NN ITIIEeHNIIbI Ha BaCVXOVCTOﬂIII/IBOCTb n X(ElpOCTOf/iKOCTb

C.B. Aenexos ®

DepepanbHblii ANTaicKmiA HayYHbIi LeHTp arpobuoTexHonoruin, bapHayn, Poccus
® sergeilepehov@yandex.ru

AHHoTayus. Mpolwuno 6onee 40 neT ¢ Hayana UCMNOb30BaHNUA MHPPaKPACHOTO TePMOMETPA AJ1A OLIEHKM 3aCyX0- 1
KaPOCTOMKOCTM B CeNeKLUMmn pacTeHunii. 3a 3TO BpeMA METOA LIMPOKO pacnpocTpaHunnca Bo Bcem mupe. OgHako B
Poccrmn onmcbiBaemblii CNOCo6 OLEHKYM CTPECCOyCTOMUYMBOCTM COPTOB A0 CMX NMOP He NpumMeHsaeTca. Hamu caenaH
0630p pe3ynbTaToB MCMONb30BaHUA NHPAKPACHOTO TEPMOMETPa B CeNeKLmmn pacTeHnin. Ha npumepe niueHunLbl
OnKcaHbl OCHOBHble AOCTOMHCTBA M HepocTaTKy nokasatena CTD (canopy temperature depression), oueHviBae-
MOro MOCPeACTBOM UHPPAKpacHOro TepmomeTpa. feHoTunbl ¢ 6onee BbICOKMM 3HaueHrem CTD, a 3HauuT, 6onee
NpoxnafgHbIM MOIOrOM B YCIIOBUAX 3aCyXW, MCMOMb3YIOT 6osibllee KOMYEeCTBO AOCTYMHON MOYBEHHON BRaru anis
oxnaxaeHns 3a cyet TpaHcnupaumun. CTD — HTerprpyiowmnin nprsHak, KOTOpbI ANarHOCTUPYET TeKYLLMIA BOAHbIN
cTaTtyc pacteHui. KoadduuneHT Bapraumm nokasatena CTD HaxoguTca B npeaenax 10-43 %. B 3HauntenbHoM Ko-
nnyecTBe pPaboT NoKasaHa ero TecHas B3aMMOCBSA3b C YPOXKANHOCTbIO U BbICOKAsA HacnelyeMoCTb, OAHAKO B LIe/IoM
6onblINii KOIPOULMEHT HACE[YEMOCTM UMeNa YpoxKainHOCTb. [prMeHeHne nokasatens CTD B npakTuyeckoi ce-
neKkuMn MieHNLbl OCNapuBaeTca PAAOM MUCCefoBaTenen nus-3a 3HaYUTENbHOIO KONMYeCcTBa BAUAIOLLNX HA HEro
¢dakTopos. CTD TecHO cBA3aH C APYrMMU NPU3HaKaMK, OTPaKaloLWMMy BOAHbIV CTaTyC pacTeHUn unu pesynbtat
apanTaumm K 3acyxe unm »kape. JIoKycbl KOIMYeCTBEHHbIX MPU3HAKOB, accoLmpoBaHHble ¢ CTD, obHapy»keHbl Ha
BCEX XPOMOCOMaX, 3a UCKIIIoUYeHNeM XpoMocombl 3D. BbifiBNIEHHbIE JIOKYCbl YAaCTO OMUCHIBAIOT HEGObLUYIO YacCTb
deHoTMNMYeckom n3meHumBocTr (10-20 %, yalye meHee 10 %), UTO 3aTPYAHUT NMPAMUANPOBAHNE FTeHOB, CBA3aH-
HbIX C TeMMepaTypow nosora, NoOCPeAcTBOM MapKepHon cenekummn. OueHka nokasatena CTD HagexHa, TeEXHUYecKn
npocTa v NPoV3BOAUTENIbHA 1 NPY Haf/exXallem ee UCMOoSIb30BaHNM NMOo3BONIAET OOBEKTVIBHO OMNPEeAenuTb OfHY
13 CTOPOH >Kapo- 1 3aCyXOyCTONYMBOCTN COPTOB, COXPAHMB PacTeHNA B »KNBOM BMAE, YTO BbIFOAHO OT/IMYAET ee OT
Apyrux Metofos. Hannyuwmi pesynsraT OnmcbiBaeMblii METOA AEMOHCTPUPYET B YCNIOBUAX TEPMUHASIBHOM 3aCyXU.
KnioueBble cnosa: nokasatens CTD; NweHNLa; 3aCyX0yCTOMYMBOCTD; XKapOCTOMKOCTb; KpUTEPUIA OTOOpA.
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Canopy temperature depression for drought-
and heat stress tolerance in wheat breeding

S.B. Lepekhov®

Federal Altai Scientific Centre of Agro-BioTechnologies, Barnaul, Russia
® sergeilepehov@yandex.ru

Abstract. An infrared thermometer was first used to assess drought and heat tolerance in plant breeding more than
40 years ago. Soon afterward, this method became widely used throughout the world. However, Russia has not yet
applied the described method for evaluating stress tolerance. This paper presents an overview of using infrared
thermometry in plant breeding. Taking wheat as an example, it shows major advantages and disadvantages of
canopy temperature depression (CTD) values measured by the infrared thermometer. The paper also demonstrates
that genotypes with higher CTD values, and therefore with a lower canopy temperature, use more available soil
moisture under drought stress to cool the canopy by transpiration. It refers to CTD as an integrative trait that
reflects an overall plant water status. Its coefficient of variation lies in the interval of 10 to 43 %. A large number of
publications illustrate a close relation between CTD values and yield and indicate a high heritability of the former.
Meanwhile, the same works show that yield has a higher heritability. Moreover, some researchers doubt that CTD
should be used in applied wheat breeding as there are many factors that influence it. CTD has a high correlation
with other traits that reflect plant water status or their adaptation to drought or heat stress. Quantitative trait
loci (QTLs) associated with CTD are localized in all chromosomes, except for 3D. These QTLs often explain a small
part of phenotypic variance (10-20 %, more likely less than 10 %), which complicates the pyramiding of canopy
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MoKkasaTenb CHUKeHNA TemnepaTypbl MoJiora B cenekumm
NweHNLbl Ha 3aCyXOYCTONYNBOCTb U XapOCTONKOCTb

temperature genes through marker-assisted selection. The paper concludes that the evaluation of CTD appears
to be a reliable, relatively simple, labor-saving, objective, and non-invasive method that sets it apart from other
methods as well as shows the best results under terminal drought and heat stress conditions.

Key words: CTD; wheat; drought tolerance; heat tolerance; selection criteria.
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BBepeHune

Viep6 oT 3acyXH ¥ JKapbl €KEroHO OTMEYAETCs Ha TIOCeBaX
MSITKOH TIIEHHIIBI, KOTOPbIE 3aHMMAIOT OOIIYIO IUIOIIA/b
200 muH ta (Ortiz et al., 2008). [TureHua 04eHb TYBCTBH-
TeNbHA K TEINIOBOMY cTpeccy. OnTumainbHasl TeMIepaTypa
Juist hoTocuHTe3a y Hee cocranisieT npumepHo 25 °C (Nagai,
Makino, 2009). IToxcuutaHo, 9TO C TIOBBIIIIEHUEM TEMITEPaTy-
PpBI BO3AyXa Haf ontuManbHol Ha | °C B mepuoj HanMBa 3epHa
YPOXKAHHOCTH MINCHHIIBI CHIDKaeTes Ha 3—4 % (Wardlaw et
al., 1989).

OnHUM 13 COCOOOB CHIDKEHUS yIepOa OT 3aCyXH sIBIIs-
€TCSl CENIEKIIMs 3aCyXOyCTOHUYMBBIX COpTOB. Pabora B 3TOM
HAIpPaBICHUU TPYLOEMKa, ITOCKOJIbKY BKIIOYAET OLEHKY
OOJIBIIIOTO KOJIMYECTBA PACTEHUI M OCIOKHEHA HHU3KOH U
HEMOCTOSTHHON B3aMMOCBSI3bI0 MEXAY (PeHOTHIIOM U ypo-
JKAHHOCTBIO B YCIIOBHSIX 3aCyXH IO NPHUYMHE MHOXKECTBA
BOBJICUEHHBIX MEXaHU3MOB ajfantannuu. OTOop, OCHOBaHHBII
UCKJTIOYUTEIBHO Ha YPO)KAHHOCTH, OCTIOKHSACT CEJISKIINIO Ha
3aCyX0yCTOMYHMBOCTD, TAK KaK ypOKallHOCTb XapaKTepU3yeT-
Csl HU3KOM HAacCIIelyeMOCTbhIO B yCIOBUsIX 3acyxu (Sofi et al.,
2019). CnenoBarenibHO, KpaiiHe BaYKHO OOHAPYKUTH JAPYTHE
MPU3HAKH, CBSI3aHHBIE C 3aCYXO0YCTOHYHUBOCTBIO, IS OBICTPOI
OLICHKH OOJIBIIIOTO KOJIMYecTBa copTooOpa3nos (Sohail et al.,
2020).

J171s1 BBISIBIICHNS TOJIEPAHTHBIX TEHOTHITIOB OBIIIO TIPEAIOXKe-
HO HECKOJIbKO (pr3noIornueckux npusHaxkos. dusnoiornye-
CKUH IPU3HAK — 3TO IPU3HAK, KOTOPbIH BIUAECT HA MEXaHU3MBI,
UTpArOIIUe POJb B aJANTAIlH pacTeHui K crpeccy (Reynolds
et al., 2009), nHanpumMep JUIHHA KOJICOIITHIIE, COXPAHHOCTb
3eJICHON OKPACKU JIMCThSIMH, KOHLIEHTPAIUS PaCTBOPUMBIX
YIIIEBOJIOB B cTeOlIe, BOAHBIIM MOTEHIINAN JINCTA, TEMIIEpPATypa
nojiora (axen. canopy temperature) u ap.

B mHacTosmieit crtaThe mpencTaBieH 0030p pe3ylbTaToB
UCTIOJIb30BaHMS MH(PAKPACHOTO TEPMOMETPA B CENCKIUH
pacTeHuil.

HasHaueHune nokasatena CTD

1N MmeTopa ero onpepeneHna

Temmneparypa nojora — UHTEIpUPYIOLIUI IPU3HAK, KOTOPII
OTpa)kaeT BOAHBIN CTATyC PACTEHUH, T. €. PABHOBECUE MEXKTY
noTpebIeHneM BOJIBI KOPHSIMHU M TpaHCHHpanueil mooderos
(Berger et al., 2010). [Tox nelicTBeM HHTEHCHBHOM COJIHEY-
HOH painaliiy 1 3aCyXH yCTbUYHAs IPOBOJUMOCTb PACTCHUI
CHIDKaeTcsl, Ae(DUIUT MOYBEHHOM BJIary IPUBOANT K TaJICHUIO
HOPMAaJIbHOI'O YPOBHS TpPaHCIUpPALUHU, YTO B CBOIO O4Y€pelb
CrocoOCTBYET YBEIHUYCHHIO TeMIeparypsl monora (Rebetzke
et al., 2013), moAaTOMYy M3MEpPEHHE €0 TEMITEPATypPhl MOXKET
HCTIONB30BaThCS B IKCIIEPUMEHTAX I10 )Kapo- U 3aCyX0yCTOH-
YUBOCTH pacTeHuil. Hepenko BMecTo TeMiieparypsl 1ojiora
WCCIIe/IOBaTeNIM paccyuThIBaloT nokaszarens CTD (canopy
temperature depression), KOTOPbIH OIIpeesseTCs 10 Pa3HO-

CTH MEXJly TEMIIepaTypoil BO3yXa 1 TeMIeparypoii oiora
(Jackson et al., 1981). Ecnut oz neficTBreM TpaHCTIHpaun
TEMIIepaTypa I0JI0Ta OITyCKaeTCsl HIDKE TEeMITepaTyphl BO3-
nyxa, To CTD nonoxxuTenbHbIN, 1 HA00OPOT: KOT/Ia MOJIOT
HarpeBaeTcs cuibHee Bo3ayxa, CTD orpumarensHbit. ['eHo-
THUIBI ¢ Oosee BrIcOKUM 3HauenueM CTD u, crnenoBarensHo,
OoJiee IPOXJIaIHBIM I10JIOTOM B YCJIOBHSIX 3aCyXH UCIIONB3YIOT
OostpIlIee KOMYIECTBO OCTYITHOM MTOYBEHHOM BIary IS OX-
JaXICHNUS 32 CYET TpaHCTIMpanyu. [I0CKoIbKy yCTOsSBIIETOCS
olpeiesieH s JUlsl TepMHHA ‘canopy temperature depression’ B
PYCCKOM $SI3BIKE HET, MBI IPEAJIAraeM OCTaBUTh O€3 N3MEHEHNS
AQHMIUICKUI BapuaHT — nokasarens CTD.

Temneparypy 1osora n3mMepsioT ¢ OMOIBIO IOPTATHBHOTO
WH(PPAKPACHOTO TEPMOMETpPa WM MHPPAKpaCHONH KaMepsl
(Yousfi et al., 2019). Pabora npoBoanuTcst B 6€3BETPEHHYIO U
0e3001a4HYyF0 IOroTy rmocie monyaHs. Haubosee cyiiecTseH-
HBIE TeHOTHIIYeckue paznumans mo CTD nabmomarorces ¢ 14
mo 15 g (Thapa et al., 2018), mpu BEICOKO# Temmeparype u
HU3KOHU BJIAXXHOCTH Bo3ayxa (Zhang X. et al., 2018). Uccie-
JI0BaTeJIb JOJDKEH PAcIoNaraTbes o OTHOIIEHHUIO K JICTISTHKE
TakuM 00pa3oM, 9TOOBI He 0TOPACHIBATh TCHB Ha 00JIACTh H3-
mepenws (Pinto et al., 2010). Eciiu nensinka nmocesiHa psiikamu,
TO PEKOMEH]TyeTCs CTOSITh COOKY OT HHX, pacrojarasi TepMo-
METp I0J1 yIJIOM K psizikam. Korza mokpsITHE ITIOYBbI JIUCTHIMH
HHU3KOE, HEOOXOMMO JIep)KaTh TEPMOMETP MO/ HEOOIIBIIUM
YTIIOM K TOPHU30HTAJIH, YTOOBI CBECTH K MUHUMYMY BIIUSTHHE
temrieparypsl moussl (Reynolds et al., 2001). ITpubop pasz-
MenarT B 50 cM HaJl 1M0JI0roM, OTCTYMasi OT Kpast JIeJISTHKH
1 m (Mason et al., 2011; Sohail et al., 2020). JIyumas ¢a3a
JUIsl n3Mepenns — nepuox Hanuea 3epHa (Thapa et al., 2018).

WudpakpacHblii TepMoMeTp ObUT BIEPBbBIE BHEJPEH B CEIlb-
CKO€ XO3HCTBO JUIA TJIAHWPOBAHMS oporieHus B 1970-x .
(Jackson et al., 1977), a ucriop30BaTh €ro JAJIs H3YYICHUS 3a-
cyxoycroiunBocty Hadanu B 1980-x rr. (Blum et al., 1982).
C xonna 1980-x rr. B CIMMY T npumenstror onenky CTD B
Pa3IUYHBIX HKCIIEPUMEHTAX KaK KPUTCPHH yCTOHYMBOCTH K
3acyxe ¥ BBICOKOW Temreparype Bozayxa. [lomyssiiuu ¢ BbI-
coxuM 3HadeHneM CTD orOupatorcs B nokosnenuu F, (Blum,
2005). Mi3mMepeHue Temreparypbl 11oj1ora MOXKeT 3HAUUTEITLHO
YCKOPHTH BBISIBIICHUE 3aCYXO0YCTOHUMBBIX TEHOTUIIOB OJ1aro-
Japsi BBICOKOM CKOpoCTH paboTsl (~10 ¢ Ha AETSIHKY), TIpo-
CTOTE U CpaBHUTENbHOMN 3koHOMUYHOCTHU. [Tokazarens CTD
MHTErPUPYET BECh IOCEB 3a CUYET OJHOBPEMEHHOW OLIEHKH
MHOTUX PacTE€HMH, YTO CHI)KAET OIIMOKY, CBA3aHHYIO C Ba-
puanueit otnenbHBIX reHoTuiioB (Cossani, Reynolds, 2012).

®dakTopbl, BNUAOLME HA TOYHOCTb

onpegenexHuna CTD

ITomumo BBIIICTICPCUUCICHHBIX JOCTOUHCTB, METOJ UMECT
HEKOTOpbIe orpaHrueHus. TOUHOCTh U3MEPEHNS [10/IBEPIKEHA
BJIMAHUIO MHUKPOKJIMMATAa, CKIIAAbIBAIOIICTOCS B al"pO(l)I/ITO—
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1eHo3e. Bricokas n3MeHYnBOCTh HAOMIONACTCS [IPU PE3KOit
CMeHe yCIIoBHil, HarpuMep B oomaunsie nau (Chaves, 2013).
Ha CTD Bausier psit GMOIOTHYECKHUX M CPEIOBBIX (haKTOPOB,
TaKUX KaK TeMIIepaTypa 1 OTHOCUTEIbHAS BIQKHOCTH BO3LY-
Xa, BIIAXKHOCTB TTOYBbI, CKOPOCTB BETPA, COTHEUHAS paIHaIlys,
9BaNOTpPaHCIUPANNs, aJaNTalys JIUCTA K JeHUINUTY BOIBI
(Bahar et al., 2008), rycrora crostnus pacrenuii (White et al.,
2012), pa3mep komoca, OKpacka JTUCTbEB U ux pa3mep (Balota
et al., 2008), yron Hakmona nucteeB (Zhang Y. et al., 2011),
JUTMHA MEXI0y3/us U Hajuuue ocreil (Bonari et al., 2020).
[TockonbKy opraHbl pacT€HUs Pa3InYaOTCs 10 CBOEH OXJIak-
Jlarolieit crrocoOHOCTH, TEMITEpaTypa Mojora ¢ KOJIOChSIMH Ha
2 °C Beiie, yeMm 0e3 kosockeB (Olivares-Villegas et al., 2007).
Hannune onmcaHHBIX OrpaHWYEHUH MO3BOJSIET CAEIATh
BBIBOJ] O TOM, 4TO ocobenHoctu nokazarens CTD B nocra-
TOYHOU CTerneHH u3y4eHbl. Bo3neiicTBre cpeibl HeM30eKHO,
HO KOPPEKTHPOBKA JaHHBIX OTHOCHTEIBHO CTaHIapTOB, HC-
TI0JIb30BaHKE TIOBTOPHOCTEH N HEOHOKPATHBIH COOp TaHHBIX
KoMIeHcUpyroT 310 Bimsinue (Reynolds et al., 2001).

B3anmocsasb nokasatena CTD
C ApyrnMmun npusHakamm nweHunubl
B Gombrrom konmrgecTBe SKciepuMenToB nmokasarens CTD re-
MOHCTPHPYET CYIIECTBEHHYO KOPPEILILIUIO C yPOKAHHOCTHIO
B yclioBusiX 3acyxu U xapbl (Gao et al., 2016; Liang et al.,
2018; Sohail et al., 2020). ITpu camwxernn CTD na 1 °C ypo-
JKaIHOCTb MIIICHUIIB yMeHbImaeTes Ha 1.5—1.7 m/ra (Kaur et
al., 2018). B cBs13u ¢ 9TUM OIMChIBAEMBbIH IApaMeTp OCTAETCsI
Ba)KHBIM KPUTEPUEM 0TOOpA B CEJICKIIMOHHBIX IIPOrPaMMax He
TOJBEKO MeKcHKH, HO U ipyrux ctpal (Al-Ghzawi et al., 2018;
Thapa et al., 2018). B pe3ynsraTe HOBbIC COPTA MIICHUIIBI
xapakTepu3yioTcs: 6omnee mpoxianaeiM monoroM (Thapa et
al., 2018), X0oTs1 17151 COPTOB pa3HBIX COPTOCMEH, BO3/IEIbIBAC-
MBIX B OJIATOIPUSATHBIX YCIOBHAX HIIH IIPH OPOILLIEHUH, TaKast
3aKOHOMEpHOCTH He TpocnexuBaetcs (Balota et al., 2017).
B nccnenoBaHnsX ycTaHOBIICHA U TTOATBEPIKAACTCS TEC-
Hasg B3auMocBaA3b Mexay CTD u npyrumu npusHakamu,
BIIMSIIOIIMMHM HA BOAHBIN CTaTyC PACTCHUS MM HA PE3yNbTaT
aJIaNTalUK K 3acyXe M Xape: YCTbUYHOW MPOBOIUMOCTHIO
(Bonari et al., 2020), 3axeprxkoii crapenust smctbeB (Fang et
al., 2017), BOCKOBBIM HaJIETOM Ha TUCThsIX 1 cTeOe (Mondal
etal., 2015), nryOuHO# 1 pactipesieIeHeM KOPHEBOW CHCTEMBI
B mouse (Pinto, Reynolds, 2015), ctepribHOCTBIO KOsT0Ca (S0-
hail et al., 2020) u maccoii 1000 3epen (Gulnaz et al., 2019).

BapbuposaHue n HacnegyemocTb nokasatena CTD
Koaddurment Bapuarim nokaszaresnst CTD, oOHapy ) rBaeMBbIit
B PA3JIMYHBIX MCCIIEI0BAHMSX, MEHSIETCS OT cpeanero — 10—
14 % (Sharma P. et al., 2017; Jokar et al., 2018) 1o 3HaUUTEIH-
HOTO — 2643 % (Kumar et al., 2017; Sharma D. et al., 2018).
IIpu xapxoil u 3acymumusoi noroge CTD npexnckaszyemo
CHIDKAETCSI BIUIOTH JIO OTpHLaTe/ibHbIX 3HaueHuid (Thapa et al.,
2018), a paznmuus MeX Iy reHOTHIIaMu Bo3pacTtaroT (Pinto et
al., 2010). C stoit Toukn 3penns nokazaress CTD mydmnie nox-
XOJIUT ISl XapaKTEPUCTHKH 3aCYX0YCTOHYMBOCTH COPTOB, YEM
YPOKaMHOCTB IIPH 3acyXe. BpICKa3bIBaeTCsI MHEHHE, UTO 110
CPaBHEHUIO C TPSIMBIM OTOOPOM I10 YPOJKAHHOCTH M APYTUM
npuzHakaM CTD umeet 0O1bIIYIO IEHHOCTh KaK KOCBEHHBIH
KPHUTEpHUH Ul 0TOOpa T€HOTUIIOB, YTO JOCTUTAETCS 3a CUET
BBICOKOW HACJIeyeMOCTH W KOPPEILSIIHU C YPOXKXaHOCTBIO
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KoaddpurumeHt Hacnegyemoctnt CTD 1 yporkaliHOCTW
MSATKO MWeHWLbl B Pa3fvyHbIX Hay4YHbIX Ny6nmKaLmax

KoadpdurumeHTbl JInTepatypHbin
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(Rebetzke et al., 2013). Xots B psiie pabOT HACIETyeMOCTb
nokasaresiss CTD nocturana 3Hadenuii 0.65-0.80 (Kumar et
al., 2017; Khan et al., 2020), MHOTHE aBTOpBI, pACCUNTHIBAB-
mue HacsienyeMocTs Kak g CTD, Tak u 1uis ypoxaiiHocTH,
YaCcTOo MOJTYYalId JUIsl ITOCIIEIHETO MTPU3HaKa JIy4Ilylo HacJe-
JTIyeMOCTb (CM. TaOmuILy).

Bnusinue cpenpl — Hanboiee BeposiTHas IPUYMHA HU3KOH
Hacnenyemoctu CTD (Gao et al., 2016). Takum oOpa3zom,
aHAJIN3 JUTEPATyPHBIX TaHHBIX HE MO3BOJSIET CUUTAThH I10-
kazarens CTD Oosee moaxomsmM KpuTeprem oTdopa 1o
CPaBHEHUIO C YPOXKAWHOCTBIO MpH 3acyxe. Harboee ymecTHO
MCTIONTB30BATh STOT ITOKA3aTeNh B KA4ECTBE JOTIOIHUTEIHHOTO
rapaMeTpa OIEHKH 3aCyX0yCTOHYUBOCTH COPTOB.

leHeTn4yeckune d)aKTOpbl, BanAawLwne

Ha CHNXXeHune TeMmnepartypbl nosiora

I'eneTnueckuit koHTposb mokazarenss CTD MHTEHCHBHO
n3ydJalcs JaBa mociemHux aecatmietnsd. Acuia-Galindo ¢
komeramu (Acuia-Galindo et al., 2015) nmpoananu3upoBanu
pe3ynbrathl 30 HaygHbIX padoT ¢ 2002 o 2011 . 1 BeLIEIMAIN
getpipe MeTanokyca (MQTL), conepxanux nBa wim Gosee
QTL 115t mpHU3HAKOB, CBS3aHHBIX C 3aCyXOYCTOHYMBOCTBIO U
JKApOCTOMKOCThIO (BKItoyas nokazaresnib CTD), unenrtudu-
IIUPOBAHHBIX B PA3IUYHBIX MCCIIEOBAHUAX, MOMYISLIUAX
wim cpenax. JlaHHbIe METaJIOKyChl pacliojioXKeHbl Ha Xpo-
mocomax 1B (3442 cM), 2B (68+2 cM), 3B (139+4 cM) u
7A (100£6 cM). Ogurounsre QTL amst CTD B o101 %€ pabote
OMHCaHBI JJII METAJIOKYCOB Ha XpomocoMax 3B, 4A, 7TA u
Tpu MQTL — s xpomocomsl SA. QTL, acconunpoBaHHbie
¢ CTD, 6smm moxanm3oBaHs! coBMecTHO ¢ QTL, xoHTpoOmH-
PYIOIIMMH JPYTHE aJaNTHBHbIC NMPHU3HAKH (YpOXKAWHOCTS,
Ouomacca, JIMTENBHOCTh HEePHOoJia «BCXOIbI—KOJIOIICHUEY,
03epHEHHOCTH Kostoca, Macca 1000 3epeH u comepkaHue pac-
TBOPHMBIX YIJIEBOIOB B cTedie). Pinto ¢ komuteramu (Pinto et
al., 2010), obo01was pe3ynbTaThl COOCTBEHHBIX U MPEIbITY-
IIUX UCCIIEIOBAHIH, TIPUBOASIT AaHHBIE 0 ToM, 9To QTL mms
TEMIIepaTyphI T0JI0ra JOKaJIN30BaHbI HA XpoMocoMax 1A, 1B,
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1D, 2A, 2B, 3A, 3B, 4A, 4B, 5A, 5B, 6A, 6B, 6D, 7Au 7B.
B my6mukammsax mocne 2011 . QTL ams CTD Oputi 0OHapy-
JKCHBI PAKTHYCCKU Ha BCEX XPOMOCOMAX, 3a HCKITIOUCHIEM
1D, 3A, 3D u 6D (Paliwal et al., 2012; Lopes et al., 2013;
Mason etal., 2013; Rebetzke et al., 2013; Mondal et al., 2015;
Sukumaran et al., 2015; Awlachew et al., 2016; Gao et al.,
2016; Mohammed et al., 2021).

YcranoBieHa coBMecTHas Win Oyn3kast jokamm3arus QTL
st CTD ¢ reramu Rht-B1 (Gao et al., 2016), Rht-D1 — aHu3-
KOpocliasi NIeHuIa uMeet Oosiee Terblit nosor, u Ppd-D1
(Rebetzke et al., 2013), Vin-A1 (Mondal et al., 2015), Tpanc-
kpurroHHeIM paktopoM Drebl (Khalid et al., 2019).

OOHapy>KeHHBIE JIOKYCBHI JIJIsl TEMIIEpaTyphbl Tojiora 00b-
scusaoT 10-20 % denoTunmyeckoil BapuaIiy JaHHOTO T10-
kazarens (Paliwal et al., 2012; Mondal et al., 2015; Awlachew
et al., 2016) nnu maxe menee 10 % (Rebetzke et al., 2013;
Sukumaran et al., 2015). Oto oxumaemo, Tak kak CTD —
WHTETPUPYIOIINHA TPU3HAK, CBA3aHHBII C MHOTUMHU MeXa-
Hu3Mamu 3acyxoycroiuuBoctu (Lopes et al., 2013). Bonee
TOTO, OXJIAXK/ICHUE PACTCHUI Ha Pa3HbIX CTAJUSIX Pa3BHTHUS
KOHTPOJIMPYETCS] JJOKYCaMH C Pa3INYHON JIOKaIU3anuei
(Lopes et al., 2013; Gao et al., 2016), mo3TomMy pe3yibTar
ornenkn CTD BappHpyeT B 3aBHCHUMOCTH OT CTaIHH Pa3BH-
tust pactenuii (Gulnaz et al., 2019). BeposiTHO, HEBBICOKHE
reHetnueckue 3dexrs MHOKecTBeHHBIX QTL coBMecTHO ¢
MCIIONB3YEMbIMH B CEJICKIINH MOMYIISIIMSIMA HeOOIBIOTo pas-
Mepa orpaHuuar nupamuauposanue anneneit CTD B ciaydae
mapkepHoii cenexiuu (Rebetzke et al., 2013).

Mpo6nembl, cBA3aHHbIE C CMONIb30BaHeM
noka3sartena CTD B npakTnueckom cenexkyumn

CTD — xopomuii uHANKATOp JFOOOTO THIA cTpecca, Oynb
TO BBICOKas TeMIlepaTypa BO31yXa, Je(UIUT BIaru MU
mukpoadnementos (Kaur et al., 2018). BHecenue a3oTHbIX
yno6penuit nosermaer CTD (Yang et al., 2018), mostomy
OIMCHIBAEMBII [TOKA3ATEINb BBISBIISICT HE TOJIBKO BOJHBIN, HO
W a30THBIH craryc pactenuii (Guo et al., 2016). Cooburaercst
o B3anmmMocss3u Mexay NDVI u CTD (Yousfi et al., 2019).
Temmeparypa mosora MOXeT TOBBIIIATHCS U3-32 3aPAKECHUS
pacrenuii cenropuosom (Wang et al., 2019). B To ke Bpems
00HaPYKEHO, YTO TETUIBII MOJIOT CO3/1a€T HEOIATONPHATHBIE
yCIOBHS JUIsSl pa3BUTHS >kentoi prkaBunubl (Cheng et al.,
2015). ITockonbKy (hakTOpsl CPeIbl ICHCTBYIOT Ha pacTCHHE B
COBOKYITHOCTH, Hicnionb3oBaHue CTD TONbKO [1s Cy>KAESHHS O
3aCyX0yCTOHYMBOCTH T€HOTHUIIOB B OTCYTCTBHE 3aCyXH MOXKET
BCECTH K HEBCPHBIM BBLIBOJIAM.

IToMuMO IUPOKO U3BECTHOM OTPULIATEIILHON KOPPEISLUU
ypoxaiinoctd u CTD npu 3acyxe unm xape, onMcaHHON
BBIILIE, YUEHBIE YKA3bIBAKOT HA [IPOTUBOPEUMBBIN XapaKTep UX
B3aMMOCBSI3H B pa3HbBIX cpenax (Balota et al., 2017). Hampu-
Mep, B BBICOKOTIPOTYKTHBHBIX CpeJlax cOpTa Co CPABHUTEIILHO
BbIcOKUM CTD uMeroT 0OJIBIIIYI0 yPOXKAWHOCTD, YEM COPTa C
H3kIM CTD, a B HU3KOypOoKaiHBIX Cpelax B3aHMOCBS3b 3THX
npusHakoB ucuesaet (Lu et al., 2020). Dto oObsicHsIETCS TEM,
YTO pa3auyusi B YpOBHE YCTOMYMBOCTH PACTEHUI OTYETINBO
MPOSIBJIAIOTCS JIUIIb MPH ONPEACICHHONW HANpPSKEHHOCTH
muMuTHpytoniero ¢akropa (Ynosenko, 1973). Hexoropsie
ABTOPBI BBIABJIAIOT HECYIIECTBEHHYIO UJIM MOJIOKHUTCIIBHY IO
B3anmMocBsa3bp Mexay CTD u ypoxkaitHocThio (Rahman et
al., 2016; Bala, Sikder, 2017). Ilpn 3acyxe oOHapy eHBI
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BBICOKOYPOJKaiHbIE COpTa KaK C IMOJOKUTEIbHBIM, TaK U C
orpunatensHsiM CTD (Sofi et al., 2019).

V3MeHuMBOCTh yPOXKaiHOCTH TIPH 3aCyXe MOXKET OBITH 00B-
sICHEeHa HeOOIbIIINM KOIMYeCTBOM MPU3HAKOB, BKIt09as CTD.
B OompIIMHCTBE CiTyyaeB OHM MOAJAIOTCS KOMTMUECTBEHHOMY
yUeTy y pPOJUTENEH U NMpOBepKe UX SKCIPECCHU B PACIIETI-
nsironemest motomctBe (Reynolds et al., 2007). Oxgnako B
psne padot CTD He MoT OBITH TOYHO H3MEPEH H3-3a TIOXOTO
CMBIKaHUs paCTUTEIBLHOTO IMTOKpoBa Haj mouBoii (Liang et al.,
2018) nnu B caydasx, Korja ypoxaiHOCTb CHIIBHO 3aBUCENa
OT OTPaHUYEHHOTO KOJIMYECTBA JOCTYITHON ITOUYBEHHOM BIIaru
(Royo et al., 2002). Balota ¢ xomuteramu (Balota et al., 2017)
MPUILIM K 3aKiIioueHuto o ToMm, uto CTD 3arpynHuTesbHO
UCTIONb30BaTh B NMPAKTHUECKON CEIEKIIUH, TOCKOIbKY U3-3a
pa3IUuui B BEICOTE CyIIecTBYET (D GEKT BIUSHUS COCEIHEH
JICTISTHKH.

CrnemyeT MPOSIBIATH OCTOPOKHOCTH NPU OTOOpE TeHO-
TunoB ¢ BeicoknM CTD B ycnoBusx nedunnTa Biard, Tak
KaK XOPOMIO pa3BUThIE MO3JHECIEIbIe TEHOTUIIBI MOTYT
(hopmupoBaTe OONBIIYI0 OHOMAcCy K MOMEHTY M3MEPEHHs
TemIiepaTypsl nojora. buomacca m Tpancnupanus ¢uzno-
JIOTMYECKHU CBSI3aHBbI, U JINHUHU C BBICOKOH OMoMaccoii OyayT
ObICTpee MCTOILIATh TIOYBCHHYIO BIArY, BBI3bIBAS 3aKPHITHE
YCTBUII M HarpeB pacteHHd. [loaToMy 0TOOp reHOTHIIOB C
MPOXJIaJAHBIM TIOJIOTOM B YCJIOBUSX Ae(pHULUTA TOYBEHHOM
BJIar'¥ MOXKET CIIOCOOCTBOBATH HAKOIUICHHIO JINHUH C HU3KHU-
MU TOTEHIMAIOM ypoxkaiHocTH 1 6nomaccoii (Rebetzke et
al., 2013) nwim uaeHTHdUKAINN Y3KOCIEIHATU3UPOBAHHBIX
reHorunos (Jokar et al., 2018).

3aknio4veHne

Taxum oOpazom, mokaszarens CTD HamexeH, TEXHUIECKH
MPOCT, OBICTPO U3MEPSEM U MPH HAIJICIKAIIEM €TI0 HCIOb-
30BaHUHM M03BOJISICT OOBEKTHBHO OLICHUTH OJHY M3 CTOPOH
JKapo- M 3aCyXOyCTOWYMBOCTH COPTOB, COXPAHWUB PACTCHHUS
B YKUBOM BHJIE, YTO BBITOJHO OTIIMYAET €ro OT JIF000To J1a00-
paropHoro meroza. Jljis rydneil OeHKH yCTOMYMBOCTH COP-
TOB K 3aCyXe H JKape HeOOXOIMMO YUHTHIBATH KOMITJIEKC I10-
KazaTeleii, modromy mokaszarenb CTD moxer oboratuTh 3Ha-
HUSI 0 3aCyX0yCTOHYNBOCTH COPTOB. CIieyeT TaKke IOMHUTb,
YTO NAHHBIA METOJ MOKA3hIBACT HAWIYUIIUH pe3yiTsTaT B
YCIIOBHSIX TEPMHUHAIBHOM 3aCyXH.
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O630p coBpeMeHHbIX MeTO0B OOHapPY>KeHIS
U ngeHTu@uKaLuy 6ose3Heli pacTeHull Ha OCHOBE
aHaJ/I3a TUIepCcrneKTpajJabHbIX N300pakeH Ui

A.®. Yemxkosa ®

CnbnpcKkuin pepepanbHblii HayYHbIN LEHTP arpobroTtexHonoruili Poccuiickoit akagemum Hayk, p.n. KpacHoobck, HoBocubrpckas obnactb, Poccua
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AHHoTayusA. bonesHn pacTeHnin NPUBOAAT K 3HAUUTEbHBIM SKOHOMUYECKMM MOTEPSIM B CEKTOPE CENTbCKOXO3ANCTBEH-
HOro MPOV3BOACTBA BO BCeM Mupe. PaHHee BbifiBNIeHMe, KONIMYEeCTBEHHas OLeHKa 1 naeHTndukauua 6onesHemn nmetot
peLuaioLLiee 3HaYeHMe /1A LieSieHanpaBieHHOro MPUMEHeHWA Mep 3aluTbl B pacTeHUEBOACTBE. B HacTosLee Bpems Be-
LyTCA UHTEHCUBHbIE HayuHble NCCNeloBaHMA No pa3paboTke MHHOBALMOHHbIX METOAOB ANArHOCTUKM 6onesHen pacTe-
HWI, OCHOBAHHbIX Ha TMMNEPCNeKTPabHbIX TEXHOMOMMAX. AHASIM3 CNEKTPA OTPAXKEHNS PACTUTE/IbHOW TKaHW NO3BOAET
NPOBOANTb KnaccuduKaLmio 300poBbiX U 60/bHBIX PacTeHWi, OLEHUBATb TAXeCTb 3abonesaHus, AuddepeHLpoBaTh
BUAbI MATOrEHOB 1 BbIABATL CUMMTOMbl GMOTUYECKMX CTPECCOB HAa PAaHHUX CTAAMUAX, B TOM UYNC/IE B MHKYOALMOHHDIN
Nepuoga, Koraa CUMNTOMbI He BUIHbI YeNoBeYeCKoMy rnasy. B 063ope onvcaHbl OCHOBHbIE MPUHLMMbBI U3MEPEHUs CreKT-
pa OTPaXKeHWs PaCcTUTENbHON TKaHW. OBCYKAAIOTCA 1 OLEHVBAKOTCA BO3MOXHOCTY MPUMEHEHWS PA3INYHbBIX TUMOB M-
nepcrneKTpanbHbIX CEHCOPOB 1 NIaTGopM ANA AUArHOCTUKY GonesHel pacTeHuid. [unepcnekTpanbHbl aHanu3 ABnsA-
eTcsA HOBOW 061acTbio, coefiMHALLEN B cebe MeToAbl ONTUYECKOW CMEKTPOCKONUM U METOAbI aHanv3a n3o6paxeHuii,
KOTOpble MO3BONAIOT OAHOBPEMEHHO OLIEHMBATb Kak Gpr3nonornyeckme, Tak n mopdonoruyeckme napamerpsl. Onvca-
Hbl FIaBHblE 3Tarbl aHanM3a rMNepCrekTpanbHbIX JaHHbIX: MONyYeHVe 1 NpefBapuTenbHas 06paboTka n306pakeHNs;
n3BneyeHne 1 o0b6paboTKa AaHHbIX; MOAENVPOBaHUE 1 aHanu3 AaHHbIX. [priBeaeH nepeyeHb anropuTmMoB 1 METOAOB,
NPUMEHSIEMbIX Ha KaXKJOM U3 3TarnoB. PaccMOTpeHbl OCHOBHbIE 06/1aCTN MPUMEHEHUSA TMMNEPCNEKTPANIbHBIX CEHCOPOB
B AMArHoCTuKe 6onesHeln pacTeHuii, Takre Kak obHapy»eHue 6onesnu, guddepeHuraumsa n nageHTudrKauma TMna 3a-
6oneBaHNs, OLEHKA CTeNeHN MOPaXKeHNs, OLEHKa YCTONUMBOCTN reHOTUMOB. [NprBeeH BCECTOPOHHMI 0630p HayUHbIX
ny6nrKauui, NogYepKrBaloWLmin NpPerMyLLecTBa rMnepcnekTpaabHbiX TEXHONOMMI NpY UCCNefoBaHUV B3aUMOAen-
CTBUI MeXAY PAacTEHUAMM 1 MAaTOreHaMm B PasfnYHbIX MaclITabax nsmepeHnin. HecmoTtpsa Ha obHaaexmBalowWwmn npo-
rpecc, BOCTUMHYThIN 33 NOC/IeAHNE HECKONIbKO AeCATUNETUI B MOHUTOPVIHTe Gone3Hel pacTeHNi Ha OCHOBE rnepcrnek-
TPasnbHbIX TEXHOOIMIA, OCTAOTCA HEPELIEHHBIMY HEKOTOPbIE TEXHUYECKUE MPOo6iemMbl, MPEnATCTBYOLWME NPYMEHEHNIO
3TUX METOAOB Ha NpaKTMKe. B 3aknoueHne o6CyKaaoTca Npobnembl U NepcneKkTBbl MPakTUYECKOro NCMOoSb30BaHWsA
HOBbIX TEXHOJIOTUI B CEJTIbCKOXO3ANCTBEHHOM NMPOU3BOACTBE.

KnioueBble cnoBa: runepcneKkTpanbHble TEXHONOrMY; 601e3HY pacTeHUIA; aHanm3 n3o6paXKeHWit; CNeKTPanbHbI aHanwms.
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A review of hyperspectral image analysis techniques
for plant disease detection and identification
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Abstract. Plant diseases cause significant economic losses in agriculture around the world. Early detection, quantifica-
tion and identification of plant diseases are crucial for targeted application of plant protection measures in crop pro-
duction. Recently, intensive research has been conducted to develop innovative methods for diagnosing plant diseases
based on hyperspectral technologies. The analysis of the reflection spectrum of plant tissue makes it possible to classify
healthy and diseased plants, assess the severity of the disease, differentiate the types of pathogens, and identify the
symptoms of biotic stresses at early stages, including during the incubation period, when the symptoms are not visible
to the human eye. This review describes the basic principles of hyperspectral measurements and different types of avail-
able hyperspectral sensors. Possible applications of hyperspectral sensors and platforms on different scales for diseases
diagnosis are discussed and evaluated. Hyperspectral analysis is a new subject that combines optical spectroscopy and
image analysis methods, which make it possible to simultaneously evaluate both physiological and morphological pa-
rameters. The review describes the main steps of the hyperspectral data analysis process: image acquisition and prepro-
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cessing; data extraction and processing; modeling and analysis of data. The algorithms and methods applied at each
step are mainly summarized. Further, the main areas of application of hyperspectral sensors in the diagnosis of plant
diseases are considered, such as detection, differentiation and identification of diseases, estimation of disease severity,
phenotyping of disease resistance of genotypes. A comprehensive review of scientific publications on the diagnosis of
plant diseases highlights the benefits of hyperspectral technologies in investigating interactions between plants and
pathogens at various measurement scales. Despite the encouraging progress made over the past few decades in moni-
toring plant diseases based on hyperspectral technologies, some technical problems that make these methods difficult
to apply in practice remain unresolved. The review is concluded with an overview of problems and prospects of using

new technologies in agricultural production.

Key words: hyperspectral technologies; plant diseases; image analysis; spectral analysis.
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BBepeHune

Bonesnu pacreHuii moBCeMeCTHO BEAYT K MOTEPSIM ypOKasi,
CHIDKEHHIO KauecTBa CEIbCKOXO3IHCTBEHHOW MPOAYKIMU U
Jlake MOTYT yrpoKaTh 3/I0pOBBIO Jitoei. B cBsA3M ¢ 3TuUM
CEIIbX03TOBAPOIPON3BOANTEISIM HEOOXOANMBI COBPEMEHHBIE
1 5 heKTHBHBIC HHCTPYMEHTBI JUIsl pAHHETO OOHAPYKCHUS 1
nieHTudukanuu oonesnei pacrennii (Mahlein et al., 2019b).
TpaanioHHBIE METO/IBI AMATHOCTHKH, TAKHE KAK BU3yalIbHAs
9KCIIEPTH3a U MUKPOOHOJIOrn4ecKuii 1abopaTopHbIii aHau3,
ABJIAFOTCA BBICOKO3aTPATHBIMU 110 BPEMEHHN U YEJIOBCUCCKUM
pecypcam, 4TO OrpaHMIMBAET BOZMOKHOCTh MX IPUMEHEHNUS
B KPYIHBIX CEITLCKOXO3SIHCTBEHHBIX IPETPHATHIX.

B IIOCJICAHUEC I'OAbI 6BICTpBIMI/I TEMITaMHU Pa3BHUBAIOTCA HO-
BbI€ HEMHBA3UBHBIC METO/IbI IMATHOCTHKY O0JIE3HEH pacTeHNH
C MICIIOJIb30BAaHNEM CEHCOPHBIX TEXHOJIOT U1, POOOTOTEXHHKH,
KOMITBFOTEPHOT'O 3PCHUS U MAIIMHHOTO 00ydueHus (Singh A.
etal., 2016; demumguuk u np., 2020; Zheng et al., 2021). Onn
00I1a/1a10T BHICOKOH IPON3BOUTEIILHOCTBIO, TO3BOJISIIOT TO-
JIy4aTb JaHHBIC B PCKHUME p€aJIbHOT'O BPpEMEHU U aHAJIU3HUPO-
BaTh MH(POPMAIIHIO O TIETIOM CIIEKTPe (PU3NOTOTHIECKUX Mapa-
MmeTpoB (Walter et al., 2015). bonbIioe xonmm4aecTBo HHPOP-
Maluu, HOHy‘IaeMOﬁ OT COBPEMEHHBIX JATYNKOB U CCHCOPOB,
TpaHC(OPMHUPYETCS B HOBBIC 3HAHHS C TIOMOIIBIO KOMITBIO-
TepHOW 0OpaOOTKHM JaHHBIX W MOJAEIMPOBAHMS, COKpAIas
paccrosiHue OT (PyHIaMEHTAIBHON HAYKHU JI0 TPAKTUICCKOTO
TIPUMEHEHHS Pe3ynbTaToB (AQOHHUKOB 1 1p., 2016; Tardieu et
al., 2017). Takue MOIX0bI TO3BOJISIOT 32 CUCT aBTOMATH3AIHA
CYLIECTBEHHO YCKOPHUTH MPOLIECC TUATHOCTUKH, YBEIUYUTH
€r0 TOYHOCTB, YCTPAHNUB CyObEKTHBU3M, IIPUCYIINH YETOBEKY
(Fahlgren et al., 2015; Lobos et al., 2017).

HoBble 1iippoBbIie TEXHOJIOTUH BKIIIOYAIOT B ce0sl aHAITN3
n300paKCHUH B Pa3TUIHBIX 00JIACTAX CIIeKTpa. Perucrpanus
N300paKEHUH OCYNIECTBISICTCS MPU MOMOIIM TaKUX ONTH-
YEeCKHUX CEHCOPOB, KaK TMIIEPCIEKTPAIbHbIC, TEPMAIbHbIC U
RGB-kamepsl, ceHcops! GuryopeciieHnnu, Tomorpadsl (Bock
etal., 2010; Li L. et al., 2014).

3HaYUTENIBHOE Pa3BUTHUC NOTYYUIN METOABI JTUArHOCTUKU
OoIe3Hel pacTeHUI Ha OCHOBE aHAJIM3a THIIEPCIIEKTPaTbHBIX
canMkoB (Mahlein, 2016; Mahlein et al., 2018; IyopoBckast
u 1p., 2018). B 6a3ze manHbIX Scopus 3a mocneHue 15 mer
3apeTUCTPUPOBAHO 412 HAYIHBIX ITyOIUKAIAN IO KITFOUEBBIM
cioBaMm ‘plant disease’ u ‘hyperspectral’ (puc. 1). ['unepcrex-
TPaJIbHBIA aHAJIHM3 COCIMHSIET B ce0e METOIbl ONTHYECKON
CIEKTPOCKOIINHU U METObI aHAIN3a N300 paKeHHUH, TO3BOIISIS
OJTHOBPEMEHHO OIICHMBaTh KaK (pU3MOJIOTMYECKHE, TaK H
MOP(OJIOTHYECKUE TaPAMETPBI.

Lenp qanHO# MyONMKanNy — MPEA0CTABUTD YUTATEIIO 00-
30p COBPEMEHHBIX TEXHOJIOTHIi AMArHOCTHKY 00JIe3He! pacTe-
HUI Ha OCHOBE aHAJII3a THIIEPCIIEKTPATBHBIX H300paskeHHH.
B mepBoii wacTu crarbu paccMaTpuBarOTCs IIABHBIC TPHH-
LUIIbl ¥ MHCTPYMEHTAPH THIIEPCIIEKTPaIbHbIX TEXHOJIOT U,
Jlanee onMCHIBalOTCS aITOPUTMBI M METO/IbI AHAJIN3a THIIEP-
CIIEKTPAIBbHBIX M300payKeHHH. 3aTeM NPUBOANTCS KPaTKHi 00-
30D HAYYHBIX MTyOIUKAIUi, TOCBSIICHHBIX TAHHON TeMaTHKE.
W B 3axmodenne 00Cy Ial0TCs MPOOIEMbI U TIEPCIIEKTUBHI
HCTIONIb30BaHMS HOBBIX TEXHOJIOTHH.

OCHOBHbIe NPUHUUMbI U UHCTPYMEHTapuUin
rmnepcneKkTpasnbHbIX TEXHONOIMIA

B3anmopeicTBue cBeTa

(3neKTpOMarHUTHOro N3yyYeHNs) n pacTeHUi

CBeT MOXKET B3aNMMOJICHCTBOBATH C TKAHBIO PACTEHUSI CIIEYIO-
MAMH CIoco0aMu: OTPaKEHHE, pacCesiHre, MOTVIOMEHNE U
npomnyckanue. OrpaxarenbHasi XapaKTepUCTHKa 3aBUCHUT OT
OMOXMMHUYECKOTO COCTaBa PACTUTEIFHON TKAHH H OT €€ (PH3H-
yeckux cBoicTB (Mishra et al., 2017). B3aumoneiicTre cBeta
W pacTeHHMH 3aBHCHUT TAK)Ke OT JUIMHBI BOJHBL. B BuanMom
muamazoHe auuH BoiH (400-700 HM) MOBEPXHOCTH pacTe-
HUSI IMEET HU3KYIO OTPa)kKaTeJIbHYIO CIIOCOOHOCTH B CBSI3H C
MOIVIONIEHUEM CBETa CBETOYYBCTBUTEIBHBIMU ITUTMEHTAMHU
(xI0podIIIITaMu, aHTOIIAHAME B KAPOTHHOUAAMH). B Omrk-
HeM nH(ppakpacHoM ruanazone (700-1100 am) korddunment
OTpa)KeHHsI MOBBIIIACTCS 10 NPUYUHE PacCeHBaHMs CBETA B
MEXKIETOYHOM MPOCTPAaHCTBE. B amama3oHe KOpOTKOBOII-
HOBOro MH(pakpacHoro naryderns (1100-2500 um) 310po-
BbIC PACTCHHSI UMEIOT HU3KHMIT KOAQ(OUIIMEHT OTpakeHHUs H3-3a
abcopOmmu cBeTa BOOH, OeTKaMH U APYTHMH YTIIEPOIHBIMA
cocrasistrommmu (Lowe et al., 2017). 3enenas okpacka icra
COITIaCyeTCsl ¢ XapaKTePHBIM TTMKOM OTPa)KEHHS IPH JUTHHE
BOJTHBI 550 HM.

CnexrpaibHbIe TPOQHIIH 3710POBBIX U OOJIBHBIX pacTeHUI
MOTYT pa3indarhes. B pesynbrare Bo3neiicTBUS OMOTHUCCKIX
1 aOMOTHYECKUX CTPECCOPOB MEHACTCS OMOXUMHIYECKUH CO-
CTaB PAaCTHUTEIBHBIX TKAHEH, OTPAKAIOIINICS B M3MECHEHUH
1BeTa 1 (OpMbI JIMUCTHEB, CKOPOCTH TPAHCIIUPALMU, MOP(O-
JIOTUU PACTUTEIBHOTO TOKPOBA U, CIIEA0BATEIBHO, B CIIEK-
TpaJbHBIX XapakTepucTukax pacrenuii (Zhang J. etal., 2019).
Bbonee Toro, kaxx0e HHIMBUAYaJIbHOE B3aUMO/CICTBIE pac-
TEHNS ¥ TaTOT€Ha NMEET ONPEIENICHHYI0 IPOCTPAaHCTBEHHYIO
M BPEMEHHYIO JIMHAMUKY, M JJaHHBIC MPOIECCHl BIUSIOT Ha
pas3iiMuHbIe UANa3oHbl AIEKTPOMArHUTHOTO crekrpa. Tak,
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Puc. 1. Yncno ony6nmkoBaHHbIX CTaTell Mo AMarHOCTUKe 6onesHen pac-
TEHWI Ha OCHOBE aHasn3a rMnepcneKkTpasbHbIX N306paxeHuin (Scopus).

HanpuMep, U3MEHEHUE (POTOCHHTETUICCKON aKTUBHOCTH, BbI-
3BaHHOE BO3/ICHCTBHEM I1aTOT€HOB, CKAa3bIBACTCS HA OTpaXa-
TeNbHOW CTOCOOHOCTH B BUIMMOM JIHaIia3oHe criekrpa. W3-
MCHCHMS Ha KJIETOYHOM YPOBHEC OKa3bIBalOT 60.1'1])11106 BJIMSTHHUC
Ha OmKHAN TH(PaKpacHBIH cekTp. Hekpo3 TKaHu IPUBOIUT
K YBGJIIMUCHHUIO OTPAKCHHUS B THANIA30HE KOPOTKOBOIHOBOT'O
uHppaxpacHoro uznyuenus (Zhang N. et al., 2020).

TakuM 00pa3oM, aHAIN3 CIIEKTPAIbHBIX XapaKTePHCTHUK,
CBSI3aHHBIX C BO3JICHCTBUEM OMOTHYCCKMX U aOMOTHYCCKHX
CTPECCOPOB, JIEKUT B OCHOBE HOBBIX TEXHOJIOTUI JUATHOCTHU-
K1 Oose3HeH pacTeHui.

lMnepcneKTpanbHble ceHcopbl U NNaT$opmbl
ba30BbIi NPUHIMI FMIEPCIEKTPAJIBHBIX CEHCOPOB COMOCTa-
BUM C IIPUHIIMTIOM, JISXKAIINM B 0cHOBe kamep RGB n mynbTn-
cnekTpanbHbix kKamep (Thomas et al., 2018b). Bee atu cucte-
MBI H3MEPSIOT KOJIMUECTBO CBETA, MOMAA0IIETO Ha JATYHK, U
coxpaustoT napopmarmio. B ommmune ot kamep RGB (3 no-
JIOCHI CIIEKTPA) U MYJIBTUCIIEKTPaIbHBIX Kamep (<20 monoc),
THIIEPCTIEKTPAIIbHBIN CEHCOP U3MEPSIET 10 HECKOJIBKUX COTEH
TIOJIOC AJIEKTPOMArHUTHOTO CIIEKTPA B IMANa30He JIHH BOIH
nardnka. Kakaas 13 3TUX CIIeKTpalIbHBIX I10JI0C COCTABIISET
BCETO HECKOJIbKO HAHOMETPOB JIEKTPOMAarHUTHOTO CIIEKTPa,
4TO 00ECIIeunBaET BHICOKOE CIIEKTPAIBHOE Pa3pelIeHHeE.
Paznauuaror JBa OCHOBHBIX THIIa CCHCOPOB: IaTYUKH U30-
OpakeHHH U TaTYHKH, He popMHUpyIoHe n3o0paxeHus. Jlat-
YHKH, HE (POPMUPYIOLIHE H300paXKeHHSI, N3MEPSIIOT CPEIHUI
CIIEKTP OTPAKEHHUS B ONPEJEICHHON 00JIaCTH TTOBEPXHOCTH
0e3 coxpaHeHHUs MPOCTpaHCTBEHHOH MH(popMarn. Pazmep

Hyperspectral imaging
for plant diseases detection

00J1acT! yCpeHeHHs 3aBUCHT OT BEIIMYHMHBI (POKYCHOTO pac-
CTOSTHUSL, YTIIa 0030pa 1 pacCTOSTHUS 10 00BEKTa CheMKH. boib-
IIMHCTBO JaTYMKOB, HE CO3AIOMINX N300PAKEHNSI, SIBIISIOTCS
MMOPTAaTUBHBIMU U HEC Tpe6leT CJIOKHBIX U3MEPHUTECIbHBIX
tatopM. OHI UMEIOT IMUPOKUI CTIEKTPaTbHBIN AUama30H
(300-2500 BM), BEICOKOE CIEKTpaTbHOE pasperreHue (1-3 HM)
u HeOobIyto Macey (1-5 kr). Haubosnee nmomyssipHsl cpeiu
Hux criektpomeTpsl ASD FieldSpec (Analytical Spectral De-
vices Inc., CIIIA), SVC (Spectral Vista Corporation, CILIA),
ImSpector (Spectral Imaging Ltd., ®unnsuaus). It npu-
6G0pBI 0OBIYHO WCTIONB3YIOT B JTa0OPATOPHBIX, TETUNTMYHBIX U
mosnieBbIX yenoBusax (Naidu et al., 2009; Zhang J. et al., 2017;
Couture et al., 2018; Bohnenkamp et al., 2019; Mahlein et
al., 2019a). CymiecTByIOT Takke€ MHUKPOCTIEKTPOMETPHI, Ha-
npumep STS-VIS spectrometer (Ocean Optics Inc., CIIIA),
noaxoAsAmure 1jid MpuMEHCHUS C 6eCHI/IJ'IOTHI)IMI/l JICTaTCJib-
ueiMu armmaparamu (BITJIA) (Burkart et al., 2015). ITockompky
paHHUE CUMOTOMBI OOJE3HM PACTEHHH YacTO MOSBIISIOTCS
Ipu pa3Mepax MeHee 1 MM, TO UX OOHapyKEHHE C IIOMOIIBIO
CIIEKTPOMETPOB OTPaHMYEHO. DTO CBA3AHO C YCPEIHEHHEM
CIIEKTpa 30POBOM M OOJIBHOI TKaHU B 00JIACTH M3MEPEHUS
(Mahlein et al., 2012).

['mnepcnexTpanbHbIe JaTINKN H300pakeHus (pOpMUpPYIOT
CHEKTPATBHBIN MPO(UITH TS KaXKI0TO OTASIBEHOTO ITHKCEIIs,
TEM CaMbIM KOMOMHUPY:I CIEKTPAIBHOE U TPOCTPAHCTBEHHOE
pasperienue. PesyapTupyromee n300paxxeHue IpeacTaBiseT
co00i1 TpeXMepHBI MacCUB JAaHHBIX (THUIEPKYOD), comepika-
MK J1BA U3MEPEHHUs] NMPOCTPAHCTBEHHOW MH(OpMaALUK U
JOTIOJTHATEIEHO OHO N3MEPEHHE CIIeKTPaIbHOI HHpOpMa-
K. B 3aBHCHMMOCTH OT THIIA UCTIOIB3YEMBIX CEHCOPOB CY-
IIECTBYIOT YETBIPE CHOCO0a MOTy4YEHHs THIepKyOa TaHHBIX
(puc. 2): Toueunoe ckanupoBanne (whisk-broom), mrreiiHOS
ckaHupoBanue (push-broom), ckaHupoBaHue crekTpa (spec-
tral scanning) u cHuMOK 0Oe3 ckanupoBanus (snapshot) (Wu,
Sun, 2013).

Kaxk npaBuito, runepcrieKTpaibHbIe IaTINKN H300paKeHHs
OXBAaTBIBAIOT OTPAaHUYEHHBIH CTIEKTpabHBIHN fuana3zoH: VNIR
(300-1000 ™) mmm SWIR (1000-2500 HM) co crieKTpab-
HBIM paspenienneM |—7 HM. IIpocTpancTBeHHOE pa3penieHne
BapBUPYETCSl OT MUKPOMETPOB 10 CAHTUMETPOB B 3aBUCUMO-
CTH OT PacCTOSHHMSA 10 00BEKTa M XapaKTePHCTHK CEHCopa.

B ciydae ceHCOpOB TOYEUHOTO MM JTMHEHHOTO CKaHUPO-
Banus (whisk-broom, push-broom) asst co3nanust rurepcrex-
TPaAIFHOTO M300pa’keHIsI HEOOXOIMMO TepeMeIIaTh 00BEKT
CHEMKH WJIM KaMepy JUISl PernCTpanuy CIIeKTpa Kax 101 oT-
ﬂeﬂbHOﬁ TOYKH WJIM TUHUH. B Hay4YHBIX UCCJICJOBAHUAX Yallle
JIPYTUX MPUMEHSIOT CKaHUPYIOIIHE KaMephl MapKu Specim
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Puc. 2. Crnoco6bl perncTpauym rmnepcrnekTpanbHbiX M306paxKeHuii.
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(Spectral Imaging Ltd., ®unnsunus), Headwall (Headwall
Hyperspec Ltd., Kanaga), Photonfocus (Photonfocus AG,
[Iseiinapust), Pika L (Resonon Inc., CIIIA). bonpmmHCTBO
THIIEPCIIEKTPAIbHBIX CKAHUPYIOIUX KaMep B JIADOPATOPHBIX
YCIIOBHUSIX yCTAHABIIMBAIOT Ha CIIEINATM3UPOBAHHBIE TOJIBHK-
HbIE I1aT()OPMBIL, 00eCIICUMBAIOLINE TUHEIHOE TepeMEIICHHE
u crabmusanuio kamepsl (Leucker et al., 2016; Yeh et al.,
2016). B TemIgHBIX YCIOBHUAX UCMOIB3YIOT CTAIIMOHAPHBIC
penbcoBble cuctemsl (Thomas et al., 2018a), B moneBbIX yc-
JIOBUSIX — KOJICCHBIC TpaHCTIOpTHBIE cpezcTBa (Vigneau et al.,
2011; Williams et al., 2017) wmu BIUUIA (Huang W. et al., 2007;
Abdulridha et al., 2019). Henocrarkom ckaHHPYIOLINX CEHCO-
POB ABJIACTCA OTHOCUTEJIIbHO JVIMTEIBHOC BPEMS IOJTYUCHUA
n300pakeHNs, 3aBUCSIIIEE OT pa3Mepa U3MepsieMoit 00IacTH,
YTO YCIOXKHSET ChbEeMKY MOJIBIKHBIX 00bEKTOB. JlaHHBIH He-
JIOCTaTOK YCTPaHEH B IMOPTATHBHBIX KaMmepax Specim 1Q co
BCTPOCHHBIM ckaHepoM (Behmann et al., 2018; Anst u np.,
2020; Barreto et al., 2020).

B CCHCOpax, OCHOBAaHHbLIX Ha NPHUHIUIIC CKaHUPOBAHUSA
crnexrpa (spectral scanning), ncrionssyrorcs LCTF-unsTpsr,
KOTOpBIE MPOIYCKAIT TOJBKO CBET OIMPEACICHHON ITHHBI
BOJTHBI, OBICTPO MeHsroIIekcst Bo BpeMs cheMmkH (Choudhary
et al., 2009; Wang et al., 2012). DTu ceHcOpBI cO3HAIOT
JIByMEpHBIC NMPOCTPAHCTBEHHBIC H300PaKSHHS JUTS KaX 0¥
JJIMHBI BOJIHBI B CIICKTPAJIbHOM JHaIlla3oHe. Pa60Ta C HUMHU
He TpeOyeT IepeMeleHNs 00beKTa CheMKH HIIH KaMepbl TS
MOJTy4eHHsI TUIepKyOa. Bpemst monydeHus M300paxeHus B
OCHOBHOM 3aBUCUT OT BpEMCHU SKCIIOHUPOBAHUs, BCJICACTBUC
YeTo perucTpanus H300paXxeHus MPOUCXOINT ObICTpee, YeM
NPY TOYSYHOM HJIM JINHEHHOM CKaHUpOBaHUH. Ecii 00beKT
JIBUKETCS1, TO TAKOW IIPUHLIUII U3MEPEHUS MOXKET IIPUBECTH K
HECONIaCOBaHHBIM CIIEKTPaM, TIOCKOJIBKY OT/AEIIBHBIE ITOIOCHI
HaOJIFOIAI0TCsI B pa3HbIC MOMEHTBI BPEMEHH.

HenaBHo ObLTH pa3pabOTaHbl CEHCOPBI, HE TPEOYIOIIHE
CKaHMPOBAHMS 00BEKTa IS OJIyYeHHs THIIEPCIIEKTPAIbHO-
ro u300pakeHus (snapshot). B HuX 3anelicTBOBaH MPUHINAT
Mo3auku 00b19HbIX RGB kamep. JlanHbie ceHCOpBI 00ecte-
YHMBAIOT 3HAYUTEIILHO OOJIee BEICOKYIO CKOPOCTB 3aIMCH H30-
OpaxkeHuid, HO OoJIee HU3KOE MPOCTPAHCTBEHHOE Pa3peICHHE
IO CPAaBHEHUIO C TPpAAUIHNOHHBIMU. M3BecTHbIC KaMEphbI Ta-
xoro Tuma: Rikola, Senop (Senop Ltd., ®unnsuaans), Ultris,
FireFleye (Cubert Ltd., Kanana). KomnaxtHsIi pazmep, KopoT-
KO€ BpeMsi CheMKH ¥ BO3MOYKHOCTb CO3JJaHUsI [10CIIEI0BaTEIb-
HOCTEH THIepCIeKTPaIbHBIX H300pakeHUI JBHKYIIErocs
00BEKTa JIETAI0T UX ONTHMAJIbHBIMH JJIS HCIIOJIB30BAHUS Ha
BITJIA (Aasenetal., 2015; Sankaran et al., 2015; Franceschini
et al., 2019).

AnropmTtmbl 1 MeToAbl aHanu3a
rmnepcneKkTpanbHbIX N3006pakeHn
W3Bnedenne nHGOpMAINU U3 THIIEPCIIEKTPAIBHBIX H300pa-
JKSHUMH, XapaKTePHU3YIOLIUXCSI O'POMHBIM 00EMOM JIaHHBIX C
BBICOKOH CTETIEHBIO KOJUTMHEAPHOCTH, SIBJISICTCS OYE€Hb CIIOXK-
HOI1 1 HOBOW 3a/1a4eii, TpeOyolIeii HeTpUBHAIBHBIX PEIIICHHH.
B HacTosi1iee Bpemst Juis ATUX 1ieJIei YCIIeIHO aanTHPOBAHEI
METO/IbI AUCKPHIMHHAHTHOTO 1 KITACTEPHOTO aHAITH3a, MaIIIFH-
Horo 00y4eHus, HelipoHHbIX cereil (EIMasry, Nakauchi, 2016;
Lowe et al., 2017).

J1s1 06paboTKN TaHHBIX IPUMEHSIOT CTICIIHATN3HPOBAHHOE
nporpammuoe obecrieuenne: ENVI (Research Systems Inc.);
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MATLAB (The Math-Works Inc.); Python (Python Software
Foundation); R (R Software Foundation).

[potiecc aHamM3a rUMIEPCIIEKTPATIBHBIX H300pAKEHHUH, KaK
MIPABUJIO, COCTOUT M3 CIEIYIOIINX ATAOoB (PHC. 3): MOTyUeHUE
U TIpeABapuTeIbHAs 00padoTka N300paKeHNS; H3BIICUCHHE U
00paboTKa TaHHBIX; MOJCITUPOBAHNC U aHAIIU3 JAHHBIX.

MonyueHune

1 npeaBapuTenbHas o6paboTka n3obpaxkeHus

[TepBblii 1 BayKHBIH MIar B aHAI3e 00JIE3HEH PaCTeHUH — ITO
TOJTy4eHHE BHICOKOKAQUECTBEHHBIX THIIEPCIIEKTPAIBbHBIX H30-
OpakeHHH, OTBEUAIOLINX 3a/1a4aM HccaeaoBaHuid. [IpaBuiib-
HBIA BBIOOpP CEHCOPOB M MIaT(h)OpM, MPOCTPAHCTBECHHOTO U
CIIEKTPAJIBHOTO Pa3peleHHs, CXeMBbl OCBEILEHUS, CKOPOCTH
CKaHWPOBAHUsI, YACTOTHI KaJPOB ¥ BPEMEHH IKCIIO3UIINH SIB-
JIACTCA npeunocmnKoﬁ JUTA TIOJTYYE€HU S TOYHBIX PE3YJIbTAaTOB
(Wu, Sun, 2013).

Crnenyromuii mar — npeaBapuTenbHas o0paboTka u30-
OpaskeHus1, BKIIIOYAroNasi B ce0st KaIMOPOBKY M KOPPEKIHIO
criektpa. KannOpoBka mpoBOIUTCS IS CTAaHIAPTH3ALMH CIIEK-
TpaNbHbBIX U IPOCTPAHCTBEHHBIX OCEH, MOBBIIICHHS TOYHOCTH,
O6eCHe"IeHI/Iﬂ BOCHPOU3BOAMMOCTU JAaHHBIX B PA3JIMYHBIX
YCIIOBHAX IKCHEPUMEHTa, YCTpaHeHUs d(QdexTa KpUBU3HEI
MOBEPXHOCTH ChEMKH, YCTPAaHEHHMS TPUOOPHBIX omnOoK (Rin-
nan et al., 2009; Vidal, Amigo, 2012). CraHIapTHbIM IPUEMOM
SBJIAETCS KAJTMOPOBKA OTPasKeHUS, JUI KOTOPOH UCIIONB3YIOT
JIBA 3TAJOHHBIX CICKTPA: KICPHBIN» U «OCIbIiny. «UepHBII»
CIIEKT ITOJIYYaIOT, 3aKPhIB 00BEKTUB KaMephbl HEITPO3PaYHOii
KPBIIIKOH. «bemblil» CIEKTp PErucTPUPYETCs € MOMOILBIO
CTaHAAPTHOH OeJlol MOBEPXHOCTH (HapuMep, 13 Teduiona)
¢ K03 GUIMESHTOM OTpaKeHHUS OKOJI0 99.9 % 1151 oy dYeHuUs
MaKCHMaJIbHO BO3MO)KHOM HHTEHCHBHOCTH KasK/10TO ITHKCEIS
Ha Ka)XIO0M JUTHHE BOJHBL 3aTeM HCXOHOE THIIePCIEKTPaIb-
HOE U300paKeHUe KaInopyeTcs 1o Gopmysie

_Is—1Ip
R= =P,
Iy—1p
rae Ig — ucxoanoe uzobpaxenue; Ip u Iy — TeMHoe U Oenoe
9TAJOHHOE N300paKeHHE COOTBETCTBEHHO; R — pe3ylbTUpy-
fo1iee n300pakeHne.

Just ycrpanenust 3¢ ¢dexra KpUBU3HBI TOBEPXHOCTH NPHU
KaJTHOPOBKE NPUMEHSIOT CHEKTPaIbHYI0 HOPMAaJIH3aIHIO
n3o6paxkenus (Polder et al., 2004), anantuBHOE cheprueckoe
npeobpaszosanue (Tao, Wen, 1999) unu npeodbpazoBanue
JlamGepra (Gomez-Sanchis et al., 2008).

Llenpro KOPPEKTHPOBKH CIIEKTPa SIBISCTCS YIYYLICHHE Ka-
yecTBa n3oopaxkenus (Savitzky, Golay, 1964; Barnes et al.,
1989; Burger, 2006; Esquerre et al., 2012). Tak, Harrpumep,
AJITOPUTMBI CIIIAKUBAHUS (CKOJb3siIee cpenHee, puisTp Ca-
BuIKoro—l osest, MenuanHbIii GuiIbTp, Guistp [aycca), a Tak-
e npeodpazoBanus Oypre 1 BeHBIET-IPEOOpa3OBAHUS UC-
HOJIB3YIOT U1 yMECHBIICHUS [IIyMa B CIICKTPATIbHBIX JIAHHBIX.
IlepByto 1 BTOPYIO IPOU3BOIHBIE — JUIsl KOPPEKLUU CIBUra
6a30B0i1 IMHUY CTIEKTpa. J{J1s1 KOPPEKITUH PACCEMBAHMUS TIPH-
MEHSIOT HOPMaJIM3aIMIO CTaH/IapTHBIM PeoOpa3oBaHUEM HITH
MYJIBTUILIMKATHBHYIO KOPPEKLUIO PacCeHBaHMSI.

N3BneueHune n o6paboTka faHHbIX

Ha »tom »Tamne BBINOIHSIOT CEerMEeHTaluro 1/1306pa>1<eH1/1;1 )41
TIPOM3BOIAT BEIOOP MHM)OPMATUBHBIX MPHU3HAKOB IS 1ajb-
HEWIIIero aHajus3a.
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1. NMonyuexue n npeasapuTenbHan o6paboTKa N306pakeHNs

Ob6pasey

MonyueHune nzobpaxkeHua OunbTpbl
CrnaxviBaHua
Hopmanu3auwa [MnepcneKTpanbHoe n3obpakeHne Mpeo6pasosaHus
Qypbe, BeriBneT
Coepuueckoe Kannbposka 5 :KoppeKLlI/Iﬂ cnekTpa
npeo6pasoBaHue Y Koppekuus
KannbpoaHHoe paccenBaHua
KannGpoeka rmnepcrneKkTpanbHoe n3obpaxeHve
«yepHoe-6enoe» Mpowv3soaHble
2. N3BneueHve n g6paboTKa JaHHbIX
Bbi6op CermenTauna CokpalleHune
HACKCOB O6nacTn uHTepeca ROI RasMERLIOCIY
17 ¢ 17

3HaveHua
nHpekcos VI, DI

YcpepnHeHHble
naHHble no ROI

[aHHble AnA BbI6paHHbIX
LVIH BOJH

3. MogenunpoBaHue 1 aHanus

Bbi6op mogenu

Banupauva mopenun
—
<

Knaccndukaumsa 17

OI'ITI/IMI/I3I/IpOBaHHaH
MHOromepHaa Mmofesb

Perpeccusa

HelpoHHble ceTn

KnaccndurkaumoHHoe n3obpaxxeHmne

Kpocc-Banngaumsa

bytcTpen

Puc. 3. Cxema TMNUYHOrO NpoLecca aHanm3a rmnepcneKkTpanbHbIX l/l306pa>KeHl/II7I.

CerMeHTanus n300pa’keHNS NCTIONB3YETCS B KAYeCTBE dTa-
I1a Ipe/IBapUTEIbHON 00padOTKH JAHHBIX U OOBIYHO BBITION-
HACTCA NIEPE CIICKTPAJIbHBIM aHAJIN30M JI BBIACIICHUA 1€~
JIEBBIX 00BEKTOB U3 (poHA U hopMHUPOBaHUS 0OTacTEeil HHTE-
pecoB (ROI). M3BecTHBI clieayromne METOIBI CETMCHTAIHH
— 1o nmoporoBomy 3HaucHuo (threshold-based) (Pandey et
al., 2017);

—Meroas! knactepusanun (K-means) (Behmann et al.,
2014);

— anropuT™ Bogopasnena (watershed algorithm) (Li J. et
al., 2019);

— MeTozbl 0OHapyskeHus kpas (edge detection) (Sun et al.,
2017; Williams et al., 2017).

Br100op nH(pOPMATHBHBIX MPU3HAKOB SIBJISCTCS OJHUM U3
HanOoJiee BAKHBIX ILIArOB B IIPOLIECCE aHaJM3a TUIIePCIIeK-
TpasNbHBIX H300pakeHnH. Ero 11ens — u3Bnedenne u Gopmu-
pOBaHNE HOBBIX BEKTOPOB IPH3HAKOB ITyTeM KOMOMHHPOBA-
HUA U ONITUMU3ALMU CIICKTPAJIbHBIX, IPOCTPAHCTBCHHBIX U
TEKCTYPHBIX XapaKTepPHCTHK, a 3aTeM UX Iepenadn B Habop
KJ1acCH(PHUKATOPOB MIIH AJITOPUTMOB MAIIMHHOTO O0YyYCHHMSI.

B kauectBe MH(OPMATUBHBIX MMPHU3HAKOB MOTYT BBICTY-
naTh BereTanroHHbie HHAEeKCH (V) wim uHaekch 3a0oeBa-
uus (DI) (Huete et al., 2002; Gitelson et al., 2006; Mahlein et
al., 2013; Candiago et al., 2015). B aTom ciryuae TpeGyercst
TOJILKO HEOOJIBIIOE KOJIMYECTBO JTHH BOJIH JUTsl aHanu3a. [Ipu
aHaJIN3€e BCETO CIIEKTPA HCIIOb3YIOT METO/IBI IS COKPAILICHUS
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Pa3sMepHOCTH U YCTpaHeHUs aBToKoppersuii (Steddom et al.,
2003; Delalieux et al., 2007; Naidu et al., 2009; Moshou et
al., 2011; Yuan et al., 2014b; Zhou et al., 2019):
— METOJI ITIaBHBIX KOMITOHEHT (principal component analy-
sis);
— aJITOPUTM MUHMMU3aLUHK IIyMa (minimum noise fraction
algorithm);
— IMHCWHBI AUCKPUMHUHAHTHBIN aHamm3 (linear discrimi-
nant analysis);
— TIOMIATOBBIN AUCKPHUMHUHAHTHBIN aHanu3 (stepwise dis-
criminant analysis);
- I[I/ICKpl/IMl/IHaHTHbII‘/II AaHAJIM3 YaCTHbIX HAUMCHbIIIUX KBa/I-
paros (partial least square discriminant analysis).

MopgenvpoBaHue 1 aHann3 faHHbIX
Ha mocnennem stame aHanm3a M300paXeHUHA TPOU3BOIAT
BEIOOp MOJICITH U IPUMEHCHHE e¢ K TaHHBIM. B 3aBucuMocTi
OT 1IeJIel UCCIIE0BAaHUS 9TO MOTYT OBbITh Ki1acCH()UKaIINOH-
HBIE MOAETH (I AMArHOCTHKY 1 auddepentmanmm 6omes-
Heil) b0 perpecCHOHHBIC MO (AJIS TPOTHO3UPOBAHUS
U OLUCHKHU B3aUMOCBSI3U Me)i([[y ICJICBBIMU HepeMeHHblMl/I u
CHEKTPATBHBIM OTKIIFKOM).
Haubomnee pacrpocTpaHeHHBIC MOJICIH:
* KJIaCCU(PHUKAIUOHHBIC MOJICITH, UCIIONB3YFOIIUE aJITOPUTMbI
MaIImHHOTO o0y4eHus U HeliponHbIe ceTn (Moshou et
al., 2004; Liu et al., 2010; Rumpf et al., 2010; Yeh et al.,
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2013; Li Y. et al., 2017). MeTompl: CIEKTPaIbHOIO yIjia
(spectral angle mapper), OITOpPHBIX BEKTOPOB (Support vec-
tor machine), k-Ommwxkaiiimnx coceneit (k-nearest neigh-
bor), MakcumainpHOro mpapaononodus (maximum likeli-
hood classifier);

 perpeccuonnsie (Huang W. et al., 2007; Singh D. et al.,
2007; Yang et al., 2007; Huang J. et al., 2012): mHOXe-
CTBeHHas JHHEWHas perpeccus (multiple linear regres-
sion), OmHapHas Jorucrudeckas perpeccust (binary logistic
regression), YaCTUYHAsI pErpeccsi HAMMEHBIINX KBaJPaToB
(partial least squares regression), perpeccusi arperupOBaHHs
Hupuxne (Dirichlet aggregation regression).

O6nacTu npumeHeHNs

rmnepcneKkTpasbHbIX TEXHONOI A

B ANArHoCTUKe 6onesHen pacTeHNn

OCHOBHBIMH 33Ja9aMH TIPH THATHOCTHKE O0JIe3HEH pacTeHHI
SBIISIIOTCS: OOHapy»keHne Oomne3Hu, tuddepeHmanys u njieH-
Tu(UKaIMs TUIIa 3a00JICBAHNUS, OLICHKA CTCIICHH [TOPAKCHHUS,
OLICHKA YCTOMYMBOCTH F'€HOTHUIIOB. JJaHHBIE 3a/1a41 PEIIarOTCs
Ha pa3JIMYHbIX YPOBHSIX OpPraHU3alH )KUBBIX CHCTEM B COOT-
BETCTBYIOIIMX UM MaciiTabax U3MEpeHHH.

V3mepeHns Ha KJIETOYHOM YPOBHE WM B MacmTabe pac-
TUTEJIBHON TKAHU BBITOJIHSIOT B JJAOOPATOPHBIX YCIOBHUSIX C
MCII0JIb30BaHHEM THIIEPCIIEKTPAILHBIX MUKPOCKOIIOB, I03BO-
JISTIOIINX HAOMIOATh 32 TPHOKOBBIMH CIIOPAMH 1 BBISIBIIATH M-
TabOIMYECKHUE N3MEHEHUS B TKAHSIX, BEI3BAHHBIC B3aUMOJICH-
CTBUEM PacTeHHH 1 IAaTOreHOB. Takue SKCIIePUMEHTBI OOBIYHO
MPOBOJISIT B KOHTEKCTE (DyHIAMEHTAIBHBIX NCCIEIOBAaHUN 1
B OTIPEJICIICHHON CTETICHH /TSI MJICHTU(HUKAIMN TTaTOTEHOB 1
OLIEHKH YCTOHYMBOCTH I'€HOTHIIOB.

W3mepeHnus Ha ypoBHE OT/IENIBHBIX OPTraHOB (JIUCT, KOJIOC,
creberb, KOpeHb, TUIO) WM LIEJIOTO PACTEHHS MPOBOIST B
71a00PaTOPHBIX, TEIIMYHBIX HJIH [TOJIEBBIX YCIOBUSIX C LIEJIBIO
parHEero obHapyxeHus 1 AuddepeHmanuy 3a00IeBaHus.

Wzmepenns B Maciitabe pacTUTEIBHOTO OKPOBA PEIIAiOT
3a/]1a4y BBISIBIICHUS 3a00JIEBAHNUS U KOJIMYECTBEHHOW OLIGHKU
CTEIEHU MTOPAKEHUS pACTEHUH.

Janee npuBoaNTCS KPaTKUi 0030p HAYYHBIX ITyOJTHKAIIH,
MOCBSIIIIEHHBIX PELICHUIO OCHOBHBIX 33/1ad B JAMAarHOCTHKE
Oore3Hel pacTeHNH C HCIIOIB30BAHMEM I'HITePCIIEKTPAThHBIX
TEXHOJIOTHH (CcM. TalnuIy).

O6Hapy»eHune 6onesHen
[Ipu obHapyxeHun Goneznei HeodxoanMo anuphepeHpo-
BaTh 37I0POBbIE U 3apa)KeHHbIE pacTeHus. [Ipeqmerom uccie-
JIOBaHMS TIPH 3TOM SIBIISIETCS TOJIBKO OFHO KOHKPETHOE 3a00-
JICBAHME, €0 PA3INIHBIC COCTOSHHS, CHMITTOMBI 1 IMHAMHUKA.
CpaBHeHHE BO3MOXKHOCTEH ITPUMEHEHHS PA3JIMYHBIX CEH-
COpPOB TS paHHETO 0OHapy)eHus dy3apuosa (Fusarium gra-
minearum, F. culmorum) xonoca MIIEHUIBI PACCMOTPEHO B
pabote (Mahlein et al., 2019a). OnbITbI IPOBOAMINCH B KOH-
TPOJIUPYEMBIX JTAOOPATOPHBIX YCIOBUSAX C UCIIOIB30BAaHUEM
MH(paKpacHOi TepMmorpaduu, ceHCOpOB (GIyopecleHINN
XJIOpo(HIIa ¥ TUIIEPCIIEKTPAIIbHBIX H300paxenuii. Muppa-
KpacHasi TepMorpadusi mo3BosIiiIa BU3yaln3upoBaTh Pa3HUILY
TEMITEpaTyp BHYTPH HHPHUINPOBAHHBIX KOJIOCKOB, HAYMHASI C
5-ro JHs 10CJIe MHOKY/ISAUUYU pacTeHull. Taxke Ha 5-i1 1eHb
ObIIO MOATBEPIKICHO HApYyIIEHUE (POTOCUHTETHUECKOI aKTHB-
HOCTH, BBIP&KCHHOE M3MEHEHHEM (IyOpECeHIINH XJIOPO-
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¢wmta xonockoB. [TurmenT-crienuduyeckoe nMpocToe coor-
HOIIIEHHE, OJyYSeHHOE HAa OCHOBE IMITEPCIIEKTPAIbHBIX H30-
OpakeHmit B uamazoHe H BoiaH 4002500 HM, TO3BOIHIIO
pasiuark KOJIOCKH, MHPUIUPOBAHHbIC Fusarium, i HEMHO-
KyJlIMpoBaHHbIE yxke Ha 3-i aens. s knaccudukammm uc-
TMIOJTE30BAJICS. METOJ] OMOPHBIX BeKTOpoB (SVM). TouHoCTh
kinaccuukanuu coctapisuia 78 % mis Tepmorpadun, 56 %
it gayopecuenn xinopoduniaa u 78 % amns runepcnek-
TPaJBHBIX N300pAKECHHH.

B pa6ote (Abdulridha et al., 2019) cpaBHuBatorcs s1Ba crio-
coba oOHapyXEHHUS S3BEHHOW OOJE3HU IUTPYCOBBIX (Xan-
thomonas citri) Ha OCHOBE THUIIEPCIICKTPAIBHBIX H300paxe-
HU: CheMKa B J1a0OpaTOPHBIX YCIOBUSX U JUCTAHIMOHHOE
30HAMpOBaHue ¢ ncnonp3oBanneM BIUJIA. B mabopatopun
runepceriekTpanbHbIi (400—1000 HM) ceHCOp TPUMEHSIICS TS
BBISIBJICHUSI SI3BbI LIMTPYCOBBIX HAa HECKOJIBKUX CTAJUSIX pa3-
BUTHSA 3a0oseBaHns (OECCUMIITOMHAS, paHHUE U MO3THHE
CHMITTOMBI) Ha JIMCTBSIX W HE3PEINbIX III0AAX C HCIOJIb30Ba-
HHEM JIByX METOJIOB KiIacCu(MKaLNK: parajibHON 0a3UCHOM
¢yskuun (RBF) n k-Ommxaiimmux cocemeit (KNN). Tor xe
ceHcop, ycranoineHnslid Ha BITJIA, npumensics st oOHa-
PY>KEHHS S3BbI HUTPYCOBBIX Ha KPOHAX JIEPEBBEB B MOJIEBBIX
ycnoBusix. OOmas TouHocTh kiaccudukanuun RBF Opura
BoIe (94, 96 u 100 %), yem y metoga KNN (94, 95 1 96 %),
IPY BBISIBJICHUH $13BbI HA JIUCThSIX B J1a0oparopuu. JlucraHuu-
OHHOE 30HAMPOBaHUE ¢ ucnonb3oBaHueM BIIIA no3sonamio
nmoctudb 100 % TouHOCTH KiTacCHU(pUKANNU TSl OOHApYIKe-
HUS 37I0POBBIX U 3apayKEHHBIX 3BOM JiepeBbeB. Cpenu 31 u3y-
YEHHOTO BETETAI[IOHHOTO MHJEKCca 00JIee TOYHO BBISBIISIOT
SI3BBI B JTAOOPATOPHBIX U IMOJIEBBIX YCIOBUSIX COOTBETCTBEHHO
BozHbIi nHaeke (W) n MmomuduimpoBaHHbIi HHIEKC abcopO-
un xopoduiia (TCARI). [IpemmoxenHas METOANKA TaKKe
YCIICIITHO pacIio3Haia 110k, HHOHUIMPOBAHHbIC S3BOH, Ha
MO31HEH cTaauu (TOYHOCTH Kiaccudukarmu 92 %).

NpeHTndnkauma 6onesHen

[Tpu nnenTudukanyy 6oNe3Hel BaKHO ONPEIeNIUThb THII T1a-
TOT€Ha, BO3JEICTBYIOLIET0 Ha pacTeHue. Ilpeamerom uccie-
JIOBaHMS SIBJISIIOTCSI HECKOJIBKO BHJIOB 3a00JICBaHUM, UX OT-
JIMYUTCIIbHBIC YEPTHI.

s muddepernmarin 60e3Hel CeTbCKOX03sICTBEHHBIX
kyaeTyp A.-K. Mahlein ¢ xomteramu (Mahlein et al., 2013)
MPEUIOKHIIN UCTIONB30BaTh CIIE(PUUECKHIE «CIIEKTPaIbHbIE
WH/IEKCHI Oose3Hei». MonensHON CHCTEMOH CITYKHITH pacTe-
HUSI CaXapHOW CBEKJIBI M TPU OOJIC3HU JINCTHEB: TISITHUCTOCTD
mucteeB Cercospora, pkaBulHa CaXapHOM CBEKJIbI U MyYHH-
ctast poca. CeKTpaibHBIA TPO(UITH 3T0POBBIX M OOIBHBIX
JUCTHEB CaxapHOW CBEKJIBI PErHMCTPUPOBAIN C MOMOIILIO
CHEeKTpopaanoMeTpa 6e3 BU3yalu3alii Ha Pa3HbIX CTAIHIX
Pa3BUTHS U CTETeHN opaskeHus. Hanbosee 3HaunMBbIe ATHHBI
BOJIH U JIBYXIIOJIOCHbIE HOPMAJIM30BaHHBIE PA3HOCTH, OIHCHI-
BAIOIME BIMSIHUE OOJIE3HH HA CIIEKTP OTPAXKEHHS JINCTHEB,
ObLTH N3BJIEUEHBI U3 HAOOPA IAHHBIX C HCIIOIb30BAHUEM all-
roputma RELIEF-F. CriekrpanbsHblii HHIAEKC 00JIC3HH onpesie-
JISUICS TOI00POM HaWITyuIlIeil B3BEHIEHHOH KOMOMHAIMH OJ1-
HOM JUTHHBI BOJTHBI M HOPMAJIN30BAaHHOM Pa3HOCTH JJTHH BOJIH.
OnTuMH3MPOBaHHBIC MHJEKCHI OOJIE3HEH OBIIIN TPOTECTHPO-
BaHbl. C BBICOKOI TOYHOCTBIO U YYBCTBUTCJIIBHOCTBIO 6]:IJ'II/I
KIacCH(DUIIMPOBAHbI 30POBBIE JIUCThSI U JIUCThS CaxapHOH
CBEKJIBI, TOPaKEHHBIE MATHUCTOCTBIO MHCTheB Cercospora,

AKTYAJIbHbIE TEXHONTOT U / MAINSTREAM TECHNOLOGIES 207



A.F. Cheshkova

Hyperspectral imaging
for plant diseases detection

Mcnonb3oBaHue rmnepcneKkTpanbHbIX I/I306pa>KEHI/IVI ONA QUarHocTrky 6onesHen paCTeHVIVI B Haquoﬁ nutepartype

Llenb

Kynbtypa

bonesHb

MacwTab/ceHcop/nnatdopma

MeTO,EIbI N airfOPUTMbI

JlntepatypHbin
NCTOYHUK

Konoc/ ImSpector V10E, N25E/
noaswxHana nnatdopma

Mahlein et al.,
2019a

fA3BeHHan
60ne3Hb
LIUTPYCOBBIX

BereTauvoHHble HAEKCHI,
k-6nuxkanwnx cocepen
(KNN), HepoHHble ceTn

Abdulridha et al.,
2019

Kucnas 6akre-
puvanbHas rHunb
yellyek nyKka
(Burkholderia
cepacia)

JNykosuua/ SU320KTS-1.7RT
SWIR kamepa, LCTF-dpunstp/
lwTaTnB

[naBHbIx KoMnoHeHT (PCA),
MoLaroBbI ANCKPUMU-
HaHTHbIN aHanu3 (SDA)

CaxapHas
cBeKna

KopHeep cBeknbl
(Rhizoctonia solani)

PacteHune/ Specim I1Q/ wratus

k-6nukanwmnx cocenen
(KNN), YaCTUYHbIX HAaNMEeHb-
wnx kBagpaTos (PLSR),
cnyyariHbin nec (RF),
OMOpPHbIX BEKTOPOB (SVM)

Barreto et al., 2020

CaxapHas
cBekna

MaTHMCTOCTD
nuctbeB Cercospora,
p>KaBUYMHa
CaxapHOW CBeKJbl,
MyYHMCTana poca

Jnct/ ASD FieldSpec Pro/
wTaTms

CneKTpanbHble NHAEKCbI
6onesHeln, anroputm
RELIEF-F

Mahlein et al., 2013

OunddepeHymanms

MweHunua

bypas pxaBuuHa,
XKenTasa pKaBunHa

Jlnct/ ImSpector V10E/
nofsmxHasa nnatdopma

HavmeHbLnx KBagpaToB
(LSR)

Bohnenkamp et
al, 2019

KenTasn pPaB4KnHa,
MYy4YHWNCTaA poca,
nweHn4YHaA A

YacTMYHbIX HAUMEHbLLX
kBagpaTos (PLSR),
NNHENHbIN ANCKPUMM-
HaHTHbIN aHanu3 Quwepa
(FLDA)

Yuan et al,, 2014a

®y3apunos
(F. graminearum,
F. culmorum)

Konoc/ ImSpector V10E,
ImSpector N25E/ nogBuxHas
nnatdopma

BereTaunoHHble HAEKCHI,
OMOpHbIX BeKTOopoB (SVM)

OueHKa cTenenn
nopakeHus

PacTutenbHbI NOKPOB
(nensaHka)/ Specim V10E/
penbcoBas cuctema

OnopHbIx BeKTopoB (SVM),
MaTpuyHaa dpaxkToprsauma
(SiVM)

2018a

®rtodTopo3
KapTodens

PacTutenbHbI NOKpOB
(nensHka)/ Rikola/ BINNA

Makcrmmzaums cumnnekc-
Horo oobema (SiVM)

2019

Yrnosartas
NATHUCTOCTb

Jnct/ ImSpector V10/
NoABVKHaA nnatpopma

YaCTUYHbBIX HAUMEHbLLNX
kBagpaToB (PLSR)

YacTMUHbIX HAUMEHbLINX
kBagpatoB (PLSR), MHoro-
MepHas NIMHeNHanA perpec-
cusa (MLR)

2012

baktepnos
(Pseudomonas
cichorii)

Jnct/ Hyperspec Headwall/
nofBuHas nnatdopma

2016

OueHka
yCTOMYMBOCTU
reHoTUNoB

CaxapHas
cBekna

MaTHMCTOCTD
nuctbeB Cercospora

Jnct/ ImSpector V10E/
noaswxHaa nnatdopma

JloxHasa MmyuHucTan
poca BnHOrpaga

Jnct/ ASD AgriSpec spec-
trometer, ImSpector V10E/
noaswxHaa nnatdopma

KneTku, TkaHb/ Specim V10E
kamepa, Z6 APO mukpockon/
noaswxHasa nnatdopma

Makcrmmzaums cumniekc-
Horo o6bema (SiVM)
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PPKaBYMHON M MyYHHCTOM pOCOH (TOYHOCTH KiTacCH(UKaNU
89, 92, 87 u 85 % COOTBETCTBEHHO).

B pa6ore (Bohnenkamp et al., 2019) mpemyoxeH HOBBINA
Mmeroy obHapyxeHus u auddepenmanun Oypoil pkaBuu-
Hbl (Puccinia triticina) u ®enToit pxxaBuunbl (P, striiformis)
MIIEHNIBI C UCMOIBb30BAHUEM THIIEPCTIEKTPAIBHBIX N300pa-
JKEHUH. DKCIIEpUMEHT IPOBOAMIICS B MacmTabe jJucra B
KOHTPOJIUPYEMBIX JIAOOPATOPHBIX ycIoBUsIX. JlJsi coznanust
oOydaroreit BRIOOPKH OBIITH B3SITHI STAIOHHBIE CTIEKTPHI CTIOP
BO30ynuTeNel Oypoil u sKenToi p:kaBuuHBI. DakTopH3anus
METO/IOM HAUMEHBIIUX KBaIPATOB IPUMEHSUIACH ISl BBISIBIIC-
HUS IPUCYTCTBUSI CIEKTPATIBHOTO CUTHAJIA CTIOP PKABUMHBI B
CMEIIAHHBIX CIIEKTPAX JHUCTHEB IIICHUIIBL. DTO HCCIIEIOBAaHUE
JIEMOHCTPUPYET HHTEPIPETHPYEMOE Pa3I0KEHHE CMECH CIIEK-
TpanbHBIX KO3()(HUIMEHTOB OTPAXKEHHS BO BPEMsI ITaTOreHe3a.

OLleHKa cTeneHn nopakeHms

KonmuecTBeHHast AMarHOCTHKA CTETIEHU MOPaXKEHUS pac-
TEeHUH OOJIE3HBIO — OJHO M3 BaXKHBIX HAIpPaBICHUI TUIEp-
CIEKTpaJbHBIX HccleA0BaHUH. OCHOBHBIMU KPUTEPUSMHU
OLICHKHU CEPbE3HOCTH 3a00JI€BaHNSI SIBIAIOTCS HHTCHCHBHOCTD
MOpa)keHUsI U PACIPOCTpaHEHHOCTb. Kpome Toro, B 3aBUCH-
MOCTH OT IIATOTEHOB U CUMITOMOB, KOTOPBIC OHU BBI3BAJIH,
YacTO PACCMaTPUBAIOTCS KAK KOCBEHHBIE KPUTEPHH OLICHKU
COJIep2KaHUE MUTMEHTOB, COJIEPKAHUE BOABI U CTPYKTYypPHBIE
nmapamMeTpsl.

Y.-R. Zhao ¢ xomneramu (Zhao et al., 2016) ucronb3oBanu
METOJ THIIEPCIEKTPaIbHON BU3YyaIU3aLny JUIsl OTIPEAEICHUS
MPOCTPAHCTBEHHOTO pacIpeieseHUs] COAEpKaHUs XJI0POo-
(nnma ¥ KapOTHMHOMJIOB B JIMCTBAX OTYpIla, 3apa’KEHHBIX
yrioBaToil matHucTocThio. ConepikaHue MUTMEHTOB OBLIO
YCT@QHOBJICHO C IOMOIIBI0 OMOXMMHUYECKUX aHaian30B. [1iis
IISITH CTETIEHEH MOpa)keHMs OBbUIM MOCTPOCHBI MOJIENHN pe-
rpeccHuu MO METOJy YaCTHYHBIX HaMMEHBIINX KBaJpaToOB
(PLSR) 1 npoBezieH KOTMYECTBEHHBIH aHANIN3 B3aUMOCBA3U
MEXIY CTETIECHBbIO MOPAXKECHNUS, CIIEKTPOM H COJEPKAHNEM
MUTMEHTOB. 3aTeM OBbLIM BBIOPAaHBI ONTHMAJIbHbIC JITHHEI
BOJTH JIJIsl Mojiesiel. M HakoHel1, pacrpeaesicH st XJI0poduiuia
¥ KapOTHHOMJIOB B JINCTBSAX OTypIia ObUIM KapTHPOBAHBI 10
MUKCEJISIM ITyTeM NPUMEHEHHUS! ONTHMAJbHBIX MOJENIEH K
THIIEPCIIEKTPATEHBIM N300paKEeHHSIM.

B nccrnenoBannu (Zhang J. et al., 2012) crenens mopaske-
HUS JINCTHEB MILIEHUIBI MYYHUCTOW POCOW OIIEHMBAJIACh HA
OCHOBE CIEKTPAJIBHOTO aHanu3a. [unepcrnexTpanbHble KO-
3G PUIHEHTH 0TPAXKEHHUsI HOPMAJIBHBIX JINCTHEB U JINCTHEB,
MOPAKEHHBIX MYYHUCTOH POCOM, U3MEPSIU C IMOMOIIBIO
criekTpopaanoMerpa B Jlaboparopun. CTeneHb MopakeHUs
OTIPENIeIISIIIH 110 IEBATHOAIIHHO IIKaIe HHIeKca 3a0oeBa-
Hus. B o0mield crnoxxHocTH 32 CIEKTPaIbHBIX HHACKCA OBLTH
paccuMTaHbl ¥ UCCIIEA0BAHBI C TIOMOIIBIO KOPPEISIIHOHHOTO
aHaJM3a ¥ He3aBUCHMOTO t-kputepus. J[Be Moxenn perpec-
CHH1 — MHOTOMepHas JinHelHas perpeccust (MLR) u perpeccust
M0 METOAY YaCTHYHBIX HaMMEHbIIMX KBagpaTtoB (PLSR) —
MPUMEHSUINCH [UISl OLICHKH CTETICHH MOPAXKECHUSI MyUYHHCTOH
pocoii. [To pe3ymsraTam Kpocc-Baaumanuu ObUTH 0TOOPaHBI
CEMb CIEKTPaIbHBIX HHIEKCOB, MUHUMH3HPYIOIIX OTHOCH-
TENBHYIO CPEeAHEKBaApaTHuHyo omroOKy. Momens PLSR mpe-
B3omuwia Mmoaenb MLR ¢ oTHOCHTeNbHOI cpeaHeKBapaTHUHON
omuokoit 0.23 u ko3 punnentom aerepmuHanuu 0.80 npu
WCTIONIb30BaHNHU CEMH BBIOPAHHBIX MHJICKCOB.

2022
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[MnepcnekTpanbHble MeTogbl
06HapyXeHuns 6onesHel pacTeHni

OLeHKa yCTONYMBOCTU reHOTUMNOB

AHanun3 B3anMOJICHCTBHS «I1aTOT€H—XO03SIMH» IT03BOJISIET OIIpe-
JIETTUTh YCTOWYNBOCTH TEHOTHITOB K KOHKPETHOMY 3a00IeBa-
HUIO U CYMTACTCS] BYKHOW YaCTHIO CEJICKIIMOHHOMN paboTHI.
B cenekunoHHO#l npakTHke (EHOTUIHPOBAHHE T'€HOTHIIOB
pacTeHui OCYLIECTBISIETCS ITyTEM TPYIOEMKOM U JOPOrOCTOSI-
I11eH BU3yaJIbHOH OLICHKH. B 3TOM KOHTEKCTE rUnepereKTpab-
HBIH aHaJM3 SIBISIETCS MHOTOOOCIIAIONINM HEMHBA3UBHBIM
METOJIOM ISl YCKOPEHHS W aBTOMATH3AINH KJIACCHIECKUX
METOZ0B (PEHOTHITUPOBAHHSI.

B pa6ote (Leucker et al., 2016) oneHrBaIaCh yCTOHYHUBOCTD
IISITH TEHOTHITOB CAXapHOW CBEKJIBI K TSITHUCTOCTH JICTHEB
Cercospora. JKCTIEpUMEHT ITPOBOJIMIICS B KOHTPOJINPYEMBIX
naboparopHbIX ycloBusix. CTeNeHb MOpPaXeHUs! JTUCTHEB
OILIEHUBAJIN KIACCHYECKUMHU KOJIMIECTBEHHBIMH M Ka4ecT-
BEHHBIMH METOJIaMH B COYCTAHWU C THIIEPCIEKTPAILHBIM
aHaJIM30M. YCTaHOBIICHO, YTO CIIEKTPAJIbHBIC XapAKTEPUCTUKH
MOPAKEHHBIX yYaCTKOB JINCTHEB 3aBUCAT OT INIOTHOCTH CIIOP
raToreHa Ha IIOBEPXHOCTH M OT UX MPOCTPAHCTBEHHOTO pac-
NpeJielieH s, BCICACTBUE Yero BO3MOXKHA AU PepeHIraIust
0 CTETIEHH TOPAXXEHHS JUI YCTOWYIHMBBIX U HEYCTOWYHNBBIX
K 3a0071€BaHMIO TeHOTUTIOB. OIIeHKa CTENCHU MTOPaKeHUS Ha
OCHOBE T'MIIEPCHEKTPAILHOTO aHAJIU3a CIIOPYIISIIMA MOXKET
OBITH MOAXOIAIINM METOIOM ISl BBISIBIICGHUSI TOHKHX pa3-
JMYUH TEHOTUIIOB B yCTOHYMBOCTH K OOJIE3HSIM.

M.T. Kuska ¢ xomreramu (Kuska et al., 2015) ucmnoss-
30BaJIM THIIEPCTIEKTPATBHBIA MUKPOCKOII JJIsI OTIPEACTICHUS
YCTOWYMBOCTH COPTOB STYMEHS K MyYHHCTOI poce (Blumeria
graminis). CHEKTp OTpaKeHUs] HHOKYIUPOBAHHBIX M HEUHO-
KYJIUPOBaHHBIX JINCTHEB PETHCTPUPOBAIIN EKEJHEBHO B BU/IU-
MoM (400—700 am) n GmmxaeM nHppakpacHoM (700—1000 M)
nuana3one ¢ 3-ro mo 14-i aeHp mocne WHOKyisuuud. Boc-
MPUIMYHBEIE K ITaTOTCHY T'€HOTHITBI TIOKa3all yBEIHUCHUE
OTpakaTeIbHON CIIOCOOHOCTH B BUAMMOM JIHaNa3oHe B COOT-
BETCTBHUH C Pa3BUTHEM CUMIITOMOB 3200JICBaHUSI, B TO BPEMsI
KaK CIICKTpaJibHasl XapaKTePUCTHKA yCTOHYMBOTO T€HOTHIIA
HE TpeTeprieNa 3HaYNTeIbHBIX N3MEHEHHH 32 HKCIICPUMEH-
TaJIbHBIN MTEPUO/IL.

Mpo6nembl n NnepcnekTUBbI NPUMEHEHNA
rmnepcneKkTpasbHbIX TEXHONOI I
ONA AMArHoCcTuKmM 6onesHen pacteHuin
Hecwmotpst Ha 00Ha1eKHBaIONMH IPOTpeCC, JOCTUTHYTHIH 3a
MOCJIEIHUE HECKOJIBKO JICCSATUICTHI B MOHUTOPHHTE O0Jie3-
HEel pacTeHUH Ha OCHOBE THIIEPCIEKTPAIBLHBIX TEXHOJIOTUH,
BCE €IIIe OCTAIOTCS HEKOTOPBIE MTPOOIIEMBI, IIPETISITCTBYIOIINE
MPUMEHCHHUIO JaHHBIX METOJOB Ha mpaktuke. M Oymyriue
TEHJICHIIUH OyIyT ONPEENATHCS TIOMCKOM UX PEIICHHS.
OnHOI M3 TaKKX MPOOJIEM SIBIISICTCSl paHHEe 0OHapyKeHHE
Oone3Hel pacTeHU B MOJEBBIX yCIOBUSX. B Hacrosmee
BpPEMS B CEJIBCKOXO3SHCTBEHHOM IIPOM3BOJICTBE IIHUPOKO
MPUMEHSIOTCS HU3KOBBICOTHBIC, OOPTOBBIE U CITyTHUKOBBIE
MYJIBTUCHEKTPAIbHBIC CUCTEMBI JIJIsI MOHUTOPHUHI'A COCTOAHUA
PacTUTEIFHOTO MTOKPOBA HA OCHOBE BETETAI[MOHHBIX MHIEK-
cos (Hatfield, Pinter, 1993; Huang Y.B. et al., 2013). Onrako
Haﬂe)KHI)Iﬁ MOHHUTOPUHT O6I)I‘IHO JOCTUTACTCA TOJIBKO IPH
TIOJTHOM TIPOSIBIICHUH CHMITTOMOB, YTO MOKET OBITH CITUIIIKOM
MO3/THO JUIsl TIPUHSATHS Mep 10 NMpoduiiakTuke. B HaydHBIX
HCCIIEeIOBAaHUAX IO HCIOIB30BAHUIO THIEPCIEKTPATIBHBIX
CEHCOPOB UTS paHHETO OOHAPYKEeHNUS O0JIe3HEN PacTeHHH 1Mo-
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JIYYCHBI 3HAYUTECJIbHBIC PE3YJIbTAaThl, TEM HEC MCHCC UX ITpaK-
THYECKOE IPHMEHEHHE B TIOJICBBIX M TEIUTMYHBIX YCIOBHSX B
CHCTEeMaxX TOUYHOTO 3eMJICICIHS SIBISICTCS eIlle He PeIeHHOH
3a1a4ei.

CBs13aHO 3TO € TEM, YTO OOJIBIIMHCTBO HAyYHBIX HCCIE-
JIOBAHWH T10 JAHHOM TeMe NMPOBOANTCS B KOHTPOIMPYEMBIX
YCIIOBUSIX, YACTO C MCKYCCTBEHHBIM OCBELIEHHEM M TOYHBIM
peryJInpoBaHHEM HAIPABICHUI BXOIALIETO M OTPaKEHHOTO
CBETa, PETUCTPHPYEMOTO MyTeM pa3MEIICHHs KaMephl WIIN
JaT4drKa 11oJ onpeacJI€HHbIM YIJIOM K TKaHU JIMCTA. VYenoBus
OCBEIICHNS B II0JI€ CHIIBHO OTIMYAIOTCS OT JIA00PaTOPHBIX,
YTO CO3/IAET OTPOMHBIE TPYIHOCTH JUTS HAZEKHOM TMArHOCTH-
ku OonesHeit. O6acTy pacTUTEIBHOTO TIOKPOBA, PACIONIOKEH-
HbIE Ha COJIHIIE, K)KYTCsl HAMHOTO sipye, 4eM PacIoI0KEeHHbIE
B TeHH. CIeKTpaibHbIC XapaKTEPUCTUKHU 3aBUCST TAKXKE OT
yrila HakJIoHa 00bEeKTa ChbeMKH 110 OTHOLICHHUIO K BXOZSIIE-
My ¥ OTPa)XeHHOMY COJIHEYHOMY cBeTy. HeomHOpogHOCTH B
SIPKOCTH N300pasKeHUsI MEHSIOTCS KaK/Tyto MUHYTY. CliezioBa-
TEJIbHO, IIPY YCTAaHOBKE OpOTa JJis pa3jindeHus 310pOBOM 1
NOpa’KeHHOH TKaHN HEOOXOMMO YUUTHIBATh OOIIYIO SPKOCTD
KOHKPETHOTO N300pa)KCHHS B TAHHOM MECTE M YTOJI TTaJICHUS
CBCTA, UTO ABJIACTCA NPEAMETOM NHTCHCUBHBIX I/ICCHC}IOB&HMEI
(Guo et al., 2013; Yu et al., 2017).

Jpyras mpo6iema 3aKIro4aeTcs B TOM, YT0OBI TOYHO OTIpe-
JICJINTh KOHKPETHOE 3a00JIeBaHNE B PEaJbHbBIX YCIOBHSIX,
KOTJIa Ha KyJBTYpY OXHOBPEMEHHO BO3ICHCTBYIOT HECKOJIBKO
crpeccopoB. Ceifyac GONBIIMHCTBO MOHUTOPHUHIOBBIX HC-
CHe]IOBaHI/Iﬁ IIPOBOAUTCA HAa OKCIIEPUMECHTAJIbHBIX MOJIAX, TIC
NpeIBapuTeIbHO M3BECTEH THUII MaroreHa. Korma ske Takas
nH(OpPMALUS OTCYTCTBYET, CIIOXKHO TOOUTHCS HA/IEKHOTO U
TOYHOTO pe3yJbTara. MHOTHE IaTOreHsl, a Tak)Ke abuoTHYe-
CKHe CTPECCOPBI HMEIOT TIOXO0XKYI0 CHMIITOMATHKY H, COOT-
BETCTBEHHO, OJIM3KYIO CHEKTPAIbHYIO CHTHATYpy. HekoTopsie
COBPEMCHHBIC aJITOPUTMBI, TAKUC KaK aJITOPUTMbI Fﬂy6OKOFO
00y9eHus1, MOTYT CHITPaTh BAXKHYIO POJIb B TU(PepeHINAITNN
OMOTHYECKUX M a0MOTHYECKHX CTPECCOPOB B MOJIEBBIX U Te-
imaHbIX yenosusix (Liu et al., 2010; Mahlein et al., 2019b).
Kpowme Toro, HeoOxonmumo co3aaBath 0a3y 3HaHHHA 0 O0JIe3HIX
pacTeHuii (HanpumMep, o reorpadguIeckoM pacpoCTpaHEeHHH,
6J'IaFOl'IpI/I§ITH])lX cpeaax O6l/ITaHI/I}I, TUIIaX I10YB, KJIMMaTHU-
YEeCKUX YCIIOBHAX ), OCKOJIBKY MpeBapuTeIbHas HHPOpMa-
LTSI TIOMOJKET CHU3UTB HEOTIPEAETIEHHOCTh IIPH MOHUTOPHHTE
OosesHei.

3aknioyeHune

Bonesnu pacteHunit NpUBOIAT K 3HAYNTEIBHBIM YKOHOMUYE-
CKUM TIOTEPSIM B CEKTOPE CEIbCKOXO3SIHCTBEHHOTO MPOM3-
BOJICTBAa BO BCEM MHpPE, OCOOCHHO MO BO3ICHCTBHEM KIIH-
MaTHYECKUX M3MEHEHHH, IPOUCXO/ISIIHX B TIOCJIEIHIE TO/IbI.
MHuOroo0€emaroIe TEXHOJIOTHEH TSI HEMHBA3UBHOTO OBICT-
poro, 3pPEKTUBHOTO 1 HAJISKHOTO CIIOCO0a 00HAPYKCHUS U
neHTH (UK 00JIe3HEel pacTeHHIl SBIISIETCS UCII0JIb30Ba-
HHE TUIEPCIIEKTPAILHBIX CEHCOPOB U TIATGOPM.

HoBble TEXHOIOTHU PACIIUPSIOT BOZMOKHOCTH YCIIOBE-
YECKOTr0 BOCIIPHATHSI, TIPEJOCTABIIssl HHPOPMALIMIO 3a Tpe-
JlellaMy BHJIMMOTO JTana3oHa CreKTpa. AHaJIu3 CIeKTpa OT-
paKeHUsI PACTHTEIBHOW TKaHU MO3BOJISACT MTPOBOAUTE KIIac-
cu(UKAIMIO 3OPOBBIX U OOJBHBIX PACTECHUH, OIICHUBATH
TSOKECTh 3a00eBaHus, T PepeHIINPOBATH BUIHI TATOTEHOB
1 00HAPYKUBATh CHMIITOMBI OMOTHYECKUX CTPECCOB Ha paH-
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HUX CTaJsIX, B TOM YUCJIe B MHKYOAIlMOHHBII IIEPHO/I, KOT/ia
CHMIITOMBI HE BHIHBI YEJIOBEYECKOMY IJIasy.

B cBs131 ¢ 60mb11MM 00BEMOM HHOPMAITN HanoOoJIee nep-
CIEKTUBHBIMH METOJIAMH JUTsl 00paOOTKH THIIEPCIIEKTPAIbHBIX
JaHHBIX SBJIIOTCS MallIMHHOE 00y4eHUE M HEHPOHHBIE CeTH.
B Hacrosimee Bpems TUIIEpCIIeKTpaTbHbIE METO/IbI THAarHOCTH-
K1 Oone3Hel pacTeHuil HaxoITCA Ha Ha4aJIbHOM cTaauu pas-
paborku. [ToMHrMO TOT0, 4TO 3TO JOPOTOCTOSIAs TEXHOIOTHS,
CYIIECTBYET MHO)KECTBO TEXHUUECKUX TPYJHOCTEH, OTpaHu-
YHMBAIOIUX €€ IPUMEHEHHUE B ITPOM3BOJICTBEHHOM IIpoliecce.
OnHaKo ¢ Pa3BUTHEM CEHCOPHBIX TEXHOJIOTMH M METOIOB
aHaJIM3a JaHHBIX MOXXHO OXKHJIaTh, YTO T'MIICPCIIEKTPaIbHAs
BU3yaJIM3allMsl CTAHET OJIHUM M3 BOKHBIX HHCTPYMEHTOB JIJIsI
n3ydeHus OOoNe3Hel pacTeHUH.
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MopenbHbIE CIICTEMbI BUpyca UMMYHOOeduiinTa yeaoBeka (BUY-1),
JCIIOJIb3YeMble [IJIs1 OLleHKU 3 (PeKTMBHOCTY KaHAUAATHBIX BaAKIIVTH
U JIeKapCTBEHHBIX ITpernapaTtoB rIpoTus BUY-1 in vitro

H.B. PyAOMeTOBa@, A.H. lllep6akos, A.T1. PyaomeToB, A.A. Vabnues, A.VI. KaprneHko

ToCyAapCTBEHHbIiN HayUHbIl LEHTP BUPYCONOrM 1 6roTexHonorm «Bektop» PocnioTpe6Haazopa, p.n. KonbLioso, Hosocnbupckas obnacTs, Poccus
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AHHoTauusa. BUY-nHdekumna no-npexHemy octaetca ofHol 13 rnobanbHbIX Npobnem 3apaBooxpaHeHna BO BCeEM
mMupe. bopbba ¢ nHdpekureln BegeTca NO HECKOMbKMM HanpasieHusaM. Bo-nepBbix, 3T0 NpodurnakTnieckre mepo-
NpUATAA, KOTOPble BKOYAKOT NPoCBeLLeHne HaceneHnsa no npobneme BUY/CMNa, nponaraHay 3goposoro obpasa
XKM3HY, 3aLULLEHHbIE NMOJOBbIe KOHTAKTbI, JOKOHTAKTHYIO NMPOGUNAKTUKY YA3BMMbIX MPYnn HaceneHus. Bo-BTopbix,
NPOXOXJeHne CBOEBPEMEHHOro TeCTUpoBaHNA Ha B/Y 1 npumeHeHne aHTMPETPOBMNPYCHOW Tepanun B Ciyyae ero
06Hapy»KeHuA. B-TpeTbux, 3TO HayuHble NCCeJOBaHNA, CBA3AHHbIE KaK C MOUCKOM HOBbIX J1IeKapCTBEHHbIX areHToOB,
TaK 1 ¢ pa3paboTkol BakuuHbl NpoTre BUY-1. KnioueBoli MOMeHT npu onpeneneHnn 3¢PpekTUBHOCTY BaKUUH 1
XMMUOTEPaNeBTUYECKUX MPENapaToB — BbIOOP UHCTPYMEHTA, NMO3BONAIOWEro ObICTPO U TOYHO OLEHUTb KX dddek-
TUBHOCTb in vitro. Knaccnyecknm meTtofom BMPYCONOMnM, NMO3BONAIOLMM OLEHUTb HENTPANnuU3yIoLylo akTUBHOCTb
CbIBOPOTOK »KUBOTHbBIX, UMMYHV3VPOBAHHBIX SKCMEPUMEHTaNIbHbIMU BaKUVHaMK, 1 3POEKTVBHOCTb XUMUOTEPANEB-
TUYECKMX areHToB, ABACTCA METOA HeTpanu3aumm C UCNONb30BaHNEM BUPYCHbIX U30MIATOB, @ TakKe UHOEKLMOH-
HbIX MONEKYNIAPHbIX KNOHOB, KOTOPbIE NPeACTaBAAOT CO60M MHGEKLNOHHbIE BUPYCHbIE YaCTHLLbl, MONyYEHHbIE NyTEM
TpaHcheKLMM KNeToK NnasMuiHbIM BEKTOPOM, COAEPKaLLMM NONHOpasMepHbI reHom BUY-1, koampytowwmin cTpyk-
TYpPHbIe, PErYNATOPHbIE 1 BCMOMOraTefbHble 6eNKu BUpyca, HeobxoarMble AAa 06pa3oBaHUs pennKaLMOHHO-KOM-
NeTEeHTHbIX BUPYCHbIX YacTuL, B Ky/ibType KneTok. [1py 3ToM MeTod HelTpanv3aumn C UCNOoNb30BaHNEM BUPYCHbBIX
N30MIATOB U MHPEKLMOHHbBIX MONEKYNAPHbBIX KNOHOB OTIMYAETCA TPYAOEMKOCTbBIO, MPOAOIKNTENBHOCTBIO 1 TpebyeT
NOBbILEHHbIX Mep 61o6e30nacHOCTY. ANlbTEPHATUBHBIM pPeLleHreM, yCTPaHALUM YKa3aHHble HeAOCTaTKM 1 MO3BO-
NALWMM NPOBOANTb ObICTPLIN CKPVHUHT, ABAAETCA MCMONb30BaHME LA aHanu3a HelTpanu3yoLlen akTMBHOCTM
NceBLOBUPYCOB, KOTOPblE MPEACTaBAAT CO60M PeKOMOMHaHTHbIE BUPYCHbIE YacTULbl. B oTnnyme oT MHPeKUMOoH-
HbIX BUPYCOB, paboTa C nceBgoBMpycammn 6e3onacHa, MOCKONIbKY FEHOM NCEBLOBMPYCOB HApYLLEH A TOro, YTOObI
nx MHbeKUMA orpaHnYMBanach b OAHUM LUKIIOM. [JaHHbI 0630p MOCBALLEH OMUCAHMI0 MOAENbHBIX BUPYCHbBIX
CUCTEM, UCMOSb3YyeMbIX A OLeHKM 3POEKTVBHOCTU BaKUMH 1 NeKapCTBEHHbIX NpenapaTtos npoTus BUY-1 in vitro:
nepBUYHbIX n3onaToB BUY-1 1 nabopaTopHo-aaanTMpOBaHHbIX LUTAMMOB, MHPEKLIMOHHBIX MONEKYNIAPHbIX KIIOHOB U
env-ncesnoBMpycoB. KpaTko npefcTaBieHa X CpaBHUTESNIbHas XapakTepucTrka. bonee nogpo6bHo onvicaHa TEXHOMO-
rna env-ncesgosupycos BUY-1.

KnioueBble cnosa: BUY-1; nepBuuHble 1301ATbl; MHPEKUOHHbIE MOMEKYNSAPHbIE KNOHbI; env-nceBAOBUPYChI; aHaNIn3
HenTpanusaumm Bupyca.
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Model systems of human immunodeficiency virus (HIV-1) for in vitro
efficacy assessment of candidate vaccines and drugs against HIV-1
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Abstract. HIV infection still remains a major challenge for healthcare systems of the world. There are several aspects
on counteracting the HIV/AIDS epidemic. The first aspect covers preventive measures including educational cam-
paigns on HIV/AIDS and promotion of a healthy lifestyle, protected sex, and pre-exposure prophylaxis of vulnerable
groups. The second aspect is timely HIV testing and the use of antiretroviral therapy when test results come back posi-
tive. The third aspect is the scientific research associated with discovering new pharmaceutical agents and develop-
ing HIV-1 vaccines. Selecting an adequate tool for quick and accurate in vitro efficacy assessment is the key aspect for
efficacy assessment of vaccines and chemotherapy drugs. The classical method of virology, which makes it possible
to evaluate the neutralizing activity of the sera of animals immunized with experimental vaccines and the efficacy of
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MopenbHble cuctembl
BUpYca uMmmyHogeduumta yenoseka (BUY-1)

chemotherapy agents is the method of neutralization using viral isolates and infectious molecular clones, i.e. infec-
tious viral particles obtained via cell transfection with a plasmid vector including the full-length HIV-1 genome cod-
ing structural, regulatory, and accessory proteins of the virus required for the cultivation of replication-competent
viral particles in cell culture. However, neutralization assessment using viral isolates and infectious molecular clones
is demanding in terms of time, effort, and biosafety measures. An alternative eliminating these disadvantages and
allowing for rapid screening is the use of pseudoviruses, which are recombinant viral particles, for the analysis of
neutralizing activity. Pseudotyped viruses have defective genomes restricting their replication to a single cycle, which
renders them harmless compared to infectious viruses. The present review focuses on describing viral model systems
for in vitro efficacy assessment of vaccines and drugs against HIV-1, which include primary HIV-1 isolates, laboratory-
adapted strains, infectious molecular clones, and env-pseudoviruses. A brief comparison of the listed models is pre-
sented. The HIV-1 env-pseudoviruses approach is described in more detail.

Key words: HIV-1; primary isolates; infectious molecular clones; env-pseudoviruses; virus neutralization assay.
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BBepeHune

IMangemus BUY/CIIHNda ocTaeTcss OMHON M3 TI00ATBHBIX
po0OJIeM MHPOBOTO 3PaBOOXPAHEHMS, BOBIEKAsS B PSIIbI
MH(QUINPOBAHHBIX OKOJIO IBYX MMJUTHOHOB UYEJIOBEK EKe-
rogHo'. B HacTosiIee BpEMSs OCHOBHBIM CLIOCOOOM JIEUEHUSI
BUY-nndekiyu sBisieTcsi IpUMEHEHHE aHTUPETPOBUPYCHOM
Tepamnuu, MO3BOJSIOIIEH CHUXXATh YPOBEHb BUPYCHOMN Ha-
IPy3KH, yIy4llaTh KadeCTBO U MPOAOKUTENBHOCTD KU3HU
BWY-unpunnnposanHbix nanneHToB. OHAKO H3BECTHBIC aH-
THPETPOBUPYCHBIE TIPETIapaThl UMEIOT 1 CYIIIECTBEHHBIC HEMI0-
CTaTKH, TAKHE KaK BHICOKAsI CTOMMOCTB JICYEHHS1, BRIPAKCHHbBIE
1o6ouHble 3h(PEKThI, pa3BUTHE PE3UCTEHTHOCTH K TPUMEHSI-
eMBIM IperaparamM, HeoOXOAMMOCTh B TIEPHOJHMUYECKOM HU3-
MEHEHHH CXEM JICUEHHS 1 Pery/IpPHBINA IPUEM IIPEraparoB B
TeueHne Bcel xu3Hu (Arts, Hazuda, 2012). Bonee Toro, 10
CHX TTOp HE pa3paboTaH Ipemnapar, CHOCOOHbIH MOIHOCTHIO
n3inednTs yenoseka or BUU-undexnun (Phanuphak, Gulick,
2020). IToaToMy NpUOPHUTETHBIM HaIpaBJICHHEM B O0pbOE C
BUY/CITNU /] mo-nipexueMy ocraercst coznanue 3pPpeKTHBHOM
npodunakTuaeckoii BakiuHbI (Stephenson et al., 2020).

Ha ceropusinramii neHs Hanboee yCHenHbIMI ObUTH KITH-
Hudeckue ucneitTanus RV 144, kotopeie npoBoauauck B Tau-
nanze ¢ 2003 o 2009 1. DddexTrBHOCTH UCCIEAYEMOI BaK-
uuHbl coctaBuina 60 % uepes 12 MecsliieB nocie BakKUMHAIUU
n 31.2 % nocne Tpex ¢ nmoJaoBUHOM JieT HabmoaeHus (Kim et
al., 2015). CrmycTst HECKOIBKO JIET KOMITOHEHTHI BAKIIUHBI U3
KIMHAYECKUX ucnbiTanuid RV 144 Opumn amanTupoBaHb! IS
9KCTIPECCUH AaHTUTEHOB mTaMMoB BIY, mupkynupyromux B
IOxnoi#t Adpuke. B stuBape 2020 1. ObLIM TOJIBEICHBI ITPE-
BapUTEJIbHBIC UTOTH KIMHUYECKHUX MCTIBITAHUH, KOTOPBIE HO-
Ka3aJIv, 4To MOAMN(HUIIMPOBAHHAS BAKLIMHA HE TIPE0TBpallaia
ununuposanue BUY-1 cpenu mobpososbues (Gray et al.,
2021). B o6mactu BakiuaOomoru BUY-1 ocraercs ere MHOTO
HEPEIICHHBIX BOITPOCOB M POOIIEM, HO TIPH 3TOM SICHO, UTO JIIsSt
paszpaboTtku 3P heKTHBHON BaKIIMHBI HEOOXOANMO HUCIIONIB30-
BaTh HOBBIC TIOAXOBI O ee au3aitny (Hsu, O’Connell, 2017).
[TosTOMy celiuac akTHBHO pa3palaThIBAOTCs pa3IMYHbIC Ha-
MPaBJICHNS U MOAXOIbI, CIOCOOHBIE 00ECHEINTh NHIYKIHIO
3aIUTHOTO Kak T-, Tak U B-KJI€TOYHOr0 MMMYHHOIO OTBETA
npotuB BHUY-1, Bxirouas MLMPOKOHEUTPATU3YIOIIUE AHTHU-

T VndopmaLmoHHbiit GlonneTeHb no BUAY/CMIL,. BcemupHas opranusaums
3paBooxpaHenuns, 2020. Pexxum poctyna: URL: https://www.who.int/ru/
news-room/fact-sheets/detail/hiv-aids (nata o6paeHns 02.06.2021).

tena (bnAbs) (Shcherbakov et al., 2015; Rudometov et al.,
2019b; Jones et al., 2020; Liu et al., 2020; Ng’uni et al., 2020).

HeoTbemiieMoii 4acThI0 HayYHBIX HCCIICIOBAaHHH, CBSI3aH-
HBIX C CO3/1aHHEM BaKIIMHBI 1 XUMHUOTEPAIEeBTHIECKUX Tpe-
MapaTroB MPOTHUB BUPYCHBIX MAaTOTeHOB, BKiroyas BUY-1,
ABJIETCS BBIOOP MHCTPYMEHTA, MO3BOJISIONIETO OLCHUTDh UX
addexTBHOCTS in vitro. Knaccudaeckunii METo BUPYCOIOTHH,
MIO3BOJISIFOIIHI OLIEHUTh HEUTPAIN3YIOIIYI0 aKTHBHOCTb Chl-
BOPOTOK )KHBOTHBIX, MIMMYHH3HPOBaHHBIX SKCTIEPUMEHTAIIb-
HBIMH BakIIMHaMH, 1 3()PEKTHBHOCTh XUMHOTEPAIIEBTUIECKHUX
areHTOB, — ATO METOJ] HEUTPAIM3ALUH C IOMOILbIO BUPYCHBIX
n3oisaToB (Jackson et al., 1988). OgHako JaHHBIH METON
OTIIMYAETCS TPYIOEMKOCTBIO, MPOJOIKATEILHOCTRIO U Tpe-
OyeT MOBBIILICHHBIX Mep O100e30IacHOCTH. AJIBTEpHATHBOM
BUPYCHBIM H30JIATaM SIBJISICTCS] HCIIOJIb30BaHUE HH(EKIINOH-
HBIX MOJIEKYJISIPHBIX KJIIOHOB, KOTOPBIE TIPEJICTABIISIIOT CO00i
MH(EKIMOHHBIE BUPYCHbIE YACTHILIbI, ITOIyUYEHHBIE TyTEM
TpaHC(EKINH KJIETOK IIIa3MHUIHBIM BEKTOPOM, COIEPIKAIIINM
nojaHopasMepHblid reHoM BUY-1, komupyrouuii cTpyKTypHBbIE,
PEryIsITOpHBIE ¥ BCIIOMOTaTeIbHbIE OEJIKH BHpYyCa, HE00X0-
JIMMBIE JUIsl 00pa30BaHUs PEIUIMKAIIMOHHO-KOMIIETEHTHBIX
BUPYCHBIX 4acTull B KynbType kietok (Peden et al., 1991).

B nocnenHue rogsl MHOTME UCCIEA0BATENH OTAAIOT IIPUO-
PHUTET TEXHOJIOTHH TICEBIOBUPYCOB — O€30MTaCHOMY METOLY,
mo3BOJISTIOIEMyY paboTars B yenoBusix BSL-2 (Li Q. et al.,
2018; Montefiori et al., 2018). B omiiiure ot u30515T0B BUpYyca
1 MH(EKIIMOHHBIX MOJISKYJISIPHBIX KJIOHOB, paboTa ¢ MceBo-
BUpycaMu 0e301acHa, IIOCKOJIbKY B KOIUPYIOIIUE 00JIacTH re-
HOMa BHECEHBI MyTalllH, OTPAHUYNBAIOLINE Pa3BUTHE BUPY-
ca TOJIBKO OJTHMM IIUKJIOM, TI03TOMY IICEBIOBUPYCHI HEPEIKO
Ha3bIBAIOT «BHPYCAMH OAHOTO IMKIa HHpekmmm» (Yepecus
u np., 2010; Li Q. et al., 2018).

B nannOM 0030pe OyIyT paccMOTPEHBI MOJICIIEHBIE CHCTE-
mbl BUY-1, ucnionbsyemble 11st O1ieHKH 3G )EKTHBHOCTH XH-
MHOTEPANEBTUUECKUX IPENapaToB, IMMPOKOHEHTPATN3YOIIIX
AQHTHTEN ¥ KaHIUIATHBIX BakuH npotuB BUY-1 in vitro.

MN3onAaTtbl n nabopaTopHo-aganTUPOBaHHble
wrammbl BUY-1

Uctopuueckn caMoi nepBoil CUCTEMOM, KOTOpPasi UCIOJb-
30Bajiach JUIA OLCHKH d(P(EKTHBHOCTH BaKIMH M aHAIH3a
HEUTpanHu3yIolieil aKTHBHOCTH aHTUTEN, ObUIN TIEPBUYHbIC
m3ositel BUU-1 (Jackson et al., 1988). 3onsiTe BUpyca nosy-
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YaloT IyTEM COBMECTHOT'O KyJITUBUPOBaHUS MOHOHYKJIEAPOB
nepugepudeckoit kposu (MIIK) BUY-nonoxurensHOroO na-
menTa ¢ ®I'A-ctamymposanasivi MITK 3m0poBoro noHopa.
ITpn 5TOM BBIAEICHHBIE U3 KPOBH BHPYCHI NMPEICTABISIIOT
c000i1 reHeTHYeCKN HEOJHOPOAHYIO MOMYIISIIHIO BCIIC/ICTBUE
KBa3uBU10BO# nprpoabl BUY-1. JI71st TOro 4TOOBI HCKITFOUHTE
BO3MO)KHOE CEJIEKTUBHOE JJaBJICHHE HAa BUPYCHBIE U30JISATHI U
obecrieunTh HauboOJIEe ONTUMAIILHOE COXpaHeHne (heHOTHIIa
BHpYyCa, €ro HapabOTKy BEIyT HA MEPBUYHBIX KyIbTypax
KJIETOK, & HE HA IEPEBUBAEMBIX KJIETOUHBIX TUHUSX (Voronin
etal., 2007; Van’t Wout et al., 2008). Kak mpaswuito, 1uist ompe-
JIeJIeHHsI HaJTMYHs HEUTPaTU3yIOIUX aHTUTEIN B CBIBOPOTKAX,
MOJYYEHHBIX OT BaKIMHUPOBAHHBIX, MU 3(dekTuBHOCTH
HCCIIeTyeMOT0 aHTUBUPYCHOTO areHTa, aHaJIu3 HeHTpaau3a-
IIUH TaKoKe POBOAAT Ha KIeTouHo KynsType MIIK ¢ mo6as-
JeHneM MH(EKIIMOHHON 03Bl BUPYCa U CEPUIHBIX pa3Beze-
HUI IMMYHHOH CBIBOPOTKH WJIH TECTHPYEMOTO COSANHEHNSI.
Onenky nozxasnenus perukanuu BUY-1 BeImoaHSIOT € mo-
Motnrsio MDA myTem mu3MepeHust KOHIEHTpanuu Oenka p24
(cTpykTypHBIif KOMIOHEHT Karicuaa BUU-1) B kynbsTypaigpHON
cpexe (3pipsiHOBA U 1p., 2020).

IIpumenenue nepBuuHbIX nzonaroB BUY-1 mist ananuza
BUPYCHEHWTpAIN3aK UMECT PsJ HEI0CTATKOB, CPEIN KOTO-
PBIX MO’KHO BBIICIIUTD PETUTUKALIUIO BO30YIUTENS HA TIEPBUY-
Hbix kieTkax MIIK, noBsienHbie TpeOoBaHus K O100e30-
MACHOCTH, HU3KYIO0 BOCTIPOM3BOANMOCTD PE3yIBTAaTOB M, KaK
CIIE/ICTBHE, CIIOKHOCTH cTaHapTu3anuu (Mascola et al., 1996,
2005). ITosToMy B mepBBIe TOABI Pa3padOTKH BAKIIMHBI IJIS
MPOCTOTHI U BOCHPOU3BOJUMOCTH SKCIEPUMEHTOB HEKOTOPBIE
mrammel BUY-1 (IIIB/LAV, MN, SF2) 66111 atanTHpOBaHbI
JUIS peITUKallMid B HMMOPTAJIN30BaHHBIX KJICTOUHBIX JIMHU-
sx (H9, CEM) u Ha3BaHbI 1a00paTOpHO-aJalI THPOBAHHBIMH
IMTaMMaMHU WM, TOYHEE, BUPYCAaMH, aJallTHPOBAHHBIMH K
T-xirerounoi muHuM. [To3ke OBII0 MOKa3aHO, YTO BAKI{MHALMS
JIOOPOBOJIBIIEB PEKOMOMHAHTHBIME TPUMEPAMH, MOIYUYCH-
HBIMHM Ha OCHOBE JIaDOpaTOpHO-a/IalITHPOBAHHBIX IITAMMOB
BUWY-1, npuBoauna Kk MHAYKIUN aHTUTEN, KOTOpble HeUTpa-
JU30BaJI UMEHHO 3TH JIaOOpaTopHbIe ITaMMbI. OIHAKO J10-
MIOJTHUTENbHBIE YKCTIEPUMEHTBI C UCTIONIb30BAaHUEM MEPBUU-
HbIX n30isT0oB BUY-1 nokazanu, 4ro, HECMOTpPSI HA MOLLHYIO
WH/TYKIHIO HEWTPAJTM3YIONIMX aHTUTEI IIPOTHB J1a00paTopHO-
aJaNTUPOBAHHBIX MITAMMOB, HEHTpANHU3yIOIlas aKTUBHOCTh
B OTHOILICHUH [IEPBUYHBIX H30JISITOB OTCyTCTBOBaIa (Mascola
et al., 1996; Montefiori et al., 2018). Beieacrsue atoro mpu
UCTIOJIb30BAHNH J1aOOPATOPHO-aAANTHPOBAHHBIX ITAMMOB
BUpYyca JUIS aHAJIM3a HEHTpaIi3aui MOTIIN OBITh MOTYyYeHbI
OIMOOYHBIE JTAHHBIC, YTO CHOBA ITPUBEIIO HCCIIEI0BATEICH K
MIEpBUYHBIM U30JIATaM Kak 0oJiee aJleKBaTHOMY HHCTPYMEHTY
JUIS aHAJIM3a BUPYCHEHTpain3yromeil akTUBHOCTH aHTHUTET,
o0Opasyromuxcs B pe3yabrare BakiiuHanuu. [IockonbKy naH-
HBII METOJI ABNISICTCS TPYAOEMKIM 1 HE TTO3BOMISAET IIPOBOJUTH
MAacCOBBIH aHAJIN3, €r0 CTAJIN TPUMEHSTH Ha 3aKITIOUUTEIIbHBIX
JTarnax Muccie10BaHuMH.

NHpeKunoHHble MoneKkynapHble KnoHbl BUY-1

Kax Ob110 OTMEUEHO BBIIIE, IEPBUYHBIE U30ISTHI U Jlabopa-
TOpHO-aianThpoBaHHble mTaMMbl BUY-1 xapakrepusyrorcs
TPYLOEMKOCTbIO KyJIbTUBUPOBAHUS U 3HAUUTEIBHOU Pa3HO-
POIHOCTBIO BCIEACTBUE CBOCH IIPUPOIBL, @ TAKKe Bapruadesb-

216

Model systems
of human immunodeficiency virus (HIV-1)

Hoctu noHopckux MIIK (Polonis et al., 2008), mostomy st
CTaOMIBHOTO BOCIPOU3BEICHUS BUPYCHBIX YaCTHIl CTaJH
UCTIOTb30BaTh MH()EKIIMOHHbBIE MOJIEKYISIpHbIE KIToOHBI BUY-1
(MMK). Ux momy4atoT myTeM TpaHC()EeKIHUH KISTOK TIa3MHA-
HBIM BEKTOPOM, KOTOPBIH COAEPKUT IOITHOPA3MEPHBIN TeHOM
BUWY-1, obecrieunBaromuii 00pa3oBaHue BUPYCHBIX YaCTHII,
00J1a1atoIUX CIIOCOOHOCTBIO K JabHEHIIel PeruInKaluy B
KyJIbTYpe dyKapuOTHYECKHUX KIeToK (puc. 1). B pesynsrare
(hopMHUpYIOTCSI TEeHETUYIECKH OZHOPOIHBIE BUPYCHBIE YaCTHU-
Lbl, B OTJIMYKE OT NEPBUUHBIX M30sATOB BUY-1, Tak Kak re-
HOM BHpyca HaxoauTcs B Bune JJHK B cocrase masmuHOTO
BekTopa (Edmonds et al., 2010; Zyryanova et al., 2020). st
BO3MOXXHOCTH CTaHJapTHU3aI[MU aHalW3a HeHTpalu3aluu
¢ UMK, ¢ momoIipo METOA0B TeHETHUECKON HMH)KEHEpUN
ObUTH CcO37aHBl MOIM(UIIMPOBAHHBIEC NTEPEBUBAEMBIE Kile-
TOYHBIE JINHUH, HECYIIHE HA CBOCH MOBEPXHOCTH PELEHTOP
CD4 u xopeuenrropsl CCRS5 1 CXCR4 (Princen et al., 2004;
Gonzalez et al., 2010). I[Tockonsky UMK nipescraBisitor coboit
MH(EKIOHHBIE BUPYCHBIE YaCTHIbI, TO IKCIIEPUMEHTaIbHAs
pabora ¢ HUMH, TaK K€ KaK ¥ C MEPBUYHBIMU H30JSTAMHU
1 1abopaToOpHO-aJaNTHPOBAHHBIMA IITAMMaMH, TpedyeT
COONFOICHNST COOTBETCTBYIONIUX Mep OMOOE30MacHOCTH U
OTJIMYAETCS TIPOJIOIDKUTEILHOCTHIO aHAIIN3A.

B T0 e Bpems ucnonszoBanue UMK no3Bomnser xapakre-
PH30BaTh U UCCIIEA0BATH OMONIOTHYECKUE CBOMCTBA FeHeTHYe-
cku pasanuHbiX u30sToB BUU-1 (Ochsenbauer et al., 2012;
Baalwa et al., 2013; Wang et al., 2013; Chenine et al., 2018;
Zyryanova et al., 2020), n3ygaTb MEeXaHU3MBI BOSHUKHOBCHHS
JI€KapCTBEHHO-yCTONYUBBEIX mTamMmmoB BUU-1 u Bnusnue
MyTalui Ha Ouojornyeckue cBoiictBa Bupyca (Johnston et
al., 2005; Pugach et al., 2007; Varghese et al., 2013), a Taxxe
MIPOBOJIMTH MOUCK HOBBIX aHTUPETPOBHUPYCHBIX areHToB (Su et
al., 2019; Wagstaff et al., 2019; Mavian et al., 2020).

Env-ncespoBupycbl BUY-1

IIpu ucnonp30BaHUN KIACCUYECKUX BUPYCOIOTMYECKUX Me-
To0B [T paboTsl ¢ BUY-1 nccnenoBarenn cTaaKuBaroTCs ¢
PSIOM CITOXKHOCTEH, OTMEUEHHBIX BhITIIe. J{71st OBICTpOH U ajie-
KBaTHOU OIIEHKH I'yMOPaJIbHOTO UMMYHHOTO OTBETa, BO3HHU-
KaIOIIIETO B OTBET HA BAKIIMHHbIE KOHCTPYKIMH, 1 CKDHHUHTA
MOTEHIMAIBEHBIX XUMHOTEPAIIeBTUIECKUX areHTOB, 8 UMEHHO
MHIMOUTOPOB IPOHUKHOBEHUSI, HAWITYYIIIMM 00pa3oMm ceOst 3a-
pEeKOMEH 10BaIa TeXHONIOTHst env-riceBnoBupycos (Montefiori
etal., 2018).

Env-niceBnoBupycer BUU-1 mpencTaBnsioT cob6oit pekom-
OMHaAHTHBIC BUPYCHBIC YAaCTHIIBI, TOJyYCHHBIC ITyTEM TPaHC-
(heKHM 9yKapuOTHUECKHUX KIIETOK JBYMS TUIa3MHIaM1 — KO-
poBoit U 0bos10ueuHOi. KopoBas mia3mMuaa COAEepKUT TeHbI
ctpykrypHbix (Gag u Pol), perynsaropusix (Tat u Rev) u
BcrmomoratensHbIX (Vpu, Vpr, Vif u Nef) 6enxos BUY-1,
KOTOpbIE HEOOXOINMBI i1 COOPKM BHPYCHBIX YACTHII, a
TaKXe IMOCIIEJ0BATEIbHOCTH, HEOOXOJUMBIE ISl YITAaKOBKH
BupycHoit PHK (V). O6ono4eunas mia3Muia HeceT reH no-
BEPXHOCTHOTO ItuKonporenHa (Env) onpeneneHHoro noaruna
BUY-1. B pesynsTare TpaHCHEKINH TPOUCXOANT (POPMHUPOBaA-
HHE BUPYCHBIX YaCTHI] C Ae()eKTHBIM TEHOMOM, HE CIIOCOOHBIM
obecriednTh COOPKY MH(MEKITMOHHBIX JOUSPHIX BUPHOHOB IIPU
3apaxxenun (Li M. et al., 2005; Li Q. et al., 2018). C momomisto
SJIEKTPOHHOM MUKPOCKOITUH MOKa3aHO, YTO MPH TPaHCHEKIINU

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 < 26 - 2



H.B. PynomeToBa, [1.H. LLlep6akos MopenbHble cuctembl 2022
A.T. Pygometos, A.A. Unbnyes, J1.U. KapneHko BUpYyca MMMyHopeduLmTa Yenoseka (BNY-1) 2642
a
HapaboTka B1pycHOro cToka
2
=
Pl Mpoaykuws £ OnpepeneHne % 10000
5 % TpaHcdekuma BUPYCHbIX YacTunL KOHUeHTpauun p24 §
— —» —p N
pIMC \//\ </ < 5000
/—; . o
@) > a
/\/ <ouUQ
HEK293 X X ¥«
S===
SS=X
Pennvkauwna supycHoro ctoka 8 MIMNK .
‘ - o UMK A
A MK
BoigeneHue MMK . — £ 15000 . MMKE
N UX CTUMYNALMNA [obaBneHue Bupyca k MIMK @ Onpepenexune < 10000 e VIMKD
& N
MUTOreHOM 1 ero pennukauyma KOHLieHTpaLuumn p24 gﬁ 5000
—> —> S h —>
O 0 510 152025
[Hel nocne nHdeKLmn

Puc. 1. Cxema pabotbl ¢ UMK BUY-1.

YcnosHo nonyyenune VIMK B/Y-1 moxHO pa3fgenutb Ha fBa 3Tana. [epsbiii 3Tan (a) BKNoyaeT TpaHcpekyuto KnetouHon nuHum HEK293 ana npo-
AYKUMI BUPYCHDBIX YacTUL, Tak Ha3blBa@MOro BUPYCHOrO CToKa. Ha BTopom 3Tane (6) NpoBOAAT NociefyioLyto penvKkaLlmio BUPYCHOMO CToKa C NC-
nonb3oBaHvem OIA-ctumynmnpoBaHHbIx MIMNK 300poBoro oHopa B TeueHne HeCKONIbKMX Heaesnb. Ha KaxXaom 13 3Trx 3TanoB TUTP BUPYCHbIX YacTuL,
oueHuBatoT ¢ nomouybto DA nyTem onpepeneHns KOHLEHTpaUUM p24 aHTUreHa B KynbTypasibHOW cpefie. YBenmyeHrne KOHLEHTPpaLmMmn KancugHoro
6enka p24 He MeHee YeMm B TbICAYY pa3 MO CPAaBHEHMIO C ero HauyasbHOW KOHLeHTpaLUven B KynbTypanbHOl Ccpefe CBUAETENbCTBYET O NPOAYKLMN
pennrMKayMOHHO-KOMMNETEHTHbIX BUPYCOB.
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Puc. 2. Cxema paboTbl € env-nceBAOBMPYCHON cuctemoint BUY-1.

JKcnepumMeHTanbHaa paboTta C env-nceBAOBMPYCcamMM BKITIOUYAET HECKOSIbKO 3TamoB: MepBblii — COOpKa BUPYCHbIX YacTUL, C MOMOLLbIO
TpaHcdeKummn KnetouHo nuHum HEK293 ¢ ncnonb3oBaHmnem fByX nnasmug — KOPoBOW 1 0605104eUHO; BTOPOI — onpeaeneHne GpyHk-
LMOHaNbHOWM aKTUBHOCTY MCEBAOBUPYCHBIX YacTuL, T. €. CNOCOBHOCTM 3apaxaTb KNETKU-MULLEHN 1 aKTUBMPOBATb PENOPTEPHbIA reH
nioundepasbl CBETNAYKA; TPETUI 3Tan — HEMOCPEACTBEHHO aHany3 HeNTpanM3auun ¢ UCMoNb30BaHNEM UMMYHHBIX CbIBOPOTOK MW Xi-
MUOTEPaNEBTNYECKIX areHTOB C Liefblo onpeeneHuns nx cnocobHOCT! 610KMPOBaTb NPOHUKHOBEHME NCEBOBYPYCOB B KNETKY-MULLIEHb.
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CpaBHUTENbHaA XapakTeprucTuKka mogenbHbix cuctem BUY-1,

Model systems
of human immunodeficiency virus (HIV-1)

MCMoNb3yeMmbix AN oLeHKM 3$deKTVBHOCTN BaKLMH U IEKapCTBEHHbIX Npenapatos npoTtus BAY-1 in vitro

MNapametp Env-nceBaoBupycChbl

TpeboBaHuA K 6106e30MacHOCTN (ONAacHOCTb)  Huskune
CKOpOCTb 1 NPOV3BOAUTENBHOCTb aHanM3a Bbicokas
CraHpapTusauus Bbicokas

TonbKo 3Tan NPOHUKHOBEHNA
BUPYCa B KNETKY-MULLEHDb

M3yyeHune pasnnyHbIX CBONCTB BUPYCa
1 BUPYCHOTO LMKNa

knerounor smann HEK293 nByms rumasmunamu Gpopmupy-
I0TCSI BUPYCHBIC YACTHIbI, MOP(OIOTHIECKN UIACHTUYHbIE
Bupronam BUU-1 (Zaitsev et al., 2019; Ladinsky et al., 2020).

Onpenenenue GpyHKIMOHATBHOW aKTUBHOCTH €nV-TICEBJI0-
BHUPYCOB U aHAJIM3 HEUTpaIu3aluy NIPOBOISAT HA KIETOYHON
muaun TZM-bl, xoTopas siBisieTcs epeBUBAEMON, TeHETH-
yeckr MoauQUIMpPOBaHHOW KileTouHOH nuHued Hela u Ha
MMOBEPXHOCTH KOTOPOH JOKamu30BaHBl perientopsl CD4 u
kopenentopsl CCRS u CXCR4. Kpome Toro, B reHOM Kie-
TouHo! HUU TZM-bl uHTErpUpOBaHbI pENOPTEPHBIE TEHBI
monndepassl cBeTasAYKa U B-rajgakro3ugassl E. coli mox
TPAHCKPUIIIMOHHBIM KOHTPOJIEM JUIMHHOTO KOHIIEBOTO IO-
Bropa BIUY-1. IIpu mpoHHMKHOBEHUH TICEBOBHpPYCa B KIIET-
Ky-mutiens TZM-bl B oTBeT Ha cuHTE3 BUpycHOTO Oenka Tat
3aIyCKaeTCsl SKCIPECCHUS PEIIOPTEPHOTO TeHa JTronndepassl,
KOTOpasi IETeKTUPYETCsI ¢ OMOILbIO JlIFoMeHoMeTpa. [Ipu sTom
BBICOKasi MHTEHCUBHOCTh JIIOMHUHECLEHIINU COOTBETCTBYET
MIPOHNKHOBEHHMIO TICEB/IOBUPYCHBIX YACTHI] B KJICTKHU-MHIIIE-
HH, a TOJIaBJICHNE JIIOMHHECICHIIMN, HA000POT, yKa3bIBaeT
Ha HeHTpamm3anuio env-nicenosupycos BUY-1 (Platt et al.,
1998; Wei et al., 2002). O6muii npuHIUT pabOThI eny-TICeB-
JIOBUPYCHOM CHCTEMBI IPE/ICTaBIICH Ha PUC. 2.

Env-1iceBnoBUpYyCHasi CHCTEMA UMEET PsiJi HEOCHOPUMBIX
JIOCTOMHCTB. Bo-1iepBBIX, Omaropapst tomy, uto TZM-bl npen-
CTaBJsIeT CO00¥ CTAOMIIBHYIO MEPEBUBACMYIO KJICTOUYHYIO
JIMHUIO, OHA MOJKET 3aMEHHUTh NIepBUUHbIE T-KIETKH YenoBe-
Ka, yMCHbIIAs TOTPEOHOCTH B MH/IUBH/IYaJIbHBIX JIOHOPCKHUX
KJIeTKaxX. Bo-BTOpBIX, env-1IceBIOBUPYCHI O€30I11acHbI, B OT-
n4aue oT u307AToB Bupyca u IMK, paboTa ¢ KOTOpbIMH Tpe-
OyeT COOMIONCHNUS CIICINANTEHBIX YCIIOBHI OHMOOE30MMaCHOCTH,
YTO YCJIOXKHSET SKCIIEPUMEHTHI U TIOBBIIIAET UX CTOMMOCTb.
B-Tpetpux, 6enox Env Ha MOBEpXHOCTH MCEBIOBUPYCHBIX
yacTul (OPMHUPYET TPUMEPHBIE CTPYKTYPHI, HICHTHIHBIC
TpUMepaM HpUpoaHOro BUpyca. OAHAKO TIaBHOE JAOCTOUH-
CTBO TEXHOJIOTHH IICEBIOBUPYCOB 3aKIIFOUAETCSI B TOM, UTO OHA
MIO3BOJISIET MOJTYYaTh aHAJIOTH BUPYCHBIX YACTHUI] PA3IMIHBIX
moaTumnoB u mramMmmoB BIU-1, Tem cambiM oOecrieunBast Imu-
POKHMIA OXBaT TeHETHYECKOTO pasHooOpasns BIUU-1 (Seaman
etal.,2010; Montefiori et al., 2018). Kpome Toro, MmeTon Heii-
TpaJIM3aIiH C UCTIOIB30BAHNUEM enV-TICEBIOBUPYCOB MOKHO
ONTHMHU3HUPOBATh U cTaHmaptusuponats (Wei et al., 2002;
Seaman et al., 2010; Sarzotti-Kelsoe et al., 2014). B Tabmuie
KpaTKo IpeICTaBlIeHa CPaBHUTEIbHAS XapaKTepUCTHKA Tep-
BUYHBIX M30JITOB U J1a00PaTOPHO-aqANTHPOBAHHBIX IITAM-
Mo BUU-1, UMK u env-niceBnoBUpyCOB.
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NHdeKumnoHHbIe
MOMeKyAPHbIE KSTOHbI

MNepBuYHbIE N30NATHI
1 nabopaTtopHo-
afanTUPOBaHHbIE WTaMMbI

Bbicokune Bbicokue
Hu3kasn Hu3kasa
Bbicokan Hu3kasn

Bce aTanbl »KM3HeHHOro
unkna BUY-1

Bce sTanbl »KM3HEHHOro
umkna BUY-1

MNepeBuBaemble KnetoyHble  MIK

nuHum; MMNK

BaxHo Takke oTMeTHTh, 4TO Ha caite Jloc-Anamocckoit
HarmoHansHOU Jmaboparopuu CIIIA B OTKPHITOM JOCTyIIE
HaXOJISITCSI TPOTOKOJIBI M PEKOMEHIAIMH T10 TTPOBEACHHIO aHa-
JIM3a HEUTpaIn3aIiy ¢ UCTIOIh30BaHUEM enV-TICEBIOBUPYCOB
(https://www.hiv.lanl.gov/content/nab-reference-strains/html/
home.htm). I[Tomnumo 3T0T0, IO TPOTPaMMe MPENOCTABICHUS
pearentoB st uccnenoBanus BUY/CIT a — HIV Reagent
Program, ¢unancupyemoir HarmoHa bHBIM HHCTHTYTOM
ayepruu 1 vHpeKInoHHbIX 3aboneBannii CLIA u xkypupye-
MO AMEPUKaHCKOM KOJIJIEKIIMEN TUIOBBIX KYIBTYD, MOXKHO
MOJTyYUTh BCE HEOOXOIMMbIE KOMITIOHEHTHI (KJIETOYHbIE JIN-
HUH, TUIA3MH/IbI, MOHOKJIOHAJIBHBIC QHTUTENA) JJIsl OCBOCHUS
JIAHHOM TEXHOJIOTHH.

Hwxe npuBeneH psa nprMepoB UCHOIb30BAHUS NaHeIeH
TICEBJIOBUPYCOB ISl OIIEHKH () (EKTUBHOCTH aHTUPETPOBHU-
PYCHBIX IpenapaToB U aHTUTEN. Tak, /Ui JoKa3aTelbCTBa
MIPOTUBOBUPYCHOI aKTUBHOCTH IIperapara MapaBUpOK (K-
HUYECKH OJI00PEHHOTO aHTaronmcra kopeunenropa BUY-1)
ObL1a MCMoNb30BaHa MaHelnb u3 160 env-1ceBIOBUPYCOB
BUWY-1 moarumna B u 40 env-1iceBAOBUPYCOB APYTHX ITOITH-
noB BUY-1 (Dorr et al., 2005). AktuBHOCTH nOaIM3ymMada,
MOHOKJIOHAJILHOTO aHTHUTEJNa, KOTopoe cBs3biBaeTcs ¢ CD4-
perienitopoM, Oblia ToKa3aHa Ha 116 env-miceBmoBHpYyCax,
otHocsuxcs K montumnaM A, B, C, CRFO1_AE (Pace et al.,
2013). C nomoursio nmaHeneil ncesroBupycoB BMU-1 Obun
WCCIIEIOBAH W CHEKTp AeUCTBUSA bnAbs B oTHOmEHHH pa3-
JIMYHBIX TeHeTnueckux BapuantoB BUY-1. Tak, nanpumep,
mypora HeWrpanuzanuu s bnAb 10E8 cocraBuna 98 %
u ObLIa MPOJEMOHCTPHUPOBAHA HA MAHENH, BKIIOYAOMIEH
181 BapuanT env-niceBnoBupycoB noarunos A, B, C, D, G,
CRFO1_AE u CRF02 AG (Huang et al., 2012); mupota
Heirpanmm3anuu bnAb VRCO1 cocrasmna 91 % u 6pu1a mo-
kazaHa Ha 196 env-nceBnosupycax (Wu X. et al., 2010);
mupora Heifrpanuzauun bnAb VRC34.01 cocraBuia 49 %
n OBUTa IPOAEMOHCTPHpPOBaHA Ha 179 env-miceBmoBUpYyCax
(Kong et al., 2016). Imenno Gnarogapsi BHEIPEHHIO MaHe-
JIel TICeBIOBUPYCOB, BKITFOYAIOLIUX OOJBIIOE pPa3HOOOpa3ne
TeHeTHYeCcKnX BapmaHnToB BUY-1, mpousomen mpopsiB B
MOYYCHUN M XapaKTePH3alUH MOHOKIOHAJIBHBIX IIHPOKO-
HEUTPAIN3YIOUIUX aHTUTEIL.

[Tanenu env-niceBIOBUPYCOB aKTHBHO UCTIONIB3YIOTCS LIS
M3Y4YECHHUS] TYMOPAJIBHOTO UMMYHHOTO OTBETa, MHIYILUpYe-
MOTO KaHAMJIaTHBIMU BakiimHamu npotuB BUY-1 B xone ux
pa3paboTKy, TOKIMHUYECKAX W KIMHUYECKUX HCIIBITAaHWH,
TaK KaK OJHUM M3 BRXHBIX IOKazateneil 3hdekTHBHOCTH
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BUY-BakuuH sBIsSeTCA HAJU4YUE Y BAKUUHUPYEMbBIX BUPYC-
HeiiTpaimusyronmx antuten (Rudometov et al., 2019a; Ou et
al., 2020). B xauecTBe mprMepa MOKHO TIPUBECTH HEJABHHE
pabotsr K. Xu ¢ xoyureramu, KOTopsie pa3zpaboTaiyu cxemy
BaKIMHAIMHU, OCHOBAHHYIO Ha nentuie caustaust (fusion pep-
tide, FP), xiroueBoM CTpyKTypHOM KOMITOHEeHTe gp41 npu
nponukHoBenun BUY-1. Panee onu uaeHtudunuponaiu
aaTutenno VRC34.01 or BUY-0n0KUTEIHHOTO JOHOPA, KOTO-
pO€ HaLEJIEHO HAa KOHCEPBAaTUBHBIN N-KOHLIEBON yUacTOK EM-
tuna cmustaus BUY-1. IMockomeky FP npencrasmser coboi
KOPOTKHUH JINHEHHBIH MENTH T, OH IMEET HU3KYIO TPUPOIHYTO
UMMYHOTEHHOCTB, IO9TOMY B Ka4eCTBe OeJIKa-HOCHUTEIIS HC-
CJIe/IOBATEIH BBIOPAJIM I'€MOLIMAHUH YIIUTKHU, ITMPOKO UCTIONb-
3yeMblil B OMoTexHoioruu. MMMyH#H3aus 1abopaTopHbIX
JKMBOTHBIX TIENITUIOM CIIUSIHUS, CBSI3aHHBIM C TEMOIIMAaHUHOM
VAUTKH, C TOCIEAYIOMHM OycTrpoBarreM Tpumepom BG505
MPUBOAMIIA K MHAYKIIMK aHTHUTEIN, IIUPOTa HEHTpamu3annu
KOTOpBIX coctaBmwia 31 % u OblIa MPOJAEMOHCTPUPOBAHA HA
naHesy, Bmogaroniei 208 env-mceBaoBUPYCOB Pa3IUYHBIX
noarunio BUY-1 (Xu et al., 2018).

3aBepias JaHHBIA 0030, XOTUM OTMETHTB, YTO CHCTEMa
ncepnorunuposanuss BUY-1 tonepanTHa K MHKOpHOpaluu
MOBEPXHOCTHBIX OCIIKOB PA3IMYHBIX 000JIOYEIHBIX BUPYCOB.
YuuTeIBas TOT (aKT, 4To OOIBIIMHCTBO JJAOOPATOPHBIX HCCIIe-
JIOBaHHMH M SKCIIEPUMEHTOB C BUPYCaMH JIOJDKHBI IIPOBOJIUTHCS
B ycnoBusix BSL-3 unu BSL-4, ncnionb3oBanne TEXHOIOTUU
TICEB/IOBHUPYCOB BMECTO BUPYCOB JMKOTO THITA ITPEIOCTABIISIET
BO3MOKHOCTb M3Yy4aTh MHTEPECYIOIIUI BUPYC Pa3IHMIHBIM
HCCIIEI0BATEIILCKUM TPYIIIIAaM M TPOBOUTE Pa3padOTKY Ipo-
THUBOBHPYCHBIX IIPENIapaToB U BAKLIMH IPOTHB 0CO00 OMACHBIX
naroreHoB. Harpumep, ¢ MoMOIIIbIO CUCTEMBI IICEBOTHITHPO-
Bauusg BIY-1 6butn osTyueHbI BUPYCHBIC YaCTHUIIBI, HECYIITHE
MTOBEPXHOCTHBIC TIIMKOMIPOTENHBI BUpyca J6oma (Mohan et
al., 2015), Bupyca Mapbypr (Zhang L. et al., 2020), Bupyca
Jlacca (Zhang X. et al., 2019), kopoHaBupyca OIMKHEBOCTOU-
HOTO pecnuparopHoro cunapoma (Zhao et al., 2013), Bupyca
oemenctia (Nie et al., 2017), Bupyca unkynryasu (Wu J. et
al., 2017) u Bupyca Hunax (Nie et al., 2019). Kpome Toro,
Ha OCHOBE JIJAHHOM TEXHOJIOTMU aKTHBHO Pa3padaThIBAIOTCS
niceBnoBupycHbIe miatdopmel st SARS-CoV-2 (Hu et al.,
2020; Hyseni et al., 2020; Johnson et al., 2020).

3aknioyeHune

Kaxnast n3 pacCMOTPEHHBIX BBIIIE TEXHOIOTUN UMEET CBOU
JIOCTOMHCTBA U HEAOCTATKH, U IIPH MIPOBEACHUH KOMILJIEKCHBIX
WCCIIEZIOBAaHUI BCE 3TH MHCTPYMEHTHI, HECOMHEHHO, OyayT
JIOTIONHATH APYT Apyra. HecMoTpst Ha TpyHOeMKOCTb TpUMe-
HEeHMs NMepBUYHBIX 305ToB 1 IMK B aHanu3ax HeHTpau-
3al1H, JaHHBIE MOJIEH OCTAIOTCS OECLIEHHBIM MHCTPYMEH-
TOM JUIsL UCCIIEIOBAaHNS OMOJIOTMYECKUX CBOWMCTB BHPYCOB.
OnHako B HacToOAIIEEe BPEMs OCHOBHBIM METOJOM OLECHKH
3¢ PEKTUBHOCTH BaKIMH U MIPOTUBOBUPYCHBIX areHTOB (I10-
TEHIMAJIbHBIX HHI'MOUTOPOB MPOHUKHOBEHUs) TpoTnB BITY-1
SIBJISIETCS TEXHOJIOTHS env-TiceBRoBUpYycoB. K qocTonHcTBaM
TICEBIOBHPYCHON CHCTEMBI OTHOCATCS 0€30T1aCHOCTb, BBICO-
KW YPOBEHb BOCIIPOHM3BOJUMOCTH PE3YIbTATOB, BO3MOXK-
HOCTh CTaHJAPTU3AIMH, @ TAKKE BO3MOXXHOCTH paboTarh
BUPYCHBIMU YaCTHLIAMH, YKCIIOHUPYIOIIUMH [IOBEPXHOCTHBIE
TIIMKONPOTEHHBI MHOXKECTBA BUPYCHBIX IOITHUIIOB.
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