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P1i6ocomMHoOe ITpoduanpoBaHie KaK MHCTPYMEHT
JICC/IeOBaHS TPAHCISILVN Y PaCTeHIIA:
OCHOBHbI€ UTOTHU, IPO6IEMBI U IT€PCIIEKTBbI

AA. ACl)OHHI/IKOBl’ 2@, 0L CI/IHI/ILIbIHal’ 2 TC. FOAy6eBa1' 2 H.A. llImakosl' 2, A.B. Kouetosl 2

! DepepanbHbIit ccneaoBaTeNbCKMIA LEHTP VIHCTUTYT LMTONOTUM 1 reHeTukn CUBUPCKOro oTaeneHns Poccuiickoit akagemum Hayk, Hosocu6upck, Poccus
2 HoBocnbrpcKmMii HaLoHaNbHbI KCCNefoBaTeNbCKNIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCMOMpCK, Poccns
& ada@bionet.nsc.ru

AHHOTaLMA. DKCNPECCUIO SYKapNOTUYECKNX FTEHOB MOXHO PErynnpoBaTb Ha HECKOMbKUX 3Tanax, BKovaa TpaHCnA-
unio MPHK. M3BecTHO, uto cTpyKTypa MPHK cnoco6Ha BnuATb Kak Ha 3GpdEKTVBHOCTb B3aMMOAENCTBUA C annapaTtom
TPAHCIALMU B LIENIOM, TaK 1 Ha BbIGOP CaliTOB MHULMALMM TPAHCAALMW. 1A nccneaoBaHma TpaHCMpyemMon ¢ppaKkumm
TpaHcKpUnToma 6binv paspaboTaHbl SKCNePUMEHTaNbHbIe METOAbI aHann3a, Hanbonee NHPOPMATUBHBIM N3 KOTOPbIX
ABnAeTcA pubocomHoe npodunupoaxme (P, Ribo-seq). MepBoHauyanbHO cO3[aHHbIM ANA MCMONb30BaHUA B APOXMKe-
BbIX CMCTEMAX, 3TOT MeTOA Oblf aAanTMPOBaH AA TPAaHCAALMOHHBIX UCCe[0BaHMI Ha MHOTUX BUAAX PaCcTEHUIA. TeXHO-
NOrvA BK/OYAET BblAeSIEHNE MOIMCOMHON GpaKLMm 1 BbICOKONMPOU3BOANTENbHOE CEKBEHNPOBAHME Nyna CEerMeHTOB
MPHK, cBA3aHHbIX ¢ prbocomamu. CpaBHEHME Pe3yNbTaToB NOKPbITVA TPAHCKPUITOMA NPOUYTEHUAMM, MOSTyYEHHbIMU
Mo MPOTOKOJTYy PUOOCOMHOIO NPOPUANPOBAHNA, C aHANOTMYHbBIM Pe3ysibTaTamy MO CEKBEHNPOBAHNIO TPAHCKPMNTOMA
[aeT BO3MOXHOCTb OLEHUTb 3GPEKTUBHOCTb TPAHCAALMY AA KaXXAO0r0o TPaHCKpUnTa. TouHble NONoXeHusa prbocom,
onpefeneHHble Ha nocnefoBaTenbHOCTAX MPHK, no3BonAtoT onpeaenaTb TPaHCAALMIO OTKPbITbIX PaMOK CUMTbIBAHWA
1 NepeKkoyeHne Mexay TpaHcALMeNn HeCKONbKNX PaMOK CUMTbIBAHUA — GeHOMEH, NPU KOTOPOM C OLHOW MaTpuLbl
PHK npowvicxofaT cunTbiBaHvEe ABYX UK Goniee NepeKpbIBaoWMXCA PaMoK 1 BMocuHTe3 pasHbix 6enkoB. MNpenmyiue-
CTBO MeTO/a 3aK/YaeTCs B TOM, YTO OH AaeT BO3MOXKHOCTb MOJTyUYNTb KOSIMYECTBEHHbIE OLIEHKMN MOKPbITUA prboCcoMa-
M1 MPHK 1 MOXeT BbISIBNIATb OTHOCUTESIbHO peaKme CobbITUA TpaHCAALUN. Micnonb3oBaHme 3TON TEXHONOMM MNO3BO-
nuno KnaccnduumpoBaTb FeHbl PacTEHUIA MO TUMY PEryaaLUmM NX SKCNPECCUn Ha YPOBHE TPaHCKPUNLMK, TPAHCAALUN
1 Ha obounx ypoBHAX. O6HapyxeHbl 0cobeHHOCTU CTPYKTYpbl MPHK, KoTOpble BAMAIOT Ha YPOBHU TPaHCAALMN:
dopmmpoBaHre KBagpynnekcos G2 1 Hannume cneyndryeckmx moTneoBs B obnactn 5-UTR, GC-cocTaB, Hannuve anb-
TepHaTMBHbIX CTapToB TpaHcnAuun, BamaHne UORF Ha TpaHcnaumio HuxkecToAwmx mMORF. MNokasaHo, 4To n3meHeHun
perynaumm sKCnpeccumn reHoB Ha YPOBHE TPaHCAALMM BO3HUKAIOT B OTBET Ha OBOTUYECKUIA M aBNOTUYECKIIA CTPeCChl,
a TakXKe B MpoLiecce pa3BuUTHA pacTeHnid. B o63ope KpaTko paccmoTpeHbl metogosnorvs Pl v nepcnekTrBbl ee npu-
MEHeHNA ANA UCCNefoBaHNA CTPYKTYPHO-GYHKLVIOHANbHOW OpraH/3aumm 1 perynauum SKCrpeccuy reHoB pacTeHui.
KnioueBble crioBa: pubocomHoe npodunmpoanue; Ribo-seq; RNA-seq; TpaHCIALUS; pacTeHNs; abroTUYeCKniA CTpecc;
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Ribosomal profiling as a tool for studying translation in plants:
main results, problems and future prospects
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Abstract. The expression of eukaryotic genes can be regulated at several stages, including the translation of mRNA.
It is known that the structure of mRNA can affect both the efficiency of interaction with the translation apparatus in
general and the choice of translation initiation sites. To study the translated fraction of the transcriptome, experimen-
tal methods of analysis were developed, the most informative of which is ribosomal profiling (RP, Ribo-seq). Originally
developed for use in yeast systems, this method has been adapted for research in translation mechanisms in many
plant species. This technology includes the isolation of the polysomal fraction and high-performance sequencing of
a pool of MRNA fragments associated with ribosomes. Comparing the results of transcript coverage with reads ob-
tained using the ribosome profiling with the transcriptional efficiency of genes allows the translation efficiency to be
evaluated for each transcript. The exact positions of ribosomes determined on mRNA sequences allow determining
the translation of open reading frames and switching between the translation of several reading frames - a pheno-
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Ribosomal profiling as a tool
for studying translation in plants

menon in which two or more overlapping frames are read from one mRNA and different proteins are synthesized. The
advantage of this method is that it provides quantitative estimates of ribosome coverage of mRNA and can detect
relatively rare translation events. Using this technology, it was possible to identify and classify plant genes by the type
of regulation of their expression at the transcription, translation, or both levels. Features of the mRNA structure that af-
fect translation levels have been revealed: the formation of G2 quadruplexes and the presence of specific motifs in the
5'-UTR region, GC content, the presence of alternative translation starts, and the influence of uORFs on the translation
of downstream mORFs. In this review, we briefly reviewed the RP methodology and the prospects for its application to
study the structural and functional organization and regulation of plant gene expression.

Key words: ribosome profiling; Ribo-seq; RNA-seq; translation; plants; abiotic stress; biotic stress.
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BBepeHmne
PazpaboTka 1 HCTIOTB30BaHIE COBPEMEHHBIX MACIITAOHBIX U
BBICOKOITPOM3BOINTEIBHBIX TCHOMHBIX TEXHOJIOTHI MpHBe-
JI K paJuKaJIbHOMY U3MCHCHHUIO HHCTPYMCHTapUs IIPOBCIAC-
HUSI MOJICKYJISIPHO-OMOJIOTHYECKUX JKCTIEPUMEHTOB 3a T0-
CJICTHAE HECKOJIBKO JiecaTrineTnil. Tak, ncciaeaoBaHue TpaHe-
KpUnToMHoro npoduis B Macmradax reHoma (RNA-seq)
HCTIOIBb30BAHO ATt LACHTU(HUKALIMN TEHOB, YKCIPECCHUS KOTO-
PBIX M3MEHSETCSI B OTBET Ha CUTHAJIBI OKPYIKAIOMIEH Cpebl
Y pa3BUTHUS y OOJIBIIMHCTBA, €CIIU HE Y BCEX, CEIIbCKOXO03SIM-
CTBEHHBIX PacTeHHH, a TAaKKe y MaTOr€HHBIX MHKPOOOB
(Kazan, Gardiner, 2018; Lanver et al., 2018; Back et al.,
2019; Zumaquero et al., 2019; Kang et al., 2020). Takue uc-
CJIeI0BAHMSI OOBIYHO BBISBIISIOT THICSYX F€HOB, KOTOPBIE TIPH
OTIPEICIIEHHBIX YCIOBHUSX IKCIIPECCHPYIOTCS TO-Pa3HOMY.
I'pynnupoBka nuddepeHanbHO IKCIPECCUPYIOIINXCS Te-
HOB M0 KJTIOUYEBBIM ()yHKIIMOHAJIBHBIM KaTErOPUsAM MM OHTO-
norusiM TeHoB (GO) obecrieunBacT naCHTH(HUKAIINIO TIABHBIX
KJIETOYHBIX IPOIECCOB, JIIKAIMX B OCHOBE Pa3BUTHSI pacTe-
HUH 1 BX oTBeTa Ha cTpecc. OIHAKO CTaHOBHUTCS Bce Ooee
o4eBuaHBIM, 4T0 MPHK pasHbIX reHOB HE OJTMHAKOBBI 110 (-
(heKTHBHOCTH U CENU(PUIHOCTH TPAHCIIAIMH U CBSI3b MEKIY
KOJIMYECTBOM TPAHCKPHUIITA ¥ KOJTMYECTBOM CHHTE3HPYEMOTO
¢ Hero OeJika MOXKET HOCUTb CIIOXKHBIN XapakTep, MOCKOIbKY
Ha JKCIIPECCHIO MPOJYKTa I'eHa OKa3bIBaeT BIHMSHUE MHO-
JKECTBO (DAKTOPOB, CyIIECTBEHHAS J0JIS1 KOTOPBIX CBSI3aHA C
nporneccamu Tpancsinuu MPHK (Lei et al., 2015; Merchante
et al., 2015). Takum oOpa3oM, XOTsI aHAJIN3 TPAHCKPUIITOMA
MpeaCTaBIsIeT cO00H HEOOXOMUMBIHM ATal MPU U3YUECHUHU
MaTTEPHOB KCIPECCHU F'€HOB M MEXaHN3MOB F€HETHYECKOTO
KOHTPOJIS pa3JINuHbIX IIPOIIECCOB, OH HE SIBJISIETCS JOCTATOY-
HbIM. [To3TOMY nepBoCTeNIeHHOE 3HAYEHUE JUT TOHUMAHUS
TOTO, KaKHe MPOAYKTHI TeHA U B KAKOM KOJIMUECTBE 00pasy-
I0TCSI B PE3yJIbTaTe €ro 3KCIPECCHH, UMEET HCCIIEI0BaHne
JIPYTUX TPOIECCOB, BKIOUaomux ctadmibHocTh MPHK,
0COOCHHOCTH €€ TPaHCISIINH, CTaOMIIBHOCTD MOJIHIICTITH/IA,
BO3MOXXHOCTb NOCTTPAHCIAUOHHBIX MO):(I/I(bI/IKaLII/Iﬁ uTA.
Jlist SKCTIEpUMEHTAIIBHOTO M3YyYEHHsI 3TOTO Ipoluecca B
MOCJIC/IHNE TO/BI OBIIIO pa3paboTaHO HECKOIBKO BBICOKO-
ITPOU3BOAUTECIIBHBIX ITOAXOA0B, HAIIPUMED HpOCbI/IHI/IpOBaHI/IC
pubocom mim pubo-cekBeHnpoBanue (namee PII, B mmre-
parype — Ribo-seq). OHM 1al0T BO3MOXKHOCTH B Macmirtade
BCEr0 TPAHCKPHUIITOMA ONPEACIIATH PA3JINYHbIE 0COOCHHOCTH
Ipolecca TPAaHCISIIMU 1 OLEHWBAaTh X MHTEHCHBHOCTH Ha
KOJINYECTBEHHOM YpOBHE. B 3Toii cTaThe MbI PUBEIN KPATKHIH
0030p TexHoiorun PII, HeCKOIBKO MPUMEPOB MPUMEHEHHUS
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METO/1a JUIsl HCCIIEA0BaHMsI TEHOB PACTEHUIL, KOTOPBIE T03BO-
JIAIIW paClIMPpUTh NPEACTABICHUA O MPOLECCaX, BIUAIOIIUX
Ha pa3BUTHE PACTCHUH, a TaK)Ke Ha YCTOMYUBOCTH K OMOTH-
YECKMM M a0MOTHYECKHM CTPECCaM.

Pu6ocomHoe npodunmpoBaHune

KaK UHCTPYMEHT UccnenoBaHnAa TpaHanAunm
TouHbII MOHUTOPHHT NIPOLIECCa TPAHCIISIIIMHY ObUT TEXHUYECKH
HEBO3MOXEH JI0 TeX Mop, Korga o meromoioruu Ribo-seq
BriepBeie coobmmm B 2009 r. (Ingolia et al., 2009). DtoT
METO/I O3BOJISIET TOJYYHUTh «OTIIEUATOK» BCEX TPAHCIUpYye-
Mbeix MPHK (TpaHciaroM) ¢ mOMOMIBIO TPAaHCKPUTITOMHON
naentudukanuu kopotkux (~30 Hr) ¢pparmentoB MPHK,
(hU3UYECKH CBSI3aHHBIX C puOOCOMaMHU (CM. PUCYHOK, a). Me-
TOZ I0CTATOYHO MPOCT U OCHOBAH HA BBIJICIICHUH MOJIHNCOM
(1. e. Tparcimpyemoit ppaxmun MPHK), o6padotke PHKazoi
80S pubocom ¢ Haxomsmumcs BHYyTpu cerMmeHToM MPHK,
BBIJICJIEHUH ITyJla 9TUX CETMEHTOB U UX CEKBEHHUPOBAHUH.
Jlanee dnonnpopMaTHuecKuii aHaJIN3 TTO3BOJISIET ONPE/ICITUTh
KOJINYECTBO TAKMUX CErMEHTOB Juisi pasnuunbix MPHK B Tpanc-
KPHUIITOME, UTO JTAeT BAKHYIO HHPOPMAIHIO 00 3P PEeKTHBHO-
CTH TPAHCISIIIMU MaTPHIl — €CIIM TAKUX CETMEHTOB Majio, TO
YPOBCHB CHHTE3a Oclika Oy[IeT HU3KUM JaKe IpU OOJIbIIOM
rxonuuectBe MPHK. He MeHee BaxHO TO, YTO IO3ULIMOHUPO-
BaHME 3alUIICHHBIX PPOOCOMAaMH CETMEHTOB MPH MX BBIPAB-
HUBAaHUM Ha HyKJICOTUAHYO nocaenoBareabHocTs MPHK maer
BO3MOXXHOCTb OTIPEJEIUTh CANThl MHUIMAIIMN TPAHCISAINY,
T. €. TPAHCIHPYEMbIe OTKPHITHIC PAMKH CYMTBHIBAHHUSI.

[lepBoHavanabHO pa3pabOTaHHBIN JJIsI UCIIOIL30BAHUS B
nmpoxokeBbix cuctemax (Ingolia et al., 2009), sToT MeTo OBLT
a/IalTUPOBAH JUTS TPAHCISIIMOHHBIX CCIIE0BAaHUA HAa MHO-
rux Bujaax pacrenuit (Liu et al., 2013; Zoschke et al., 2013;
Juntawong et al., 2014; Lei et al., 2015; Merchante et al.,
2015; Hsu et al., 2016; Lukoszek et al., 2016). IIpoTokomst
Ribo-seq Takxe ObUIN PACIIUPEHBI ISl H3YYESHUS TIPOLIECCOB
(hyHKIIMOHUPOBaHMS XJIoporiacTHEIX (Zoschke et al., 2013;
Gawronski et al., 2018) 1 muroxonapuansusix (Rooijers et
al., 2013) pubocom.

B meTone pnbocoManbHOTo PO HITHPOBAHNS TKAHN pac-
TEHHH dKCTparupyior B Oydepe u oopadarsiBaror PHKa3oii 1.
[Tpu TMIPOIUTHYECKOM PACIICIUICHUH OZHOLENOYEHYHOMN
MPHK ocratorcs ee pparmeHTsI, CBsI3aHHBIE ¢ pHOOCOMaMH.
®parmentsl MPHK ¢ pubocomamMu manee BBIACISIOT C IT0-
MOIIIBIO XpOMaTorpaduu Wik METOIOM LIEHTPU(YTHPOBaHHUS B
CTYTIEHYaTOM I'PAJNEHTE CaXapo3bl («Caxapo3Hasi IOMYIIIKAY).
[Tomyuaercst HabOOp OIUTOHYKIICOTH/I0OB XapaKTEPHOH JITHHBI,
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Cxema TeXHOorMy prGoCOMHOTO NPOGUANPOBAHUA Y PaCTEHUIA.

a - nccnefyemyto TKaHb PacTeHMA rOMOTeHU3VPYIOT, KNeTKN N3npyioT, 06pasLibl pasaensatoT Ha Age yacTu. V3 nepBoii YacTy obpasua
JKCTPArmpyoT Nonmcomuyio dpakuuio, PHK B Heir paciyennatot ¢ nomolybio PHKasbl | ¢ obpasoBaHuem ¢pparmeHtoB MPHK, cBA3aHHbIX €
OTAENbHbIMU Pr6oCOMamMu (MOHOCOMaMM), ANA AanbHele 06paboTKN MeTo[OM OTneYaTka pubocombl («PUOOCOMHDIV GyTIPUHTY). PHK
BbIAENAOT M3 MOHOCOMHBIX GPAKLMIA 1 UCTIONB3YIOT A MOATOTOBKY 61MGNMOTEKMN 1 MOCIefyioLero CEKBEHMPOBaHNA C BbICOKUM MOKPbI-
Triem ¢pparmeHToB MPHK, CBA3aHHbIX C prGOCOMON, ANA ONpeAeneHra MOMEHTaIbHOrO YPOBHA CHTe3a 6enka. [ipyryto yacTb obpasLua uc-
nosnb3yoT A4 BblaeneHvs obwein PHK ana nonyyeHnsa TpaHCKpUNUMOHHOTO Npoduna napannenbHo ¢ puboCcoMHbIM NpoduanpoBaHem;
6 — pnbocomHoe NpoduNMpoBaHme obecneymBaeT SKCNePYMeHTaNbHOE ONpeAeneHrie akTUBHO TPaHCPYeMbIX 061acTeln TPaHCKPUNTOB
nnpeHTudUKaLmio HoBbIX TpaHcMpyembix ORF (open reading frame, OTKpbITble pamKy CYMTbIBaHMA), Taknx Kak UORF (upstream ORFs, BbI-
wepacnonoxeHHble ORF), oORF (overlapping ORFs, nepekpbisatowmecs ORF), aORF (alternative ORFs, anbtepHaTtrBHble ORF), SORF (small
ORFs, manbie ORF), B gononHeHme K mORFs (main ORFs, ocHoBHble ORF);

8 — laHHble pM6OCOMHOIO NPOGUINPOBAHNA HE TONBKO NPeJOCTaBNAT MHPOPMALIMIO O MOMEHTAIBHOM YPOBHE CUHTe3a 6enKka, HO Takxe
MO3BONAT ONPEeAEeNUTb OTHOCUTENbHYI0 3$GEKTUBHOCTL TPAHCNIALMM OTAENbHBIX FeHOB MyTeM CPaBHEHWA MAOTHOCTU MPOUYTEHUA NpU
ceKBeHVpoBaHUK pparmeHToB MPHK «pr60COMHOro GpyTnpuHTa» C KONMUYECTBOM KOHKPETHbIX TPAaHCKPUMTOB.
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~30 HT, KOTOpasi MPUOIU3UTEIBHO COOTBETCTBYET pa3Mepy
caiita mocaaku pubocomsl. [lociaenoBaTeTIbHOCTH TPOU3BE-
JICHHBIX TAKHUM 00pa30M OJIMTOHYKJICOTHIOB ONPEACIISIIOT Ha
CEKBEHATOpax HOBOTO IIOKOJICHUSI C BBICOKUM IOKPBITHEM.

[Ipu cpaBHEHUH Pe3yNbTaTOB MOKPHITUS TPAHCKPUIITOMA
MPOYTCHHUSMH, TTOyYCHHBIMH 10 TPOTOKOIY PUOOCOMHOTO
HpO(l)l/IJ'Il/II)OBaHI/ISI, C aHAJIOTMYHBIMU JaHHBIMHU, ITOJTYYCHHBI-
MU TSI CEKBEHHPOBAHHS TPAHCKPHUIITOMA, MOXXHO OIEHHUTH
30 GEeKTHBHOCTD TPAHCISAUHU TSI KAXKIOTO TPAHCKPHIITA.
Takoii aHasM3 B MaciiTadbe BCero TPaHCKPHUIITOMA [TO3BOJISIET
YCTaHOBHTD, KaK TPAHCIISIIINS OTACIBHBIX TPAHCKPHUIITOB CO-
OTHOCHUTCS MEXITy 00pa3iaMu. B 0cHOBe 3TOro MeTo/ia JIS)KUT
npezamnoioxkenue, 4yro Bce MPHK, cBsi3anHbie ¢ pubocoMoii,
MTOJBEPTAIOTCS TPAHCISALUU U, €CIH CKOPOCTh YUIMHEHUS
SKBHBAJICHTHA [T0 BCEMY TPAHCIIATOMY, TO CPESTHSIS 3aHITOCTh
prOOCOM SIBIISIETCS] XOPOIIUM MIOKa3aTesIeM CKOPOCTH TPaHC-
TSIHN.

PubocomHOE mpodmIrpoBaHHE UMEET MHOTO IPEUMY-
IIECTB Hepesl HEKOTOPBIMH JIPYTUMH METOiaMH MPOoQHIIn-
posanus Tpancusanuu (Jackson, Standart, 2015). Onro u3
HUX 3aKJIF0YaeTCS B TOM, YTO JIOKAIU3AIUs PHOOCOM BJIOJH
nocaenopareabHoctd MPHK mo3Bosisier mpous3BonuTh J10-
TTOJTHUTENBHBI KOHTPOJIb COOpaHHBIX MaHHBIX. Hampumep,
YYacTKH, CBS3aHHBIC C PHOOCOMaMHU, TOJKHBI OBITh CKOH-
LEHTPHUPOBaHbI B Kopupytomei yactu MPHK, orcyTcTBOBaTH
B obmactu 3'-UTR u pacmonararbes ¢ HEpHOANIHOCTHIO TPEX
HYKJICOTU/IOB, KaK CIEACTBHE, KOMOHHOU cTpyKkTypsl MPHK.
Ecnu B pe3ynbrare MOKPBITUS MPOYTCHUSIMH OHOIMOTEK
Ribo-seq TpaHCKpHIITOMa TaKHe 0COOCHHOCTH OTCYTCTBYIOT,
TO 9TO MOXKET CBHJICTEIHCTBOBATH O HI3KOM Ka4eCTBE IOITY-
YCHHBIX OUOIHOTEK.

B03MOXHOCTB TOTYYUTH PACTIOTIOKEHHE TUKOB IIOKPBITHS
pubdocomamu mocnenoBarensHocTeit MPHK Ha ocHOBe BEI-
paBHHBaHUs pouTeHUi Ribo-seq ¢ pasperieHueM Ha ypoB-
HE KOJIOHOB CJejajia 3TOT METOJ MOJE3HBIM IS U3YUCHHUS
MEXaHW3MOB ¥ TUHAMHAKH TPAHCIAIUHU. TOYHBIC TOOKECHUS
pudocoM, orpeesieHHbIe Ha mocieaoBareabHocTsXx MPHK,
0TOOPaYKAIOT MEPUOAMIHOCTH KOJIOHOB. DTO CBOWCTBO TO3-
BOJISICT TOYHO OTPEACIATh TPAHCISIHUIO OTKPBITHIX PAMOK
cunteiBaHus (ORF) 1 nepexiroueHne Mexay TpaHCIALHEH
HECKOJNBKUX PaMOK CUHTHIBAaHUSA — (DEHOMEH, IPH KOTOPOM
¢ onnoit Marpuusl PHK npoucxoast cunTeiBaHuEe IBYX WU
oosee nepekpaoiBaromuxcsi ORF v 6MoCHHTE3 pa3HBIX OCIIKOB.
DT0, B CBOIO 0Yepe/ib, IIOMOTAeT HACHTH(UITIPOBATH HOBBIE
MEXaHU3MBI KOHTPOJISI TPAHCIISIIIAHI, TAKHE KaK COOBITHS WHU-
[UAIUU TPAHCIIAIUY B KOJIOHAX, OTIMYHBIX OT KojoHa AUG,
tparcsimun UORF, Tpancmsun mansix (sORF) u ansrepHa-
tuBHBIX ORF (aORF), KoTOpBIC panee CUMTaINCh HEKOUPYIO-
M wik ncesnorernamu (Ingolia et al., 2009, 2011; Brar et
al., 2012; Stern-Ginossar et al., 2012; Hsu et al., 2016).

Jpyrue mpuMepsI oJIe3HOT0 UCTIONBE30BaHHS TOYHOTO 110~
sunnonuposanus pudbocom Ha MPHK — kapTupoBanue caiiToB
HavyaJia TPAHCISAINHA C MHTHOWTOPAMH IIOHTANNH, HAINIHE
BBINICTICKAIUX OTKPBITEIX paMoK cuuThiBaHus (WORF) n
HEKaHOHUYECKUX CTapToBbIX KoqoHOB (Ingolia et al., 2011),
Ooyee TOYHOE OTpeeNICHIe MEXaHN3MOB CKaHHPOBAHUS
U WHUIUAIUN TyTeM KapTUPOBAHUS MaJbIX PHOOCOMHBIX
cyosenunun 40S (Archer et al., 2016), a Taxxe neicTBue
crenu(UIeCKIX CTPECCOPOB MM JHHAMHUKA PHOOCOM ITOCIIe
tepmuHanuu (Andreev et al., 2017).
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JononuurenbHas 0COOEHHOCTh METOAA — OH T103BOJISIET
MOTyYUTh KOJTMYECTBEHHBIE OLIEHKH MTOKPBITHS pPHOOCOMaMHU
MPHK 1 Mo’keT onpenensiTe OTHOCHTEIBHO PEIIKUE COOBITHS
TpaHCISIMU (CM. PUCYHOK, 6). CpelHee HOpMaIn30BaHHOE
(mns el ORF 1 1iryOWHBI CeKBEHHPOBAHUS ) KOJTHMYECTBO
3alIMIICHHBIX (hparMeHToB pudocoM (ribosome protected
fragments, RPF), oGHapyxeHHOe ¢ TIOMOILBIO TPOPHIUPO-
BaHN, 00ECTIEUNBACT OIIEHKY HHTEHCHBHOCTH CHHTE3a Oeka
(Ingolia et al., 2009). Kpome Toro, npodunmpoBanne ppobocom
B couyeranuu c¢ cekBeHupoBanuem PHK rtex sxe oOpasuos
nmaet nHpopmanuio 06 3(h(HEeKTHBHOCTH TPAHCISAINH i1 Vivo
(cM. pHCYHOK, 6), OTIpeAeIIeMOi KaK CKOPOCTb TPAHCIISIIIUI
MPHK. Ee M0oXHO paccuuTarh, pa3ienus CPEAHION0 INIOTHOCTh
Y4acTKOB PUOOCOMBI JaHHOTO T€HA Ha YPOBEHb IKCIIPECCUHI
ero MPHK, onienennsiii Ha ocHoBe aHanmm3a RNA-seq (Ingo-
lia et al., 2009).

BaxxHO#t 0COOEHHOCTBI0 pHOOCOMHOTO MPOPMITHPOBAHUS
TaKXKe SABJSETCS TO, YTO ATOT METO/l MOJKET OBITH a/lanTHPO-
BaH JIUIsl U3yUEHHS CAMBIX Pa3HbIX THUIIOB KJIETOK WIIU TKaHEH
JOOBIX OPTaHU3MOB C OY€Hb HEOOIBITUMH MOAN(DUKAIISIMA
13-3a KOHCEPBATUBHOCTH MOJICKYJISIPHBIX M OHO(DH3HIECKUX
CBOMCTB prOOCOM, XOTSI JJIsi HPUMEHEHUS 3TOH TEXHOJIOTHH Y
Pa3IMYHBIX OPTaHU3MOB MOXKET OTPEOOBATHCS TEXHUYIECKAs
ornrrumu3arus (Brar, Weissman, 2015).

OCHOBHbIe uTorun npnumeHeHnA TexHonornn
pr6ocomHoro npodpunmpoBaHusa y pacteHun
DKCMpeccHio TeHOB BO BPeMsl afanTaldud K OHOTHYECKHM
1 abuoTHyeckuM (akTopaM CTpecca, a TakKe B Iporecce
Pa3BUTHS HHTCHCHBHO U3Yy4Yalli Ha YPOBHE TPAHCKPUIITOMOB
paCTeHl/Iﬁ 1 pa3JIMYHbIX 'CHOB-KAaHAN1aTOB, KOTOPLIMHU MOXKHO
MaHHITYJINPOBATH JUIs HOBBIMLIEHUS YCTOHYMBOCTH K CTPECCY.
C nosiBJICHHEM TEXHOJIOT Uil pHOOCOMHOTO MPO(UITHPOBAHUS
9TH JaHHBIC MOT'YT 6])IT]) COIIOCTABJICHEI C PE3YyJIbTaTaAMU aHa-
nH3a NpoGHIIei TPAHCIALMHI A1 OLCHKU BKJIAJIa Pa3IIMIHBIX
MOJICKYJISIPHBIX MEXaHU3MOB TPAHCIISILIUK B PETYJISLIHIO dKC-
MPECCHH TCHOB.

TpaHcnAUMOHHaA perynauna SKCnpeccumn reHoB

B yCNOBUAX abnoTnyeckoro ctpecca

AOHOTHYECKHH cTpecc, TaKOi Kak MOBBIIICHHBIE WX TTOHH-
JKEHHBIE TEMIIEPaTyphl, M TOBBIIICHHAS MJIH ITOHMKCHHAS
MHTEHCHBHOCTH OCBELICHHS, 3acyXa, 3aCOJICHUE WIIN H30bI-
TOYHOE yBIIAKHEHHUE ITOYBbI, OKa3bIBAET 3HAUUTEIHLHOE BITHS-
HHE Ha (U3HOJIOTNYECKOE COCTOSIHUE PAaCTeHUH |, ClieIoBa-
TEJILHO, Ha DKCIIPECCHUIO MX TeHOB. [1oaToMy cpean nepBbIx
npunoxeHni metona PIT ObUTH SKCIIEPUMEHTHI TI0 aHAJIH3Y
peakuuy pacteHni Ha abuormueckue crpecchl. Merton PIT
ObUT 0COOEHHO TOJIE3eH JUIsl TTOHUMAHUS TOTEHIIMAIbHON
poim, kotopyto urparor uORF B perymsnnm TpaHCIAIIUN BO
BpeMs1 OBICTPBIX peaklnii Ha BHEITHHE CTUMYIIBI, TAKHE KaK
KHUCJIOPOIHOE royiofiaHke (TUTIOKCHS ), TETIOBOM CTPECC U BOJI-
Hasl ZICTIpUBaLus.

Panee mpeamnonaranocs, uto UORF yuacTByloT B peryss-
U1 I'CHOB B OTBET HA PAa3JIMYHbIC U3MCHCHUA Opr)KalOLlIeﬁ
cpexnsl (Hanfrey et al., 2002; Imai et al., 2006; Alatorre-Cobos
etal., 2012). Onnako u3-3a2 OTCYTCTBHUS SKCIEPHUMEHTAIBHBIX
JTAHHBIX OCTaBaJIOCh HEACHBIM, TpaHcaupytoTcs iu uORF B
6enxu. [IpodunmpoBarne puOOCOM MO3BOIIET HACHTHDUIIH-
poBars UORF u npyrue perysastopHbele 001acTH, TaKue Kak
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kBajpymiekcel G2 (Tpetuunsle cTpykTypsl JIHK, cocrosmue
U3 TeTpajl T'yaHWHa). AHAJIN3 a/IallTHBHBIX OTBETOB Ha TETIJIO-
BoMi ctpecc y Arabidopsis thaliana c nomomsio metoaa PI1 B
codyetanuu ¢ cekBeHuponanuem PHK BbrsiBui, uTo 3Kcmpec-
CHsI TEHOB HEPETPOrpPaMMHUPYETCSI BO BPEMsI JUITUTEIHLHOTO
TETIJIOBOTO CTPECCa 3a CUET MPEHMYIIIECTBEHHON TPaHCIISIIIAN
TeHOB, cojepxamux kaapymiekcsl G2 B ux 5-UTR. D10
OBLIO OUEBH/THO U3 KOPPEISAIIMN MEKIY INIOTHOCTBIO CIUTHI-
Banust RPF o ctpykrypam kBaapyriekcoB G2 1 NOBBIIIEH-
HBIMH YPOBHSIMH SKCITPECCUU HIDKeNexKamx ocHOBHbIX ORF
(mORF) (Lukoszek et al., 2016).

[TokazaHo, 4TO THITOKCHS OKa3bIBAaeT KpaliHe HEraTHBHOE
BIMsHUEC HA 3P PEKTUBHOCTH TPAHCIALUH Y A. thaliana ¢ ipu-
MepHO 100-KpaTHBIM ee CHIKeHHeM sl HeKoTopsix MPHK
(Juntawong et al., 2014). D10 B 0OCHOBHOM OOBSICHICTCS CHH-
JKCHUEM MHUILMAIMU TPAHCISIMU W3-32 YMEHBIICHHS 3aHs-
TOCTH pPUOOCOM B CTAPTOBBIX KOJIOHAX TPAHCKPUIITOB I'€HOB,
He YyBCTBHUTENBHBIX K Tunokcun (Juntawong et al., 2014).
OTH JaHHbIE pacUIMPHIN IOHMMaHHE MEXaHW3MOB TPaHC-
JSIUN, TOATBEPIUB, YTO B HOPMAJIBHBIX YCIOBHIX POCTa
uORF cumxkator Tpancasanuo MHorux mORF. Hanporus,
JUIsl HEOOJIBILIOTO YKCIIa IPOAHATM3UPOBaHHBIX reHOB UORF
He BIUAIOT Ha TpaHcsimuio MORF B ycnoBHSX HU3KOTO CO-
Jepxanust kuciopona. P. Juntawong ¢ xomeramu (2014)
YCTaHOBHWIJIH, 4TO «oTHe4yaTku pudocom» na MPHK mocre ee
pacIieruieHns] HyKJiea30i MOXHO HCIIOIb30BaTh IS TPOQu-
JMPOBaHUs pUOOCOM Y PACTEHHH.

OrpaHnyeHne KOJIIMYECTBa BJIard TaKKe NPUBOIUT K TJIO-
6aTbHOMY U3MEHEHHUIO YPOBHEH AKCIIPECCHU TEHOB, PETYIN-
PYEMBIX KaK Ha TPAHCKPUIIIMOHHOM, TaK U Ha TPAHCIISIIMOH-
HOM ypoBHe. L. Lei ¢ komuteramu (2015) ucnonp3oBanu mpo-
(umpoBaHne puOOCOM ISl BBISICHEHUS PETYISIIUN TPAHC-
JSIIAN DKCIIPECCHH T€HOB B OTBET HA 3acCyXy Y KyKypy3bl.
OHHM yCTAaHOBHJIH, YTO KpaTHbIE M3MEHEHUs TPAHCKPUIILINY,
BBI3BaHHBIE 3aCyXOH, YMEPEHHO KOPPEIUpOBaIN C TPaHC-
JSIIMOHHBIMHM M3MEHEHMsMHU. B ux pabore mokaszaHo, 4To
41 % Bcex TeHOB, YyBCTBUTEIBHBIX K 3acyXe (T.€. TeHOB,
9KCTIPECCHs KOTOPBIX PETYINPYETCsI Ha YPOBHE TPAHCKPHII-
MM, TPAHCISIIMY WIIK Ha 00OMX YPOBHSIX ), PETYJMPYETCS Ha
YPOBHE TPaHCKPHUIITIIMH/TPAHCIISIIIUN HECOTIACOBAaHHO. JTO
YKa3bIBa€T Ha TO, YTO B YCIOBHAX 3aCYXHU PETYIAINS SKCIIPEC-
CHM TPOWCXOIUT HE3aBHUCHUMBIMH MYTSIMH: JUIS OJHUX — Ha
YPOBHE TPAHCKPUIILIUH, JUIs IPYTHX — HA YPOBHE TPAHCIISALHH.
ABTOpBI Taxke COOOIIHITH, YTO Ha 3((EKTHBHOCTH TPaHC-
JISIIUH BIIMSIIOT TaKHME XapaKTEPUCTHKH MTOCIIEI0BATEIEHOCTH,
Kak cojepkanue HykneotunoB G, C, qnmuHa KOAUPYIOUINX
MOCJIEI0BATENbHOCTEH ¥ HOPMAIM30BaHHAS MUHHUMAaJIbHAS
CBOOO/IHAST PHEPTHS, OMPEeNIoNas CTa0MIBHOCTD TOCIIe-
JIOBaTEeILHOCTH BropuuHbIX cTpyKTyp (Lei et al., 2015).

OnuH U3 KIIOYEBBIX TOPMOHOB CTPECCOBOTO OTBETA pac-
TeHnH — TriieH. [1yTh mepeaaun ero CUrHaIoOB IIepeceKacTcst
C My TSIMU [IepeJlady CUTHAJIOB JIPYTUX (PUTOTOPMOHOB B ITPO-
I[ecce OTIOCPEIOBAHHOTO OTBETA Kak Ha OnoTnyeckne (Schenk
et al., 2000), Tak u Ha abnoTHyeckue crpeccel (Abeles et al.,
2012). UccnenoBanue, B KOTOPOM IIPOBECHO CPAaBHEHHUE ITH-
JICH-MHAYIIMPOBAHHBIX COCTOSIHUI TPAHCKPHUIITOMA M TPAHC-
nsitoma y A. thaliana ¢ ucrionp30BaHUEM KOMOWHHPOBAHHBIX
noaxonoB PHK-seq u Ribo-seq, mokasaso, 4To 3aBUCUMOCTh
MEKy OLIEHKaMM KOJIWYECTBA TPAHCKPUITOB U KOJINIECTBA
nX (parMeHTOB, CBSI3aHHBIX C pHOOCOMaMH, SIBISIETCS Clla-
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6oit (koahdumuent nerepmunanuu R? = 0.22) (Merchante
et al., 2015). B aT1oif paboTe Taxke MPOAEMOHCTPHPOBAHO,
YTO TOCJE BO3JACHCTBUS 3THIIEHA U3MEHSIOTCS aKTHBAIIUS
TPAHCKPUIIUH U YPPEKTUBHOCTD TPAHCIIALUH PETYJISTOPOB
Tepeadn CUTHAIOB 3THieHa, Takux kak EBF1 u EBF2, urto
yKa3bIBaeT Ha KJIIOUEBYIO POJIb TPAHCKPUIIIIMOHHON U TPaHC-
JSILIMOHHOM PEryIsIIK YKCITPECCHH TE€HOB OTBETA HA ITHJICH.
W3menenne s¢pdexruBroctn Tpancmuamuun EBF1 B oTser
Ha 00paboTKy sTHieHOM omnocpenyercs 3'-UTR-o6macTbro
reHa EBF1 B npucyTcTBuM (DyHKIHMOHAIBHOTO EIN2, 4TO He
Tpebyer mpucyrcTBusa kKomruiekca EIN3/EIL1 umu apyrux
KJTFOYEBBIX TPAHCKPHUITIIMOHHBIX (JAKTOPOB OTBETA Ha STHJICH,
Kak [pY peryJsiiyu Ha ypoBHe Tpanckpuniuu (Merchante et
al., 2015). B maraOM cirydae mpodunrpoBaHue pud0COM BBIS-
BUJIO KJTFOYE€BOH KOMIOHEHT B PETYJISIINY ITepe/iadi CHTHAJIOB
ATUIIEHA, KOTOPBIH OBUI YITYIIIEH U3 BUY TP UCIIOIH30BaHUH
TOJIBKO TPAHCKPHUIITOMHBIX MOXOZOB.

TpaHcnALMOHHaA perynauns SKCNpeccumn reHoB

B yCJ1I0BUAX 610TMYeCKOro cTpecca

B mpomnecce orBera pacteHuil Ha OMOTHYECKHH CTpecc
MPOUCXOAUT TPAHCKPUIIIMOHHOE PENpOorpaMMHUPOBAHHE
Oompiroro koimdecta reHoB (Schenk et al., 2000). Ograko
0 TPAaHCISIIMOHHOM PENpOrpaMMHUPOBAHNH BO BPEMsI UMMYH-
HOTO OTBETa pacTeHUi ObLIO M3BECTHO odeHb Majo. G. Xu
¢ xommteramu (2017) BemonHmIM 1106aMPHOE PHOOCOMHOE
npoduiaupoBanue pacteHuil A. thaliana, 06paboTaHHBIX
nomunentuaoM elf18, koropslii conepxut nepseie 18 amu-
HOKHCIIOT Oenka OakTepraibHOro (hakTopa 3moHTanuu Tu.
[entun elf18 — MoneKymspHBIA NaTTEpH, aCCOLMUPOBAHHBIN C
naroreHamu (pathogen associated molecular pattern, PAMP),
OH WAECHTU(HUIUPYETCS P MOMOIIN HATTEPH-PACIIO3HAIO-
X PelenTopoB pacTeHWH. B pesymprare sToro 3amycka-
ercst PAMP-aktuBupyemblii uMMyHuTeT (pattern triggered
immunity, PTT). IToxa3ano, 9T0 ipy TAKOM OTBETE SKCIIPECCUS
psizia TEHOB PEryIMpyeTcsl Ha TPAHCISIIMOHHOM ypoBHe. [Tpn
stoM st MPHK stix renoB uORF moryT oka3siBaTh Kak 1mo-
JIOKUTETBHBIH, TAaK ¥ OTPULATENBHBIN 3 (EKT Ha TPAHCISIIUIO
Hmxkectosmux MORF. Dtu mccnenoarenu oOHAPY KN
TaKKe OOraThlii MypHHAMH BBIIIECTOSIINI 2JIEMEHT, Ha3bIBa-
embIii R-motnBoMm, B 5'-UTR-0061acTH r€éHOB ¢ MOBBIILIEHHON
3(hEKTHBHOCTHIO TPAHCIIALNH TOCTIe 00PaOOTKH PacTCHHI
elf18. Ycrpanenue penpeccupyromiero 3¢gdexkra R-morusa
M03BOJISIET aKTHBUPOBATh F'€HBl IMMYHHOT'O OTBETA, TOITOMY
R-MOTHB, 1T0-BUANMOMY, BaskKeH /ISl PENPECCHU SKCIIPECCUH
reHoB B iyt PTI y apabunoncuca (Xu et al., 2017). Dra pa-
60Ta MOATBEPAMIIA, YTO PEIPOTPAMMHUPOBAHNE TPAHCIISLIUH
MIPONCXOIUT HA PaHHEH CTaJNHU BO BPEeMsI 3aIlIUTHOTO OTBETA,
CKOpee BCEro, JI0 OCHOBHBIX TPaHCKPHUITLIMOHHBIX COOBITHH,
W 9TO B mporiecce aktuBaruu PAMP-akTuBHpyeMoro nMmy-
HHUTETa TPAHCKPHITIIHOHHBIC M TPAHCIISIIHOHHBIC H3MEHEHUSI
c1a00 KOppenupyIoT.

Perynsiius TpaHCISIINY B TIPOIIECCE MMMYHHOT'O OTBETA, aK-
tuBHpyemoro apdexropom (effector triggered immunity, ETT),
TOKa el1le I0Xo u3yueHa. [loatomy, 4ToObI IPOSICHUTS JIETaITH
3TOTO MEXaHN3Ma ¥ CPABHUTH OCOOCHHOCTH TPAHCIISIIMOHHON
PEryIsIMN PacTeHUH B Mpoliecce MMMYHHUTETa, aKTHBHpPYe-
Mmoro 3¢ dexropom u narrepramu, H. Yoo ¢ komuteramu (2019)
BBITIOJTHWIIN TIOJIHOTEHOMHOE MPOQHIMPOBaHNE PUOOCOM B
OTBET Ha OakTepualNbHBIN TatoreH Pseudomonas syringae
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pv. maculicola, necymuii 3pdexropusiii red AvrRpt2, koto-
pHII KomupyeT OeNoK, pacio3HaBaeMblil perienrtopom RPS2
y A. thaliana. TlonydeHHBIC TaHHBIC TEMOHCTPUPYIOT, Y4TO
B TIpollecce NMaTTepH-aKTUBUPYEMOI0 UMMYHHOTO OTBETa
PETYISIINS TPAHCIALNN YeTKO CKOOPINHIPOBAHA C OTBETOM
TpaHcKpunuuu. OTCyTCTBHE NOTEHIUATBHBIX MOTHBOB KOH-
CEHCYCHOU MOCIIeZI0BAaTEIbHOCTH B HETPAHCIUPYEMBIX 00J1a-
CTSIX TEHOB, MEHSFOIIIX CBOW SKCIIPECCHIO B OTBET Ha CTPECC,
MPEoNaraet, 4YTo CKOOPAMHUPOBAHHOE TPAHCIISIIUOHHOE U3-
menenue B npouecce ETI npoucxomur nocpencrsom monudu-
KaIuii TPaHCISIIIMOHHOTO ariapara, a He uepe3 KOHCEHCYCHBIC
nocnenosarenbHoctd B PHK. B uccnenosanuu takxke mpo-
JIEMOHCTPUPOBAHO, YTO PETrYJALMs TPAHCIIMUN B Ipoliecce
ETI ananornyna ajs pa3ivuyHbIX HIMMYHHBIX PELIEITOPOB U
YTO CKOOPJAMHUPOBAHHAS PETYJSIUSA T€HOB, YYaCTBYIOIUX B
HECKOJIbKUX META00JINYCCKHX MY TSIX, 00SCIICUNBACT KOOP/IH-
HAIHIO METabOINIeCKUX H3MEHEHHI C IMMYHHBIM OTBETOM
y pactenwuii (Yoo et al., 2019). ABropsl mokasainm, 4To, B pac-
nosHaBaHuu AvrRpt2 w AvrRpml yd4acTBYIOT pa3HbIE pe-
nentops! xo3stmHA (RPS2 1 RPM1 cooTBeTCTBEHHO), OHAKO
Habopbl TudepeHIHANTBHO IKCIPECCUPYIOMINXCS TCHOB
CUTHAJBHBIX MyTEH, KOTOPBIC 3aMyCKAIOT 3TU PELENTOPHI,
CYIIIECTBEHHO MePEKPBIBAIOTCS. Tak, OOIIMH IS STHX Ty Tel
sBIsIIOTCSE S0 % reHOB C MOBBILIEHHBIM YPOBHEM TPAHCKPHII-
1y 1 S % — ¢ TOHWKEHHBIM. UTO KacaeTcsi TeHOB, Y KOTO-
PBIX 3HAYMMO MEHSETCS TPAHCISIIIMOHHAS aKTHBHOCTD, TO UX
o0111as1 1011 cOCTaBiIsIeT BhImie 75 %.

TpaHCNALMOHHasA perynauua sKkcnpeccun

B Mpouecce pa3BUTUA pacTeHUI

TpaHCISIIMOHHBIN KOHTPOJb PETYJISLUU ICHOB TAK/KE BAYKEH
JUISL pacTeHUU BO BpEMsS MX Pa3BUTHUA AN OOeCIedeHUs
CHHTE3a OHTOI€HETHYECKUX M TKaHECTICIM(UIHBIX TEHHBIX
npoaykToB (Jiao, Meyerowitz, 2010; Mustroph, Bailey-Serres,
2010). Hampumep, 9TOOBI OLIEHUTH TPAHCISAIIHOHHYIO PeTy-
JSIIMIO HKCTIPECCHH TEHOB BO BPEMS Pa3BUTHS, OIOCPEIO-
BaHHOTO cBeTOM ((hotomopdorenes) y A. thaliana, M.-J. Liu
¢ xoyuteramu (2013) ucmonp30Baiy METOA IPOPHUITNPOBAHUS
pHOOCOM 1 KapTUPOBAIIN MX ITOJIOXKEHHE B TIPOIIECCe TPAHCIIS-
i Ha MPHK o Bcemy reHoMy B yCIIOBHSIX CBETA M TEMHOTHI.
PesymnpraTs! mokasanm, 9To TPAHCIAMOHHAS (P (HEKTHBHOCTh
ocHOBHBIX ORF Obuta HIXE B TeHax, coAeprKallix TpaHC-
mupyembie UORF, yem B reHax 0e3 TakoBBIX. ABTOPBI TAKXKe
COOOITIITH, YTO Y TEHOB, sABIArontuxcs mumeHsyMu MuEPHK,
YPOBEHb TPAHCIIALUH CYIIECTBEHHO MIOHMKEH B CHITY PaBHO-
MEPHOI'0 NOHIKEHUS! TOKPBITHS PUOOCOMaMH KOANPYIOLIHX
MOCTIEIOBATENIFHOCTEH. DTO NCCIIEJOBAaHNE TIOKA3aJI0 BAKHYIO
pons uORF n MuPHK B perynsuu Tpancianuu B npouecce
dhoromoporenesa.

OcHOBBIBasICh Ha 3TOM HcciieqoBanuu, Y. Kurihara ¢ xom-
neramu (2018) npuMeHWIN TOAX0 K pHOOCOMHOMY TpO-
¢unupoBanuio y A. thaliana n NpoaeMOHCTPUPOBAIIH, YTO
MOCJIe BO3/CWCTBHS CHHETO CBETA PACTCHHS MCIOIB3YIOT
aJbTepPHATUBHBIE CTAPTOBBIC CAUTHI TPAHCKPHIIIMN, YTOOBI
o0oiitu onocpenoBannoe UORF uHrHOMpoBaHue 3KcIpec-
CHH T€HOB. DTO TTO3BOJISAET ITOICPKUBATH YKCIIPECCHIO TEHOB,
peryiIMpyeMyto CBETOM, Ha BEICOKOM YPOBHE.

MeTton pubOCOMHOTO MPOPHINPOBAHUS OBUT MPUMCHEH
HETaBHO JUISI CpaBHEHUS (P (PEKTHBHOCTH TPAHCIISIINH B CBSI-
31 C UI3MEHEHUSIMH YPOBHEH TPAHCKPHUIIIINH Y COM Ha PA3HBIX
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craausx pasButus cemstH (Shamimuzzaman, Vodkin, 2018).
ABTOpPBI BBISIBUITH, 9TO (PEKTHBHOCTE TPAHCIIAIIIN Y MHOTHX
TCHOB B MPOLIECCE PA3BUTHSI CEMSH U3MeHnsiercs. [1oBblmen-
Hast 2Q(PEeKTUBHOCTD TPAHCISIIIMU HA OTAEIBHBIX CTAJAMIX
pa3BUTHsI CeMsH Oblila 00OHApY’KeHA [T TEHOB, CBSI3aHHBIX
C pa3BUTHEM CeMsH (HaIpHMep, TeHOB MpoTea3s, MeNnTHIa3
1 2S anb0yMHUHOB), YTO MPEACTABISET YHUKAJIbHbBIE 0COOCH-
HOCTH M3MEHEHUsSI PETYIALNH TPAHCISAIMN B IIPOLIECCE pas-
ButHs (Shamimuzzaman, Vodkin, 2018). Dtu pe3yasrars
MOYEPKUBAIOT BAXKHOCTh U3YUYECHUS PETYISIIIMU SKCIIPECCUH
TEHOB Ha YPOBHE TPAHCIISIINY, ATl TOTO YTOOBI yCTAaHOBUTD,
KaK pa3BUTHE OPraHOB PacTCHUI KOHTPOJIHMPYETCsl Ha MoJIe-
KYyJIIDHOM YPOBHE.

OO6HapyeHne TPaHCIALNOHHbIX COObITUI

13 HEaHHOTMPOBAHHbIX FEHOB pPacTeHU

HecMoTpst Ha 3HAUUTENBHBIE YCHITHS 10 PACIIN(POBKE 1 aHa-
JIM3y TEHOMOB PACTEHHH, MX MOCIIEA0BATEIBLHOCTH COIEPXKAT
MHOkecTBO ORF, koTOpBIE OCTaIOTCSI HEAHHOTHPOBAHHBIMH.
Jns rakux ORF HensBecTHO, SBISFOTCS JIM OHM TICEBIOTCHA-
MU, npoxyuupyioT nu Hekoaupyronwe PHK (axkPHK) wmn
(yHKIoHaNbHbIe Oenku. OKa3anock, YTO TEXHOJIOTHH PH-
60coMabHOTO MPOGIIMPOBAHNS MOXKHO MPUMEHSITH U AJIS
YITy4IIeHUs] aHHOTallMK reHoMa. B sxcnieprmenTax o npogu-
JIUPOBAHUIO pubOCOM Y A. thaliana mopudukaius Oydepos,
HCIIONB3YeMBIX Ui BeIAeneHus ¢pparmeHtoB MPHK, cBs-
3aHHBIX ¢ puOOCOMaMH, TO3BOJMIIA orpeienuTh HoBbIe SORF,
kotopele panee cuntanuch HKPHK. MaTepecHo, uto MHOTHE
n3 3tux SORF 3BOMIONMOHHO KOHCEPBATUBHBI U COZIEPIKAT
HEKaHOHWYECKHE KOJOHBI MHUIMAILMN TPAHCISINH, TaKue
kak CUG wiu ACG (Hsu et al., 2016).

B uccaenosanuu (Wu et al., 2019) c6opka TpaHCKpUTITO-
MOB Ha OCHOBE pe()epeHCHOro TreHOMa M MPOQHINPOBAHUE
prOOCOM OBUIM MCIOJIB30BaHBI [UIsl YAYUILICHUsS] aHHOTAIIUU
reHoma Tomara (Solanum lycopersicum). DTOT MeTOn Hai
BO3MOJKHOCTh MJIeHTH(UIMPOBaTh coTHH HOBBIX SORF m3
HEAHHOTHUPOBAHHBIX TPAHCKPUIITOB, KOTOPHIE 3BOJIIOLUOH-
HO KOHCEPBAaTHUBHBI. B 1aHHOM HCCIIeI0BaHNM TaKKe ObLTH
c(hopMUPOBAHBI TPAHCINPOBAHHBIE MTOCIIEIOBATEIBHOCTH
quist SORF, uORF u3 5'-UTR-o6nacreii reHOB, KOAUPYIOLIHX
6enku. Bepuguxarys pe3ynsraTos, HOMYIEHHbIX C TOMOIIBIO
prOOCOMaIBLHOTO MPOMUINPOBAHHUS METOIAMH TTPOTEOMH-
KH, TIOKa3alia, 4To HekoTopble u3 3Tux sSORF mpoxynupyior
CTAaOMJIbHBIE MENTUBl. AHAIN3 000TANICHNUS] aHHOTAI[UU
9THX TPAHCKPHUITOB TEPMUHAMH TeHHON OHTOJIOTHH BBISBUII,
9T0 UX (YHKIHUs cBsi3aHa ¢ (ochopunupoBanuem/aedoc-
(hopunpoBaHneM OEIKOB, CUTHAJIBHBIMHU ITyTsMH. Bce 310
JIEMOHCTPHUPYET, UTO PETYNALNs TPAHCISAILUN BBITOIHACT
BBICOKOYPOBHEBYIO PErYIISITOPHYIO (DYyHKIHIO B ITpolecce
KU3HEAESITeNbHOCTH KileTku. MHTepecHo, uto H.-Y.L. Wu ¢
kosuteramu (2019) oGHapyXMITH, UTO y TOMATa 3KCIPECCHs re-
HOB TaKKe PEryJIHpyeTcsl IJI00aIbHO KaK Ha TPAaHCKPUIIIIMOH-
HOM, TaK Y Ha TPaHCJISILMOHHOM ypoBHE 3a cueT MukpoPHK.
Takum 00Opa3oM, MpUMEHEHHE METOJa MPO(QHUINPOBAHUS
prOOCOM OKa3bIBACTCS LIEHHBIM JJISl TOATBEPIKICHUS IIPE-
CKa3aHMs HOBBIX OTKPBITHIX PAMOK CUMTHIBAHWS U CAHTOB
WHHLUALUK TPAHCKPUNTOB B MaciiTade Bcero renoma (Wil-
lems et al., 2017).

YKka3aHHBIE BBIIIE UCCIIEAOBAHUS YCTAHOBIIIN HEKAHOHH-
YeCKHE TPAHCISIIMOHHBIC COOBITHS 1 MTO3BOJIIIN HJICHTU(H-
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LIIPOBaTh paHee He aHHOTUPOBAHHbBIE MaJble OeJIKU, KOTOPHIE,
BEPOSITHO, BBIMOJIHSIOT BaXKHbIe (DYHKIIMK B pacTeHUsX. Bee
9TO JIEMOHCTPUPYET MOJIE3HOCTh IKCIIEPUMEHTOB 110 PHOO-
COMHOMY PO IITUPOBAHUIO JIJIs 00JIe€ ITyOOKO# aHHOTAIMA
TEHOB B F€HOMaX PacTeHUH.

Mpo6nembl n orpaHNYeHVA A4NA NPUMEHEHUA
MeTOA0Norny pU60COMHOro NpodunnMpoBaHna

y pacteHui

HecMoTpst Ha MHOXKECTBO MIPEUMYILECTB, TeXHOMorust Ribo-
seq B HACTOAIIEE BPEMs CTATIKMBACTCS C HEKOTOPBIMHU CEPhE3-
HBIMHM TEXHUYECKUMH TPyTHOCTIMHU. Cpean HUX — HeoOXo-
JIMIMOCTb YCTPaHEHHs TIOTEHIIMAIBHBIX 3arps3HUTENeH 1 Ha-
JIe)KHOE BBIPAaBHUBAHNE KOPOTKUX MPOYTEHHUH C 3TAIOHHBIM
TEHOMOM WJIM TPAHCKPHUIITOMaMH. B 3TOM pasjiene MbI KpaTko
00CyaMM 3TH POOJIEMBI U ITPE/ITI0KUM BO3MOXKHBIE ITyTH HX
peLIeHUsL.

OnuH U3 UCTOYHUKOB IIyMa B pe3ylbrarax pudocoMab-
HOTO TPO(GHUIUPOBAHUS — KOHTaMHUHAIsI pudbocomHoi PHK
(pPHK) Ha craanu Hykiea3zHoi 00padoTku. OHa CyIIeCTBEH-
HO 3aTpPY/HSET M3BJICUCHHUE JAHHBIX 00 MH(POPMATHBHBIX
MIOCJIE/IOBATEIbHOCTSIX, MOJIYYEHHBIX B IKCIIEPUMEHTAX I10
npodrmposanuio pudbocom (Ingolia et al., 2009). Takast koH-
tamuHanus gpparmenroB MPHK ¢parmentamu pPHK moxer
OBITH yCTpaHEeHa Ha OCHOBE CHEeLU(pHYECKON THOPHIU3aLUH
WJIH TIPH TTOMOIII KOMMEPUECKHX HaOOpOB 00eaHeH s Onb-
JIMOTEK crnenuduyeckuMu nocienosarenabHoctsimu PHK, a
Takke U codetanueMm oboux mertonoB (McGlincy, Ingolia,
2017). C mpyroii CTOPOHBI, sl TPEAOTBPAIICHHUS JTUTHPOBA-
HUSL TMHKepa ¢ n30bITkoM 5.8S pPHK MokHO Bcnonb30BaTh
mackupytomue onuronykineoruzas! (Faridani et al., 2016).
3arpssaenns pPHK MoxHO ycTpaHnUTh Ha 3Tane OHOMH(Op-
MaTH4eCcKoi 00pabOTKH, HO 3TOT MOAXO TPEOYET IOy ICHHS
OOJIBILIETO TIOKPBITHUS ITPU CEKBEHHUPOBAHUH.

CoBpeMeHHbIE METO/bl aHAJIN3a TPAHCKPUIITOMOB, OCHO-
BaHHBIC HA MACCOBOM CEKBEHUPOBAHNH, OOBITHO Oa3MPyIOTCS
Ha KOPOTKHX MpouTeHusix pasmepom 100—150 . v. aust ppar-
MEHTOB C OIMHOYHBIM WJIN TTapHBIMU KoHIIamMu (Wang et al.,
2009), B To Bpems Kak B Oojee paHHUX moaxonax RNA-seq
NPUMEHSIIN TIpodTeHus JunHOW 25 u 32 m.H. (Marioni et
al., 2008; Mortazavi et al., 2008). Tak kak ceKBEHHPOBaHHE
(hparMeHTOB, CBA3aHHBIX C PUOOCOMAMH, OCYIIECTBISIETCS
KOPOTKHUMH ITPOYTEHUSIMHU, TO 3TO 3HAYUTEIHHO YBEIUUUBACT
BEPOSATHOCTH MX BHIPABHUBAHUS HA MHOXXECTBEHHbIC yUaCTKH
TEHOMa, YTO MOXKET NPHBOJUTH K BOSMOKHBIM OIINOKaM B
aHasm3e pesysbraroB npodunuposanus (Chhangawala et al.,
2015). Kpome Tor0, Ha yHUKaIHHOCTH BEIPABHUBAHUS KOPOT-
KHX TIPOYTEHHH Ooiee CyIIeCTBEHHOE BIIMSIHUE OKA3bIBAIOT
OLIMOKH CEKBEHUPOBAHMUSL.

[Ipobnema MHOKECTBEHHOTO BBIPDABHUBAHUS MPOUTCHHH
B CIIy4ae aHaJli3a TPAHCKPUIITOMOB PacTEHHH yCyryOiser-
Csl elle U TeM, 4TO OOJIbIasi YacTh CYLIECTBYIOIINX BUJIOB
pactenuit — momwmonas! (Wood et al., 2009). Hampumep,
y Msarkoi nmenunnp! (Triticum aestivum), aluloreKcarionsa,
IeHOM BKJII0YaeT TpH cyOreHoma, A, B u D, B KoTOpBIX Bcero
~100000 reros. Oxono 85 % reHoMa MIIEeHHUIIBI — TTOBTOPEI,
MIPE/ICTABICHHBIE MHOTOYHCIIEHHEIMU MOOMITEHBIMHE JJIEMEH-
tamu (Ramirez-Gonzalez et al., 2018). Bo MHOrux ciyuasx
MOCJIE0BATEILHOCTH T€HOB TOMEOJIOTOB OUEHb MOXOXKH, U
YTOOBI HOJTyYUTh BBIPABHUBAHHE IPOYTEHHUH /10 COBITA/ICHNS,
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crier(UYHOTO JUIsi TOMEOoJIora, Tpedyercst uX OosbIast JJIMHA
(Pfeifer et al., 2014). Takum oOpazom, m3ydenue quddepeH-
[UATBHOW TPAHCIIALMU FOMEOJIOTMYECKUX TCHOB 3aTPYIHCHO,
HO MOXKET OBITh YIIYYIIEHO C TIOMOIIBIO HEJJABHO pa3padoTaH-
HOTO TTOAXO0fa KJIAacCU(pHUKAINKA CyOreHOMOB, TIPH KOTOPOM
CUYMTBIBAHHS COTIOCTABIISIOTCS C KaXKIBIM CYOreHOMOM OT/ICNTb-
Ho (Kuo et al., 2018). C gpyroii cTOpoHBI, TPOOIEMa MHOMKE-
CTBEHHOT'O KapTHPOBAHUS KOPOTKUX NPOYTEHHH MOXKET OBITH
peLIeHA C TIOMOIIBIO CIEIUATbHBIX HHCTPYMEHTOB, TAKUX KaK
AJITOPUTM PA3PCIICHUSA MHOKCCTBEHHOI'O KAPTUPOBAHUSA JJIA
¢unsTpanun BeipaBHuBaHuA (Kahles et al., 2016).

DKCIepUMEHTBI 10 NPOGUIMPOBAHHUIO PHOOCOM I'€HEpH-
PYIOT OIPOMHOE KOJMYECTBO JIAHHBIX, YTO CO3aeT 3HAYM-
TeNbHYIO Mpobnemy s ux ananmsa (Calviello et al., 2016).
B nomonHeHHe K CyLIECTBYFOLIMM MHCTPyMEHTaM AJist 00-
pabOTKH NOCIIEI0BATEIBHOCTEH U BRIPABHUBAHUS OBLTH CO3-
JJaHBI MTAKeThI OCIEAYIOMET0 aHAIN3a I HICHTU(HUKALINH
TPEXHYKJICOTUIHON MEePHOIMYHOCTH, TUddepeHInanIbHO
TPAHCJSIIMU U 3aHATOCTH KOmoHOB: riboSeqR (Chung et al.,
2015), riboWaltz (Lauria et al., 2018). Ha ceromusmamii 1eHb
paspaboranbl 1Ba BeO-cepsepa, RiboGalaxy (Michel et al.,
2016) u riboviz (Carja et al., 2017), oObenunsIONIE HAOOD
MHCTPYMEHTOB, HEOOXOMMBIX JUIS aHAJIN3a JTaHHBIX pHOOCO-
MaJIbHOTO NPOMUIMPOBaHHSI, HAYMHASL C KOHTPOJIS KauecTBa
HCXO/IHOW TOCJICI0BATEIbHOCTH 10 (PUHATBHON BU3yasm3a-
un qanHbx (Wang et al., 2017).

JanpHeillee n3y4eHue METOJ0B aHAJIM3a JAHHBIX pHO0CO-
MaJIbHOTO ITPO(UIMPOBAHNUS M OIOOP ITapaMeTPOB BbIPABHHU-
BaHUS U MOKPBITUS UL YITyUIIEHHS TOYHOCTH OIIPeIeTICHHS
i depeHInanTbHON TPAHCIAIMN B 3HAYUTEIBHON CTEICHH
TMOMOTYT IPpH aHAJIN3€ U UHTCPIPETALIUN PE3YIILTATOB 3TUX
IKCIIEPHUMEHTOB.

3aknuyeHue

Bo3MO>Hble NepCcrneKTUBbI MeTO[0NIorMn
pubocomHoro npodunrpoBaHnA 'y pacteHuii
Bornbast 9acT coBpeMeHHOH HH(OPMALIUH O TPOPHUIHPOBA-
HHUHU pHOOCOM IONTy4YeHa N3 HePaCTUTENbHBIX BUI0B. CliesioBa-
TEJIBHO, TPOBEICHIE ITOJOOHBIX HCCIIEI0BAHUH Ha PACTEHUSX
B Pa3JIMYHBIX yCIOBUIX HEOOXOMMO JUIsl OOHAPYKEHHS TCHOB,
IKCITPECCHSI KOTOPBIX PEryJIUPYETCs TOIBKO TPAHCIISIIHOHHO
U JIO CHX TIOp HE BBISBIISUIACH P aHAIM3€ TPAHCKPUIITOMOB.
Xots mpoduINpoBaHe pPuOOCOM — OTHOCHTEIILHO HOBBIN Me-
TOJI, YITYUILICHUS] B 3TOM TEXHOJIOTUH YKe MosBIsoTCs. Tak,
9TOT METOJ] MOKHO HCIIOJIL30BATh [UIsl H3y4YEHHs crienupude-
CKOM TPaHCIISIIMHU OPTaHeIlT, KOJUPYEMOH SIepHBIMU TeHAMH
(Janetal., 2014). B HacTosiiiiee BpeMst BCe OOJIbIIICe BHUMAHKE
NPHUBJIEKAOT METOJIBI aHAIN3A TPAHCKPUIITOMOB SIMHHYHBIX
kierok (Saliba et al., 2014). OHM WUPOKO TPUMEHSIOTCS B
MCCJIEI0BAHUSIX Ha )KUBOTHBIX M UMEIOT OOJIBIION TOTEHIHAT
JUISL HOHUMaHHs (DYHKIIMU T€HOB U SAMHUYHBIX KJIETOK B
pacrenusix (Efroni, Birnbaum, 2016). Coueranue 3Toi HOBOM
METOJIUKU € NPOPHUIMPOBAHUEM PUOOCOM M TaKUMH IOJ-
XonamHu, Kak ap(pUHHAS OYHCTKA TPAHCIUPYIONIX pUOOCOM
(Heiman et al., 2014), MOXXeT UMETh OIPOMHOE 3HAYCHHUE
NPU M3YyYCHUU PETYISIUN TPAHCISALUH, criequuaHon st
oTpenieNieHHoro Trma kiretok (Mironova, Xu, 2019).
JanpHeiimee ymydIieHHe ONMpPEICICHHBIX TEXHUYECKUX
3TANoOB IKCICPUMEHTOB MO NPOQHUIUPOBAHUIO PHOOCOM

257



D.A. Afonnikoy, O.l. Sinitsyna
T.S. Golubeva, N.A. Shmakov, A.V. Kochetov

MODIIO OBl CIIOCOOCTBOBATH 00JIee MIMPOKOMY BHEAPCHHUIO
9TOi TexHUKU. Hanpumep, B Hacrosiiiee BpeMs MOATOTOBKA
OMONMOTEKY TS TITYOOKOTO CEKBEHHPOBAHMUS BKITIOUACT B ceOs
HECKOJIBKO 3TAIlOB JIMT'MPOBAHUA U 3aHUMACT MHOT'O BDEMCHHA
(06praHO HECKONBKO AHEH ). Kpome Toro, TpeboBaHne OTHOCH-
TEJILHO OOJIBIINX KostmuecTB HadaasHoi PHK i moaroroBku
OMOIMOTEK MOJKET CO3/1aBaTh POOIEMBI.

Taxum 0O6pa3oM, HOBBIH ITOIXO0], HA3BIBAEMBIH TIPOQHITH-
poBaHHeM pubocoM Oe3 JIMTUpOBaHUs, pa3pabOTaHHBIA Ha
MbIIIax, MOXECT OBITH HCCJICJOBAH HAa PACTCHUAX, ITOCKOJIBKY
9TOT METO He TpeOyeT IUTHPOBAHKS, a CO3AaHNE OMOTNOTEeKN
MIPOU3BOIMTCS B TCUCHHUE JTHS C UCTIOIB30BAHMEM BCETO JIMIIb
1 ur PHK (Hornstein et al., 2016). I[Ipodunuposanue pudocom
nepcrekTiBHO Ai1st uaeHTudukanmm rQTL mo Bcemy reHoMy
(pudocomusit QTL), momo6HO TOMY KaK ITPOBOIUTCS AHAIIH3
eQTL (axcnpeccuonnsie QTL).
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BHYTpUBUI0BOE pa3HOOOpasue TBepaoi IIIIeHUIIbI
(Triticum durum Desf.): vHU@UIIMIpOBaHHAas KaacCu@uUKalus

O.A. AamynoBa

DepiepanbHblii NCCNeaoBaTENbCKUIA LIeHTP BCcepoccninckmin MHCTUTYT reHeTUYeCcKrx pecypcoB pacteHumin um. H.W. Basunosa (BUP),
CaHkT-TMeTepbypr, Poccua
® lyapuolga@yandex.ru

AHHOTauumA. B otgene reHeTnyeckmx pecypcos nweHnubl BHUW reHetnuecknx pecypcoB pacteHuin (BUP) paspa-
6oTaHa 1 B 1979 I. onybnukoBaHa cuctema popa Triticum L., 6a3upyrolanca Ha yyeTe reHOMHOFO COoCTaBa BUAOB U
HaJIMYMM MW OTCYTCTBUM Y HUX PALA MaBHbIX FEHOB, KOHTPOJIMPYIOLWMX «KnaccudrKaLuMoHHbie» nprsHaku. OHa oc-
HoBaHa Ha nccneposaHuax F. Kornicke u J. Percival, gpononHeHHbix H.W. BaBunosbim 1 K.A. Onakcbeprepom. 3Ty cmc-
Temy, n3BecTHyt Kak “Classification of Triticum by Dorofeev et al, OTHOCAT K pAfy OCHOBHbIX COBPEMEHHbBIX Knaccu-
duKaumin poga. OTo nepBas B MUpPe CTaHAAPTU3MPOBaHHaA CUCTEMa, CcoepKallas BCe N3BECTHble BHYTPUBMLOBbIE
(MHdpacneyndryeckme) TakCOHbI ANKNX U KyNbTYPHbIX BUAOB MNieHuubl. OHa faeT BO3MOXHOCTb MAEHTUdUKaLMM
6onbluoro pasHoobpasmsa dopm npu pabote ¢ poaom Triticum L. v oTAENbHBIMU €ro BUAaMU, YTO OCOBEHHO Ba)KHO
ONA KONNEeKUMI, COXpaHAEeMbIX B reHeTUYeCKUX 6aHKax cemsH. [prMeHeHrie BHYTPrBMAOBOI Knaccudukaumm poaa
Triticum L. gna ngeHtudrkauum obpasuos Konnekumm BVP, HTpoayLMpoOBaHHbIX 13 Pa3NNYHbIX UCTOYHWUKOB WU MO-
CTYNVBLUKX MOC/Ie NMOIEBOTO Pa3MHOXEHNA /1A NMOMOJIHEHWS PenpoAyKLMM 06pasLoB, 3HaUUTENbHO YNPOLLaeT STOT
npouecc. OfHako NpAMoe UCMOob30BaHMe Takol 06beMHON KnaccndukaLmm CBA3aHo ¢ pAAOM TpyaHocTel. Mostomy
Hamu npepasiaraeTca yHMGprUMpPOBaHHan BHYTPMBMAOBaA Knaccnudukauma TBepaon nieHnubl nnwb 16 n3 131 pasHo-
BMAHOCTU, ONNCAHHON K HacTOoALLEMY BPEMeHM, KOTopble 06nafatoT Hanboree YacTo BCTPEYALWMMUCA B KOSIEKLMAX
TBEPAON MLIEHULIbI KOMMIEKCaMy MOPGONOrNYECKMX NMPU3HAKOB Kosoca 1 3epHoBKK. OcTanbHble 115 pa3sHoBUAHO-
CTel, UMeloLNX AONONHNTENbHbIE MPU3HaKK, MOJTyYaloT CBOE Ha3BaHMe nyTem Ao6aBfieHMs K OCHOBHOMY Ha3BaHMIO
COKpALLEeHHOTO NAaTVHCKOrO Ha3BaHWsA TOrO WU MHOTO JOMONHWTENIbHOTO NpU3HaKa. BrapeHue Takm cnocobom onu-
caHmA MopdoNornyeckmx Npr3HakoB 06pasLOB MOXET MOMOYb JIO6OMY MONb30BaTENIO NIErKO OPUEHTMPOBATHLCA B
CMCTEMATV3NPOBAHHOM BHYTPUBMAOBOM pa3HoO6pasnmn Konnekuuii. Lienb JaHHOM cTaTbu — MO3HAKOMUTb YnTaTens
C BHYTPMBUMAOBOW Knaccudukaumen Tepaon nweHuupl (Triticum durum Desf.), paspa6oTtaHHoli B BUP, n npegnoxutb
€ee YNPOLLEHHbIV BapNaHT, NOCTPOEHHbIV Ha BblAENEHUN MMaBHbIX U AOMONHUTENbHBIX MOPPONOrMYecKX NP13HaKoB
KOJloCa 1 3ePHOBKM.

KnioueBble cnoBa: TBepaas nwexuua (Triticum durum); BHYyTpMBMAOBaA Knaccuprkaumsa; KOMieKkcbl mopgonormye-
CKUX NPU3HAKOB; HaceoBaHMe NPN3HaAKoB; 60TaHYeCKasa Pa3HOBYAHOCTb.

Onsa untuposanus: JianyHosa O.A. BHyTpuBraoBoe pasHoobpasue TBepgoi nwenunubl (Triticum durum Desf.): yHudu-
LMpoBaHHanA knaccudurkauma. Basunosckull xypHasn 2eHemuku u cesekyuu. 2021;25(3):260-268. DOI 10.18699/VJ21.029

Intraspecific diversity of durum wheat (Triticum durum Desf.):
a unified classification

O.A. Lyapunova

Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
® lyapuolga@yandex.ru

Abstract. The Department of Wheat Genetic Resources of the All-Russian Research Institute of Plant Genetic Resources
(VIR) had developed and published in 1979 a classification of the genus Triticum L., which is based on the genomic
composition of species and the presence or absence of a number of main genes that govern the “classification” traits.
The grounds have been laid by F. Kérnicke and J. Percival, and supplemented by N.I. Vavilov and K.A. Flaksberger. The
classification, which is most often referred to as the “Classification of Triticum by Dorofeev et al’, belongs to a number
of the main modern classifications of the genus. This is the world’s first standardized system that contains all known
intraspecific (infraspecific) taxa of wild and cultivated wheat species. A detailed classification makes it possible to iden-
tify a wide variety of forms in the genus Triticum L. and its individual species, which is especially important for collec-
tions preserved in genetic seed banks. The use of the intraspecific classification of the genus Triticum L. greatly simp-
lifies the identification of the VIR collection accessions introduced from various sources or checking accession identity
after regeneration in the field. However, the direct use of such a voluminous classification meets several difficulties.
Therefore, we propose a unified intraspecific classification of durum wheat, based on the description of only 16 main
botanical varieties out of 131 described so far, which have complexes of morphological traits of the spike and kernel
that occur most frequently in durum wheat collections. The remaining 115 botanical varieties, which have additional
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BHyTpriBMAoOBOE pasHoobpasve TBEPAON NIEHNLbI
(Triticum durum Desf.): ynnduumpoBaHHas knaccnomkauyua

traits, get their name by the addition of the abbreviated Latin name of one or another additional trait to the main
name. Having mastered this way of describing the morphological traits of accessions, any user can easily navigate
oneself in the systematized intraspecific diversity of collections. The purpose of this work is to acquaint the reader
with the intraspecific classification of durum wheat (Triticum durum Desf.) developed at VIR and to offer its simplified
version, which is based on the identification of the main and additional morphological traits of the spike and kernel.

Key words: durum wheat (Triticum durum); intraspecific classification; complexes of morphological traits; inheritance

of traits; botanical variety.
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BBepeHune

Teepnas nmmennna (7riticum durum Desf.) xapakrepusy-
eTcst 0OJBIINM pazHOOOpa3ueM pasHOBHIHOCTEH U (hopM.
Kaxk 1r060e MHOXECTBO, JAaHHOE pa3HOOOpa3ne JOKHO OBITh
CHCTEeMaTH3MPOBAHO IS JIYUIIEro IIOHNMAaHUs B3aMOCBS-
3el MeX/y COCTaBIISIIONIMMU ero eanHunamu. Kiaccnguxka-
st (OT JIaT. classis — KI1acc U facio — pacKiaibIBa0) — METO/,
HAaIpaBJICHHbBIM Ha OPraHU3alNI0 CHCTEMbI COMOAYMHEHHBIX
TPYII, B KOTOPbIe OOBEJMHEHBI 3T SJMHUIIBI, CXOJHbIE TI0
OTIpe/ICICHHBIM CyIIeCTBEHHBIM cBoiicTBaM (Cy00o0TuH,
2001). ITpomyxTom Knaccuduraun sBisgercs cucrema. Cuc-
TEMaTuKa PacTeHUH — pasjesl OOTaHWKH, 3aHMMAIOIINHCS
kinaccuukaiuen pacrenuii. TepMuH «cuctemartukay» (syste-
matic botany) ObIIT BBEZICH B yIIOTPEOICHNE IIBEICKUM €CTe-
crBoucnbiTarenem K. Jlunneem (Carl von Linné) B 1751 &
B pabote «Dunocodust doranuku» (Jlunuei, 1989). Tep-
MHUH «TaKCOHOMMSD» BBEJ BIIEPBbIC MIBEHIIAPCKUI OOTaHHMK
O.I1. Aexannons (Augustin Pyrame de Candolle), coznarens
€CTECTBEHHOM CUCTEMBI KJTacCU(HUKAIIMK pacTeHuH — «J]exaH-
J1051eBOi cucTeMbl». OH MPEAIOKII TEOPUIO KITACCU(PHUKALINT
pacTeHuii, Ha OCHOBAHWH TPABWI KOTOPOH TaKCOHBI pac-
nonaratorcst B cucreme (de Candolle, 1813). Aummiickuii
Harypanuct Y. [lapeun (Charles Robert Darwin) B cBoem
Tpyae «O MPOUCXOXKICHUH BUIOB. ..» PACCMaTPUBAI TEPMH-
HbI «TAKCOHOMHMSD) U «CHCTEMATHKa» Kak CHHOHUMBI (Darwin,
1859). Ho cucremarnka m3ydaeT He TOJBKO pasHOOOpasne
OPTraHU3MOB, HO W TIPUYHMHBI U IIyTH €r0 BOSHUKHOBEHUS, U
BKJIFOYAET B ce0sl TAKCOHOMUIO U HOMEHKJIATYPY.

Ucropust xmaccudukanmm pona Triticum L. HaunHaeTcs
¢ K. JIunnes (Linnaeus, 1737), koToporo OOJBIINHCTBO
TPUTHKOJIOTOB paccMaTpuBaeT Kak aBropa pona [lmeHuna.
Knaccudukarus Jluanes 3a 300 et npereprieBaisa MHOTO-
YHCciIeHHbIe HHTeprperaiui. OHU CBS3aHBI C BKIIOYCHHEM
7100 € MOCIEYIONINM UCKITIOUCHUEM M3 HETO TeX WIIH UHBIX
KyJIBTYpPHBIX ¥ JUKOPACTYIINX BHOB.

Cucrema popa Triticum, pa3paboTaHHasi B OTJENC TEHE-
TUYECKUX PECYPCOB IMUICHULIBI BCEpOCCUIICKOro HHCTUTYTA
TeHETHYECKUX pecypcoB pacteHuit um. H.M. Basumosa ([o-
podees u ap., 1979), 0ocHOBBIBaETCsI Ha UCCIICIOBAHUIX TAKUX
TpuTHKOJIOIOB, Kak F. Kornicke (1885) u J. Percival (1921),
nepepaboTaHHbIX U gononHeHHBIX H.M. BaBninoseiM (1935)
u K.A. Onsixcoeprepom (Disikcoeprep, 1935; dnskcdeprep
u ap., 1939). Ona 6a3upyercs Ha yueTe TeHOMHOTO COCTaBa
BUJOB U HAJIWYMH WIM OTCYTCTBHHU Dsi/ia TIABHBIX T'€HOB,
KOHTPOJIMPYIOIIUX Ba)KHBIE B CHCTEMAaTHYE€CKOM OTHOIICHUH
MPU3HAKH.

B coorBercTBHM € 3TOM crcTEMOM pojia, MILIEHULA TBEpAAs
(T" durum Desf.) paccmarpuBaeTcs B paHre BHJa, KOTOPBIH
BriepBbie onucan (paniy3ckuii 6oranuk R.L. Desfontaines
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(1798). Bun BrirouaeT B ceOs Ba moasuaa: subsp. durum
u subsp. horanicum Vav. Subsp. horanicum Vav. — noaBun
Hanbosee TIOTHOKOJIOCHIX IMIINEHUI] ¢ KOMIUIEKCOM CITeITH-
(maecknx MOpQOIOTHUECKUX MPU3HAKOB; subsp. durum —
MOABHJL COOCTBEHHO TBEPJBIX MILIEHHI, BHYyTPH KOTOPOTO
BBIICJISIOT IIECTh TPYIIT pa3HOBHIHOCTEH: convar. durum,
durocompactum Flaksb., aglossicon Dorof. et A. Filat., villo-
sum (Jakubz.) Dorof. et A. Filat., falcatum (Jakubz.) Dorof.
et A. Filat., caucasicum (Dorof.) Dorof. B cBoto ouepens,
convar. durum UMeeT B CBOEM COCTaBE TPH MOATPYIIIHI pas-
HOBHIHOCTEH: subconvar. durum, muticum (Orlov) Dorof.
et A. Filat., duroramosum Dorof. (tabn. 1). Ha Bpems co3-
nanus knaccudukanmu B.d. Jlopodeesa ¢ komteramu (1979)
B pone 7. durum Desf. HacuntsiBanocs 120 60TaHHYESCKHX
pasHoBuAHOCTEH 1 29 dhopm y 20 pasHOBHAHOCTEH. B pe-
3yJbTaTe MOCIIEAYIONINX HCCIICIOBAHNHN OBIJIO BBISIBIICHO €IIIe
11 pasnoBugHOCTel U 12 hopm (Lyapunova, 2017; JIsmyHoBa,
2019).

Knaccngukanmio, KOTOPYIO 9acTO HA3bIBAIOT CHCTEMOM
pona ITmenunsr Dorofeev et al., OTHOCAT K psily OCHOBHBIX
COBpEMEHHBIX Kiaccupukanuii poxa Triticum L. Oto Opu1a
TiepBasi CTaHIapTH3NPOBAHHAS CHCTEMA, COZIepIKaIliasi BCe U3-
BECTHBIC BHYTPHUBU/IOBbIE (MH(pacennpuuecKue) TaKCOHbI
JIIKWX ¥ KyJBTYPHBIX BHIOB IIeHuUIbL. [lomoOHas kmaccudu-
Kalys, MOCTPOCHHAs Ha MCTIOJIb30BAaHNH CPAaBHUTEIILHO-TCHE-
THYECKOTO TTOJIX0/IA U SIBIISIFOLIASICS PA3BUTHEM ITPEJIILIECTBYO-
mwmx, 6pu1a peanoxena H.IT. Torgaposemv (I'orgapos, 2002,
2009; Goncharov, 2005; I'orgapos u ap., 2007). B ommmame
OT I'eKCarIoN IHbIX MIICHHI], BUI0Bas KJacCH(pUKaIMs KOTO-
PBIX MOXET OBITh TOCTPOEHA C UCTIOIE30BAHUEM BCETO TISITH
r1aBHBIX TeHoB (Goncharov, 2011), y TeTparioniHbIX BUAOB
TOJIBKO TOJILCKHUE MIICHUIIBI ¥ HcdaxaHcKas 1mojda MOryT
ormuathes onmuroreHHo (Watanabe et al., 1996; Watanabe,
1999). V Bcex ocTaNbHBIX BHJIOB JIHITH YaCTh TAKCOHOMHYC-
CKHM BaKHBIX IMPU3HAKOB MMEET HECIIOKHBIM I'€HETUYECKUI
KOHTpPOJIb. Hampumep, MepCcUKOMAHOCTh y OOJIBITHHCTBA
pasnosuanocreit 7. carthlicum Nevski (Haque et al., 2011)!,
(huoneroas okpacka 3epHa T. aethiopicum Jakubz. (Lachman
et al., 2017), BerBuctokonococts y 1. turgidum L. (Haque et
al., 2012). Pagukan Buma — B moHATHsAX BaBuiosa. B To xe
BpeMsl BbIJIEIIsIeMbIe HAMH Pa3HOBHIHOCTH MMEIOT IPOCTOM
KOHTPOJIb IPU3HAKOB, HATIpuMep oe3nurynsHocTH (bapymiHa,
1937; Watanabe et al., 2004) nnu 6e3ocroctr (IoHuapoB u
Ip., 2003).

Taxas moxpoOHas kiaccuPUKAIUA TaeT BO3MOXKHOCTH
UACHTU(PUKAINN OOJBIIIOTO pa3HOOOpa3us Mpu padoTe ¢ po-
oM Triticum L. B IEIOM W/UITH C OTACIBHBIMHU €T0 BHIAMH,

T leH HeaBHO GbiN MHTPOrPECCUPOBAH B FeKCaNONAHYIO MLIEHNLY W KapTu-
poBaH (JobpoBonbckas u ap., 2020).
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Ta6nuua 1. BHyTprBmgosas anddepeHumauua suga Triticum durum Desf.

lpynnbl pa3HoBMAHOCTEN (convar.)
1 MOATPYNMbl pa3HoBMAHOCTeN (subconvar.)

Yncno
pa3sHoBua-

leorpaduyeckoe pacnpoctpaHeHue

HocTen (var.)

durum - rpynna pasHOBMAHOCTeN COOCTBEHHO TBEPAbIX MeHu, 65
BKJ/IOYAET TPU NOArPyNMbi:
durum - nweHrua cobcTBEHHO TBEPAas 42
muticum - nweHnLa TBephan 6e3ocTan 17
duroramosum - niweHnLa TBepfan BETBUCTOKONOCanA 6
durocompactum — rpynna pasHOBUAHOCTEN NNOTHOKOOChIX 21
TBEPAbIX MUEHNL,
aglossicon — rpynna pasHOBUAHOCTe 6e3MrysibHbIX TBEPAbIX 10
nweHnL,
villosum — rpynna pa3HoBUAHOCTEN FPyH6OKONOChIX 8
NanecTUHCKNX TBEPAbIX MLUEHNL,
falcatum - rpynna pasHoBUgHocTe danbKaTHbIX TBEPAbIX 13
nweHny
caucasicum — KaBKa3ckas rpynna pasHOBMAHOCTEN TBepAbIX 6

nweHnLy

YTO 0COOEHHO Ba)KHO JJIs1 OOJBIINX MO 00BEMY KOJUICKIHH,
COXpAaHACMbIX B TCHETUYCCKUX 6aHKaX CCMJSIH.
Hcnonp30BaHNEe BHYTPHUBHIOBOM KiaccH(pUKAIMK IS
uaeHTHQUKAUN 00pa3noB kowieknuun BUP, uaTpOIyIH-
POBAaHHBIX U3 PA3JTIMYHBIX UCTOYHUKOB I/I/I/IJ'II/I MOCTYIIMBIINX
I0CJIE MOJIEBOTO PA3MHOKEHUSI JUIsl TIOTIOHEHUST PENPOIYK-
MK 00pas3IoB, 3HAYUTENIFHO YNpPOIIAeT 3ToT mpouecc. On-
HaKo, KpOME COTPYJHUKOB OTJiela TeHETHYECKUX PECypCoB
nuenunsl BUP, Mano KTo ncnosnb3yeT Takol NOAXO0 PH UX
naeHTH(UKAUK B CBOCH NpakTHieckoit padore. Ha To ecth
HECKOJIbKO MpuurH. Bo-niepBbix, MoHOrpadus «KyasrypHast
thmopa CCCP» (Hdopodees u ap., 1979) u comyTcTByIOmuit
et «Onpenenutens nmenuty (Jopodeer u np., 1980) He
nepensaaBaInuch yxxe oosee 40 set u sBISIOTCS OubIHMorpa-
(hrgeckoi penKoCThIO, UTO 3aTPyAHAET MPUMEHEHHE dTON
CHCTEMbI BHYTPH CTPAHbBI CPEIH CEJICKIIMOHEPOB M JPYTHX
uccnenosareneit mmeHuis (Yukuna, 2020). [Tocne pazpana
CCCP renernueckue 6anku ctpad COB nepecranu paborars
10 €INHOM CXeMe, XOTSl MHOTHE M3 HUX MPOOJDKAIOT TOJIb-
30Batbest cuctemoit B.®. Jlopodeea ¢ komeramu (1979).
Bo-BTOpBIX, 10 CHX IIOP HET ePEBOAA ITUX PAOOT HA AaHTITHII-
CKHH A3BIK, XOTS CYILIECTBOBAJ MEX/yHApPOAHBIH IIPOEKT T10
nepeBoy 3toit monorpaduu (Kniipffer et al., 2003), uro ae-
JIaeT HEBO3MOKHBIM 3HAKOMCTBO C JaHHOH KilacCHU(pUKaIH-
el B 3apy0eXHBIX TeHeTHYECKNX OaHKax ceMsH. B-TpeThux,
TOJIbKO MHOTOJICTHSISI TIPAKTHKA UIACHTU(UKAIIMKA 00pa3IioB
IO HA3BaHMIO PA3HOBUIHOCTHU TTO3BOJISIET OBICTPO U Oe3 3a-
TPYIHEHHH POBECTH 3Ty TPYILOEMKYI0 padorty. Tak, ToJIbKO 1o
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Mo Bcemy apeany nieHnLbl TBePLOW

Mo Bcemy apeany nweHULbl TBEPAON

CeneKunOHHble opraHusauum AscTpanuu, TyHuca,
Typuwnn, KazaxcTtaHa, Poccun

MpearopHble parioHbl A3epbangxaHa n [pysun,
KasaxcTaH (pegko)

Anxnp, TyHuc, Mapokko, Erunet, Cupus, VloppaaHus,
Manas A3us, AsepbangxaH

Kunp

MpubpexHbie paBHUHBI 1 Npegropbs Crpuu, Mlopaaxum,
JlnBanHa

lpeuus, CapanHua, Cuunnuna, Manbsta, Kunp, Typuus,
WpaH, ApranncTan, Kutan, AsepbaiigkaH, KolprbiacTaH,
TagKMK1UCTaH

3akaBKa3be (npearopHble parioHbl U HU3MEHHOCTU:
100-600 m Hag yp. M.)

Cupus, MoppaHusa, pegko B ErmnTe 1 Ha ocTpoBax
CpepunsemHoro mops, Manasa A3usa

TBEP/IOH MIIICHUIIE HEOOXOIMMO ITOMHUTH Ha3BaHus 131 pas-
HOBHIHOCTH U YTO OHU 0003Ha4aroT. OTHUM U3 CITOCOOOB CO-
KPaTHUTh YMCIIO TPYIHO 3aTIOMUHAEMBIX HANMEHOBAHUI MOXKET
OBITh YHU(HUKALINS KaK METOJ] CTAHIapPTHU3AIIH, HAIIPABIICH-
HBIW Ha COKPAIICHUE YUCIIa 00BEKTOB IyTeM KOMOMHUPOBA-
HUS HECKOJBKUX XapakTtepucTuk. OHa mpearnoaaraeT BEIOOp
ONTUMAIIFHOTO YHUCIIa 00BEKTOB (B HAIIEM clly4ae — pa3HO-
BUJIHOCTEH) C 11e1€C000pa3sHbIM MUHUMYMOM U IPUBOJIUT K
OTIpeeTIeHHOMY eJHO00Pa3nio. DTO 3HAYUTEHFHO YIIPOIIIAeT
WCTIONb30BaHKE KIaCCU(PUKAIIHN.

Iemnb HAaCTOSIIIICH CTaThU — TO3HAKOMUTE YUTATEIIS C BHYT-
PUBHIOBOH KiaccuuKanueil TBepaoi mmeHuns! (7riticum
durum Desf.), pazpaborannoit 8 BUP, u npemnoxuts ee
YIPOIICHHBIN aHAJIOT, OCHOBAHHBIN HA BBIICICHUH IJIABHBIX
1 JOTOTHHUTENBHBIX MOP(OIOTHYSCKUX MPHU3HAKOB KOJIoca
1 3¢PHOBKH.

MaTepmanbl n metoabl

Pa3spaborana yHuUpUIIIpOBaHHAS BHYTPUBHIOBAS KIACCH-
(dukarust Buna [ineHuia tTBepaasi, OCHOBaHHAS HA OITUCAHUU
16 OCHOBHBIX pa3HOBHIHOCTEH, 00IaJAfONIX HanOo0Iee 9acTo
BCTPCUAIOIINMICS KOMIUICKCAMU MOP(OIOTHYESCKUX PHU3HA-
KOB KOJIOCA U 36PHOBKH U COXPAHUBIINX aBTOPCKOEC HA3BAHUE
(tabm. 2). OcranpHBIE Pa3HOBUIHOCTH, HMEIOIINE TOTTOTHH-
TEJBHBIC IPU3HAKY, TIOYYAIOT CBOC Ha3BaHHUE ITyTEM J00aB-
JICHHUSI K OCHOBHOMY COKPAIICHHOTO JIATUHCKOT'O Ha3BaHUS
TOTO MJTH HHOTO JOTIOTHUTEIRHOTO Tipn3HaKa (Tadm. 3). Taxoi
CII0CO0 OTMCaHUS 1 OBICTPOTO 3aIIOMUHAHUSI BHY TPHBHIOBOTO
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Ta6nuua 2. OCHOBHble MPU3HaKM KOMOCa 1 3ePHOBKMU, UCMONb3yeMble /18 ONMCaHNsA
BHYTPUBVAOBOIO pa3Ho06pasuns TBEPAON MILEHUL bl

MpusHak lpapaunn npmnsHaka CoKpalleHHoe naTnHCKoe
0603HaueHne Npr3Haka

KOJIOCKOBO yewyn

Benbiii Unn KpacHblii B KOMOUHALMV C YePHbIM (YePHO-CUHUM)™, KOTOpPbIN NposABAAeTCcA  Nigro-
B pa3HoO cTeneHu (puc. 3)

Benblii nnun KpacHbIn B KOMOMHALMK € cepo-AbiMUaTbhiM (CU3bIM), KOTOPbIV NposABnAeTca  glauco-
B LIEHTPasIbHOM YacTn KONOCKOBOW yellyw (puc. 4, 5)

Benbiin unm KpacHbIn B KOMOMHALMK C YEPHBIM MO KPalo KONIOCKOBO Yellyu (popma) triste-
(pwc. 6)
OnyLwweHne KonockoBas yelysa HeonylweHHan (ronas) (puc. 7) -

Konockosow Yelwyn  KonockoBas yellys onylieHHas (puc. 8)

LiseT 3epHOBKU™*
(punc.9)

OcCTV OTCYTCTBYIOT UMY UMEIOTCA OCTEBUAHbIE 3a0CTPEHNA MeHee 2 CM mutico-
(konoc 6e3ocTbin) (puc. 11)

LiseT octen LiBeTa konockoBom yelyn -
(ML G, 10, T1) e
* CUHWI1 OTTeHOK 06YCIOBEH HaNM4YMeM BOCKOBOTO HajleTa Ha YeLlyax Kooca.
** K 6@n03epHbIM OTHOCAT 3ePHOBKM CO CBET/IO-KENTON, KeNTON 11 AHTaPHO-KEeNTOl OKPACKOIA; K KpaCHO3ePHbIM — CO CBET/IO-KOPUUYHEBOIA, KOPUYHEBOI U AHTap-
HO-KOpWYHeBoOW oKpackoi (MexayHapoaHbii knaccudurkatop CIB..., 1984). 3epHOBKM TBEPAON MNLLEHNLbI B 6ONbLWINHCTBE CllyYaeB CTEKSIOBUAHbBIE, MO3TOMY
LIBET, KOTOPbIN UAEHTUDULIMPOBAH Kak 6enbli, ABNAETCA AHTAPHO-XKENTbIM.

Ta6nuua 3. Hanbonee yacto BCTpevaroLwmecs pa3Ho00pa3ust ObUT PEATIOKEH [T MITKOU MICHHUIIBI (3yeB
KOMIMEKChl NMPU3HAKOB KONOCa U 3ePHOBKN u 1p., 2019). Ora paborta ycnenrHo BeIIepIKaja JBa U3TaHUSI
y TBEPAON MILEHNLbI 1 VX NIATUHCKOE Ha3BaHWe U TI0JIb3YETCs OOJIBIINM CIIPOCOM KaK BHYTPH CTPAHBbI, TAK U

HassaHune Liser Y COTPY/ZIHHUKOB 3apyOeKHBIX TEHETHUECKMX OAHKOB CEMSIH.

KOMITICKCE MDUBHaKDE e e e
Pesynbratbl

OCHOBHble 1 AONONHUTESNIbHbIe

Mopdosnornyeckme nprusHaky TBepAon NeHML b

ba3oil BHyTpUBHIOBON CUCTEMBI ONMCAHUS SBISIOTCS pa3-
HOBH/JHOCTH, Ha3BaHHE KOTOPBIX ONPEAEIsIeT KOMIUIEKC MOP-
(hoornyecKrx NPU3HAKOB KOJIOCA M 3ePHOBKH. JTH KOMILIEK-
CBl OBIIIM BBIJENICHBI MO0 COYETAHUIO TAKUX MPU3HAKOB, KaK
HaJIMYU€ WU OTCYTCTBHUE OMYLIEHUS KOJOCKOBBIX YEILIyH,
1BET uenryi (Oenble, KpacHble, CEpO-AbIMUAThIC T YEPHBIE
Ha OermoM WM KpacHOM (hOHE), HaJHMYWe WIH OTCYTCTBHE
OCTeH, IIBET OcTeH (COBIAIAONIHIA C IIBETOM KOJIOCKOBOU U
L[BETKOBOW YelIyd WJIM YEePHBIH), (JOpME U LBETY 36PHOBOK
(6empie, kpacHBIE WK (HUONETOBEIE) (CM. Ta0II. 2).

Bce pazHOBHTHOCTH 00513aTEIBHO JOJDKHBI BKITIOYATh KOM-
TJICKC OCHOBHBIX ITPU3HAKOB: HaJ'II/I‘II/Ie/OTCyTCTBI/Ie OIIyIICHUA
KOJIOCKOBOH YeIlyH, OKpacKa KOJIOCKOBOH YElTyH U 3€PHOBKH,
HaJIMYUe/0TCYTCTBHE OCTEH Ha I[BETKOBOW deIlye, OKpacKa
ocreil. BeisiBiieHHBIN Y 00pa3iia KOMILIEKC MPU3HAKOB 0003Ha-
YaeTCsl COOTBETCTBYIOIINM JIATHHCKAM Ha3BaHHEM, JAHHBIM
aBTOpOM (cM. Tabm. 3).

Jnst onucanus oOpasiia, 001aaonero OJHUM U3 TaKUX
KOMIIJIEKCOB IPU3HAKOB, HO B KOMOMHAIINHY C JOTIOJHUTEIBHO
MPOSIBIISIIOLIEICSI OKPACKOM KOJIOCKOBOW YellyH, HHOW JJIU-
HOM 0CTEH, UX OKPACKO! WM APYTHMMU NPU3HAKAMU UCHONb-
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Puc. 1. benbii uset Puc. 2. KpacHbin uset Puc. 3. Benbliii (a) nnm KpacHbliit (6) LBET KONOCKOBON Yellymn Puc. 4. benbii uBeT Ko-
KONOCKOBOW YeLlyn. KONOCKOBOW YeLlyn. B KOMOMHALMWN C YEPHBIM U YEPHO-CUHIM (8). JIOCKOBOW Yellyn B KOM-

6UHALNK C cepo-AbIMUa-
TbiM (glauco-).

Puc. 5. KpacHbin uget Puic. 6. benbliii (a) nnm KpacHbiii (6) LiBET KONIOCKOBOW Yellyu Puc. 7. Heony- Puc. 8. OnyweHHaa Konockosas
KOMOCKOBOW Yellymn B B KOMOMHALMW C YepHbIM MO Kpato (triste-). WWEHHas KOMOCKO- YeLys: a — Konoc 6enblif; 6 — Konoc
KOMOUHauun ¢ cepo- BaA yellys. YepHbIia.

AblMyaTtbim (glauco-).

Puic. 9. LiBeT 3epHOBKM TBEPAON NLEHNLbI: 6enbiii (a), KpacHbi (6), druonetoBbil (8). Puc. 10. OctucTble TBEpAbIE NIIEHNLbI.

N

U DIaJKUX ocTel (levi-) 1MbO OHM ONpPEAENSIOT Ha3BaHUS IPYII WIN MOATPYIII
Pa3HOBHIHOCTEI: IIIOTHOKONOCHIE (-compactus), ceproBUaHas (GopMa 3epHOBKH
(falcato-), BeTBUCTBIH Komoc (ramoso-), 0e3MnryabHbIe (quasi-), TyCTOOIYIICHHBIC
JMCTOBAs IIJTACTUHKA U BIIAraJIMILE JIUCTA U J)KECTKask KOJIIOCKOBas vetys (villoso-).
B Ta61. 4 Hapsy ¢ IpU3HAKAMHU KOJIOCA U 36PHOBKHU YKa3aH TaKKe NPU3HAK «OT-
CYTCTBHE JIUTYJIBD) — €AMHCTBEHHBIH MPU3HAK JIMCTA, YITCHHBIH NPU ONMHMCAHUN
Pa3HOBUIHOCTEM.

Puc. 11. be3ocTbie TBepAble NWeHULbI.
YHuébunumpoBaHHasA BHYTPUBMAOBaA Knaccupmkaymsa

TBepAon nweHuubl (Triticum durum Desf.)
3yIOT COKpallleHHbIC JIATHHCKKE Ha3Ba-  [Ipemiaraemas yHH(UIHMPOBaHHAS BHYTPUBHUAOBAs KiaccH(UKALUS SBISETCS
HUSl 9TUX TpU3HAKOB (Tabiu. 4). Jlns  yIpOIIEHHBIM aHAJIOTOM OIpeieNuTeNst TBepAoit mueHunsl (JJopodees u np., 1980).
TBEP/ION MIIEHUIbI UX J00aBISIOT K Bce pazHooOpasue npencTaBieHo B BUiE TaOHLL, Ie ISl CPAaBHEHUsI IPUBEICHBI
Ha3BaHHMIO OCHOBHOI'O KOMIUIEKCa B CTy-  Has3BaHUs pasHoBuaHocted o K.A. @isikcoeprepy (1935) u B.®. Hopodeesy ¢
4ae OMyIICHHs KOJIOCOHOKKH (piloso-)  xommeramu (1979). CpaBHeHHE MO3BOJSIET YCTAHOBHUTH IOJIB30BATEII0 COOTBET-
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Ta6n|n|.|,a 4. [lononHuTenbHble NMPMU3HaKn KOJ10Ca N 3€PHOBKWN,
ncnosbsyemble ona onncaHnA BHYTPMBNOOBOTO pa3Hoo6pa3V|ﬂ TBep,D,OIh nweHnubl

Mpur3Hak lpagaunn npr3Haka CoKpalleHHoe naTnHCKoe
0603HaueHe Npr3HakKa

Konoc nnotHbin (d = 40) (puc. 13) -compactus

BTopuuHble ocn konoca  Hanmuve BTOPUYHbIX OCel € KONOCKaMM AN [BONHBIX Y TPONHBbIX ramoso-
KOJIOCKOB Ha YCTyMnax YNeHNKOB OCK KoJloca (BETBUCTbIN Konoc) (puc. 15)
KonocoHoxka HeonyweHHasn -
OnyweHHas (puc. 16) piloso-
Hannune nurynoi EcTb (nurynbHble) -
(puc. 17) Orcyrcreyer (Gesaurymoime) quas-
LLlepoxoBaTtocTb ocTenn  CuibHO LepoxoBaTble -
(puc. 18) Crabowepoxosatsie fere-

OnyLueHve NMCTOBON [ycToonyLeHHble NnacTUHKa ¥ BRaranuie N1cTa, purnfHas (kectkan) konockoeaa  villoso-
NNacTVHKM 1 CTPYKTYpa  uellys
KOJIOCKOBOW Yeluyun

Puc. 12. Pobixnbin Konoc Puc. 13. MnoTHbIN Konoc Puc. 14. CepnosugHas Puc. 15. BeTBUCTbIN KONnoc Puc. 16. ConomnHa nopa
TBEPAON MLLEeHNLbI. TBEPAON MLLEeHNLbI. bopma 3epHOBKMU. TBEPOW MLLEeHNLbI. KOMOCOM OMyLUEeHHas.

Puc. 17. be3nurynbHas (a) n nurynbHas (6) Gopmbl TBEPAON MLIEHULbI Puc. 18. OcTb rnapkas (a), cnabo wepoxosaTas (6), CUIbHO LIEPOXOBa-
(n3: Onakcbeprep, 1935). Tas (8) (n3: Onakcbeprep, 1935).
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Ta6nuua 5. Komnnekcbl NpU3HAKOB, BbIABMEHHbIE Y 6830CTbIX 06Pa3L0B TBEPAON MILEeHMLb

Ha3BaHua Komnnekcos Liget Liget Ha3BaHune 60TaHNuYeCKON PasHOBUAHOCTY
MPU3HAKOB () :Z’LL(;TAKOBOM gacc:i:ss::; no KA. ®nakcbeprepy (1935)  no B.O. lopodeey u ap. (1979)
KonockoBble Yellyn HeonyLleHHble
1. Konoc 6enbiii, 3epHOBKM Genble
mutico-leucurum benbin Benbin var. candicans Meist. candicans Meist.
mutico-leucomelan YepHbii - muticoleucomelan Lyapun.
mutico-nigro-leucomelan YepHbii - f. quatuor-unum Flaksb. muticalbiprovinciale Flaksb.

Ha 6enom poHe

YepHbii
Ha KpacHOM poHe

mutico-valenciae Benbin - f. unum-quindecim Flaksb. muticovalenciae Dorof. et A. Filat

mutico-melanopus YepHbii - muticomelanopus (A. Filat. et
Schaid.) Lyapun.

mutico-nigro-melanopus YepHbiit - f. quatuor-quinque Flaksb. muticoboeufii Flaksb.

Ha 6enom poHe

mutico-italicum KpacHbii - f. duo-quinque Flaksb. muticitalicum Dorof. et A. Filat.
mutico-apulicum YepHbin - muticapulicum Lyapun.
mutico-nigro-apulicum YepHbiin - f. sex-quinque Flaksb. muticocaerulescens Flaksb.

Ha KpacHoOM poHe

YepHbin -
Ha 6enom poHe

CTBHE MEXK]Ty OTIChIBaeMON UM (POPMOH 1 Pa3HOBUIHOCTEIO.
Pa3HOBHAHOCTH B COOTHONICHUH C OCHOBHBIMH MPU3HAKAMH
IpezCcTaBiensl B Tab. 5 (Ge3ocThie hopmbl) u B [Ipunoskennn?
(octucteie hopmsl).

B 5Tux Tabnmmax npuBeAeHbI pa3HOBUIHOCTH C HEOITYIIICH-
HBIMHU KOJIOCKOBBIMU UCHIYSIMH U Pa3HBIM COYE€TAHUCM IBETA
KOJIOCKOBOW YEIIyW W 3€pPHOBKH, @ 3aT€M C OMYIICHHBIMHU
KOJIOCKOBBIMH YCIITYSIMH B TOM K€ MTOPSIIIKE.

KomnockoBbie YCIIyH HECOIMYIICHHBIC!
1. Komnoc Genblif, 3¢pHOBKH OelTbIe.
2. Konoc kpacHblif, 3epHOBKH OebIe.
3. Konoc Oenblii, 3epHOBKH KpacHbIE.
4. Konoc KpacHBIH, 3¢pHOBKH KpacHBIE.
5. Komnoc Genblii, 3epHOBKH (DHOJICTOBBIE.
6. Konoc kpacHblii, 3epHOBKH (PUOJIETOBBIE.

2 MpunoxeHue cM. No aapecy:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx7.pdf
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KonockoBble derryn oImynieHHbIE:
7. Konoc Geinblii, 3epHOBKH OeIbIe.
8. KoJjtoc kpacHbIi, 3epHOBKH Oelble.
9. Komnoc 0enblif, 3¢pHOBKH KpacHBIE.
10. Konoc kpacHBIii, 3¢6pHOBKU KpacHbIE.
Bce yka3aHHbIE BBILIE OCHOBHBIE MTPU3HAKH UMEIOT IPO-
cToit reaetnaeckuit KoHTpoas (Mclntosh et al., 2020).

3aknioyeHune

3HAKOMCTBO C BHYTPHUBHIOBOW KiIacCH(HUKAIUECH TBEpIOn
TIIeHUIIB], pa3paboranHoii B BUP, coneprkasiieii Ha To Bpemst
BCE M3BECTHBIC HH(]pacmenupuuecKue TAKCOHBI, a TAKKE X
MOCIIETYIONIEE MOMOIHEHUE, TTO3BOJIST MIPOaHATH3NPOBATH
BHYTPUBHU/IOBOE Pa3HOOOPa3He OCHOBHOTO BO3/ICIBIBAEMOTO
terparionHoro Buna Triticum durum Desf. [Ipeanaraempiii
YIPOIICHHBIN aHAJIOT 3TOW KIacCH(UKAINH, TTOCTPOCHHBIN
Ha BBIJICJICHUN OCHOBHBIX M JIOTIOJIHUTEIBHBIX MOP(OII0-
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O.A.NlanyHoBa

TMYECKUX MPU3HAKOB KOJOCA U 3€PHOBKH, MOXET ITOMOYb
MOJTB30BATENIO YIIPOCTHTH CHCTEMATH3AIIUIO BHY TPUBUI0BOTO
Ppa3Ho00pa3us JI00O0H KOJUIEKIIMH H JIETKO OPUEHTUPOBATHCS
B HEM.
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Bupou, BepeTeHOBUIHOCTY KIyOHel KapToders
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AHHoTauusa. Bupougbl, Hebonbluve KonbLesble Monekysbl PHK, KoTopble Bbi3blBaloT NaToreHes y pacTeHUiA, OCTaloTCA
OfHUM 13 CaMblX HEOObIUHbIX BMONOTNYECK/X OOBEKTOB, NMPMBAEKAIOWNX BHUMAHNE He TONbKO GpMTONATONOroB, HO 1
cneunanvcToB B 06n1acTyi MONEKYIAPHON 3BoNoLMN. B cTaTbe npuBeseH 0630p NociefHUX NUTEPATYPHbIX AaHHbIX
0 reHeTVIKe BUPOMAA BepeTeHOBMAHOCTY KiybHen kapTtodena (BBKK) u reHeTnyeckmx mexaHnsmax GopmmpoBaHua
NaToNOrMyecknx COCTOAHUN y pacTeHnin-xo3ses. BBKK cnocobeH nepefaBaTbcA BePTUKANbHO (Yepes reHepaTrBHbIE
KNeTKW 3apaXX€HHOro pacTeHns), HO, B OT/IYME OT HEKOTOPbIX APYrVX BUPOUAOB, HE NepeaaeTca Yepes MbiibLy OT 3a-
paXeHHOro pacTeHuA. bonbluon nHTepec y nccnepgosatenen Bbi3biBaeT CTPYyKTypa reHomHol PHK Brpouaa pasmepom
359 HYKNeOoTNAOB: XOPOLLO M3BECTHO, YTO ocobeHHOoCTV 3D KoHPopMaLmm onpeaenaloT OCHOBHbIE MapaMeTpbl B3au-
MOZLENCTBUSA C KNETOYHbIMU GaKTOpamu Ha CTaauM penmKauumy, TPaHCMopTa MEXAY PasfnyHbIMY TKaHAMY B npoLecce
CUCTEMHOW MHPEKUMI, a TaKKe CTemneHb BblpakeHHOCTV CUMNTOMOB 3aboneBaHua. Mpu pennnkaumm reHomHon PHK
BMPOWAOB YacTo MPOUCXOAAT OWNOKN, NPUBOASALLNE K NMOABNEHNIO FreTeporeHHon nonynaumm monekyn PHK B TKaHAx
3apakeHHoro pacTteHuA. MpumeyaTtenbHO, YTO Yepes 7 AHel Nocae MHOKYNALMMN TONbKO 25 % Monekyn reHomHown PHK
BBKK cooTBeTCTBOBanu MCXOAHOW MaTpuLe, UCMONb30BaHHONM ANA UHOKYNALMW, OAHAKO 3Ta JONA yBennuunacb Ao
70 % uepe3 14 fHel 1 fanee ocTaBanacb Ha TOM Xe ypoBHe. [o-BUAVMOMY, NPY COXPaHEHNW Y MyTaHTHbIX BapUaHTOB
reHomHol PHK cnocobHocTn K pennukaumm Bupons obnafaeT BbICOKUM MOTEHUMANOM K 0T60PY 3GPEeKTUBHbIX NH-
deKumnoHHbIx dopm. BBKK BbI3biBaeT y nopa)KeHHbIX pacTeHWn pa3BuUTe MMMYHHOTO OTBETa, MeXaHM3Mbl MHAYKLUN
KOTOPOro HeJOCTaTOYHO U3yyeHbl. /I3BECTHbI CUbHO- 11 clabonaTtoreHHble Wwtammbl BBKK, Bbi3biBatoLime pa3Hble Npo-
ABNeHnA 6onesHn, peHOTUNNYECKME NPOABNEHNA OT KOTOPbIX Y MOPaXKEHHbIX PaCcTeHWUI B 3HAUNTENbHO Mepe pasnny-
Hbl. Cama no cebe pennvKkauua Bruponaa He 06a3aTeNbHO MPUBOAUT K BblPaXKEHHbIM GeHOTUMMYECKM NPOSABAEHUAM,
B clyyae BBKK oHV MoryT 6bITb CBA3AHbI C yY4acTKamu romonoruy mexgy reHomHon PHK n mPHK HekoTopbix perynsaTtop-
HbIX FEHOB, HanpUMep TPaHCKPUNUMOHHOTO dakTopa StTCP23 KapTodens, yuacTBYIOLLErO B PErYIATOPHOM KOHTYype
rm66epennHoOBOW KUCNOTbI 1 B KOHTpone MopdoreHesa KnybHa. [ipyron npumep — uHaykuma PHK-uHtepdepeHummn
npoTmB MPHK reHa FRIGIDA-like protein 3 y TomaTa, 4To NpMBOANT K paHHEMY LIBETEHNIO. B cBA3M € 3TUM 06CyKpatoTcs
noTeHuManbHble cnocobbl 60pbObl C BUPOUAOM, OCHOBaHHbIE Ha YAANIEHUN 13 TeHOMa PacTeHWIN TakUX y4acTKOB ro-
MOJOTM, PACMOJIOMKEHHbIX B HETPAHCMPYeMbix 065acTax MPHK 1 He BbinonHALWMX Kaknux-nnbo GyHKumi. B uenom
BMPOWAbI NPeACTaBNAT COO0I YHUKaNbHYO Mofenb ANIA NCCIeA0BaHMA OCHOB OPraHn3aLun »K1BbIX CUCTEM, MHOTVe
13 KOTOPbIX BO3HMK/N Ha PaHHUX 3Tanax 3BOJIOLUN U OCTAOTCA 40 CUX MOP He BbIABNEHHbIMU.

KnioueBble cloBa: reHeTVKa BUPOMUAA; NaToreHes3 pacTeHni.

Ana untuposanua: Kouetos A.B., MpoHo3nH A.1O., Laykan H.B., AboHHrkos [1.A., ApaHaceHko O.C. Bupoup BepeteHo-
BUAHOCTY KNybHel KapTodens. Bagunosckuli xypHan 2eHemuku u cenekyuu. 2021;25(3):269-275.DOI 10.18699/VJ21.030

Potato spindle tuber viroid
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Abstract. Viroids belong to a very interesting class of molecules attracting researchers in phytopathology and mo-
lecular evolution. Here we review recent literature data concerning the genetics of Potato spindle tuber viroid (PSTVd)
and the mechanisms related to its pathological effect on the host plants. PSTVd can be transmitted vertically through
microspores and macrospores, but not with pollen from another infected plant. The 359 nucleotide-long genomic RNA
of PSTVd is highly structured and its 3D-conformation is responsible for interaction with host cellular factors to mediate
replication, transport between tissues during systemic infection and the severity of pathological symptoms. RNA repli-
cation is prone to errors and infected plants contain a population of mutated forms of the PSTVd genome. Interestingly,
at 7 DA, only 25 % of the newly synthesized RNAs were identical to the master copy, but this proportion increased to
up to 70 % at 14 DAl and remained the same afterwards. PSTVd infection induces the immune response in host plants.
There are PSTVd strains with a severe, a moderate or a mild pathological effect. Interestingly, viroid replication itself
does not necessarily induce strong morphological or physiological symptoms. In the case of PSTVd, disease symptoms
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may occur due to RNA-interference, which decreases the expression levels of some important cellular regulatory fac-
tors, such as, for example, potato StTCP23 from the gibberellic acid pathway with a role in tuber morphogenesis or to-
mato FRIGIDA-like protein 3 with an early flowering phenotype. This association between the small segments of viroid
genomic RNAs complementary to the untranslated regions of cellular mRNAs and disease symptoms provides a way for
new resistant cultivars to be developed by genetic editing. To conclude, viroids provide a unique model to reveal the
fundamental features of living systems, which appeared early in evolution and still remain undiscovered.

Key words: viroids; plants; pathogenesis.
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BBepeHmne

Buponasl — BBICOKOKOMIUIEMEHTApHBIE KOJBIIEBBIC OHO-
nenouyeynsle PHK, aBroHomMHO perumumupyrommecs: B 3a-
PaXXC€HHOM paCTE€HHUU W BbI3bIBAIOIIUEC CUMIITOMBI OT JICTKUX
J10 JeTanbHbIX. [€HOM BUpouaa cocTouT u3 kosblesoi PHK
nnuHoi 250-400 HYKJIEOTHIOB, B 3aBUCUMOCTU OT BUJA
Bupouaa. Tak, mis BupougoB Avocado sunblotch (ASBVd)
u Coconut-cadang pasmep reHoMa cocTaBisieT 246 HyKIIeo-
TUI0B, a g Bupounga Chrysanthemum chlorotic mottle
(CchMVd) — 401 nmykaeorun (Srivastava, Prasad, 2020).
Bupouasl umeror HaumeHnbnii pazmep renomHoir PHK u
IIPU 3TOM HE KOJIUPYIOT OEIKOBBIX MPOAYKTOB. MeXaHU3MbI
PEIIMKAIIMU BUPOUIOB U UX B3aHMOﬂeﬁCTBHe C paCTCHUCM-
XO3SIMHOM ITPUBJIEKAIOT BHUMAHNE HE TOIBKO (PUTONATONIOTOB,
HO W CIICIHAJIMCTOB B 00JIACTH MOJICKYJISIPHOW OMOIOTHH 1
MOJIEKYJISIPHOM 3BOJIIOLIMH.

OnvH 13 Hanbonee U3yYCHHBIX BUPOHUIOB — 3TO BUPOU]
BepeTeHOBHHOCTH KityOHei kaprodens (BBKK; anen. Potato
spindle tuber viroid, PSTVd). O npencraBiseT 3HAYUTEIb-
HYIO YIpo3y AJig 3TOW CEeIbCKOXO35MCTBEHHOM KYJBTYpHI,
MOCKOJIbKY BETeTaTHBHOE Pa3MHOMKEHHE COPTOBOTO KapTo-
(denst oOycioBnuBaeT ero cinabylo BHUPYCOYCTOHYHUBOCTD.
[pu 3apaxennn BBKK HeycToiUnBEIX copTOB KapTodens,
0COOCHHO B COYETAHMU C JPYTroil BUpycHOW HH(DEKIMEH, nX
MIPOAYKTUBHOCTH MOXKET CHIDKaThes Ha 40—70 % (AHHEHKOB,
2000). s 3aboneBaHUs XapaKTEPHBI MOSBICHUE 1e(HOpMIU-
POBaHHBIX JIUCTHEB (MOPIIMHUCTOCTh, CKDYUHBAHHE), OTCTA-
BaHUEC B POCTEC, BIIOTH A0 KaPJIMKOBOCTH, ITOABJICHHUC KJ'Iy6HeI>i
BEPETEHOBUAHON ()OPMBI C BBIITYKIIBIMH IJIA3KaMH U TPEIIN-
Hamu. B crarbe npeacraBieH 0030p IUTEPATypPHBIX TAHHBIX
3a MOCJIEAHNUE TISITh JIET 0 MOJIeKysapHoil reHeTuke BBKK n
MEXaHU3Max (OPMHUPOBAHMS MATOIOTUUYECKUX COCTOSHUN y
pacTeHUI-peUINCHTOB.

CrpyKtypa reHoma BBKK,

nonynaynn monekysn n Keasmsungbl

Onucansl mrammbl BBKK, BeI3bIBafoIye pazinyHbie MO
CTEIICHHU TSDKECTH CUMITOMBI Y TIOPaKCHHBIX pacTeHui. Ha-
npumep, Bapuant PSTVd-Dahlia y Tomara BbI3bIBacT ci1abo-
BBIP@KCHHbIE CHMIITOMBI 3a00JeBanus, a mramMmm PSTVd-In-
termediate — CHIIBHOE TIOpa)keHIE. JTH JIBa IITAMMa pa3JInda-
I0TCSl MyTaIMsIMH B JIEBSITH ITO3UIIMSIX, IIECTh U3 KOTOPBIX pac-
TIOJIOKEHBI B OIPE/ICIICHHBIX JIEMEHTAX CTPYKTYPbl TeHOMHOI
PHK (left terminal domain, pathogenicity domain). Ctpyk-
TYpHO-(DYHKIIMOHAJIBHBII aHAIN3 MOKa3aj, YTO MYyTalus B
no3uuy 42 CHUKAET IPOSIBIICHNE CUMITTOMOB U HAKOIICHUE
BUPOH[IA, MyTalys B IO3UIHH 64 yMEHBIIaeT MHTHOMPOBaHHE
pocra. B 1esioM MyTannoHHBIE SKCIIEPUMEHTHI MO3BOJIMIN
OIIPEACIHUTH MTO3ULUH, 3HAYUMO BIIUSIOLIME HA PETLTHKALIUIO
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renomHoi PHK 1 mposiBneHrne cMMITOMOB OPaKeHUs y pac-
tennii-xo3sieB (Kitabayashi et al., 2020). B Hactosiiiee Bpemst
MMEIOTCSI IAHHBIE O BO3JICHCTBUN TEX MIIM MHBIX MyTalnii Ha
crpykrypy PHK Bupomnna u ee dyHKumnoHanpHble 0COOCH-
HOCTH, YTO B [IEPCHEKTUBE MO3BOJIUT BBIIBUTH PETYISTOPHBIE
CalThl U UX MHIIEHU B KJIETKax pacTeHuil-xo3sieB. Tak, B
pabote (Wu J. etal., 2019) nokazana cBsi3b Mex 1y retiei 27
(no3unun 177-182 B renomuoit PHK), cxomgHoit co cTpyk-
TypHBIM 35eMerToM B 3'-HTII MPHK rrcTOHOB KHBOTHBIX,
U CIIOCOOHOCTBIO PEIUTUIIMPOBATHCS B KJICTKAX PACTCHUH U
TPaHCIIOPTUPOBATHCA MEXK/Y PA3HBIMU THIIAMHU KJIETOK.

Buponps! ABISIOTCS HEPCIIEKTUBHON MOJIEIBIO JUIS UCCTIe-
JIOBaHMS (PU3UKO-XMMHUUCCKOH OpraHU3aluy PeryIsSTOPHBIX
n xaranutuaeckux PHK u manousyuennoro mupa PHK-3a-
BHCHMOM PETYISINN KJIETOYHBIX NpolieccoB. B wacTHOCTH,
BO BropuuHoii crpykrype BBKK pacrnionoxenst 17 map G/U,
MHOTHE U3 KOTOPBIX KOHCEPBATUBHBI M BasKHBI JIS peTlIHKa-
UM ¥ CHCTEMHOTO PacIpocCTpaHeHHs 1o pacTenuio (Wu J.
et al., 2020). uTepecHo, 9YTO MEXaHU3MBI IPOLECCHHTA
PHK Bupouga 10CTaTouHO 3BOIIOIMOHHO KOHCEPBATUBHBI,
HalpuMep, UCKYCCTBEHHbIE KOHCTpYKUMHU Ha ocHoBe BBKK
criocoOHbI popmuposars koiblessie popmel PHK B Saccha-
romyces cerevisiae (Friday et al., 2017).

IIpu pennukanuu resomHoit PHK Bupongos yacto mpo-
UCXOMAT OUIMOKH, TPUBOSIINE K MOSBICHUIO MOIMYIISIIUH
monexyn PHK ¢ paznuunoit ctpykTypoil (kBa3uBuasl). B pa-
6ote (Adkar-Purushothama et al., 2020) OpuTH OTIpeENECHBI
10 nambosiee 4acTo BCTPEUAIOUIMXCSI BapUAHTOB HYKJICO-
TuaHOM nocnenosarenbHocTu renomMHoli PHK BBKK B pas-
JMYHBIX BPEMEHHBIX TOYKAX MOCIE WHOKYIALUHN PACTCHUH
ToMara. BakHo oTMeTuTh, 4TO uepe3 7 AHEH mocie HHOKY-
nsiuu Tonbko 25 % monexyn renomuoit PHK BBKK coot-
BETCTBOBAJIN MCXOJHOW MaTpHIlE, OJHAKO 3Ta JOJS YBEJH-
yninachk A0 70 % yepe3 14 nHel u ocraBasach Ha TOM K€
ypoBHe criyctsi 28 nuel. [To-BuauMomy, B Xozie periKaiuu
BO3HHKAET OOJBIIIOE Pa3HOOOpa3He CTPYKTYPHBIX BApHAHTOB,
HEKOTOPBIC M3 KOTOPBIX CIOCOOHBI BHOCHTBH BKJIAJ KakK B
pa3BUTHE CUMITOMOB IOPAXXEHHsI, TAK U B UHIMOMPOBAHKE
9KCTIPECCUH T€HOB PACTEHUSA-XO35IMHA, KOHTPOJINPYIOIINX
samuTHEIA oTBeT (Adkar-Purushothama et al., 2020). Cpas-
HUTEJIbHBII aHAIN3 YPOBHSI HAKOIJICHUS MyTalllii B TEHOM-
Hoil PHK mokasas, 4ro y BUpPOUIOB, PEINIMUUPYIOLINXCS B
IuIacTuaax, oH 3HaunresnsHo Boime (1/800-1/1000 mykieo-
TUJOB), YeM Y BUPOUOB, PEIUTMLUPYIOIIUXCSA B aape (Ha-
npumep, 11t BBKK — 1/3800-1/7000) (Lopez-Carrasco et
al., 2017).

HUccnenoanusd no onenke ycroitunsocty PHK Buponma k
MYTaIMsAM BayKHbI TS TOHUMAHUSI MOJIEKYJISIPHBIX MEXaHU3-
MOB €T0 PEIUIMKAIMH ¥ KOHTPOJIS )KU3HEHHOTO 1uKIa. B pa-
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oote (Wigsyk et al., 2017) npu BHeceHnU 3—4 HYKJICOTHIHBIX
JienelMid WM UHCEPLUI B TP MTO3ULIUU B COCTABE TEHOMHOMN
PHK BBKK B aByx ciydasix HapyIIanzach CIIOCOOHOCTH K
peIUIMKAIMKY, TOIZIa KaK B OJJHOM Cllydae OHa COXpaHsJIach,
HO MOJIEKyJa Tepsija CTaOMIbHOCTh. AHAIN3 MOMYJSAUN
monekynn PHK storo BapuanTa Bupomia B pacTeHUSIX TOMATa
MOKa3aJl He TOJIbKO PEBEPCHUIO K MCXOIHOI opme, HO U To-
SBIICHUE JIECSITH HOBBIX T€HETUYECKH CTAOMIBHBIX (OPM,
OTJIMYAIOIINXCS OT HCXOAHON MacTep-Kkonuu. [To-Buanmomy,
IIPU COXPAaHEHUH CHOCOOHOCTH K PEIUIMKAIlMK BHPOU 00-
Ja1aeT BEICOKMM MTOTEHINAIIOM K 0TO0PY 3(h(heKTHBHBIX MH-
¢exmmonnsix popm (Wigsyk et al., 2017).

Bupoupl criocoOHbI IepeiaBaThest Kak BEPTHKAIBHO (de-
pe3 TeHepaTHBHBIE KIETKN 3apaKEHHOTO PACTEHHUs), TaK U
TOPU30HTAIILHO (C MBUIBIIOH 3apaskeHHOT0 pactenns). BBKK
MOXKET Iepe/laBaThCsl BEPTUKAIBLHO IPU GOPMHUPOBAHUH MaK-
pocIop, HEKOTOpBIE APYTHE BUPOUMIBI, TAKHE KaK BHPOU
00JIe3HM «ITaHTa Maxo» y TOMaToB (tomato planta macho vi-
roid, TPMVd), nepenarorcs ¢ MbUIBLOH, BbI3bIBasI CACTEMHYIO
nHOeKIuo pacteHus-perunuenta (Matsushita et al., 2018).
Uccnenosanue crpykrypsl renomHoir PHK atoro Buponna
nokasaio, 4yto gomensl terminal left (TL) u pathogenici-
ty (P) oTBewarot, B 9aCTHOCTH, 32 TOPH3OHTAIBHBIA IEPEHOC
(Yanagisawa et al., 2019). XapakTepHo, 4TO BUPOU/I TEPEHO-
CHJICSI B PACTEHUSI TOMATa C MbLIbLON HHQUIIMPOBAHHBIX pac-
TEHWH ETYHHH, T. €. OTIJIOI0OTBOPEHHE [UIsl TOPH30HTAIBHOTO
NepeHoca aTorexHa He siBisieTcst HeooxonuMbIM (Yanagisawa,
Matsushita, 2018).

MexaHun3mbl naToreHesa, MMMYHHbI OTBET
n PHK-untepdpepeHuus
WccnenoBanme pacteHnid kapTrodens Ha pa3HBIX CTaJAHIX
nocne nnokymsiunu BBKK nokasaino, uyto conepskanue xac-
MOHOBOM KHCJIOTBI 3HAYHMTEJIBHO YBCJIHUYCHO B JIUCTHAX,
KacTacTepOHa — B JINCThAX U KOpHsIX. KonmnuecTBo nHm0-3-
YKCYCHOHN KHCIIOTBI YBEIMYECHO TOJBKO B KITyOHSIX, pa3innanii
B COJIEP)KaHUM CAJMIMIOBON M aOCLU30BOM KUCIIOT HE 3a-
(ukcupoBaHo. B nomonHeHne BUpON MHIYIIMPOBAI MPO-
JYKIUIO aKTUBHBIX ()OPM KHCIIOPOJIa, YTO COMPOBOXKAATIOCH
yBEJIMYEHHEM aKTHBHOCTH aHTHOKcuaanToB (Milanovic et al.,
2019). ITpn ananmm3e MeTaboI0Ma pacTEHH TOMAaTa B OTBET Ha
naduposanne BBKK 0Obii 00HapysKeHBI CyIIeCTBEHHbIE
M3MEHEHHsI B COJiepKaHUU 79 MeTabOINTOB, OTHOCSIINXCS
K 23 MeTaOOMMYECKUM ITyTSM, B TOM YHCIIE ITyTSIM CHHTE3a
3amuTHBIX BemecTB (Bagherian et al., 2016).
MOHeKyH)IpHI)Ie MCXaHU3MBbI, ONIPCACIIAIOIINE CTCIICHD
TSDKECTH CUMIITOMOB ITOPAYKEHUS PACTEHUH Pa3HBIMH IITaM-
mamu BBKK, ocratorcst manousydyennbiMu. U3BecTHO, UTO
BBIPAXKCHHOCTb CUMIITOMOB 3aBUCHUT TAKKE€ OT I'CHOTHIIA
pacTeHui 1 ycI0BUi OKpysKarommeit cpensl. CpaBHUTENBHBINA
aHaJIM3 TPAHCKPHUIITOMA JIUCTHEB TOMaTa MPH WHOKYJISIIUU
CHIIbHO- U ciiabonarorenHbiMu mramMmmamMu BBKK BbisiBr
B coBOKymHOCTH Hanmmane 6omee 3000 muddepennnansro-
9KCTIPECCUPYIOMINXCS TEHOB, OOJIBIIAst 4YaCTh KOTOPBIX ObliIa
BBIABJICHA TOJIBKO IMPHU MHOKYJISAUWW CHUJIIBHOIIATOTCHHBIM
mTaMMoM. B 000uX ciydasx y pacTeHHWH aKTHBHPOBAJICS
CHCTEeMHBI UIMMYHHBII OTBET, HO NMPHU MH(EKIUH CHIILHO-
MaTOT€HHBIM HITAMMOM CTCIICHb BBIPAXKCHHOCTU 6blﬂa Cy-
IIECTBEHHO BHIIIE. AHAJIOTHYHBEIM 00pa3oM, MpOsBIECHNE
CHUMIITOMOB B MOCJIETHEM CIIydae MOXKET OBITh CBS3aHO C
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M3MEHEHHMSIMH B JKCIPECCUU I'€HOB TPAHCKPUIILIMOHHOTO
thaxtopa C2C2-GATA u ¢axropa-perymstopa pocta (GRF)
(Wigsyk et al., 2020). CxoxHble pe3ynbTaTsl ObUIN MOTyYe-
HBI TIPH CPABHUTEILHOM aHaJIN3€ TPAHCKPUIITOMOB KOPHEH
TOMara, HHOKYJIMPOBAaHHbBIX CHJIBHO- M CIa00MaTOreHHBIMU
mrammamu Bupouaa BBKK: nomMmumo uHIyKIuu MMMYHHO-
rO OTBETAa, 3HAUUTEIbHBIC U3MEHEHHS HAOIIOANINUCh B JKC-
MIPECCUH T'€HOB, KOHTPOJIMPYIOIUX CHHTE3 JUIHUHA, (Hop-
MHUpPOBaHHE KJICTOYHOW CTEHKH, YYACTHUKOB CHTHAJIBHBIX
nyTeii aykcuHa u utoknHuHa (Gora-Sochacka et al., 2019).
B 1enom MexaHM3MbI HHAYKIIMM UMMYHHOTO OTBETa Yy pac-
TEHUIT Ha BUPOH] TPEOYIOT JTOTTOIHUTEIFHOTO UCCIIEI0BAHMS,
TaK KaK OTCYTCTBYIOT Yy KEPOJIHbIE MOJICKYJISIPHBIE IIATTEPHBI
(pathogen-associated molecular patterns, PAMP) (Zheng et
al., 2017; Nath et al., 2020).

Cama 110 ce0e peruTuKanus BUporIa He 00513aTeIbHO MPH-
BOJWT K BBIPAKCHHBIM (DEHOTHITHYECKUM TIPOSIBICHUSIM, U
pasnble mrammbl BBKK MoryT cuiibHO paznugarbes o 3ToMy
napameTpy. BeposiTHo, u3MeHeHus peHOTUIIA PACTCHUI TPU
pEMINKAlK BUPOUAA MOTYT OBITH CBS3aHBI C MHIYKIIMEH
PHK-unTepdepennm u cynpeccueii reHOB pacTeHUS-X035H-
Ha, B cTpykType MPHK KOTOpPBIX €CTh CErMEHTBI TOMOJIOTHH C
PHK Bupownna. To ecTb COOCTBEHHO CHMIITOMBI 3a00JICBAHUS
pY MHOUIMPOBAHUH BUPOHUIIOM MOTYT OBIThH CBSI3AHEI C CY-
IpeccHel OT/eNbHBIX TEHOB PACTEHUsI, y4aCTBYIOIINX B KOH-
Tpose MopdoreHesa, pU3HOIOTHISCKUX U OMOXUMHYECKUX
¢ynkmii. Hiske nepednciieHsl HECKOIBKO PadoT, B KOTOPBIX
NPUBEJICHBI JaHHBIE B TI0JI3Y 3TOW THIIOTE3BI.

V¥ kaprodens BBKK Br3bIBaeT yraerenue pocra, Mmopdo-
Joru4ecKkue abeppanuu JIUCThEB U KIIyOHEH, moTepu ypo-
xast. B craree Bao et al. (2019) nokazano, yro BBKK-un-
nyuupoBanHble Mansle PHK cBs3anbl ¢ cynpeccueil rena
StTCP23, npuHaaiekalero K CEMeHCTBY TPaHCKPUIIIHMOH-
Hbeix (hakropoB TCP (teosinte branched1/Cycloidea/Proli-
ferating cell factor). MPHK StTCP23 comepxuT B cocTase
3'-HTII cermeHT pasmepoM 21 HyKI€OTH], KOMILUIEMEHTap-
HbIi perrony VMR (virulence-modulating region) B reHOM-
ot PHK mramma BBKK RG1. Ilpu skcriepuMeHTanTsHOM
MojenupoBaHuu cynpeccuu rena StTCP23 ¢ nomomipro uc-
KyccTBeHHbIX MUKPOPHK B TpaHCTeHHBIX pacTeHHsIX (Kak U
MIPU TIPUMEHEHUH JPYTHX TEXHOJOTHH SKCTIEPUMEHTAIBHOM
PHK-unTepdepennumn) nossisiacs GeHOTHI, OIN3KUN K
CUMIITOMAaM TIOP@XXCHUSI BUPOUJIOM, IIPUYEM CTEIICHb BbI-
PaKEHHOCTH CHUMIITOMOB OblIa TPOIOPINOHAIBHA YPOBHIO
CHIDKEHUSI TPAHCKPUIIIMOHHON aKTUBHOCTH T'€Ha-MHIICHH.
Oynkiuy resa St7TCP23 cBs3aHbI ¢ PEryISTOPHBIM KOHTYPOM
rHO0EPEeTMHOBOM KHUCIOTHI, 9TO MIMEET HETOCPEICTBEHHOE
OTHOIIICHHE K POCTY pacTeHnii u Mopgorenesy kiryons (Bao
etal., 2019).

B pa6ore Flores et al. (2020) moxa3ano, gato cucrema PHK-
nHTep(EPEHIINH B KJIETKaX pacTeHui renepupyet vd-sRNAs
(viroid-derived small RNAs), koTopbIe ClIOCOOHBI CBSI3bIBATH-
cs ¢ Gemkamu rpymiel Argonaute U nHakTUBHpoBaTh MPHK-
muenu. Pernukauus BBKK npoucxoaur B sigpe, B 3TOM
cirydae vd-sRNAS nosiBiIsitoTCst Ha IMO3JHUX CTaJIUAX Pa3BUTHSI
MH(EKINN B paMKaxX CHCTEMHOTO OTBETA B PA3HBIX YaCTAX
pactenusi, B ciydae peach latent mosaic viroid (PLMVd),
KOTOPBIN perutuimpyeTcs B iactuaax, vd-sSRNAs mossiis-
IOTCSI Ha PaHHEM 3Tale U JIOKaJIbHO B MECTE WHOKYJISLIUU
(Flores et al., 2020).
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B uccnenoanun Adkar-Purushothama et al. (2018) oxna
n3 vd-sRNAs BBKK 6pu1a cioco6Ha HHTHOMpPOBATH SKCTIPEC-
curo reHa, kogupytomero FRIGIDA-like protein 3 y Tomara,
Tak kak B 3Toit MPHK ecTh romonoruunsiii yaactok. K unciy
CHUMIITOMOB HpH HMH(UIIMPOBAHUN TOMAaTa CHJIbHOMATOTCH-
HeiMu mtaMmMamu BBKK oTHOocHuTCS MHAYKUMS paHHETO
LBETEHUsI. DKCIIEPUMEHTAIIbHOE CHHKEHHE IKCIIPECCHH TeHa-
mumreHn vd-sRNAs BBKK moarsepanino 3Ty B3amMOCBS3b
(Adkar-Purushothama et al., 2018). ITo-Bumumomy, yqacTku
romosioruu B cocrase PHK Bupouga niam mpoMexyTOUHBIX
PETUTHKATUBHEIX (hOPM CIOCOOHBI HMHTHOWPOBATh IKCIIPEC-
CHIO M JIPYyTHX T€HOB pacTeHHii-xo3seB (Hanpumep, (Adkar-
Purushothama, Perreault, 2018)).

Kak u B ciyuae PHK-conepxxamux Bupycos, PHK-uH-
TepdepeHnus sBIsieTcs: cnocodoM KoHTponst Bupounna. Cy-
npeccus reHoB, koaupyromux Oenku Dicer 2 u Dicer 4 y
pacTeHuil ToMara, IPUBOIUT K yBeIHYeHUI0 HakoruieHuss PHK
BUPOM/IA M YCHIIBACT CTEIICHB MOpaXkeHust. IHTepecHo, 4To
OTCYTCTBHE 3THX OEJIKOB CHIIKAET CIIOCOOHOCTh PAaCTEHUM
KOHTPOJIMPOBATh CUHTE3 AKTHBHBIX ()OPM KHUCIIOPO/IA, UTO CKa-
3bIBaeTCS TaKkKe Ha UMMYHHOM oTBeTe (Suzuki et al., 2019).

B crpykrype MPHK sykapror nommumo 0esok-koaupyro-
el yacTu (OTKPBITON paMku cuuThiBaHusA, CDS) BeImensioT
5'- u 3'-KOHILIEBbIE HETPAHCIUPYEMBIE MOCAEI0BATENILHOCTH
(HTII). 5'-HTII urpaet BaxHY0 pojb B KOHTpOJIE Ipoliecca
WHUIHAAIIH TPAHCISAINH, B TO BpeMs kKak ¢ynxmun 3'-HTII
MOTYT OBITH CBSI3aHBI C KOHTPOJIEM LUTOIUIA3MATHYECKOH
crabunbHocTH MHANBUAYadbHBIX MPHK (Kouertos u np.,
2002, 2004; Kochetov, Sarai, 2004; Kochetov et al., 2004;
Volkova, Kochetov, 2010; Ventoso et al., 2012). B xauectBe
aJpecHON HYKJICOTHAHON mocnenoBatenbHocTn ans PHK-
uHTEp(EpPEeHINN MPU KOHCTPYHUPOBAHUH JIBYLIETIOUCUHBIX
PHK moxHO ncrnonb3oBarh Oosee mpotsokennbsie 3'-HTII
MPHK rena-mumienu. B ominuue ot 0e0K-KOIUPYIOIIMX
Y4acTKOB, OHHM B OOJIBIIMHCTBE CIIy4acB HE SIBIISTFOTCS] 9BO-
JIOIIMOHHO KOHCEPBATHBHBIMH, YTO PACHIMPSIET JUAIa30H
MMEIOLINXCS] BO3MOXKHOCTEH JUIsl CEJICKTUBHOTO BHJIOCIIEIIN-
(hpMUECKOTO «BBIKIIOUEHHUS OT/IENBHBIX TEHOB. DTOT MOAXO
MOKET MCTIONB30BaThCS KaK JUISl IIPEJOTBPALICHUS Pa3BUTHS
CUMIITOMOB 3a00seBaHus (IpU yAaJeHUH CErMEHTa FOMOJIO-
run mexay PHK BBKK u 3’-HTII MPHK rena-mumenn ¢
TIOMOIIBIO TEHOMHOTO PEAAKTHPOBAHHS ), TAK U JUISl MHIY KK
PHK-untepdepenmn nporus PHK BBKK (Koueros u 1p.,
2004).

BrnonHdopmaTnyeckne metoapl

I/I,qEHTI/Iq)VIKaU,I/II/I 1N aHann3sa supongos

[TosiBrIeHHE TEXHONOTHH MacCOBOTO CEKBEHHPOBAHHMS N0
MOIJleIﬁ TOJIYOK HOBBIM METOJIaM UCCJICAOBaHNA BUPOUJIOB,
MOCKOJIbKY IOSIBUJIACh BO3MOKHOCTD IIPOBOJIUTH MAaCCOBBIH
aHaJIN3 WX HYKJICOTHHBIX MocienoBarenpHocTei. Crenyer
OTMETHUTb, 4YT0 OMOMH(OpPMATHIECKHE METOABI HJICHTU(HKA-
IIM1 ¥ aHAJIN3a BUPOHUIOB HA OCHOBE BBICOKOIIPON3BOIUTEIIb-
HOT'O CEeKBEHHPOBAHHS BO MHOTOM OMHUPAFOTCS Ha IOAXOIbI,
KOTOpBIE OBUTH pa3padoTaHbl paHee JUls aHaJIM3a BUPYCHBIX
metareHoMoB (Burger, Maree, 2015; Pecman et al., 2017).
[Tpu 5TOM HEOOXOIMMO IPHHUMATh BO BHUMAHHUE, YTO MEIKITY
Pa3IM4YHBIMU IPYIIAMU BUPYCOB PAaCTEHUI CyLIECTBYIOT
3HAYNTENIbHBIE PA3JINYUs B OPraHM3allid T€HeTHYEeCKOTO
Martepuaa, Tak K¢ Kak U MEeXIy BUPYCaMH M BHPOHIAMH.
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Hanpumep, rpynna B, x kotopoit npunaniexxutr BBKK, ot-

JIM4aeTcs OT APyroi rpynmnsl BUPOUIOB, A, IO NEPBUYHON U

BTOPUYHOHN CTPYKType M MEXaHW3My peruimkanuu. OHaKo

MEK]ly BUPYCaMH U BUPOHIAMH CYIIECTBYIOT U OOIINE YEPTHI.
B uacTHOCTH, M3yueHHE BHPYCHBIX COOOIIECTB OCIOX-

HEHO TEM, YTO BUPYCHBIE MOITYIISIINN B TKAHIX 3apa’KeHHOTO

Opranm3Ma HEOJAHOPOAHBI, YTO B OCHOBHOM CBSI3aHO C HHU3-

KO TOYHOCTBIO PEIUTUKAINU. DTO HEM30€KHO MPHBOIUT K

BBICOKOMY YPOBHIO MyTalWi M, Kak CIIECTBUE, K BBICOKOH

BapuadeIbHOCTH JJaXKe B MIPE/eiaX OAHOM U TOH ke MOIyJisi-

IIUH, COCTOSIIIEH M3 TaK HA3bIBAEMbIX KBa3HBMIOB BHpYCa.

AHanornyHple 0COOEHHOCTH XapaKTepHBI M [UIsi BUPOHUIOB

(Brass et al., 2017). [ToatoMy ¢ TOYKH 3peHUsT OHOUHPOP-

MaTHYECKOTO aHaIW3a MICHTH()UKALUSI U PEKOHCTPYKIUS

TI0CIJIEI0BATEIbHOCTEH BUPYCOB M BUPOHU/IOB B 3HAYUTEIILHOM

CTETICHU 3aBUCST OT MOJXOJ0B K IPEACKA3aHUIO CTPYKTYPBI

MOCIIEIOBATENFHOCTEH de novo, a He TOBKO 0a3UPyYIOTCS Ha

COIOCTaBICHUN ¢ pedepeHCHON HYKJICOTHIHOH MOCieno-

BaTCJIbHOCTBIO U3 6aHKa JTaHHBIX. y‘-II/IT])IBaH, YTO OTACIIUTH

BUPYCHbBIE MaTPUIBl OT KJIETOUHBIX 3aTPYIHHUTEIBHO, TIPU

CEKBCHHPOBAHNHU TpeOyeTcs BEICOKMH yPOBEHb IOKPBITHSL.

B xadecTBe anbTepHATHBBI PaCCMaTPUBACTCSl BOZMOXKHOCTD

o0oramieHus BBIICTIEHHOT0 TpaHCKpunToMa BupycHbMA PHK

(Roossinck, 2012). MabsIMu c10BaMu, IPOEKTHI, HAlIETICHHbBIE

Ha XapaKTepUCTUKY BUPYCHBIX/BUPOUIHBIX METAar€HOMOB y

pacTeHuii, MOTyT CTaTh OYE€Hb JOPOTOCTOSIIUMH, ITOCKOJb-

Ky OHM OCHOBaHBI Ha cekBeHHMpoBaHMH MoJHBIX JJHK wmmm

PHK-6u6nmoTex, B KOTOPBIX BUPYCHBIH Marepual MOXKET

COCTaBJISITh HEOOJBIIIYIO YaCTb.

Jist oOHapy>KeHNS ¥ aHAJM3a BUPOUIHBIX ITOCIIEA0BATEb-
HOCTEH MPUMEHSIOT CIIEAYIONIME HATPABICHHS UX UCCIIE0-
Banuii (Wu Q. et al., 2015).

1. AHann3 TPaHCKPHUIITOMOB PACTCHUI, B COCTABE KOTOPBIX
coaeprkarcst PHK BupycoB u Bupouos.

2. Ananm3 momTuMop(pU3MOB HYKJICOTHIHOM ITOCIIEI0BATEIb-
HOCTH B TIOITYJISIIUH MOJIEKYJI BUPOHJIA B TPAHCKPHUIITOME
OJIHOTO OpraHu3Ma.

3. Aranu3 nonuMopdu3MoB B CTpykType reHomHoi PHK
BHpPOH/A B TIOMYJISIINAX PACTCHHH.
st perennst npoGuiemsl yBenuuenus nonu PHK Bupycos

B TPAHCKPHUIITOMHBIX OHMOJIMOTEKAX MPEATOKEHBI MOAXObI,

OCHOBaHHBIC Ha JeTuieuy (00eJHEHNN) MOCIIEA0BaTEIb-

HOCTEH MOJHOT0 TPAHCKPUIITOMA 32 CUET HEKOTOPBIX €ro

(hpaxmmii, kotopeie He comepxar PHK Bupycos/Buponos.

K takum ¢ppakuusiM OTHOCST, Kak npasuito, majisie PHK wmu

pubocomanbibie PHK pacrennii. B padore (Pecman et al.,

2017) mccnemoBayiach BO3MOKHOCTD HCIIOIB30BAHUS METO-

JIOB BEICOKOITPOM3BOIUTEIEHOTO CEKBEHUPOBAHMS ISl MJICH-

TU(QUKALMH IIMPOKOTO CHIEKTPa BUPYCHBIX M BUPOUIHBIX I10-

crenoBaTeNnbHOCTEN y pacTeHnid. CpaBHUBAIICE J[BA ITOX0/1A

K monaroropke Oubnmorek PHK pactenuit: o6eqHEHHBIX IO

cozeprkanuto Masbix PHK min o copeprxanuto pubocomas-

ueix PHK. AHanmm3upoBannce NeBSTh 00pas3oB TPAHCKPUTITO-

MOB HH()MIIMPOBAHHBIX BUPYCAMH PACTEHHH (BKIIIOUAs TOMAT,

Tabak, ropox U Jp.). ABTOPBI IOKA3aJIH, YTO A0JIS IPOUTCHHIA

BHPYCHOW/BUPOUAHON (paKI CpPeau CEKBEHHPOBAHHBIX

MOCJIEA0BATENLHOCTEH CYIIECTBEHHO 3aBUCHUT OT BHJIA pac-

TEHMS-XO35MHA U OT caMmoro Bupyca. B ogHux ciydasx 6o-

Jiee MPOLYKTHBHBIM 0Ka3aJ0Ch OOEAHEHHE MO COAEPKAHUIO

mansix PHK, B npyrux — no pu6ocomusiMm PHK. B ciaydae
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reHOMOB PacTeHM
MocnegoBaresibHOCTH

(6a3a faHHbIX HYKI€OTUAHBIX
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[BLASTN] anvHomn 200-460 n. H.

nocnepoBaTenbHOCTeN
PHK n OHK pactenunn, 7
BVPYCOB ¥ BUPOWAOB)

MpoBepKM nepekpbiBaHUA
C 5'- 1 3'-KoHLEeBbIMYK

[BLASTX] dparmeHTammn
(6a3a gaHHbIX
AMVUHOKMCIOTHBIX
nocnefoBaTenbHOCTEN

HoBble BUpovaHble
nocnefoBaTesbHOCTM

pacTeHuii 1 BUPYCOB)

[MocnepoBaTenbHOCTYU
MN3BECTHbIX
BVPOUZOB 1 BUPYCOB

Cxema BbluncnmTenbHoro koHeenepa VSD gna MAeHTI/Id)I/IKaLlI/IVI BUPYCHbIX 1 BUPOUAHbIX nocnefoBaTe/ibHOCTEN B TPAHCKPMNTO-

Max pacTeHui.

KoHBelep aenntca Ha Tpu 3Tana: a — cbopka nocnefoBaTenbHOCTeN de novo; 6 — AEHTUGUKALMA N3BECTHBIX MOCefoBaTeNbHOCTEN
BUPOUIOB 1 BYPYCOB PacTeHWiA; 8 — MOUCK HOBbIX BUPOMAHBIX NOCNeAoBaTelbHOCTEN. AfanTpoBaHo ¢ puc. 1 13 pabotsl (Barrero et al.,

2017).

UACHTU(UKAINY BUPYCHBIX MOCIENI0BATEIbHOCTEN METO-
JIOM KapTHUPOBAHMS, JUIS XOPOIIEH NACHTH(UKAIINH TTOTHBIX
I€HOMOB BHPYCOB OBLIO JOCTATOYHO MPOYTEHUIT 00bEMOM B
10 Mt HyKIeotunoB. [Ipu aTom aemenus mo mainsiM PHK
MPOAYKTHBHA JUIs MJICHTU(HUKAIIMH BUPYCOB C TCHOMOM H3
onnouenoueunoi JIHK u Buponnos, Torna Kak Aemenus mno
coxeprkarnto pPHK Oonee apdexruBHa mpu naeHTHGUKATAN
BupycoB ¢ PHK-renomamu, 3a uckiouenuem supyca Y kap-
togessi. Cunraercs, 4To cTparerus COOPKU TPAHCKPUIITOMA
de novo TIpeAnoYTHTENBHA T 00HAPYKEHHSI HOBBIX BUPYCOB
10 CPaBHEHHMIO C BBIPABHMBAHMEM ITPOYTCHUH HA M3BECTHBIC
BHPYCHBIE [TOCIIEI0BATEIEHOCTH.

Jnst uieHTuguUKayu BUPOUI0B HA OCHOBE aHAJIM3a CEK-
BEHHPOBAHHBIX ()parMeHTOB TpaHCKpHunTomMa Barrero ¢ kon-
neramu (Barrero et al., 2017) npeayioxniny BEIYUCIUTEINb-
Heli koHBeitep VSD (Viral Surveillance and Diagnosis).
OTOT makeT MporpamMM HaIpaBlIeH Ha WICHTU(PHUKAIIIO TIO-
CJIE/IOBATEIBbHOCTEH BHUPYCOB U BHUPOWIOB B TPAHCKPHIITO-
Max pacTEeHWH, MOIY4YEHHBIX C ITOMOIIbIO CEKBCHUPOBAHUS
KOPOTKHMH MpodTeHusIMH (21-24 Hykineotnaa). OH BKIIIOYaeT
HECKOJIbKO (PyHKIIHOHAIIBHBIX OJIOKOB (CM. pUCyHOK). [1epBbiit
6yox HampaBiieH Ha cOOpPKY MOCIIEIOBATEIBHOCTEH TpaHC-
KPHIITOMa M3 KOPOTKHX IpouTeHuii. Ha aTom stane mpoure-
HUSI TIO/IBEPraloTCsl YAAJICHUIO aJanTepoB U OT(UIBTPOBBI-
BAIOTCSI ITO Ka9eCTBY MPOUYTEHHUS. 3aTeM MPOUCXOANT cOOpKa
MIOCJIe/IOBATENLHOCTEH de novo 3 KOpOTKUX (pparMeHToB
¢ nomoupio nporpammbel SPAdes (Bankevich et al., 2012).
ITocne 3Toro nosydeHHbIe KOHTUTH IOTIOTHATEIBHO KIacTe-
PH3YIOT U CIMBAIOT ¢ oMonipio mporpammbl CAP3 (Huang,
Madan, 1999). Ha stom 3tan cOopku 3akanumBaetcs. s
JATBHEWIeTo aHamn3a OTOWPAaroT KOHTUTH [UTHHOHN Oonee
40 HyKJIEOTUIOB.
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CrenyronyM 3TaroM aHaIH3a SBISETCS HACHTH(DUKANNs B
COOpaHHOM ITyJIe TPAHCKPUIITOB HYKJICOTH/IHBIX TTOCIIE/I0BA-
TEJIBHOCTEH, COOTBETCTBYIOIINX FEHOMaM PacTeHUH, BUPYCOB
U BUPOUJOB. DTy HPOLEAYPY OCYIIECTBISIOT C MOMOIIBIO
nporpamMel BLASTN (Altschul et al., 1997) c mpumenennem
CIeLUalIbHO ITOJrOTOBICHHBIX 0a3 AaHHBIX HYKJICOTHIHBIX
MOCJIEZIOBATENBHOCTEN (BKIIIOYAIOT TOCIEA0BATEIBHOCTH
PHK u THK pacrennii, BUpycoB 1 BUpona0B). JlonomHUTEb-
HO ¢ oMoipio iporpammbel BLASTX (Altschul et al., 1997)
MPOU3BOJIAT MOUCK MOCIIEI0BATEIBHOCTEN, TPEAOIOKUTENb-
HO KOJIMPYIOIINX OCJKN pacTeHUH W BUPYCOB.

Ha tperbeM sTane aHaim3a MPOU3BOAUTCS MOMCK HOBBIX
BUPOMJIHBIX TOCIIE0BATEIBHOCTEH, OTCYTCTBYIONINX B Oa-
3ax JaHHbIX. JIJ1s 3TOTO MocneaoBareabHOCTH AinHON 200—
460 1. H., KOTOpbIe He 0OHAPYKUIIU CXOJICTBA C Y’KE U3BECTHBI-
MH MOCJIEA0BATENHLHOCTSMH, TIPOBEPSIIOT Ha CYIECTBOBAHUE
KOJIBIIEBBIX (POPM, MPU HATWYMH KOTOPBIX HaOIIOmaeTCs
nepekpbiBanue ux 5'- u 3'-koHueBbIx GpparmenTos. Te u3 HUX,
KOTOpbIe OOHApPYXMBAIOT TaKOE MEPEKPBIBAHNUE, CUUTAIOTCS
KaH/I1/1aTaMH Ha HOBBIE BUPOUIHBIC ITOCIIEI0BATEILHOCTH.

Meron naeHTH(UKALIUH TTOCIIeI0BAaTeIbHOCTE BUPOUIOB
B TPAHCKPUNTOMAX PACTECHUH C MTOMOIIBIO KapTHPOBAHUS
KOPOTKHX TPOYTEHUI Ha pedepeHCHBIE MOCIeI0BaTeIbHO-
CTH BHPOMJIOB NpeioxkeH Brass ¢ koyuteramu (Brass et al.,
2017). Jast 2TOTO MCTIONB30BAJICSA CTAHAAPTHBIA IPOTOKOI
O61OMH(pOPMATHUECKOTO aHaIN3a: YAaJICHUE aJalTePHbIX M0~
ClIeJOBATENLHOCTEH U IOJU-A TpakToB nporpammamu PrinSeq
(Schmieder, Edwards, 2011) u TRIMMOMATIC (Bolger et
al., 2014), punprpanus IpoOYTCHUH 0 KAaYSCTBY, BRIpaBHUBA-
HHE IPOYTEeHHH Ha reHoM Bupouaa nporpammoit SEGEMEHL
(Otto et al., 2014). C momonrp0 MOA0OHOTO TIOAX0Aa OBLITH
BBISIBJICHBI TOJTMMOP(H3MBI B ITOCIEAOBATEILHOCTSIX BUPOU-
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JI0OB. ABTOpBI pa3paboTanau TakKe METOJ PEKOHCTPYKLUU
MOMMMOP(HBIX BAPHAHTOB MOCIIEI0BATEIBHOCTEH BUPOUIOB
Ha OCHOBE MeToza aHaiu3a rpados (Brass et al., 2017). Oto
03BOJIMIIO MICHTH(UIIMPOBATh YHUKAIIbHBIE TI0CIICI0BATEIb-
HOCTH KBa3WBHJIOB B ITyJi€ BUPOUIHBIX ITOCIIEI0BATEILHO-
CTel, alrOpuTM OBbLT IPUMEHEH Ul aHaJli3a TPEeX HabOopoB
JIAaHHBIX 110 TPAHCKPUIITOMAM TOMAaTa: TPAHCKPUIITOM COpTa
‘Heinz 1706, monBepxennsIi 3apaxenuto BBKK (BapnanTst
QFA, C3, AS1); Tpanckpuntom copra Rutgers, Takxke nopa-
skeHHbIt BBKK (Bapuantsl M, I); TpaHCKpHUIITOMBI YeThIpex
coptoB, napurmposanHsix BBKK (Bapuant RG). [Tomyuen-
HBIC TAHHBIE TTO3BOJIMIIM OIICHUTH AWHAMUKY JBOJIOLUH BHU-
POUJIOB C IIOMOLIBIO MOZIeNIN DHreHa I KBa3UBUIOB.
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MeToanuecKue IIoaX0Abl CO3JaHVs VIBOEHHbIX ralJIOVI0B
caxapHOI ” CTOJIOBOI CBeKJIbI (Beta vulgaris L.)

T.P. l"p]/[rOAaBa@, A.B. BuinsikoBa, A.A. Cunnupina, A.B. BoponnHa, O.H. 3y6ko, O.B. 3ypoBa, C.I. MoHaxoc

Poccuiicknii rocyaapcTBeHHbIN arpapHbli yHuBepcuteT — MCXA nmenn KA. Tumnpasesa, MockBsa, Poccua
® grigolaval@gmail.com

AHHoTayus. [IpON3BOACTBO YABOEHHbIX rariovfaoB in Vitro — akTyanbHbI 6UOTEXHONOMMUECKNI CNOCO6 YCKOPEHHOTO
CO34aHVA POAUTENBbCKUX NIMHWIA ANA cenekummn rmbpuaos F1. B oTninume ot Knaccnyeckoro MH6pUAMHra BpemMsi cosfaHus
rOMO3UIOTHbIX JIMHWIA CBeKNbI (Beta vulgaris) ¢ NOMOLLbI0 TEXHONOTMY YABOEHHbIX ranjionfoB COKPALLaeTcs C NATU-LIecTy
[0 ABYX NOKoNeHW. [MHoreHes ABseTcA Hambonee pacnpoCcTpaHeHHbIM GUOTEXHONOMMYECKUM METOAOM NMPOV3BOACTBA
YOBOEHHbIX raniiovoB CaxapHOW 1 CTONOBOW CBeKIbl. [POTOKOSbI NPOU3BOACTBA YABOEHHBIX ranjioufoB AnA BYAOB
B. vulgaris HeMHOrouncneHHbl 1 pa3paboTaHbl B OCHOBHOM [A caxapHoii cBeKnbl (B. vulgaris convar. saccharifera Alef.).
Hanbonblunin ycnex JOCTUTHYT B NPOU3BOACTBE YABOEHHbIX FanjaonoB caXxapHoW CBEK/Ibl TMHOTEHE30M B KyJbType N301u-
poBaHHbIX cema3ayaTkoB. [Ins cTonoBown ceeknbl (B. vulgaris convar. esculenta Salisb.) npoBeaeHbl eAVHUYHbIE NCCNeoBa-
HIA C MOKa3aHHOM HM3KoW 3 deKTYBHOCTbIO MPON3BOACTBA ranonaHbIX PacTEHUI aHAPO- U FTMHOreHe30M. B utore npoTo-
KOJIbl MPOM3BOACTBA YABOEHHbIX ranionoB CTONOBOW CBEK/IbI OTCYTCTBYIOT, @ MPOTOKOJIbI, pa3paboTaHHble AN caxapHOi
cBeKIbl, HeabdEKTBHBI ANA CTONOBO, HECMOTPA Ha NPUHAANEXHOCTb K OOHOMY BUAY. MccnegoBaHysa nNpov3BoAcCTBa
YABOEHHbIX ranjonfgos nyTeM aHaporeHesa y npeacrasuteneit poga Beta aktnsHo npoBoaunncb B 70-80-X Ir. npoLusiioro
CTONETUA 1 He 3aKOHUYMIMCb MOJyYeHNEM PacTeHNN-pPereHepaHToB, OfHAKO B HACTOsLLEE BPEMSA Cpefin yUeHbIX CHOBA BO3-
HVIK HTEpEC K AaHHOMY METOZY 1 B Pa3HbIX CTPaHaxX BO30GHOB/EHbI PaboTbl MO U3YUEeHWI0 aHApOreHesa y NpeAcTaBuTeNen
popa Beta. CtaTba conepuT 0630p MCCNefoBaHUIA, NOCBSALLEHHbIX CO3AaHMI0 YABOEHHbIX raniougos; o6cyaeHne nog-
XO[0B PeLIEHNA OCHOBHbIX MPOGIEM NPU MONYUYEHNN YABOEHHbIX FaniovA0B U METOA0B, MO3BOAIOLMX MOBLICUTb BbIXOA,
3M6PVONAOB 1 pacTeHUIi-PereHepaHTOB, a TakXKe YABOEHHbIX rarionaoB Y pacTeHuii Buaa B. vulgaris.

KntoueBble cnosa: Beta vulgaris; rannongHble TEXHONOMW; TMHOTEHES; KyNbTypa MUKPOCMOP; SMOpUOreHes; yABOEHHbIE
rannoungpi.
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Abstract. The in vitro production of doubled haploids is a biotechnological path of an accelerated development of parental
lines in F1-hybrid breeding programs. Unlike the traditional inbreeding method requiring 5 to 6 generations to reach a suf-
ficient homozygosity of lines, the number of generations to produce pure lines of beet by haploid technologies is reduced
to 2. The production of doubled haploids by gynogenesis is the most common biotechnological approach in sugar and red
beets. Protocols for the production of doubled haploids for B. vulgaris species are few and have been developed mainly for
sugar beets. There are no protocols for the production of doubled haploids for red beet (B. vulgaris convar. esculenta Salisb.),
and the protocols developed for sugar beet (B. vulgaris convar. saccharifera Alef.) are ineffective for red beet, even though
these two crops belong to the same species. The greatest success has been achieved in the production of doubled haploids
by gynogenesis through isolated ovule culture, especially in sugar beet. Studies on the production of doubled haploids by
androgenesis were actively carried out in the 1970s and 1980s and did not lead to the production of regenerated plants.
However, at present, there is renewed interest among researchers in this approach, and scientists in different countries are
conducting studies of Beta vulgaris androgenesis through isolated microspore culture. This article provides an overview of
studies devoted to the production of doubled haploids, addressing the main problems of doubled haploid technologies,
and methods to increase the frequency of embryogenesis and doubled haploid plant formation in B. vulgaris crops.
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BBepeHune

[IpencraBurenu Buaa B. vulgaris OTHOCSTCS K IIEHHBIM OBOIII-
HBIM (CBEKJIa CTOJIOBAs), KOPMOBBIM (CBEKJIa KOPMOBas) M
TEXHUUYECKHM (CBEKJIa caxapHas) KyJabTypaM. B Hacrtosiee
BpEMsI OCHOBHBIM HAIIPABJICHHUEM CCIICKIHUU 6OJ'IBIHI/IHCTBa
CEIIbCKOXO3SIMCTBEHHBIX PACTCHUH ABIIACTCS CO3/JaHUE TeTe-
po3ucHbIX THOpUI0B F1 Ha ocHOBE mogOOpa 1 CKpeIMBaHUS
TOMO3HMTOTHBIX POJUTEILCKUX TMHUH. TpaiMIIMOHHBIN METO
CO3/IaHUSI TOMO3HUTOTHBIX JIMHUH JUIS JIBYJETHEH KYJIBTYpBI
CBEKJIbI — CAMOOIIBIJICHUE U 0TOOP Ha MPOTSHKEHUN MUHUMYM
4—6 mokosieHuii, uro Tpedyet 8—12 set (De La Fuente et al.,
2013). AmurensHOE BpeMs TOTYYeHHS POJUTEITCKHUX JIHUH —
OZIMH N3 CYIIIECTBEHHBIX HEJJOCTATKOB CEJeKIMU rHOpraoB F1.
TexHoNIoTnM MPON3BOJCTBA YABOCHHBIX T'AIUIOM/IOB MO3BO-
JISIFOT COKPATHUTh MPOLIECC CO3/IaHMS YUCTHIX JIMHUHM CBEKJIBI
110 3-5 ner (Zhuzhzhalova et al., 2020). CymiecTBeHHOE mpe-
UMYIIECTBO TCXHOJIOTHHU ITPOU3BOJACTBA YIBOCHHBIX I'allJiou-
JIOB — BO3MOXHOCTB IOOMTHCSI TOJTHOM TOMO3UTOTHOCTH B Of1-
HOM IToKosieHnH. E1iie 0JHO MpenMyIIecTBO TalIon/JHbIX TeX-
HOJIOTHH — IIPOSIBJICHHE PEIIECCUBHBIX aUIelIel Y TaIIONIHBIX
pacTeHHi, 3aMacKUPOBAHHBIX B TETEPO3UTOTHOM COCTOSIHUH Y
JUTUTOUTHBIX PACTCHHUIA, YTO 00JIEryacT BhISIBICHHUE, OLCHKY
u oTOOp pacteHuii ¢ nonesnsiMu npusHakamu (Doctrinal et
al., 1989; Klimek-Chodacka, Baranski, 2013).

VBOEHHBIE raruIoubl CEIbCKOXO3SIMCTBEHHBIX PACTEHUI
IIPOMU3BOJIAT i1 Vivo IIyTeM IAPTEHOTE€HE3a WIIH i Vilro B KyJIb-
TYpe N30JIMPOBAHHBIX MUKPOCIIOP, MBIILHUKOB, HEOIUIOAOT-
BOpEHHBIX cemsi3auatkoB u ap. (Palmer, Keller, 2005). Cpenu
Croco0OB MPOMU3BOJICTBA YIBOCHHBIX raruionI0B B. vulgaris,
B YaCTHOCTH CBEKIIbI CaxapHOW, HanboJiee pacrpocTpaHeHa
TEXHOJIOTHSI KyJAbTHBUPOBAHUS HEOIJIOJOTBOPEHHBIX CEMs-
3a4aTKOB (TMHOTCHE3).

['mHOTEHE3 — I0CTATOYHO MPOCTast, HO TPYIOEMKast TEXHO-
JIOTHA C BBIXOJI0M 3M6pl/IOI/IILOB y Han60ﬂee OT3bIBUHMBBIX I'C-
HOTHUIOB 710 15 mTyk Ha 100 Ky IETHBHPYEMBIX CEM3a4aTKOB
caxapHnoif ceexutel (Wremerth, Levall, 2003). Kpowme Toro, He
HCKJIIOUCHO MOSBJICHNE KJIOHOB MaT€pPUHCKOTO PACTEHHS M3
COMAaTHYECKUX KIIETOK, OKPY KAIOIINX 3apOABIIIEBbIN MEMIOK,
YTO IeNaeT HEOOXOMMMBIM pa3padoTKy ONlepaTHBHBIX METOI0B
quddepeHnnanum roMo- ¥ TeTepO3UroT ¢ 0TOOPOM MEPBBIX
Cpelli pacTeHUN-pereHepanToB. TeXHOIOTHS U30JIMPOBAHHBIX
MHKPOCTIOp TI03BOJIHIIA OBl M30€KaTh HEOOXOANMOCTh TCHETH-
YECKOT0 aHAJIN3a, T. K. aHAPOTeHHbIE PACTEHHSI-PETCHEPAHTHI,
MOJTyYCHHBIE U3 N30JMPOBAHHBIX MUKPOCIIOP, allPHOPH Me-
0T T'alUTOM/IHBIN cTaTyc.

Texuonorus KYJIbTUBUPOBAHUSA HU30JIMPOBAHHBIX MUKPO-
CIIOp U MHUKPOCIIOP B NBIJIBHUKAX CBEKJIbI JOJI0€ BPpEMA
cauTanack Hea(pheKTHBHON, M MCCIENOBATEISAM yIaBaJIOCh
MOYYUTh JIUIIb KAJUTYC WINA MPO3IMOPHOUIHBIE CTPYKTYPbI
0e3 manpHeimel pereHepanuy MO0 COMaTHUECKUE KIIOHBI
(Banba, Tanabe, 1972; Goska, Rogozinska, 1981; Van Geyt
et al., 1985; Herrmann, Lux, 1988a). B 2017 r. monbckue
MCCJICZIOBATEIN TTOJTYYHIIM SMOPHUOUIBI CBEKIIbI CTOJIOBOM B
KyJIBTypE N30JMPOBAHHBIX MUKPOCIIOP U MBUILHUKOB, OIHAKO
HEYKOpPEHEHHBIE PO3eTKH JHcTheB mornomm (Gorecka et al.,
2017).

Lens 0630pa — 0000IIUTE JaHHBIE O PA3INYHBIX TOJX0/IaX
MIPOU3BOJICTBA YABOCHHBIX raIJIOUOB KYJIbTYp Buaa B. vul-
garis, 0003HaYNTh OCHOBHBIE TIPOOJIEMbI U ITyTH UX PELICHUSL.
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MeToamnyeckmne noaxofbl Co3faHNA yABOEHHbIX raniovaos
caxapHoW 1 cTonoBol cBeKnbl (Beta vulgaris L.)

PasButue TexHonorumn nponssoacTBa

YABOEHHbIX ranionaoB y poaa Beta

[epBbIe raruron/p! caxapHoi CBEKIIBI 0OHApYKuI B 1945 1.
A. Levan (1945), no3xe 00 aHaJIOTHYHBIX OTKPBITHSIX CO00-
manu K. Zimmermann (1953), H.E. Fischer (1956), Th. But-
terfass (1959), A. Kruse (1961) u B.L. Hammond (1966).
laronzb! ObIIM BBIIENIEHBI U3 YETHIPEX BUIOB Marepuaa:
1) moromcTBO pacTeHuid, 00pabOTaHHBIX MOJIUILIONIU3HU-
PYIOIIMMH areHTamu; 2) IOTOMCTBO, MOJTYYEHHOE U3 CEMSTH
JI- WJTH @HU30IIJIONTHBIX COPTOB; 3) OTOMCTBO, OJIyYEHHOE
BEIrCTaTUBHBIM PAasMHOXCHUEM AOUINIOMIHBIX, HUTOIIJIa3Ma-
TUYECKH MYKCKHCTEPIJIBHBIX pacTeHUi; 4) M3 pacTeHUuH
AQHU30IUIOUAHON CaXapHOU CBEKJIbL.

Pabora 1o SKCreprMEeHTAIFHOMY MTOJY4YEHHIO TaluIONI0B
caxapHoii cekyibl Hadata N. Bosemark (1971): npu orbuteHnm
CTCPWIbHBIX OUITJIOUIHBIX paCTeHI/Iﬁ CBCKIJIbI Hblﬂblloﬁ TETpa-
TUTOMTHBIX PACTEHUH B IOTOMCTBE YUEHBIH OOHAPYKUIT OKOJIO
0.2 % rarutonoB. K momsITKaM MPON3BOICTBA TATIOUIOB C
TTOMOIIBIO OTAAJICHHON THOpUAN3auy BepHYmUch B 1983 1.
B UexocnoBakuu: I. Seman ckpenmBan My »KCKUCTEPHIIbHBIE
pacTeHus! CBEKIIbI caxapHOM CO CBEKJIOH caaTHOM, BBIXO/ I'a-
rtonzioB cocrtaBuit 0.013 % (Seman, 1983). A. Buchter-Lar-
sen (1986) mpeanmoxuT OpuruHaIBHBIN CIIOCO0 MPOU3BOICTBRA
TaruIoNI0B: KOMOMHUPOBAJI OITBUICHHUE OOy YEHHOI MBIIBIIOH
U TIOCTIEIYIOIIIEE CIIACCHHUE 3apO/IBIILIEH, OTHAKO MPAKTHIECKH
BCE PACTEHUS OKA3bIBAJIHNCh T€TEPO3UTOTHBIMHU IO OHOMY
WJIN HECKOJIBKUM TIpu3HakaM. ClriaceHue 3apojibIieH, Mmomy-
YCHHBbIX OT OIIbIJICHUS HbIﬂbIJ,Oﬁ JAPYyrux BUJ0B Beta, IIPUBEJIO
K OTHOCHUTCJIBHO 6OJ'II)IHOMy BbIXOY HEraIrJIOMIHbBIX paCTeHHﬁ
(Buchter-Larsen, 1986). Tak kak JaHHBII METO 00€CIIEIHBAIT
HU3KHUH BBIXOJI TallJIONI0B M OBII KpaiiHe TPYIOEMKHM, HC-
CJIC/IOBATEIIN OCTABHJIIM MOMBITKH MTPOU3BOCTBA YABOCHHBIX
TarjaoOuIOB in vivo.

Amnyiporenes — npoctoil U 3(GEeKTUBHBII CIOCOO Mpou3-
BOJICTBA TaIUIOUJIOB in Vitro Y MHOTUX KYJBTYp, y poaa Beta
HCCIIEZIOBATEIH TOXKE MOTBITAINCH CO3/1aTh TarIoH/IbI C IIPHU-
MEHEHHEM KYJIbTYypbl H30JUPOBAHHBIX NBIIBLHUKOB. [lep-
BbIC TIONBITKH MPOWU3BO/ICTBA TallJIONIOB CaXapHOH CBEKJIbI
in vitro npennpunsTel H. Banba u H. Tanabe (1972): npu
KYJBTUBUPOBAHUU HU30JIUPOBAHHBIX MNBIJIbBHUKOB OHHU IIOJIY-
YHJIM OJTHO PACTEHHUE, IPOUCXOXKICHNE (COMAaTHUYECKUI KIIOH
WM TaIuIONT) KoToporo He ykazano. M. Goska n J.H. Rogo-
zinska (1981) mpomomkuiy MccaeqoBaHus 10 KyIBTHBHPO-
BaHMIO M30JIMPOBAHHBIX IIBUIBHUKOB CAXapHOW CBEKJIBI ¥ TIO-
JY4MJIA PAaCTEHHMsI, KOTOPbIEe OB HEaHAPOT€HHBIMH.

D. Hosemans u D. Bossoutrot (1983) 3anumanucs paspa-
OOTKOM MHUTATEIbHBIX cpea A KyJbTUBUPOBAHUA HU30JIM-
POBAHHBIX CEMS3aYaTKOB M IPOBOIMIN LIUTOJIOTHYECKUE
MCCJICZIOBAHUS Pa3BUBAIOLINXCS Ha MHUTATEIbHBIX CPElax
CeMs3a4aTKOB, KOTOPBIE MOKA3aJIM, YTO HAHOOIee CKIOHHBI
K Pa3BUTHIO in Vitro ceMsi3auaTKH, COAEpIKAIIUe 3peIIbli
7-s1M€pHBIN 3apoAbllIeBblil Mewok. Mccnenosarenu mnoiy-
gy 17 rangougHbIX pacTeHUH n3 7237 M30IMPOBAHHBIX
CeM3a4aTKOB CaXxapHON CBEKJBI M3 MYKCKUCTEPUIbHBIX
JIOHOPHBIX PACTEHM.

YdeHble HEOJHOKPATHO BO3BPAIIAINCH K ITOTBITKAM CO3-
JIaTh FalIONAHBIC PACTEHUS CBEKIIBI, KYJIBTHBUPYS TBUTBHUKH
WK U30JIMPOBAHHBIE MUKPOCIIOPHI, OAHAKO IMOJYYUTH ITOJIHO-
LIEHHBIE PaCTCHUA-PETeHEPaHThl MO0 He yaaBanochk (Van
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Geyt et al., 1985; Gorecka et al., 2017; T'ourapenko, ['epacu-
MeHko, 2018), mubo onn He ObuM Tarmmongamu (Herrmann,
Lux, 1988a). [ToaToMy TiIaBHBIM METOJOM MPOU3BOJICTBA
raruiouJI0B CaxapHOW U CTOJIOBOM CBEKJIbI CTajl THHOI'€HES.

OCHOBHOI1 00BEM HCCIEIOBAHNI 110 H3YUYEHHIO THHOTCHE3a
BEITIOJTHCH Ha caxapHOW cBekie. VcciemoBarenu u3ydain
BJIMSIHUC HA BBIXOJl SMOPHOUIOB U PETCHEPAHTOB TaKUX (pak-
TOPOB, KaK TUT U KOHIIEHTpaIwst ¢putoropmoHos (D’Halluin,
Keimer, 1986; Herrmann, Lux, 1988b; Ferrant, Bouharmont,
1994; Iomsuruna, 2003; Wremerth, Levall, 2003; Pazuki
et al., 2018b), xomomoBas nmpenoOpadoTKa OYyTOHOB M CeMsI-
3auaTkoB (Herrmann, Lux, 1988b; Svirshchevskaya, Dolezel,
2000; [Toasuruna, 2003; Pazuki et al., 2018b), mokoBas cTu-
MYJISIHS TTOBBIIIEHHBIMU TEMITEPATYPaMU W30JTHUPOBAHHBIX
cemszadatkoB (Baranski, 1996; Wremerth, Levall, 2003),
BpEMsi BBEICHUS CEMsI3a4aTKOB B KyJIbTYpY in vitro (Lux et al.,
1990; Baranski, 1996), pactionoxenne 6yTOHOB Ha COIIBETUH
(D’Halluin, Keimer, 1986; Doctrinal et al., 1989; ITogsuruna,
2003) u mp.

I'nHOreHe3 cTOIOBOM CBEKJIBI MEHEE HCCIEI0BAH, U3yde-
HHEeM 3Toi TeMmbl 3aHuMaiicsi R. Baranski (1996), xotopsrit
aHAJIM3UPOBAJT BIUSHUE TOPMOHAJIBHOTO COCTaBa IMUTATEIIb-
HBIX CPEJ] ¥ TEMITePaTypPhl KyATHBHPOBAHHS H30JIHMPOBAHHBIX
CeMs3a4aTKOB Ha BBIXOJ SMOPHOHOB M KAJITyCa, a TaKXKe
BJIMSIHAC CE30HA rojla U MECTa BhIPAIUBAHHS MAaTOUYHUKOB
(Termia/mosie) Ha BBIXOJ] pereHepaHTOB. YUCHBIH IMOKa3a,
YTO BBIXOJI PETCHEPAHTOB BBIIIIC U3 MaTepHaia, OTOOPaHHOTO
C pacTeHHiA, BBIPAIICHHBIX B TCIUIMIIC, II0 CPABHEHUIO C Ma-
TEpHajIoM, MOJYYCHHBIM OT PACTCHUH B OTKPHITOM TPYHTE,
MIPH 3TOM PA3IAYUI MEXKIy MaTepHayioM, TOJTYYCHHBIM C
MaTOYHBIX PACTEHUN BECHOU U JIETOM, HE OTMEYCHO.

®akTopbl, BAvsAowme Ha 3¢PeKTUBHOCTb
npon3soacTea ranionpos

B KynbType N30JINPOBaHHbIX CeéMA3a4aTKOB
[Tpouecc mpon3BoJCTBA TAINIONIOB ONPEAEIIAETCS Ha TeHe-
THUYECKOM YPOBHE, HO PEasn3yeTcsi B 3aBUCUMOCTH OT (H-
3MOJIOTHYIECKHX YCIOBUI M MHAYIUPYIOMIUX (aKTOPOB, YTO
IIPSIMO CKa3bIBAaETCS Ha ITPOIIEHTE BBIX0/a pereHepanTos (Ba-
ranski, 1996; ITonsuruna, 2003). OcHOBHBIMHU (hakTOpaMu
SIBJISIIOTCS TEHOTUITMIECKHIE OCOOEHHOCTH PACTEHUH-IOHOPOB,
CTaJIH Pa3BUTHSI JKEHCKOTO raMeTO(HTa, pacIioiokeHue Oy-
TOHA Ha COLIBETHHU.

BbICOKYI0 3HAYMMOCTH IMEIOT SK30TCHHBIE (PAKTOPBI, OKa-
3BIBAIOIINE BIMSIHHE HAa PETEHEPALMOHHYIO CIIOCOOHOCTH
KyJIbTUBHPYEMBIX ceMs3auarkoB. K TakuMm pakropam oTHOCST
MIPOLIEHTHOE COOTHOIIEHHUE PEryIsATOPOB POCTA B IIUTATEINb-
HBIX CcpeJax, Ce30H M MPOJOJDKUTEIBHOCTh BHIPAIMBAHUS
(BO3pacT) pacTeHUN-T0HOPOB, XOJIOOBYIO U PEHTTE€HOBCKYIO
00paboTKy OyTOHOB, TeMIepaTypy M YCIOBHS KyJIbTHBHPO-
BaHMs N30JIMPOBaHHBIX ceMs3adaTkoB (Van Geyt et al., 1987;
Lux et al., 1990; Gurel et al., 2000).

Cpenn GaxTopoB, BIUSAIONINX HA YCIEX dMOpHOTEHe3a,
TeHOTUN CYMTaeTcs Hamboiee 3HaUMMBIM. MccienoBarenu
OTMCYAKOT, YTO Han6onee OT3bIBYMBLI IPHU BBEACHUU B KYJIb-
TYpy U30JIMPOBAHHBIX CEMA3aYaTKOB MaTepHalIbl THOPHUIHOTO
W JTMHEHHOTO TIPONCXOK/ICHHS — HHITyXT-JIMHUHU, THOPHUJIBI 1
CHOCBL, a CaMyl0 HH3KYIO PEreHepallMOHHYIO CIIOCOOHOCTb
nmeroT nuHIH Ha ocHoBe LIMC m copra-monymsun (Gurel
et al., 2000; [TogBuruna, 2003).
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VY pona Beta uccienoBaHusl KOJIMYECTBA T'€HOB, KOHTPO-
JMPYIOIINX CKIOHHOCTh T€HOTHIIOB K (DOPMHUPOBAHUIO M-
OpHONIOB in Vitro, He IPOBOJMIIM, YTO, BEPOSTHO, CBSI3aHO
C HHU3KOH OT3BIBYMBOCTBHIO F€HOTHIIOB M TPYAOEMKOCTBIO
UCTIONb3yEMBIX METOAOB MPOM3BO/ICTBA ralyIoNI0B. BIsIBUTH
OT3bIBYMBBIC TEHOTHIIB MOYKHO TOJIBKO 9KCTIEPHMEHTAIEHBIM
nyTeM. MapKepHbIM MPU3HAKOM OT3bIBUMBOTO T'€HOTHIIA
caxapHOH CBEKJIBI MOXKET BBICTYIIATh HAJIMYHE aHOMAJIBHBIX
CTPYKTYP B MY’KCKOM raMmeTouTe (aHOMaJIbHBIX TIBUTBIIEBBIX
3epeH M MHUKPOCIIOpP), BBI3BAHHBIX HapylIeHHEeM (DYyHKIIUU
BEpETCHA JICJICHHs, HEPETYISIPHBIM 00pa30BaHUEM KaJlIo3-
HOW NEeperopoaky, OTCyTCTBUEM LIUTOKMHE3A B XO/I€ Meio3a
(ITonBurusa, 2003).

OmperneneHHOE 3HaYEHUE NPH MHAYIMPOBAHUN TaILIOH-
JIOB CaxapHOH CBEKIIbI IMEIOT MECTOPACIIOJIOKEHHE OTOMpae-
MBIX OYyTOHOB Ha COLBETHUH W CTaJIUH Pa3BUTHUS 3apOJIbIIIe-
BBIX MeIIKOB. Hanbompei pereHeparmoHHON aKTHBHOCTHIO
XapaKTepU3yI0TCs HEOIJIOI0TBOPEHHBIE CeMs3auaTku U3 Oy-
TOHOB C 1-r0 1o 25-# cHU3Y BBEPX OT IIBETKA B CPEAHEH yacTh
COLIBETHSA, KPOME TOTO, MAKCUMAJIbHBIN BBIXOA TallJIOHI0B
OTMeYaeTcs C IEHTPAIILHOTO 1odera 1 o0eroB MepBoro mo-
psiliKa o CpaBHEHHIO ¢ BeTBsIMU Broporo nopsiika (D Halluin,
Keimer, 1986; Doctrinal et al., 1989; ITonsuruna, 2003).
CriocoOHOCTh M30JIMPOBAHHBIX CEMsI3a4aTKOB K 3MOpHOTe-
HE3y COXpaHSAETCsl Ha BCEX dTamax pa3BUTHUS JKEHCKOTO ra-
MeTo(uTa, OTHAKO 7- M 8-sAACpHBIC 3apOABIIICBEIC MEIIKU
HanOoJee OT3BIBYMBEI K SMOPHOTEHE3Y 1 JIeTde EPEXOIT C
raMmeTo(GpUTHOTO My TH pa3BUTHA Ha criopoduTHbIi (Van Geyt
et al., 1987; Ilonuruna, 2003). MapkepHBIMA TTPU3HAKAMHI
7- u 8-a1epHON cTaguil pa3BUTUS 3apOABIINIEBOrO MEIIKa
ceMmsi3avyarka Uil M30JIMPOBAHUS U BBEIICHUS B KYIBTYPY
in vitro SBIAIOTCS HAIWYHE OAHOSIAECPHBIX MHUKPOCIIOpP U
JIBYX-, TPEXbSJICPHOH MBIIBIBI B MBIIIBHUKAX, HAXOISIINXCS
¢ cemsizaqaTkamu B oHoM Oytone (IToxsuruna, 2003). O6Ha-
PYKUTB OyTOHBI ¢ HEOOXOAMMOH CTaANEH PA3BUTHUS JKEHCKOTO
ramMeTouTa MOXHO 32 |—5 THel 10 1BeTeHMSI.

MoproTtoBKa JOHOPHbIX PacTEHUN

BeipamuBanue 1 MoroToBKa JOHOPHBIX PACTEHUH — OANH U3
BO)KHEHIIMX TAIlOB TEXHOJIOTUH MPOU3BOACTBA YBOCHHBIX
TaIION 0B CBEKIIBL. JJOHOPHBIE PacTeHHS JOJKHEI OBITH J10-
CTaTOYHO MOITHBIMH 1 37I0POBBIMH, YTOOBI JABaTh KCIIIIAHTHI
BbIcOKoro kauectBa. W.E. Wremerth u M.W. Levall (2003)
PEKOMEHIYIOT €KEHENIeTbHO BHOCHTH PACTBOPHI MaKpo- U
MHUKPOJIEMEHTOB MO/ JOHOPHBIE pacTeHus 1t Gopmupo-
BaHMsI MOIIHBIX MarOYHHMKOB. BwIpamuBare pacTeHHs-a0-
HOPBI OONBITMHCTBO MCCIICIOBATENCH COBETYIOT B YCIOBHSX
TETIIHI] WM KJIMMaTHYeCKNX KamMep, 9TOObI MUHUMH3HUPOBATh
BO3/ICHCTBUE HEOIArOMPUSATHBIX ITOTOJHBIX (DAKTOPOB U MOpa-
skernne Bpeautensamu (Lux et al., 1990; Baranski, 1996; Gurel,
2000; Wremerth, Levall, 2003). OmgHako B HCCIIEIOBAHISIX
O.A. IloxBurunoit (2003) Haubomblel pereHepaoHHOMN
CIIOCOOHOCTRIO 00Iaany ceMsa3adaTK, OTOOpaHHbIE C pac-
TEHHH, BBEIPAIICHHBIX B TIOJIE.

BelpanyBarh JOHOPHBIE PACTEHUSI PEKOMEHAYIOT JIETOM,
CeMs3auaTKy ¢ TaKUX PACTCHUH Ooliee OT3BIBUMBEI HA KYJIb-
TUBHPOBAHHUE iNl Vitro TI0 CPAaBHEHHIO C CeMsI3a4aTKaMy pac-
TEHHH, BBIPAIICHHBIX B OCEHHE-3UMHUI ce3oH (Lux et al.,
1990; Baranski, 1996). O.A. IToxsuruna (2003) caemana uH-
TepecHoe HaOIIOJICHHE O CBSI3U peTeHepalnOHHOM ClIOCOOHO-
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CTH CEM$I3a4aTKOB U ITOTO/IHBIX YCIIOBHN B IEPHO]] BBEACHUSI
B KYJIBTYPY — HPH PE3KUX KOJIEOAHUSIX THEBHBIX U HOYHBIX
TEMIEPATyp BO3AyXa YBEIUYHMBAJICS BBIXOJ TalljIOMTIHBIX
HPOPOCTKOB.

WHaykuma sm6puroreHesa

B KynbType N30/INpoBaHHbIX ceMA3a4aTKOB

VY B. vulgaris nist CTUMYISAIMKA SMOPHOTEHE3a UCTIONB3YIOT
TEIUIOBYI0 00paboTKy OyTOHOB M M30JIMPOBAaHHBIX CeMsI3a-
YaTKOB: Yallle BCEro MPOBOJST Npe1o0padboTKy OyTOHOB MPH
MOHKEHHBIX Temreparypax — 4—6 °C B TedeHue 5 cyT, ¢
MOCIEAYIOINM KyJIbTHBHPOBAHUEM H30JMPOBAHHBIX CEMSi-
3a4yaTkoB B TepMmotukady npu temneparype 28-32 °C (Lux
et al., 1990; Baranski, 1996; Gurel et al., 2000; ITonBuruna,
2003; Wremerth, Levall, 2003). A. Pazuki u xomeru (2018b)
MOKa3aJin, 4T0 00paboTKa COLBETHH B TeueHHe 7 JHEH NpH
4 °C MOXeT CTHMYJIMPOBaTh IMOPHOTEHE3 ¥ CEMA3auaTKOB,
Jlasee M30JIMPOBAHHBIC CEMSI3auaTKH KyJIbTHBHPOBAIN TPU
2742 °C B KJIUMaTH4eckoi kamepe ¢ 18-yacoBbIM QoTorie-
puomom. O.A. ITogsurnna (2003) xynsTrBHpOBaia pu 4 °C
B TEUCHHE 5 CyT HEMOCPEACTBEHHO M30JIMPOBAHHbIE CeMsI3a-
YaTKW CaXxapHOM CBEKIIbI, YTO CTUMYJIMPOBAJIO UX pa3BUTHE
Jake Ha 6e3ropMOHaNBHOH cpexe BS5, ograko HanbombIHiA
BBIXOJ] HAOIIOAAJICS MIPU MX KyJIBTHBHPOBAHUM Ha cpene BS
¢ nobapieHueM 2 mMr/i rudoepesuHa.

O.A. Tlonsuruna (2003) mi1st CTUMYISIIANA SMOpPHOTEHE3a
MCTOJIBb30BaJIa IPEeA0OpaboTKy ceMs3a4aTKOB PEHTICHOB-
CKHUMHU JIydaMHU. HCCHCZ{OB&HH?{ IIOKa3ajiku, 4YTO BBIXOJ TI'a-
IUTOUHBIX PETCHEPAHTOB 3aBHCEII OT J03bI PEHTTEHOBCKOTO
00ITydeHHSI, MAKCHMAJTBHBIA BBIXOJT COCTAaBIII 5.3 % Tipu 103¢
00pabotku 3000 peHTreH, yBeInYeHUE 103kl O0IYUYCHUS 10
5000 peHTreH CTUMYIHPYIOIero dGeKTa He 0Ka3ajo 1 Mpu-
BEJIO K BOSHUKHOBCHHUIO HEXKEJATEIbHBIX MyTalni.

Kyﬂle/IBI/IpOBaTI) H30JIUPOBAHHLIC CEMA3aYaTKH IIpU I10-
BBIIICHHBIX MOJOKHUTENBHBIX TEMIIEpaTypax A0 IOSBICHUS
9MOpPHONI0B peKOMEH Iy 0T MHOTHE aBTopHI (Lux et al., 1990;
Baranski, 1996; Wremerth, Levall, 2003), oqHako BcTpedaroT-
Csl NCCIIEZIOBAHUS O KYJIBTUBUPOBAHUH H30JIMPOBAHHBIX CEMSI-
3a4aTKoB IpH OoJee HU3KNX Temneparypax (Baranski, 1996;
[Tonsuruna, 2003). O.A. ITogsuruna (2003 ) KynbTHBHpOBaa
M30JIMPOBAHHBIC CEMA3aUaTKN CBEKJIBI CAXapHON MTPH TeMIIe-
parype 21-26 °C u nokasana, 4T0 ONTHMAJIbHON fABISETCA
temneparypa 23-25 °C. W.E. Wremerth u M.W. Levall (2003)
pa3paboTany MPOTOKOI MPON3BOCTBA YBOCHHBIX TaIlJIONI0B
CaxapHOH CBEKJIbI — ONITUMAIbHOH JUISl KYJBTHBHUPOBAHUS N30~
JIMPOBAHHBIX CEM3a4aTKOB, 10 MHEHHUIO aBTOPOB, CJIEIyeT
cautath Temmeparypy 30+ 2 °C, MakcUMabHBINA BEIXOA 3MO-
PHOH/IOB y CaMBIX OT3BIBYMBBIX TEHOTUIIOB cOcTaBHI 15 %.
R. Baranski (1996) npoBoaui1 UCCle0BaHUS 110 BIHSHUIO
TeMIepaTypsl KyJIbTUBHPOBAHUS N30JIMPOBAHHBIX CEMs3a-
YaTKOB CTOJIOBOI CBEKJIBI Ha BBIXOJl SMOPHOMJIOB. Y YEHBIN
yCTaHOBWI, 4yTO Temmnepatypa 25 °C oka3zajach HaMEHee
OraronpHuATHON JJIsl Pa3BUTHS U BBIXOJ PETCHEPAHTOB U3 Ce-
Ms13a4aTKOB cocTaBul 4 %; Mex 1y TeMneparypoit 27 u 32 °C
3HAYUTCIIbBHBIX pasnnqnﬁ B BBIXOJI€ PEICHCPAHTOB HE HaA-
Oromanocsk, BeIxoa coctaBmit 12.7 1 11.3 % cooTBETCTBEHHO.

WukyOnpoBaHie N30IMPOBAHHBIX CEMsA3a4aTKOB OOBIYHO
MPOBOJSIT B TEMHOTE 710 IMOSIBJICHUS dMOPHOUI0B/KaTyCa,
MIOCJIE Yero X TMOMEINAIOT B OTJEIbHbIE KYJIbTypallbHbIE CO-
CYIIbl M KYJIFTUBHPYIOT Ha CBETY.
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MeToamnyeckmne noaxofbl Co3faHNA yABOEHHbIX raniovaos
caxapHoW 1 cTonoBol cBeKnbl (Beta vulgaris L.)

CocTaB nuTaTenbHoOW cpefbl

ANnA NHAYKUUM SMOpuroreHesa

Ycnosus KYJBTUBUPOBAHUA HU30JIUPOBAHHBIX CEMA3aYaTKOB

BIIMSIIOT KaK Ha KOJMYECTBO PEreHEPaHTOB (SMOPHOWIOB U

KaJuTyca), Tak ¥ X KadecTBo. [paBritbHBIH o100p nuTaTes-

HBIX CPCO ABIACTCA BaXKHBIM YCJIOBUEM ITPOMU3BOACTBA I'alljio-

W/IHBIX PACTEHUH B KyJIBTYPE H30JIMPOBAHHBIX CEMA3a4aTKOB.
HccnenoBateny UCIONB3YIOT Pa3UYHbIC MATATEIbHBIC

Cp€abl 1J1d KYJIbTUBUPOBAHUA N30JIMPOBAHHBIX CEMA3a49aTKOB!:

MS, N6, B5. Yamie Bcero mpuMeHSIOT TBEP/IbIC MATaTEIbHBIC

cpensl MS u B5 ¢ nobaBneHneM pasiuuHBIX PEryJsTOpOB

pocTa. Ha KUIAKUX Cpe€aax KYJIbTHUBHUPOBAJIU CEeMA3aYaTKH

H. Lux ¢ xommeramu (1990) u E.H. BacunsaeHKo U COTpYIHU-

ku (2017). E.H. BacuisaeHKo ¢ KoJuIeraMu Py NCCIIEI0BaHUH

BJIMAHUA KOHCUCTCHIMN NMHUTATCJIBHBIX CPEA IMOKasaJiu, 4YTO

Ha KMUIKOW MHUTATENIbHOHN Cpeie aKTUBU3MPOBAJICS POLIECC

nponudepanyy suep ¥ KIETOK KEHCKOTO raMeTo(uTa, 4To

OKa3bIBaJIO BO3/ICHCTBUE HA MHULIMALIMIO HOBOOOpA30BaHMUH,

a [IpU MIEPEeHOCE MOIYyYCHHBIX CTPYKTYP Ha TBEPABIE CPEAbI

HaOJro1anach WHYKIHS TalVIONAHBIX PETreHePaHTOB.

]1.]'[5{ TSJIIMPOBaHUA MU TATCIIBHBIX CPE I KYJIBTYPbI U30J11-
POBaHHBIX CEMs13aUaTKOB CBEKJIbI OOBIYHO HCTIONIB3YIOT arap,
araposy U gurarenbs. B 0CHOBHOM JuIs KyJIBTYpBI H30JIMPOBaH-
HBIX CEMsI3a4aTKOB IIPUMEHSIIOT CPEIbI C T00aBlIeHNEM arapa
nnn arapo3sl (Baranski, 1996; [Togsurnna, 2003; Wremerth,
Levall, 2003). W.E. Wremerth u M.W. Levall (2003) pexomeH-
JIYIOT MCIIONIb30BaTh arapo3y B KauecTBE relieo0pa3oBaress
Ha SMOPHONHIYKIIMOHHOH NMUTATEILHON Cpesie B IIPOTOKOJIE
M0 CO3JIaHMIO YABOCHHBIX T'alUIOMOB CaXapHOHW CBEKJIBI U
arap — [Jis reJIMpoBaHUsA nooero- u KOPHEMHAYKIMOHHBIX
cpexn. B mccaenosanmsx (Gurel et al., 2000; Bacunsaenko u
Ip., 2017; Pazuki et al., 2017) oTmMe4aeTcst HOIOKUTEIHLHOE
BIIMsiHUE (DUTATENs B KOHICHTPAIMK 2—3 T/J1 Ha SMOpHOTeHe3
1 PETEHEPAIMIO: €TO MPEUMYIIECTBO COCTOUT B HU3KHX pac-
XOJIE ¥ CTOMMOCTH TIpH 3 deKTe, aHATOTHYHOM arapy.

Hawubornee cyriecTBEeHHOE BIMSHUE HA Pa3BUTHE SKCILIAH-
TOB OKa3bIBAa€T FOPMOHAJIBHBII COCTAB NMUTATEJIBHBIX CPEl
(Seman, Farago, 1990; Gurel et al., 2000; [Toguruna, 2003).
Paznnyaror nare HaHpaBJ’IeHI/Iﬁ Ppa3BUTHA HEOIJIOAOTBOPCH-
HBIX U30JIMPOBAHHBIX CEMS3a4aTKOB!

1. U3 cems3auatka (hopMupyeTcst OJH SMOpPHOH] (TIpsMast
perenepartsi).

2. Kiletku cemsi3auaTKOB HEOPTaHW30BAHHO JIEJSATCS, B pe-
3yJIBTaTe Yero MOSBIAETCS KaJuTyCHast TKaHb, U3 KOTOPOH
(OpPMUPYIOTCSI BTOPUYHBIE SMOPUOUIBI.

3. ITepeporkieHre IEPBUYHOTO PEreHepaHTa B KAJLTYCOIOI00-
HYIO CTPYKTYpYy W JajbHEHInas BTOpHUYHAs pereHepanys
yepe3 00pa3oBaHKE aJIBEHTHBHBIX TOOETOB.

4. ®opmupoBaHUEe HEMOP(POTEHHOTO KaJlTyca.

5. Pa3BuTHe aMOp(HBIX CTPYKTYp, NEPEPOXkKACHUE TIEPBHY-
HOTO pereHepaHTa B KajurycononoOHoe oOpazoBaHue Oe3
nmanpHeimei pereneparn (Seman, Farago, 1990; [Tonsu-
runa, 2003).

O.A. IToasuruna (2003) u E.H. BacunsueHko ¢ koyieraMmu
(2017) yka3pIBaroT, 9TO T00ABICHNE B MUTATEIHFHYIO CPELy
ruO0eperunHa (2 MI/11) BEI3BIBACT SMOPHOMIOTEHE3, A TIPHCO-
enuHeHue K rudoepernny aykcrnHoB (MMK) u inTokMHUHOB
(6-BAIl u xuHETHHA) CTUMYIHPYET POCT KaJUTyca Hapsdy
sMOpronaamu 1 MopQoreHes yepe3 Bce BO3MOXKHbIE HalpaB-
JICHUA pa3sBUTHUA U30JIMPOBAHHBIX CEMA3aYaTKOB.
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W.E. Wremerth 1 M.W. Levall (2003) pexomeHnaytoT uc-
MIOJTb30BAHUE CTYTIEHYATOTO KyJIbTHBUPOBAHUS H30IMPOBAH-
HBIX CEMS3a4aTKOB Ha Cpe/iax ¢ pasMuyHbIMH KOMOMHAIIWS-
MU U KOHIIEHTPAIUSIMU PEryjIsTopoB pocTa. Ha nepBbix ra-
max KyJIbTUBHPOBAHMS HCIIONB3YIOT CPEbl ¢ JOOaBICHHEM
0.5 mr/m 2.4-1 u 0.3 mr/n 6-BAII ¢ nenpro BEI3BaThH 3MOpPHO-
WJIN KaJUTyCOTeHe3.

B kadecTBe HCTOYHMKA YITIEBOJOB B MMUTATEIBHYIO CPEIY
JI00ABIISIIOT caxaposy, OAHAKO HET €IMHOTO MHEHUS O He00-
XOZMMOM KOJIMYECTBE Caxapo3bl B MUTATEIBHOU cpese — ee
KOHIIEHTparus Bapbupyet B mpeaenax 30—100 r/in B 3aBucH-
MOCTH OT TexHOJIOTHH. S. Gurel ¥ KOJIETH Tpe/IararoT J10-
0aBJIATH caxapo3y B MUTATEIbHYIO Cpely /sl SOMOpHOreHes3a
caxapHoi cBekJT! B kKoHreHTparmu 100 /71 (Gurel et al., 2000;
Pazuki et al., 2018a, b). R. Baranski (1996) ncnonszoBan
JUISl MHIYKIIMU THHOTEHE3a CTOJIOBOI CBEKJIbI TUTATEIbHBIE
cpensl ¢ nobaBiieHHEM caxapo3bl B KOHIEeHTpamuu 60 r/im.
W.E. Wremerth u M.W. Levall (2003) mis mpousBoacTBa
YABOCHHBIX I'alUIOMJIOB CaxapHOi cBeKJIbl godanism 80 r/n
caxapo3bl B IMOPHOMHIYKIMOHHYTO cpeay U 20 1/1 B mole-
ronHaykKuonnyo. H. Lux ¢ xomteramu (1990) noGasmsimu
100 r/n caxapo3bl B SMOpHOMHIYKIIMOHHYIO cpeay 1 20 1/ B
cpemy Juis pereHepanun. Beixoa sMOpron0B CHIBHO Bapbu-
pyeT B Ipeienax KaXkJoro MCCIEAOBAHUS, YTO 3aTPyAHSCT
BBIOOD ONTUMAaJILHOM KOHLEHTPALMH YIJICBOJIOB B IIUTATEIIb-
HOW cpefie, OTHAKO BO BCEX pabOTax MPOCIIeKUBACTCS 001Ias
TEHICHINS: TSl MHTKIIH SMOpHOTeHe3a HCIONIb3YIOT CPEIbI
C MOBBILICHHBIM COJIEp)KaHHEM YIVIEBOJIOB, a JUIsS pereHepa-
IIUH — C YMEHBIIICHHBIM.

S. Gurel u corpyauuku (2000) coodmiatot, 4ro odaBIeHNE
B nuTareibHyto cpeay 0.5 % akTHUBHPOBAHHOTO yIIIA CyIIe-
CTBEHHO YBEJIMYHBAET BBIXOZ dMOPHOHJIOB (B CPEAHEM IIO
reroTumnam ¢ 3.3 1o 12.8 %), a E.H. BacunpueHKo ¢ KoyteraMmu
(2017) ykasbiBatoT, uto jobaBieHue 3 1/J1 akKTHBUPOBAHHOTO
YISl HETaTUBHO BIMSIET HA Pa3BUTHE PACTEHUH-PETECHEPAHTOB
caxapHOH CBEKJIBI, YTO MOXKET OBITH 00YCIIOBIICHO a/IcOpOIHei
rOpPMOHAJIbHBIX BellecTs u3 cpen. [Ipu atom E.H. Bacunsuen-
KO PEKOMEHJIYeT HCIONIb30BaHNE aKTUBUPOBAHHOIO YIUISl HA
JTare yKOPEHEeHNUs, YTO MO3BOJISCT 3HAYUTEIBHO YBEIHIUTh
BBIXOJ] YKOPEHEHHBIX pacTeHuil Onaropaps aacopOuuu ¢e-
HOJIBHBIX COEJMHEHNH, THTHONPYIOIINX KOPHEOOpa3oBaHHUE.

[Tpn u3ydeHnn MHAYIHPOBAHHOTO YMOpHOTEHe3a CTOJIO-
Boii cBekibl R. Baranski (1996) BeisiBuII, 4TO HanOOINBIINIA
BBIXOJ] PETCHEPAHTOB HAOMIONACTCS HA MUTATENbHON Ccpefie
N6 (by Chu), rne npu ncrnons3zoBanuu coderanus 0.5 mr/n
YK u 0.2 mr/n 6-BAII MmakcuMalibHBIN BBIXOJ] pETCHEPAHTOB
cocrasui 8.3 %.

PereHepauua pacteHuin
OnHIM U3 HanboJIee 3HAYNMBIX TATIOB CO3/IaHMS YIBOSHHBIX
TaruIoON/I0B SIBIISICTCS pereHepalyst pacTeHn i U3 SMOpHONI0B
n/unm Kajutyca. MccnenoBaresy noy4yatoT pacTeHUs-pereHe-
PaHTHI THOO HA TOH JKe MUTATEILHOH cpefie, Ha KOTOPOH KyJIb-
TUBHPYIOT ceMsizadarky (Baranski, 1996), mi6o ncnons3yior
Cpe/ibl C MHBIMU KOHIIGHTPAIMSMH U BUAAMH PETYIISTOPOB
pocra (ITonsuruna, 2003; Wremerth, Levall, 2003; Bacuis-
YeHKO u 1p., 2017).

O.A. Ilonsuruna (2003) yka3bIBaeT, 4TO rarionIHbIe pac-
TEHMs Ha TEPBBIX 3Talax Pa3sBUTHS XapaKTEPHU3YIOTCS Cla-
OBIMH POCTOM U KH3HECIOCOOHOCTHIO, YTO O0YCIIOBIEHO HX
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raluIoNIHBIM cTarycoM. ['mbenb pacTeHuWil Ha TOM JTare
MOXeT focturars 45.5 % B 3aBUCHMOCTH OT T€HOTHIIA pac-
TeHMs-10HOpa. [y yBEeNM4eHHsI BBIXO/Ia PaCTeHUMH-pereHe-
PaHTOB NPEUIOKEHO BBECTH dTAIl CTA0MIIM3aLUH FaIION]I0B,
BKJTIOUAIOIIMH TTOCIIEI0BAaTEIbHOE KYJIBTUBUPOBAHUE peTe-
HEpaHTOB Ha cpeaax Oe3 100aBIeHNsI TOPMOHOB M POCTOBBIX
BEILECTB, conepkainux rudoepesns, 6-bAIl u UMK. He-
CKOJIBKO TTacCcakel ¢ uepeioBaHNEM KyJIbTUBHPOBAHHUS HA TOP-
MOHAJILHBIX M 0€3rOPMOHAIBHBIX CpeJlax ITO3BOJIMIIO CHU3UTh
N30BITOYHYIO KOHIICHTPAIMIO TOPMOHOB B TKaHSIX TallJION/I0B
1 CTUMYJIMPOBATh UX K JaJIbHEHIIEN perenepaiuu. Takxe B
XOJI€ ICCIIEZIOBAHMSI OTMEYEHO, YTO CTIOCOOHOCTD I'AIIONTHBIX
pereHepaHToB aJaTHPOBATLCS K CMEHE CPEel 3aBHCeNa OT re-
HETUYECKUX 0COOCHHOCTEH JOHOPHOTO PACTEHHUSL.

W.E. Wremerth u M.W. Levall (2003) st perrenust mpo6-
JIeMbI KM3HECTIOCOOHOCTH Pa3BUBAIOLINXCS paCTeHUH-pere-
HEpPAHTOB pa3padOTaM TEXHOJIOTHIO CTYIIEHYATOr0 KyJIbTH-
BHPOBAHMS PEICHEPAHTOB CaXapHOH CBEKJIBI, TIOJTYYEHHBIX 13
M30JMPOBaHHBIX ceMsA3adaTkoB. /i pereHepanuy noderos u3
SMOPHONIOB CAXapHON CBEKIIBI PEKOMEHTYIOT HCIIOIb30BATh
nraresbHble cperpl MS ¢ coneprkannem knaetrHa (0.2 mr/i)
u UYK (0.1 mr/i), B cocTaB npeayKopeHsomnien cpeast MS
BXOIAT KMHETHH B KoHIEeHTparmu 0.5 mr/m u UMK B koH-
nertpauun 0.55 mr/n. {as yKOpeHEHUs! PO3ETOK CIIEayeT
npuMeHsTh 1/2 cpeast MS ¢ Beicokoit koHIeHTpanueit UMK
(5.5 mr/m). A. Pazuki u xommern (2018a) u3y4nnu BIUsTHAE
JI00aBIIEHNSI aHTHCTPECCOBOTO areHTa — AMMHOKHCIIOTHI IIPO-
JIUH — Ha 100eTo- ¥ KOPHEOOpa30BaHUE Y PACTCHUN-pEreHe-
PaHTOB CaxapHOW CBEKIIBI, TTOMYIEHHBIX M3 U30JMPOBAHHBIX
cemsmouek. Jlobasienue B mutarenbHbie cpeasl 0.2 u 0.3 MM
MPOJIMHA CTUMYJIMPOBAJIO aKTHBHOE MOOeroodpasoBaHue M
Goree OBICTPOE YKOPEHEHNE PACTEHNUI B CPAaBHEHUH C TIOTHBIM
OTCYTCTBHEM IIPOJIMHA WIIM €ro KoHIeHTpanuei B cpene 0.1
n 0.4 MM.

Monunnoungnsayunsa
KJieTku pereHepupyoImx 13 cemMs3a4aTkoB paCTeHUH MOTYT
OBITh TAIUIOUAHBIMH, TUIUIOWIHBIMHU, TOTUIIIOUIHBIMHU H
BCTPEYAThCSl B OJTHOM pPEreHepaHTe B Pa3IMYHBIX COOTHO-
[ICHUSX. YPOBEHb CHOHTAHHOM JUIUIOMIU3aLUKN y W3y4YeH-
HBIX 00pa3IOB caXxapHOH CBEKJIbI 3HAUYUTEIHHO BapbUPYET:
o 1auHeIM S. Gurel u corpynaukos (2000), B TIPOBEICHHBIX
UCCJIEZIOBAHUSIX TOJIBKO 5 % pacTeHHid MOABEPIVIUCH CIIOH-
tanHOU nuruonau3amy; M. Goska (1997) momyqwin ot 2 1o
10 % AUTUTOMIHBIX PACTEHHUH caXapHO! CBEKIIBI, @ B padoTax
M. Tomaszewska-Sowa (2010) Ha cpemax ¢ 100aBJICHAEM KH-
HeTruHa (POPMUPOBAIOCH 70 93.8 % NUIIONIHBIX pACTECHUI.
JloCTOBEpPHBIX TaHHBIX O (PAKTOpAX, BIUSIONINX Ha CTENICHb
CIIOHTaHHOM TUIJIONIN3AIIMH TAIIONIOB, HET, IOITOMY He-
00XOIMMO TIEPEBOJUTH MOIyUCHHBIE TAIUNIONAHBIE PACTCHUS
Ha JAWIUIOUIHBIA ypoBeHb. [lJIs yABOEGHUS XPOMOCOMHOTO
HaOopa ralyIONIHBIX PacTeHHH-PEreHepaHToB, KaK MpaBu-
710, ncnonb3ytoT KonxunuH (Gurel et al., 2000; [Togsurnna,
2003). O6paboTKy TatuIONAHBIX PACTCHUH in Vivo TTPOBOIST
pacTBOPOM KOJIXMIIMHA B TOYKE POCTA KOPHEILIOAA WU CO-
I[BETHS, TOTPYKEHHUEM KOPHEH B pacTBOp KOJIXUIIMHA WM B
YCIIOBHSIX in Vitro, KylbTUBUPYSl Ha THTATEIbHBIX Cpejax,
conepokaiux myraret (Ilogsuruna, 2003). Bpemst o0padoTku
1 KOHIIEHTPAIMsI MyTareHa MoryT ObITh pasHeiMu: S. Gurel
n xoyuter# (2000) pekoMeH Iy10T y/IBauBaTh KOJINYECTBO XPO-
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MOCOM, MOMeEIIasi TaIUIOMIHbIC PACTCHHUS Ha MUTATCIbHYIO
cpemy ¢ noOaBiIeHHEeM KOJXUIIMHA B KOHIIEHTPAINH 5 T/ Ha
5 muH. [lo manaeM O.A. [ogsurnuoit (2003), mpu mo6aB-
JICHUY KOJIXUIIMHA B MHUTATCIBHYIO CPEIy B KOHICHTPAIMU
0.05 % c axcrio3unumeit JBOE CyTOK yPOBEHB TUTLTON 3NN
coctaBmI 83.3 %.

MUKCOIUIOMIHOCTh — XapaKTEPHOE IS MEPUCTEM caxap-
HOW cBeKJIBI siBNeHne (Xapeuko-Casunkas, 1940; Yudanova
et al., 2004; Lukaszewska, Sliwinska, 2007), ycinoxHstomiee
OMpeIeIICHUE YPOBHSI IUIOUIHOCTHU TIOJYYCHHBIX PACTCHHIA.

VYpoBeHb TUIOUAHOCTH PACTEHUM MOMXHO OIPENEIUTh HE
TOJIBKO TPSIMBIM TIOJICYETOM YHCIIa XPOMOCOM B KIIETKaX
MEPHUCTEM, HO U [0 KOCBEHHOMY MOKAa3aTeJIi0 — YHUCITY XJIO-
POILTACTOB B 3aMBIKAIONINX KJIETKax ycThHIl (Yudanova et al.,
2004). OqHaKO YHCIIO XJIOPOILUTACTOB B 3aMBIKAFOIITIX KIIETKAX
YCTBHUII MOXKET 3aBUCETh HE TOJIBKO OT YPOBHS ILUIOUIHOCTH,
HO ¥ criocoba pa3MHOKEHHS (CaMOOITBIIICHUE MITH CKPETITH-
BaHue). Hapumep, y TUILTOMIHOTO TETEPO3UCHOTO THOpHIA
caxapHOU CBEKJIbI CPEHEE YHCIIO XJIOPOILIIACTOB MOXKET OBbITh
12—15 mmT. Ha KJIETKY, TOT/Ia KaK y CAMOOMBUICHHBIX 00pa3IoB
CpeHee YHCIIO0 XJIOPOIUTACTOB Ha KJIETKY COCTABIISICT OKOJIO
18 mT., 4YTO AeNaeT JaHHbII KOCBEHHBIN METOJl HEI0CTOBEP-
HeIM (Maneukunii u ap., 2013).

[IpoGnemy ompeneneHus: ypOBHS IIOUAHOCTH PAaCTCHUH-
PEreHEPaHTOB CBEKJIBI PEHIAIOT IMPUMEHEHHEM MPOTOYHOU
uromeTpun (Bacusuenxko u nip., 2017; Gorecka et al., 2017)
wm MeTozioM abcopoumonHoi murodoromerpun (Yudanova
et al., 2004).

Hexotopsie nccienoBarenu (ITogsurmaa, 2003; Tomaszew-
ska-Sowa, 2010) cumuraroT 1enecooOpa3HbIM BBIICIATh Ta-
IUIOUIHBIC PACTCHHS MO (DEHOTHUIY: TaIUIOMIHBIC PACTCHUS
CHJIPHO OTJIMYAIOTCSI OT TUIUIOMIAHBIX — MMEIOT MHOTOUHNC-
JICHHBIC MEITKUE Y3KUE JIUCThsl K MCHBIIHIA TAOUTYC TI0 CpPaB-
HEHUIO C IUTIJIOUIaMH.

TexHonorusa Kynstypbl

N30/IMPOBAaHHbIX MUKpPOCNOpP 1 NbIJIbHNKOB:
COCTOAHME N NepCneKkTnBbl

AHJpOreHes, o CPAaBHESHUIO ¢ THHOTEHE30M, SIBIISICTCS] MCHEE
TPYIOEMKHM CIIOCOOOM, TaK Kak He TpeOyeT U30JISILIMU MEITKMX
ceMsA3a4aTKOB BPY4HYI0. KynbTypa H301MpOoBaHHBIX MHKPO-
CIIOp MO3BOJISIET M30eKaTh (OPMHUPOBAHUS COMATHYCCKUX
KJIOHOB — KaK B CJIyyae '’MHHOTeHe3a (M3 TKaHeH, OKPYKaroIix
3apOBIIIEBEIA MEMIOK). B CBA3M C 3THM HCCIeTOBaHUS B
9TOW OONACTH SBIISIOTCS MEPCIICKTUBHBIME, OJJHAKO y poja
Beta nopoOHbIe paboThI IPOBOIMIUCH PEIKO M ObLIM Maslo-
YCIICIIHBL.

[TpoH3BOACTBO ramiIonI0B B KyJIbTYpe H30JUPOBAHHBIX
NBUIBHUKOB U MUKPOCIIOP YCIEIIHO NMPUMEHSAIOT Y MHOTUX
BHUJIOB PACTEHHMI1, OJHAKO MHIYKLVS TalUIOUINH B KyJIBType
W30JIUPOBAHHBIX MMBUIBHUKOB HJIH MHKPOCIOP CaXapHOH H
CTOJIOBOM CBEKJIBI MmpuBOAnJIa TOJBKO K IMOABJIICHUIO IIPO-
SMOPHOUIHBIX CTPYKTYP, KOTOPBIE HHOTIA (hOpMHUPOBAITH Kaj-
JyC M/WITK KOPHU. PaHHUE MOMBITKY MPOU3BOJICTBA TarlIOU-
J0B B KYJIBTYPC IIbIJILHUKOB caxapﬂoixi CBEKIJIbI HE ITPUBCIIN K
MIOTYYEHHUIO aHAPOTeHHBIX pacTenuii (Banba, Tanabe, 1972;
Goska, Rogozinska, 1981; Van Geyt et al., 1985; Herrmann,
Lux, 1988a). OnHolt U3 BEpOSATHBIX MPUYMH HEYIAud BCEX
ucceioBaresneil MOXKeT SIBIATHCSA HalIndue aMUJIOIIIACTOB B
NBUIBLEBBIX 3ePHAX, YTO HHIMOUPYET aHPOreHe3 N3-32 MOBbI-
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MeToamnyeckmne noaxofbl Co3faHNA yABOEHHbIX raniovaos
caxapHoW 1 cTonoBol cBeKnbl (Beta vulgaris L.)

IIEHHOTO COZEPIKaHMUs KpaxMalla B INTACTHIAX OIHOSAEPHBIX
Mukpoctop (Sangwan, Sangwan-Norreel, 1987). Bo3mox-
HOCTbH JJIMMHUHAINN KPaXMaJbHBIX 3€pEH B MHKPOCIIOPAX
cTosioBoii cBekibl n3ydanu K. Gorecka u corpymauku (2017),
JUTA 9ero MCCIIeIOBAIH 1Ba BapuaHTa 00paboTku. B mepBoM
cilydae MPOBOAMIIM TIOJIMB PacTEHUI-JOHOPOB PACTBOPOM
rub0OepesuinHa B KoHIeHTparuu S0 mr/i mo 250 mi1 Ha 0HO
pacTeHue Ba)KAbl B HEJEIIO0, YTO MPUBENIO K YBEITHUCHUIO
BBIX0/1a AH/IPOT€HHBIX PETCHEPAHTOB TOJIIBKO Y OIHOTO M3
00pasioB, B TO BpeMsl KaKk y JAPYrux o0pasloB BHIXOJ dM-
OpHONI0B HE N3MEHUIICS, a Y OHOTO T€HOTHIIA PETeHEPALIHST
OTCYTCTBOBaJIa BOBcE. Bo BTOpoM citydae M30JIMpOBAaHHbBIE
NBUIBHUKY BBIJIEP)KUBAIM B pacTBope ajb(pa-aMuiia3bl B
koHUeHTpauuu 3 mr Ha 80 mi H,O (u3 aumenHoro conona
tuma VIII-A, Sigma-Aldrich) B Teuenue 2 muH, a 3aTem nepe-
HOCHWJIM Ha CpeAy JUlsl MHAYKIMU aHAPOreHe3a, YTO MPHUBEIIO
K (OpPMHUPOBAaHUIO JBYX 3MOpPHOMJIOB y JIByX T'€HOTHIIOB.
[MomyunTh pacTeHus MCCIeOBaTeNsIM HE YAAJIOCh, TaK Kak
pereHepupoBaBIlIie PO3eTKU uepHenu u norudanu. C aHa-
normaHo# mpobnemoit cromkHymrck M. Klimek-Chodacka
n R. Baranski (2013) Ha HEeKOTOPBIX T€HOTHIAX CTOJIOBOM
CBEKJIBI B KYJIBTYyPE HEOILIOJOTBOPEHHBIX CEMsI3a4aTKOB, YTO
CBSI3BIBAIOT C TEHOTHII-CIENN(PUIHOCTBIO.

K. Gorecka u koyutern (2017) nmostyumiu Kajutyc B KyJIBType
M30JIMPOBAHHBIX MHUKPOCIIOP U TBUILHUKOB CTOJIOBOW CBe-
KITBI. ABTOPBI yCTAHOBHJIM, YTO OyTOHBI ATHHOHN 1.3—1.5 MM
coaepxkaTr okono 80 % MHUKpPOCHOp OIHOSAEPHOH cTanuu
pa3BuTHs U OKOJIO 15 % ABysiiepHOM cTaanu, 4TO Haubosee
ONITHUMAJIBHO JJISI KYJIBTYPbI N30JMPOBAHHBIX MHUKPOCIIOpP H
MBUTEHUKOB Y OOJBIIMHCTBA KybTYp. JIydmiei murarenbHoi
Cpenoii U1l KyJIbTUBUPOBAHUS TbUIEHUKOB M MUKPOCIIOP aBTO-
psl ykazanu B5 ¢ mob6asnennem 100 /i caxaposst 1 100 mr/m
2.4-J1. Ilpu UUTOAOTMYECKOM HCCIIEJOBAHUU MOJYYEHHbBIX
00pa3IoB Kajulyca U PO3eTOK ypOBEHb IUIOUIAHOCTH COCTa-
BWJI 4X, YTO TOBOPHUT O HEOIHOKPATHOM SHIOPETYITUKALIIH
B KaJUTyCHOHN TKaHH.

C.M. T'onrapenko u I'M. I'epacumenko (2018) B KynbTy-
pe N30IMPOBAHHBIX BUIHIKOB y CaXapHOH CBEKIJIbI CMOTIIN
MOJyYUTh SMOPHOMJIBI, BBIXOX KOTOPBIX cocTaBmi 0.15—
0.92 %. ABTOpBI OpeNeNUIN, YTO ONTUMANILHOM CTanel pa3-
BUTUSI MUKPOCTIOP JUTS KYJBTYPbI IBIEHUKOB CIIETyeT CUMTaTh
onHosnepHyto. ITokazanu, 4yTo npegoOpadoTKa IKCIUIAHTOB
C MCITIOJIb30BAHUEM HU3KOTeMIIepaTypHoro crpecca (4—8 °C)
B TeueHne 3—15 cyT cirykuT (HakToOpoM, WHUITUHPYIOIINM
epexo/] MUKpPOCIIOp € FaMeTO- Ha CIIOPO(UTHBIN MyTh pas-
BUTHS, TOT/IA KaK peo0padoTKa BELICOKUMH TEMITEpaTypaMu
(30-32 °C) He naet MONOKUTENBHBIX pe3ynbTaToB. Hanbomnee
TMOJIXO/ISAIICH MTUTATENBHOM CpeIoi ATt KyJIbTy Pl ITBUTbHUKOB
okazajach MS MOJOBUHHOW KOHIIEHTpAIMHU C J100aBlIeHUEM
psna BuramuHOB (B1 — 10 mr/m, B6 — 1 mr/m, PP — 1 mr/m,
C — 1 Mr/m) 1 aMHHOKHCIIOT (DITyTaMHHOBOM — 250500 M1/,
acriaparnHoBoid — 30-50 mr/x, Tuposzuna — 1-10 mr/x, apru-
HUHA — 2—10 Mr/n, THAPOKCHTIpOTMHA — 2—4 MT/IT).

3ak/oueHne

COS,Z[aHI/Ie TOMO3UTOTHBIX JIMHUHI C IIOMOIIIBIO TaINIOUJIHBIX
TeXHOJ‘IOFI/Iﬁ BOCTpe6OBaH0 CCJICKIIMOHECPpAaMHU 110 BCEMY MUPY.
FﬂaBHbIM HpeI/lMyLLleCTBOM TrarmJIoOnuaAHbIX TeXHOJ'lOFI/lﬁ I10
CpaBHCHI/I}O C ME€TOJaMU TpaHHHHOHHOﬁ CCJICKIIUU SIBJISICTCA
COKpalICHUEC BpEMCHU IMTPOU3BOACTBA YUCTHIX JIMHUAKT 1 3arpar
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Ha MHOTOJIETHEE KyJbTHBHPOBAHUE U CAMOOIIBIIICHUE pacTe-
Huil. Hanbomnee pazpaboTaHHO TeXHOIOTHEH TPON3BOACTBA
JIMHUH YIBOCHHBIX TAIlJION/I0B CBEKJIbI HA HACTOSIIINI MOMEHT
CJIEJTyeT CYUTATh TEXHOJIOTHIO H30JIMPOBAHHBIX CEMsI3a4aTKOB,
KOTOpasi MPOTECTUPOBAHA MPEUMYILECTBEHHO Ha caxapHOH
cBekJie. JlaHHas TEXHOJIOTMS CO3/IaHuUs! YUCTHIX JIMHUN Ooree
TPYAOEMKaA 110 CPaBHCHUIO C TEXHOJIOTHUEH KYJBTYPbI U30JI1-
POBaHHBIX MUKPOCIIOP, OIHAKO TOCIEIHSS MPAKTHUECKH HE
MIPUMEHUMA TIPH TTOJTyYCHUH Y/IBOCHHBIX I'alllIONI0B CBEKJIBI
B CHJIy HEJOCTaTKa MCCIENOBaHUIl Ha 3Ty Temy. B cBsa3u ¢
3TUM MOXHO PEKOMEHOBATh MPOBEACHUE MCCIECNOBAHUN 1
pa3paboTKy TEXHOJIOTHH CO3JIaHMs yABOCHHBIX TalsIONI0B
CaxapHOU U CTOJIOBOH CBEKIIbl B KYJIbTYpPE U30JUPOBAHHBIX
MHKPOCIIOP.
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[Tpo6ieMbl ceJieKIUM 1ab0paTOPHBIX MIHM-CBMHE

K.C. lllaTtoxuun

HoBoCrGMpCKIMii rocyaapCTBEHHDIN arpapHbii yHuBepcuTtet, HoBocnbupck, Poccus
® true_genetic@mail.ru

AHHoTauusA. B cTaTbe npefcTaBneH 0630p Npobnem pa3BefeHUs 1 cenekummn 1abopaTopHbIX MUHK-CBUHEN. Havnbonee
OUEeBUHbIE U3 HUX — OTCYTCTBME LIEHTPANIM30BAHHOIO yUeTa CeNeKUMOHHBIX Fpyr, eAunHbIX CTaHAAPTOB 0THOpa AnA BOC-
NPOU3BOACTBA V1 OLEHKU MIIEMEHHbIX XMUBOTHbIX, @ TaKXKe MUHUMMU3aLVSA HAKOTJIEHWA CHUKAIOLWMX MPUCNOCO6IeHHOCTb
MyTaumii 1 NoAJepMXaHne reHeTYecKoro pasHoobpasus. Mo nocnegHNM AaHHbIM, B MAPE HAacUUTbIBAKOT He MeHee 30 ce-
NEeKUMOHHBIX FPyNn MUHU-CBUHEN, CUCTEMATUYECKMN NCMOMb3yeMblX B KauecTBe 1abopaTopHbIX XMBOTHbIX. Cpean HUX cy-
LLLeCTBYIOT KaK NopoAHble 06pa3oBaHus, MpeACTaBIeHHbIE HECKOSIbKUMM KOMIOHUAMMU, TaK 1 CENTEKLMOHHbIE rPYMMbl, COCTORA-
e 13 ofHoro ctaga. lMokasaHo, YTo OCHOBHaAs CTpATerms oTbopa BKIIOUAET CeNEKLIMIO Ha XKUBYHO MacCy B3pOCSIbIX 0Cobel
50-80 Kr 1 NprcnocobNEHHOCTb XKUBOTHbIX K KOHKPETHOMY TVMy GMOMEANLIMHCKIX SKCNeprMEHTOB. [Ins ee peanv3auum
B pa3BefeHnm 3apyOexXHbIX MUHU-CBMHEN MPaKTUKYIOT OT60pP Mo »MBoii Macce B 140- 1 154-fHeBHOM Bo3pacTe. YKa3aHo,
YTO B CTafjax MUHU-CBUHEN NPeAcTaBeHbl pasHble CeNneKkUoHHbIe METOAbI MPOTUBOAENCTBMA UHOPEAHOW Aenpeccun 1
noAfepXaHUA reHeTUYeCcKoro pasHoobpasus. Nprmepamu ciy»KaT MakcMmm3auma GeHOTUNOB MacTy, LMKIMYHas cMcTeMa
nopbopa poanTENbCKIUX Nap 1 CTPYKTYpUpPOBaHKe CTaf Ha cybrnonynsaummn. Kpome Toro, B pa3sefeHnm 3apy6exkHbIX MUH-
CBUHEN AN MOHUTOPVIHTA reTePO3UIOTHOCTU UCTIONb3YIOT MOJSIEKYIAPHO-TeHeTMYecKe MeToabl. KonnmuectBo nHOpeaHbIX
CKpeLiMBaHuii B pa3BefeHnr nabopaTopHbIX MUHK-CBUHEN CTapaloTC MUHMMM3MPOBATb, YTO HEe BCerga BO3MOXHO 13-3a
MX ManoumncneHHocTu. MoacumntaHo, Yto BO 13bexaHue TECHOTO MHOPUAMHIA YNCTIEHHOCTb CENEKLMOHHON Fpynmbl AOSTK-
Ha 6bITb He MeHee 28 0cobeli, BKNIOUYaoLLMX XPAKOB Kak MUHUMYM YeTblPeX reHeanormuyeckyx JIMHNM 1 CBUHOMATOK U3 He
MeHee YeTblpex ceMeincTB. HakonneHve reHeTNYeCKoro rpysa B CTafiax MUHV-CBUHEN BO3MOXHO, HO BPEAOHOCHbIN 3pdeKT
ABMAETCA CKOpee ClefCcTBUEM OLINOGOYHbBIX PELLeHM cenekuroHepoB. HeCMOTpsA Ha TO UTO MpY BbiBEAEHUN PAAa MUHN-
CBUHEN CTOANA Lieflb YKOMIIEKTOBATb CTafia UCKIOUNTENBHO 6eNbIMU XMBOTHBIMY, B OONbLIMHCTBE CENEeKLMNOHHDBIX rPynm
HabntofaeTca nonMMopdr3m no beHoTMNy MacTu.

KnioueBble croBa: nabopaTopHble MUHU-CBUHBY; WHOPUAWHT; reHeThyeckoe pasHoobpasve; peLeccuBHble MyTauumu;
0TOOP; NIMHUK; CEMECTBA; CeNIbCKOe XO3ANCTBO.

Onsa yntuposaHus: lWatoxuH K.C. Mpobnembl cenekunn nabopaTopHbIX MUHW-CBUHEN. Bagumosckul XypHaa 2eHemuku
u cenekyuu. 2021;25(3):284-291. DOI 10.18699/VJ21.032

Problems of mini-pig breeding

K.S. Shatokhin
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Abstract. This article provides an overview of some problems of the breeding and reproduction of laboratory mini-pigs.
The most obvious of these are the lack of centralized accounting of breeding groups, uniform selection standards for re-
production and evaluation of breeding animals, as well as minimizing the accumulation of fitness-reducing mutations
and maintaining genetic diversity. According to the latest estimates, there are at least 30 breeding groups of mini-pigs
systematically used as laboratory animals in the world. Among them, there are both breed formations represented by
several colonies, and breeding groups consisting of a single herd. It was shown that the main selection strategy is selection
for the live weight of adults of 50-80 kg and the adaptation of animals to a specific type of biomedical experiments. For
its implementation in the breeding of foreign mini-pigs, selection by live weight is practiced at 140- and 154-day-old age.
It was indicated that different herds of mini-pigs have their own breeding methods to counteract inbred depression and
maintain genetic diversity. Examples are the maximization of coat color phenotypes, the cyclical system of matching parent
pairs, and the structuring of herds into subpopulations. In addition, in the breeding of foreign mini-pigs, molecular genetic
methods are used to monitor heterozygosity. Every effort is made to keep the number of inbred crosses in the breeding
of laboratory mini-pigs to a minimum, which is not always possible due to their small number. It is estimated that to avoid
close inbreeding, the number of breeding groups should be at least 28 individuals, including boars of at least 4 genealogi-
cal lines and at least 4 families of sows. The accumulation of genetic cargo in herds of mini-pigs takes place, but the harmful
effect is rather the result of erroneous decisions of breeders. Despite the fact that when breeding a number of mini-pigs,
the goal was to complete the herds with exclusively white animals, in most breeding groups there is a polymorphism in the
phenotype of the coat color.

Key words: laboratory mini-pigs; inbreeding; genetic diversity; recessive mutations; selection; lines; families; agriculture.
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BBepeHune

Hecmotpst Ha TpakTHYHOCTH 1a00PAaTOPHOTO UCTIONB30BAHUS

B CPaBHEHHUH C IIPUMATaMH U psii MOPPOPU3HOIOTHIESCKHUX

MPEUMYIIECTB Mepe] APYTUMH J1a00paTOPHBIMH KHBOTHBI-

Mmu (Tuxonos, 2010; laroxun u ap., 2019), MUHU-CBUHBU

SBIISTIOTCSI HE CaMOM TMOMYIIAPHOI OGHOJIOTHYECKOi MOAICTIBIO,

yCTyTiasi He TOJIBKO TPBI3yHaM, HO cOOaKaM, KOIITKaM U 00€3bsi-

HaM (Heining, Ruysschaert, 2016). Tem He MeHee, 110 pa3HBIM

JIaHHBIM, B MUPE€ HACUUTHIBAIOT OT 25 110 40 CeNeKITMOHHBIX

rpymn MuHR-cBUHEH (Smith, Swindle, 2006; Kohn, 2011), u3

HUX 1Be pa3Boasar B Poccuu (Crankosa u np., 2017; llaroxux

u 1p., 2019). Onxako, HeCMOTpPSI Ha BAXKHOCTh MOHUMAHUS

CEJICKIIMH JII000TO BUA KUBOTHBIX BHE 3aBUCHMOCTH OT UX

UCIIOJIb30BAHUSL, BOIIPOCHI pa3BeICHNUS JIAOOPaTOPHBIX MUHH-

CBHUHEH OCBEIICHBI B HE3HAUYUTEILHOM KOJINYECTBE HAYYHBIX

pabot. CieacTBHEM HEOCTATOYHOTO BHUMAHUS K PAa3BEACHNIO

W CEJICKIIMY MUHH-CBHHEH CTalll HEepelIeHHbIe MpoOIIeMBbl,

OCHOBHBIE 13 KOTOPBIX:

1) oTCcyTCTBHE ICHTPATM30BAaHHOTO YY€Ta ITOTOJIOBBS Jabopa-
TOPHBIX MHUHU-CBUHEH M CHCTEMBI PETUCTPALUK CIIeIa-
JIM3UPOBAHHBIX CTAJl KAK CENICKIIMOHHBIX J0CTHKCHHIA;

2) OTCYTCTBHE OOIICPUHATHIX CTAHAAPTOB OTOOPA KUBOTHBIX
JUIsS. BOCIIPOM3BOZICTBA, OOIIEPOCCHICKNX HOPMATHBHBIX
JIOKyMEHTOB TI0 OIICHKE JIa00paTOPHBIX MUHH-CBHHEH KaK
IUIEMEHHBIX 0CO0EN;

3) MakcUMHM3aIMs TEHETHYECKOTO Pa3HO00pasys CTa B yCIIo-
BUsIX 00eHeHus reHodona (apetid reHoB, 3h ekt OyThI-
JIOYHOTO TOPJIBIIIKA), ONTUMH3ALMS METO/IOB MOHUTOPHHTA
1 CEJIEKIIMOHHOTO YIIPABJICHHUS;

4) MUHIMH3ALUS HAKOTJICHUS CHIDKAIOIIUX MPHUCTIOCOOICH-
HOCTb MyTalUi;

5) co3nmanue craj 1abopaToOpHBIX MUHU-CBUHEH, YKOMILICK-
TOBAHHBIX UCKIIIOUUTEIIBHO U3 JKUBOTHBIX 0€JI0i MacTH.
Lenbto naHHO pabOTHI SBIAETCS aHAIN3 NEPEUHCIICHHbBIX

npoOJieM U NMPEATIOKEHHUE CITI0OCO00B UX PEIICHHUSI.

MwupoBoii reHooHA

NnabopaTopHbIX MUHN-CBUHEN

Ha CCFO)IHHH_IHI/Iﬁ JCHBb CJIIOKHO OLICHUTH YHCIICHHOCTb MU-
POBOTO IOTOJIOBBS JIAOOPATOPHBIX MUHU-CBUHEH, a8 TaKKe
TOYHOE KOJIMYECTBO UX MTOPOJI, CTaJ M CEJIEKIIMOHHBIX TPYIIIL.
OCHOBHasi TPYAHOCTb 3aKIIFOYAETCs B OTCYTCTBUH €IMHOTO Op-
raHa y4deTa JJabopaTOpHBIX MIHU-CBHHEH Kak 00beKTa pa3Be-
nenus. Harprmep, cortacHo poccuiickoMy 3aKOHO/IATEIbCTBY,
perucTparyst 1a00paTopHBIX MUHHU-CBUHEN 3aTpyIHUTEIbHA
u3-3a UX (POPMaIBHOTO HECOOTBETCTBHS KPUTEPHUSIM OLICHKH
TIOPOJ] ¥ TOPOJTHBIX IPYIIIT CBHHEH B KAUECTBE CEEKIIMOHHBIX
JIOCTIDKEHUH, B YaCTHOCTU 110 OJHOPOIHOCTH IJIEMEHHOTO
moroioBbs (MeToanKa TpoBeaeHNU UCTBITAaHHH. .., 2007).
CrienmabHBIX CTaHIAPTOB JUIS HUX HE MpeaycMoTpeHo. Pe-
THCTpaLis BO3MOXKHA Ha caliTe AMEPHUKaHCKOI accoluayu
muHu-cBUHEeH (https://americanminipigassociation.com),
OJIHAaKO M3 14 3aperncTpUpOBaHHBIX TOPOJ B KauecTBE Jia-
0OOpPATOPHBIX KMUBOTHBIX JIOCTOBEPHO HCIOJIB30BAIH TOJIBKO
YeThIpe CeNICKIUOHHBIC IPYIIIBI.

EnmHCTBEHHBIM JOCTYITHBIM HHCTPYMEHTOM Y4eTa CITysKar
Hay4YHBIC l'[y6J'II/IKaI_H/II/I, OJHAKO OLICHKU KOJIMYECTBA HUMCHO-
IIUXCS CEJICKIMOHHBIX TPYIIIT JJa00PAaTOPHBIX MUHU-CBHHEH
pasHsTcs, coctapisist ot 21 1o 45 (Smith, Swindle, 2006; Tu-
x0HOB, 2010). CoOCTBEHHBIN MMOACYET J1a00PATOPHBIX MUHH-
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CBHHEH yKasall Ha CyIeCTBOBaHUE B MUpe 3 1 CeIeKIIMOHHON
rpynmsl (Tadm. 1). Cpean HUIX Kak TOPOIHBIE 00pa30BaHUs,
Ipe/ICTaBICHHbIC HEeCKOMbKUMHU KosonusiMu (Hormel, Han-
ford, Gottingen, NIH, Yucatan), Tak u celeKIMOHHbBIE IPYTI-
MBI, COCTOSIIIME U3 OJHOTO eauHCcTBeHHOro ctana (NIBS,
muHu-cBuHBM Ul CO PAH, cBemnoropckue). ITpu stom
YUUTBIBAIN TpejacTaBuTeneid Buaa Sus scrofa L. ¢ xxuBoi
Maccoif B3pocibIx ocobeit He 6onee 150 kr u ykazaHHeM Ha
CHCTEMaTHYECKOE HCIOJIIb30BAHUE B Ka4E€CTBE MOJICIHHOTO
oObekTa 3a mociearue 10 nert (o cocrosHuio Ha 2020 ).

MprHUMNbI 0T6OpPa NIEMEHHbIX }KNBOTHbIX
Pa3BeneHue 1ab0paTOpHBIX MUHU-CBUHEH BKIIIOYACT JBa
OCHOBHBIX BEKTOpa 0TOOpa: Ha HEOOIbIINE pa3Mephl M HA3-
KYI0 )KHBYIO Maccy, a TakKe IPUTOHOCTH K JJaO0paTOpHOMY
UCIOJb30BaHMI0. OJTHAKO B OTJIIMYKE OT 3aBOJACKUX IOPOJL B
CEJIeKIIMH MUHU-CBHHEW OTCYTCTBYIOT €JHHBIE CIICIUAIBHO
pa3paboTaHHbIC CTAHIAPTHI OLEHKH JKUBOTHBIX MO YKHBOH
Macce B paHHEM BO3pacTe, IKCTEPbEpPy, MAaCTH M KOMILIEKCY
NPU3HAKOB, HEOOXOIMMBIX JUIsl HCIIOIB30BAaHMS B HauOolee
PacnpoCTpaHeHHBIX THIIAX OMOMEUIIHCKHUX SKCIIEPHMEHTOB
(Helke et al., 2016). [Tpu 5TOM NpakTHYECKH B KayKIOM CTaJIe
NPEJCTaBICH CUCTEMAaTHYeCKUH MOAXOA K PasBEeICHHUIO CO
crenu(pUIHBIMU IPUEMaMH, B TOM YUCIIe 0TOOP IO MPHUCTIO-
COOJICHHOCTH K KOHKPETHOMY THITy 3KcriepuMeHToB (Itoh
et al., 2016; Huxutur u ap., 2018). 3agacTyio HCIOIB3YIOT
OLICHKY )KUBOTHBIX B paHHEM Bozpacte, 140—154-ro gus (Mi-
niature Swine Book of Normals, 2019; Simon, 2019). B He-
KOTOPBIX YaCTHBIX 3apyOeXHBIX (pepMax IMPaKTHKYIOT OT-
Oop Hambonee MENKUX 0CcOOel U3 KaKIoro rueszial, uro B
CCJICKIIMOHHOM TPYIIe MHHUCUOC MPUBOIMIIO K CHHKCHUIO
COXPaHHOCTH MOJIOJHSIKA, CEKCYaJIbHOH aKTHBHOCTH XPSIKOB H
Pa3pyLICHHIO KOMIUICKCA MATEPUHCKUX Ka4eCTB CBHHOMATOK
(Nikitin et al., 2014).

EnyHCTBEHHBIM 0OIINM ITPUHIIUIIOM SIBJISIETCS OTOOD HaH-
OoJiee KpENKHX, 370POBBIX M MPOIOPIHOHAIBHO Pa3BUTHIX
JKUBOTHBIX C XKHBOH Maccoii B3pociibix ocodeii ot 50 1o 80 kr
(Nunoya et al., 2007; Tuxonos, 2010; Miniature Swine Book
of Normals, 2019). DkcTepbepHbIe IPU3HAKH BEETHAMCKHX
MHUHHU-CBUHEH, Takue Kak ciabasi ClIMHA WM paHHEee OCallu-
BAaHHUE, POCCUMCKUMHU, €BPONEHCKUMHU U aMEPUKAHCKUMU
3aBOAYMKAMHU HE MPUBETCTBYIOTCS. OTEYECTBEHHBIE MHHU-
CBUHbBH, a TaKXe PsiJi 3apYOEIKHBIX CEIEKIUOHHBIX TPYIII
NPUHATBIM CTaHIApTaM COOTBETCTBYIOT, OHAKO OTMEYCHBI
OTKJIOHEHHS KaK B OOJIBIIYIO, TaK U MEHBIIYIO CTOPOHBI
(Tabxa. 2). B nmocnenHee BpeMsi HAOUpAET MOMYNISIPHOCTD
BBIBEJCHHUE CTa] 0C000 MeNKHX cBHHeH maccor 30-50 kr,
HanpuMep HEMELKUX MUHU-CBHHEH Aachen, aMepUKaHCKHX
Panepinto u xoperickux Micro-Pig® (cm. Tabi. 2).

Moppep»aHne reHeTNYECKOro pasHoobpasns

[Tpobnema noasepkaHus reHETUUYECKOTO pa3HOOOpas3us B
MOMYIANUAX OAHA M3 Hambosee oOCyKaaeMbIX B 00macTu
rereTuky kuBOTHBIX (Peripolli et al., 2017; Mable, 2019) u
10 psily MPUYHH OCOOCHHO aKTyajbHa /IS TabOPaTOPHBIX
MHHH-CBUHEH. [lepBas npuyrHa — HU3Kast YUCICHHOCTD CTa/l,
B KOTOPBIX PUCK 00eTHEHNUSI TeHO(OH/Ia M3-3a CTOXaCTHYECKHX
IIPOLIECCOB CYILIECTBEHHO BBILIE, HEXKEIU B KPYITHBIX CTPYK-

T Erasmus D. Pigs as pets: Breeding teacup pigs. Farmer’s Weekly. 2013. https://
www.farmersweekly.co.za/animals/pigs-as-pets-breeding-teacup-pigs/
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Ta6nuua 1. CNcoK cenekUMoHHbIX rpynmn 1abopaTopHbIX MUHW-CBUHEN

Ne  HasBaHue MpouncxoxgeHne Bpemsa 1 mecTo BbiBEfeHNA JIntepatypHbin
n/n NCTOUYHUK
1 Aachen Mini-Lewe X Viethamese PeliHcko-BecTdanbckuii TexHuueckuii yamsepcutet  Pawlowsky et al., 2017
potbelly pig x Schwabisch AxeHa (RWTH Aachen University), lepmaHuna
Hallisch Landpig x Hormel
2 Bama MecTtHasa menkasa nopoaa Kutan Zhang etal., 2016
Banna MecTHasa menkasa nopoga Kutan Xin etal., 2013
4 B Hormel 1964 r., YHnBepcuteT CaH-Mayny (Universidade Scheffer etal.,, 2013
de Sao Paolo), Can-Mayny, bpasunus
5 Clawn Miniature Gottingen x Ohminy x 1978 r., CLAWN Institute, YHMBepcuteT Karocumbi Kéhn, 2011
Swine Large white (kpynHasa 6enasn) x (Kagoshima University), AnoHna
Landrace
6 Diannan MecTHasA menkas nopofa FOHbHaHbCKUIA CENbCKOX03ANCTBEHHBIN YHBepcn-  Cheng et al, 2016
TeT (Yunnan Agricultural University), Kutain
7 Fuji Micra Inc. Hpyrve MnHn-cBNHLY, 2009 r., Musaxapa, OynsvHomua, Cuasyoka, AnoHna  Maeda et al.,, 2016
He yTouHAeTCA
8 @Gottingen Vietnamese potbelly pigs (gray) x 1960-1964 rr., [ETTUHreHCKMI yH1BEepCUTET Simon, 2019
Hormel xVietnamese native (Gottingen University), lfepmanua
spotted x Landrace
9 Guizhou MecTtHasa menkasa nopoaa LleHTp nabopaTopHbIX XMBOTHbIX MeanLMHCKOrO Xiaetal., 2014
yHuBepcuTeTa YyHumHa (Laboratory Animal Center
of Chongqing Medical University), YyHuuH, Kutain
10 Hanford Palose x Pitman-Moore 1958 r., Hanford laboratory, BawwHrToH, CLLIA Koéhn, 2011
11 Hormel (Sinclair, Piney Wood x Ras-n-Lansa x 1949 r., UHctuTyT Xopmena, YHuBepcmteT MunHHe- Kohn, 2011;
Minnesota) Catalinax Guam cotbl (Hormel Institute, Minnesota University), CLUA  Miniature Swine Book
of Normals, 2019
12 KCG Kogata Chinese x Clawn x 1991 r., National Livestock Breeding Center, Ibaraki ~ Kobayashi et al., 2012
Gottingen Station, Independent Administrative Institution
of Japan, AnoHua
13 Lanyu MecTHasa menkas nopoga Taitung Animal Propagation Station, Livestock Chu, 2010;
Research Institute, TariBaHb, Kutan Chienetal., 2017
14 Lee-Sung Lanyu x Landrace 1975 r., paKkynbTeT 300TEXHUMN N TEXHONOT U, Juetal., 2019
HaumnoHanbHbIi yHuBepcuTeT TariBaHA
(Department of Animal Science and Technology,
National Taiwan University), TariBaHb, Kutan
15  MelLiM Hormel x Landrace, Large White ~ 1967-2000 rr., IHCTUTYT $pr3nonorum n reHeTnkn Horak et al., 2019
(kpynHas 6enan) x Cornwall x XKMBOTHbIX AKagemmm Hayk Yelckoin Pecny6nmku
Vietnamese pigs x Gottingen (Institute of Animal Physiology and Genetics of
the Academy of Sciences of the Czech Repubilic),
Jlnbexos., Yexunsa
16 Mexican hairless mini  OpnuaBlIne MeKcUKaHCKne - Kobayashi et al., 2012
(MeKcrKaHcKume CBUHbBY
6e3Bosochble)
17  Micro-Pig® MecTHasa menkaa nopoga X Medi Kinetics Co., Ltd., Mx&HTx3K, lOxHaa Kopea Joetal, 2017
Yucatan x Vietnamese potbellied
pig X Pygmy pig x Meishan
18 Micro-Yucatan Yucatan 1982 r.,, Charles River Laboratories, CLUA Kohn, 2011
19  Mini-Lewe Vietnamese Pot Belly Pigs x 1966 r., AuBBenstelle Lehnitz der Humboldt Schachler et al., 2020
Saddle Back Pigs x Landrace Universitat, lepmaHuns
20 MuHun-ceuHby MLMI  Large White (kpynHas 6enas) x 1990-1992 rr., lul CO PAH, HoBocrbupckas Nikitin et al., 2014
CO PAH (Mini-pigs cBeTnioropckue X Landrace x obnactb, Poccua
of ICG SB RAS) Vietnamese native breed
21 Mini-Pig® MecTHasa mesnikas nopoga Cronex Co., Ltd., XBacoH, tOxHas Kopes Joetal, 2017
22 Munich miniature Hanford x Columbian Miniature 1993 r., MioHxeH, lfepmanus Koéhn, 2011;
(Troll) Swine Bourneuf, 2017
23 NIBS Pitman-Moore X TaliBaHbCKMe 1993 r., Nippon Institute for Biological Science, Yoshimatsu et al.,
MenKune KOpoTKoyxme CBUHbN X Tokno, AnoHuA 2016
Gottingen
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nabopaTopHbIX MUHU-CBUHEN 25.3
OKOHuaHwue Tabn. 1
°  HasBaHue MpowncxoxpeHve Bpems n mecto BbiBeAeHMA JlntepatypHbin
n/n VNCTOYHMK
24 NIH OpunyaBLUVe CBUHBbYN 1972 r., HaumoHanbHbI UHCTUTYT 340POBbA Sachs et al.,, 1976;
13 MiHgunaHbl X Hanford (National Institute of Health, NIH), beTecna, Nicholls et al., 2012
Mspwuneng, CLLUA
25 Ossabaw OpunyaBLume CBUHbYU 2001-2002 rr., YHuBepcuteT NHgmaHbl

c octpoBa Occabay

(Indiana University), CLLUA

1990 r., focyaapcTBeHHbIN YHUBepcuTeT Konopaao
(Colorado State University), CLLUA

Opnuaslume CBUHbY
wrata Onopuga

1969 r., Pitman-Moore Pharmaceutical Company,
MHanananonuc, CLLA

28 (CeeTnoropckue
(Svetlogorsk)

1974 r., ®r'bYH HUBMT OMBA Poccun,
MockoBckas obnactb, Poccua

OpnuasLume CBUHbYU
c ocTpoBa KeHrypy

1976 r., ABCTpanmmncKoe rocyfapcTBeHHoe
ob6beAVHeHME HayYHbIX U NPUKMAAHbIX NCCnefo-
BaHui (Commonwealth Scientific and Research
Organization), ABctpanus

1990 r., Wuzhishan pig breeding farm of Academy
of Agricultural Sciences, XaliHaHb, Kutai

OAVILIaBLUVIe MeKCMKaHCKne

CBUHbN

1960 r., focyaapcTBeHHbIN YHUBepcuTeT Konopaao
(Colorado State University), CLLUA

Miniature Swine Book
of Normals, 2019

Ta6nuua 2. KnBas Macca B3poC/ibIX 1abopaTopHbIX
MVIHV-CBUHEW 13 Pa3HbIX CENEKLNOHHbIX rpynmn

CenekumMoHHan rpynna »Knsasn JnTtepatypHbiii
Macca, KI  NCTOYHUK
AaChen 45_50 ........... P aW|OW5kyeta|20‘|7
Bama ........................................... . 50 ............... z hangeta|2016 ...........
B ” ................................................ 3 0_70 ........... M a” a n o 2003 .................
c|awn .......................................... . 40 ............... K ohn2011 .......................
Gomnge n .................................... 2 5_50 ........... 5 ,mon 2 019 ....................
Hanford ....................................... 8 0_95 ........... K Ohn 2 011 .......................
Horme| ........................................ 5 5_70 ........... M ,n, ature SW| n e BOOk

of Normals, 2019

MwHun-ceuHbm MUl CO PAH  60-70
(Mini-pigs of ICG SB RAS)

Munich mini-ature (Troll) 60-100 Kohn, 2011;
Bourneuf, 2017

Ossabaw 72-116 McKenney-Drake et al.,
2016

Panepinto 25-30 Koéhn, 2011

Pitman-Moore 40-69 TuxoHos, 2010

CBeTtnioropckue 35-50 CraHkoBa u gp., 2017

(Svetlogorsk)

Westran 80-93 Koéhn, 2011

Wuzhishan 35-40 Song etal., 2014

Yucatan 70-80 Koéhn, 2011

TYpUPOBAaHHBIX Ha cyOmnomyssiuuu coodmecrBax (Mariani
et al., 2020). Bropas mpudnHa — CyIIIeCTBOBaHHE psa ce-
JIEKIIMOHHBIX TPYTI JJAOOPATOPHBIX MUHHU-CBUHEH B €IMH-
CTBEHHOM YHCJI€, YTO JIMIIAET UX TAKOr0 MOIIHOIO pecypca
HOJJIePIKaHMS TETEPO3UTOTHOCTH, KaK NePUOIHMIECKHIT 0OMEeH
reHooHIa Mex 1ty pazHbIMH cTagamu (Mariani et al., 2020).
TpeTbst mpU4KHa 3aKIIIOYAETCsI B CO3JaHUH HOBBIX CTaJ1 J1a00-
PaTOPHBIX MUHU-CBHHEH U3 HEOOJIBIIIOT0 YHCIIA POIOHAYAIb-
HUKOB (CM. Ta0n1. 1), 4To co3maet pruck odenHeHHs reHodoHIa
n3-3a s dexra Oyreuiounoro ropiasimka (Ji et al., 2011).
JI000IBITHO, YTO MO Pa3HBIM OLIEHKaM, FeHeTHYeCKOoe pas-
HOOOpazue 1ab0paTOpPHBIX CBUHEH MOXET OBITh KakK OoJIbIIe,
TaK ¥ MEHBIIIC B CPABHEHUH C aHAJIOTHYHBIMU ITapaMeTpaMu
CBUHEH 3aBOACKHX Topon u amkoro kabana (Nikitin et al.,
2010; Heckel et al., 2015).

B psine myOnukanuii ynomsiHyT akT HaJIn4usi €CTeCTBEH-
HBIX «IIPOTHBOMHOPEIHBIX» MEXaHU3MOB B NPHPOIHBIX I10-
mymsnusx (Charlesworth, Willis, 2009; Cheptou, Donohue,
2011; Mable, 2019), 4TO KOCBEHHO TOATBEPIKAACTCS CYIIC-
CTBOBAaHHEM Ha HEOOJBIINX OCTPOBAX B TEYCHHE CTOJICTHH
MaJIOUHMCIICHHBIX MOMYJISIINI ONYABIINX CBUHEH Oe3 Mpu3Ha-
koB nHOpenHoi aenpeccun (Kohn, 2011; McKenney-Drake
etal.,2016). B ycI0BHAX MHTOMHHIKOB JJAOOPATOPHBIX MUHH-
CBUHEH ()OPMHUPOBAHHME COCTABA PENPOAYKTUBHON TPYIIIBI
1 10100 POANTEIBCKUX Map BO BPEMsl CIIyYHOH KaMIIaHUH
OCYIIECTBIIACT CENICKIMOHEp, a CIIEI0BaTeNIbHO, BOSHUKAET
BOIIPOC O TOJHOIEHHOCTH (PyHKIMOHUPOBAHUS MOJOOHBIX
MexaHu3MOB. TakuM 00pa3oM, CylIecTBYeT HEOOXOAUMOCTb
aHaM3a JOCTYITHBIX YEJIOBEKY CIIOCOOOB KOHTPOJIS IeTepo-
3UTOTHOCTH CTa]1 Ja0OpaTOpHBIX MUHH-cBUHEH. [TepBbIii crio-
€00, MOHUTOPHHT F'€HETHYECKOT0 Pa3HOO0pa3Hsi IIPH MOMOILH
MOJICKY/IIPHO-TeHETHIECKHX METOIOB, INPOKO UCIIONB3YIOT
B CeJIeKINH 3apyOexxHbIx MUHU-cBHHEH (Chang et al., 2009).
CreprxuBaronyM (haKTopoM JaTbHEHIIEro BHEAPCHUS TaHHO-
IO METOZIA CIIEAYET CIUTATh OTCYTCTBHE JaHHBIX O €r0 YKOHO-
MHYECKOH 11e1eCO00pa3HOCTH IPH Py THHHOM HCIIOJIb30BaHHH.
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Ta6nuua 3. YcnioeHasa cxema nog6opa XpsaKoB 1 CBUHOMATOK
B TeUeHMe OAHOro LMKIa

Cemenctso JInHna MwuHnmanbHoe
31323334 :Tg;?ﬂz?\:l:srjgw
51 .......................................... |||||| ...... |V5 ................................
52 .......................................... ||||V ...... |||5 ................................
53 .......................................... ||||V| ........ ”5 ................................
54 .......................................... |V||||| ....... |5 ................................

MuHManbHoOe Yncno 2 2 2
XPAKOB B KaXAOM LnKne

MpumeuaHune. B sueiikax Ha nepeceyeHUn NMHUIA (CTonbLbl) U CemeincTs
(CTPOKM) yKa3aHbl MOKONEHMA.

Bropoii crioco0 ynpasiieHHs: TeTepO3UTOTHOCTBIO 3aKIII0-
YJaeTcsl B IPUMEHEHHUH CENICKIIMOHHBIX TPUEMOB M METOJIOB,
HarpuMep B MUHMMH3AIUU WHOPEAHBIX cKpemmBaHui (Si-
mianer, K6hn, 2010). B pa3senennu munu-csuneit Ul ul” CO
PAH B kadecTBe MHCTPYMEHTA COXPAHEHHUS TEHETHIECKOTO
pa3zHooOpa3usi UCIONB3YIOT MOJJIEPKaHNEe MaKCUMaIbHO
BO3MOYKHOTO YHCJIA ()EHOTUIIOB OKPACKU M HHOPHIMHT IIPEH-
MYIIECTBEHHO Ha poroHadanbHuKoB (Hukutun u ap., 2018).
C y4eToM TOTO YTO MacTh MIICKOIIUTAIONINX KOHTPOIUPYIOT
ot 120 o 350 renos (Cieslak et al., 2011; Chandramohan
et al., 2013), Komn4ecTBO BEpOATHBIX TEHOTHIIOB MOYKET HC-
YHCIATHCS ThIcT9aMu. Ellle OTHUM CeeKIIMOHHBIM METO/IOM
MaKCUMHM3AIIH T€HETHYECKOTO Pa3HO00pasus SIBIISIETCS O]
pasaeneHne MacCHBa )KHUBOTHBIX Ha CYOIIOIYIISIIIMHU C OTPaHH-
YEHHBIM [TOTOKOM TeHOB My HuMu (Mariani et al., 2020).
OniHaKo M3-32 HU3KOW YHCIIEHHOCTH TIOPOJIHBIX 00pa30BaHUi
YaCTUYHOE TeHeaJIoTnIeckoe 000Cco0IeHNE TMHNH, 32 PEAKIM
nckimouennem (Crankosa u ap., 2017), peannzosars nmpax-
TUYECKH HE ynaercs. BMecTo 3TOro npakTUKYHT LUKIWY-
Hyto cuctemy noxoopa (Chu, 2010; Schachler et al., 2020),
OCHOBAHHYIO Ha NEPUOAMYECCKH MOBTOPSIONIMXCS CKpPEIIn-
BaHUsX JIMHUN U ceMelicTB (Tadm. 3). ComiacHO pacueTam,
BO M30€XKaHNe TECHOTO MHOPHUIMHIa MHHUMAJIbHAS YHCIICH-
HOCTb PEIPONYKTHBHON TPYMITBI IOJKHA COCTABIISITH HE Me-
Hee 28 ocoeid, U3 KOTOPBIX XPSIKH JIOJDKHBI ObITh IIPEACTaBIIe-
HBI HE MEHEE YeThIPbMsI JINHUSMH, 2 CBHHOMATKH — HE MEHEe
4eThIpbMs ceMeiicTBaMu. Kaskiast IMHKS TOJDKHA BKITIOUATh
MUHHUMYM OJHOI'O OCHOBHOI'O U OJHOI'O IIPOBEPAEMOT0 XPSAKOB,
a CeMEHCTBO — COCTOSATh HE MEHEE YEM M3 IISITH OCHOBHBIX U
MIPOBEPSIEMBIX CBHHOMATOK.

HakonneHune reHeTn4yeckoro rpysa

B 70-x TT. mpomuioro Beka MOSBUIOCH COOOIICHUE O TOM,
YTO B MOMYJISILUAX YuciaeHHOCThI0O MeHee 2000 ocobeit Be-
JIFKa BEPOSITHOCTD HAKOTICHHS CHIDKAIOIIIUX MTPUCTIOCOOIEH-
Hocts MyTanmii (Nei, Roychoudhury, 1973). Eme panbmie
YCTaHOBJIEHO, YTO PEIECCUBHBIE MONYJIETalbHbIE MYyTallUuU
MOTYT COXPAHATHCS B MOMYIAIUH 10 99 TOKONCHUH make
TIpH [IeJICHAITPABICHHON BRIOpaKoBKe roMo3uroT (JyOuHuH,
I'membOortkuii, 1967), 4to B 11eJIOM HE OIpoBepraercsi ooyee
MIO3THAM MaTeMaTHIeCKUM MoziepoBanneM (Johnsson et al.,
2019). Cunraercs, 9TO IMUMUAHAINS BPESIHBIX PEIICCCHBHBIX
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MyTaLUH ABJISIETCS TPYAHOM 3aja4el JUlsl CEJIEKLUOHEPA JaKe
IIPH YCIIOBHM MCIOJIb30BAHUS UM COBPEMEHHBIX METOJOB
TCHOTHITMPOBAHUSI, XOTS YCHEXH B UX COBEPIICHCTBOBAHUHU
oueBuiHbI (Derks et al., 2017). C yueToM TOro 4to penpoayx-
TUBHAsl YUCIIEHHOCTD OT/EJIbHBIX CTaJ] 1Ja00PATOPHBIX MUHH-
cBuHel He npesbimaet 30—40 ocobeil, yMeHbIIAIOIHUE MTPHU-
CIIOCOOJIEHHOCTb MOJTYJIETANIbHBIC U JIETAILHBIC PELIECCHBHBIC
MYyTalllH, Ka3aaock Obl, JOKHBI TIPEICTABISATh CEPHE3HYIO
OTIACHOCTbH B Pa3BEJICHUH ITHX JKHBOTHBIX. B TO ke Bpems
3a BCIO UCTOPHIO pa3BelieHUs 1abopaTOpHBIX MHUHU-CBUHEH
TOJIBKO y BBIMEPIIEH CENEKIIMOHHOMN TPyl MUHUCHOC OTIH-
CaHO CHIDKEHHE )KN3HECTIOCOOHOCTH MOJIOTHSIKA U PETTPO/IYK-
TUBHBIX Ka4€CTB B3POCJbIX 0COOEH, MpeArnogaraeMon npu-
YHHOW KOTOPOTO OBUIO HAKOIUICHNE PEIIECCUBHBIX MyTalui
BCJIE/ICTBHE oftHOCTOpoHHero otbopa (Nikitin et al., 2014).
Takum o0pa3om, cucrema pa3BeJieHus J1ad0pPaTOPHBIX MUHHU-
CBHHEH I0JKHA BKIIFOYATh MEPBI OUHIIEHNS CTa/la OT BPEJHBIX
MYTAaINH, TPEXK/IE BCETO )KECTKHI 0TOOP B PENIPOYKTHBHYIO
rpynity (Huxurus u ap., 2018; Nikitin et al., 2020).

Hpyroit METOL OUUCTKH CTAJ] OT HEIKENATENBHBIX MyTallUi
3aKJIF0YAeTCs B OLIEHKE TOTOMCTBA ITPH HHOPETHBIX CIIapHBa-
HusiX. JlaHHBII CIOCO0 MPEIOKEH K HCITOIb30BAHHIO HA Pa3-
HBIX BHAX CEJILCKOXO3IMCTBEHHBIX KUBOTHBIX elle B 50—70-x
rT. mpouwtoro Bexa (Robertson, Rendel, 1950; CepebpoBckuii,
1970) u 6611 NpUMEHEH Ha MUHU-CBUHBSX. OIHAKO IPH IPO-
CTOTE METOJl NIMEET CEPhE3HBIE HEAOCTATKH — JITUTEIHbHOCTD
OLICHKH 1, COOTBETCTBEHHO, BHICOKHE 3aTPaThl Ha KOPMJICHUE
U coziep’KaHue MPOBEPSAEMOro Xpsika U ero TOTOMKOB.

OnHaKo MMEIOTCSI CIydaH, KOIJia CEeJIeKIIMOHEPhl CMOTIN
W3BJICYb BBITOJy M3 BOSHHKHOBEHHS CHIDKAIOIINX >KU3HE-
CIIOCOOHOCTH MYTAllMi B CTaJI€ B BUJIE CO3/IaHHS MOJIEIBHBIX
00BEKTOB JJIS1 ONTHMM3AINH KOHKPETHBIX MEIUIIUHCKUX
METOJIOB MJIM JICYCHHUSI CTPOTO OINPECNICHHBIX MaTOJIOTHH.
[Tpumepom ciyxuT co3nanue MuHu-cBuHeir MeLiM u NIH
(Sachs et al., 1976; Horak et al., 2019). Takum obpazom,
MOKHO YTBEP)KAATh, YTO (DaKT BOSHUKHOBEHUS CHIDKAIOLINX
JKU3HECIIOCOOHOCTh MYTalluid, 0E3yCIOBHO, MPEICTABIISICT
cepbre3Hylo onacHocTs. Ho ropasno Gonee 3HaYMMBIM OKa-
3bIBACTCS YMEHHE CEJICKIIMOHEPOB PACCTABIISATH TPUOPUTETHI
Ipu 0TOOPE )KUBOTHBIX JJIsl BOCHPOU3BO/ICTBA U IIPOBOAUTD
MEPOIPUATHS IO OYHIIEHHIO CTaJl OT TeHETHUECKOTO TPy3a,
a TIpY HEOOXOAMMOCTH — KOHCOJIMUPOBATh HOCUTEIICH MyTa-
LUW B BUJE HOBOM CEJIEKIIMOHHOW IPYIIIIbI, IPEICTABIAIOMIEH
LIEHHOCTh B KQUECTBE MOJIETIBHOTO 0OBEKTA.

Mpo6nema 6enon mactn

B cenekyunn na60paToprlx MWHN-CBUHEN
W3BecTHO, YTO MPH BBIBEACHUU MEPBBIX CEICKIHOHHBIX
IPYIII Ja00paTOPHBIX MHHU-CBHHEH CTOsUIA 3a/1a4a CO3/IaHusI
XKHUBOTHBIX Oenoit mactu (Pond, Houpt, 1978), xoTopsIx mia-
HHUPOBAJIN HCIIOIB30BATh B KAUYECTBE OMOJIOTNUECKOI MOJIEIIH
Ipyu U3y4YCHUUN BOS}IeﬁCTBHﬂ PaaroOaKTUBHOTI'O U3JTYUYCHHA Ha
KoKy. OHaKo, HECMOTPSI Ha «IIPHIINTHE KPOBHY» 3aBOJICKHX
ropoz Oesoif MacTH, Kak MpaBUIIO KPYITHOW OeJIoi MiTH JaH-
Jipac, OTBITKA KOHCOJIMANPOBATH €€ B CTa1ax J1a00paTopHbIX
MUHH-CBUHEHN 3a4acTyl0 HE 3aKaHUMBaJIuCh ycrexom. Mc-
KITFOYEHMSIMU SIBIIsIIOTCsl cBUHBM Mini-Lewe (Schachler et al.,
2020) u muums Binlang (Lanyu 400) B centeKIIMOHHOM rpyTime
muHK-cBuHEH Lanyu (Chu, 2010). Takum 06pa3om, BOSHUKAET
BOITPOC 0 (paKTOpax, MPEMATCTBYIOIINX BEIBEACHHIO CTa/1, HA
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100 % yKOMIUIEKTOBaHHBIX OEIBIMU 0CO0siMI. MOXKHO Tpe-
TIOJIOKUTB, YTO IPHYUHOM SABISAETCS JOMHUHAHTHBIN KOHTPOJTH
HanOosiee pacripocTpaHeHHOTo THma oemnoit Mactu (Pielberg
et al., 2002), n3-3a 4ero OTMEUYEHO PETYIISPHOE BHIILECIIICHUE
MUTMEHTHPOBAHHBIX MTOPOCAT. JpyruM oOBsSICHEHHEM TIPea-
CTaBIISIETCSI TO, UTO OEJIbIE TTIOPOCATa POXKAAIOTCs Oostee Mell-
KHUMH U, CJIe0BaTeNIbHO, MEHEe )KU3HECTIOCOOHBIMH B CPaB-
HeHnH ¢ okpameHHbME (Hukutue u ap., 2019). Hecmotps
Ha 9T0, OEIIyI0 MacTh C yCIEXOM y/IaI0Ch KOHCOIUANPOBATH
B psne 3aBonuckux mopox (Porter et al., 2016). Cnenyert 3a-
METHTB, YTO 3aBOJICKHE ITOPOIBI CBUHEW OEI0i MaCTH MOITy-
YeHBI MeTOZIOM Oosee yem 70-1eTHero oToopa OeNbIx 0codei
B KQ)KIOM IOKOJIEHHHU C MPEANOYTEHHEM TeX )KUBOTHBIX, B
YBEM IIOTOMCTBE He HaOII0aI0Ch PACIICTUICHUS 10 (DeHOTH-
my macti (Porter et al., 2016). 3to, B cBorO 04Yepenp, COIo-
CTaBHMO C IPOJIOJDKUTENILHOCTBIO CYILIECTBOBAaHHS HanOoiee
CTapbIX CEIEKIIMOHHBIX TPYII Ja00paTOPHBIX MUHH-CBUHEN
(Tuxonos, 2010). Takum 00pa3oM, MOXKHO TPEIIOIOKHTH,
YTO 3aBO{YMKaM OOJIBLIMHCTBA CENICKIIMOHHBIX IPYIII MUHHU-
CBUHEH 2JIEMEHTaPHO HE XBaTHJIO BPEMEHH Ha KOHCOJIHIAIINIO
Oemoii MacTu.

CylIecTBEHHO YCKOPHUTD ITPOIlecC KOHCONMAAMK Oesoi
MaCTH MOYKET MOJICKYISIPHO-TEHETHIECKOe THITHPOBaHHE Oe-
JBIX JKUBOTHBIX. M3BecTHO, 4TO Oerast JOMUHAHTHASI MacTh
cBuHell koHTposaupyercs amnenem [ rena KIT (Pielberg et
al., 2002; Wu et al., 2019). Takum o0Opa3om, IepBBIM IIIa-
TOM CO3/JJaHUS CEJICKIMOHHOM T'PYIIIBI, YKOMIUIEKTOBAHHON
MOJIHOCTBIO OEJBIMU KUBOTHBIMHM, JOJDKHO CTaTh CKpPEIIU-
BaHME OENBIX CBUHOMATOK C OelbIMH Xpsikamu. [1oTHOCTRIO
0ertoe MOTOMCTBO OT TaKMX CKPEUIMBAHWN HEOOXOIMMO Te-
HOTHITUPOBATH 110 TeHy K/7 ¢ nocTaHoBKOM /// Y)KWBOTHBIX Ha
JopauuBanve. Meroauka onpeneneHus amienei resa KIT
nipu nomortnu I[P B pexxnme peabHOTO BpeMEHH MOAPOOHO
onucana B jureparype (Pielberg et al., 2002).

Emme omqarM crioco®oM siBisieTest KOHCOMUaanus (heHOTHIIa
perieccuBHOM 610l MacTH, Kak 3TO MPOAEMOHCTPHUPOBAHO Ha
npumepe Jimann Lanyu 400 (Chu, 2010) 1 kuTalickoi HOposl
Rongchang (Lai et al., 2007). Onaaxo cepbe3HBIM OTpaHUYEe-
HHEM HCIIOIb30BaHUS JJAHHOTO METO/1a MOXKET CTaTh HU3Kas
94acTOTa BBIMICIUICHUSI 0COOCH PELeCCUBHOU OENoi MacTH,
kotopas B crage muan-ceuHer Ulul" CO PAH, mo nanHbsIM
300TEXHUYECKOTO y4eTa, COCTaBisieT okoso 1 %.

3aknioyeHune

3anocnenuue 10 get oOHapyKEeHBI (PAKTHI, MOATBEPKAIOIINE
cymiecTBoBaHuE 31 ceneKIMOHHON Ipy bl MUHU-cBUHEN. He-
CMOTpSI Ha OTCYTCTBHE €IMHBIX CTAHAAPTOB 0TOOPA, B pa3Be-
JICHUH JTa00paTOPHBIX MUHH-CBUHEH PUACPKUBAFOTCS TAKHX
00IIMX KPUTEPHUECB, KaK xkuBas Macca S0—80 Kr, HOpMasbHast
JKU3HECMOCOOHOCTD, KPEMOCTh KOHCTUTYLIUHN U SKCTEphepa
JKUBOTHBIX. [lojepikanne reHeTHIecKoro pazHooOpasust B
cTajax J1abopaTopHbIX MUHH-CBUHEH BO3MO)KHO KaK C UCIIOJb-
30BaHUEM MOJIEKYIIPHO-TEHETHYECKOTO MOHUTOPHHTA, TaK
1 VICKITFOYUTENIBHO CEJICKIIMOHHBIX METOI0B. MUHNMH3AIHS
HeraruBHOTO 3(dexTa 0T HAKOTUICHHSI TEHETHUECKOT0 Tpy3a
B CTaJ1aX MUHN-CBUHEH JIOJKHA IPOUCXOANTD IVIaBHBIM 00pa-
30M ITOCPEICTBOM JKECTKOTO 0TOOpPA MO IPHUCTIOCOOICHHOCTH B
penpoayKTHBHYIO rpymiy. [Ipu HeoOx0auMocCTH, 00yCIIOBIICH-
HOI KOHKPETHBIM THUITOM OMOMETUIINHCKIX 3KCTIEPUMEHTOB, B
CTaJie MOYKHO 3aKPEMHTh SKCTEPhepHbIC M (PU3NOTOTHIECKUE
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MPU3HAKH, KOHTPOJIIMPYEMBIE PELIECCUBHBIMHA CHMKAIOIITUMHU
JKU3HECTIOCOOHOCTh MyTanusamMu. Korconmmarus ocobeit Oe-
JIO MacTH BO3MOYKHA KaK P JOMUHAHTHOM, TaK ¥ PELIECCHB-
HOM THUIIaX HACJICAOBAHM, YTO JOKA3BIBAIOT IPHUMECPBI JIMHUN
Binlang u ceneximonHON rpynIel MUHU-cBHHEH Mini-Lewe.
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HemocTtaTok 6enka GAGA y MyTaHTOB Trl
BbI3bIBAE€T MACCOBYIO KJIETOUHVIO I'MOeJib
B CIIEpMaTO- ’ OOreHe3e AP030(UJIbI

H.B. AoporOBal@, A.E. 3y6KOBa1' 2 EB. q)eAOPOBal, E.Y. Boao6oaoBal, E.M. Eapl/meBa1

1 DepepanbHblii NCCNEROBATENbCKUI LEeHTP VHCTUTYT umTonoruv u reHetrkn Cbrpckoro otaeneHns POCCMInCKOl akadeMunm Hayk,
HoBocnbunpck, Poccus

2 HoBocrbrpcKmii HaLoHabHbI NCCefoBaTeNbCKUIA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBOCOMpPCK, Poccnsa

® dorogova@bionet.nsc.ru

AnHoTauuma. benok gpo3odunbl GAGA (GAF) agnaeTca GakTopom 3MMreHeTUYeCKon perynsauum TpaHCcKpunumm
60nbLUION FPYNMbl FEHOB C WMPOKMM pasHoobpasnem KnetouHbix dyHKUMn. GAF kogupyetca reHom Trithorax-like
(Trl), KoTOpBIV 3KCNpeccMpyeTca B PasNMYHbIX OpraHax 1 TKaHAX Ha BCeX CTafiuAX OHTOreHesa apo3odubl. MyTa-
Liin 3TOTO reHa BbI3bIBAlOT MHOMECTBEHHbIE HAPYLIEHNA Pa3BUTUA. B npeablayLLyx paboTax Mbl MOKasanu, 4To SToT
6e10Kk Heo6X0AVM ANA Pa3BUTKA NONOBOW CUCTEMbI KaK CaMLIOB, Tak 1 camok Apo30¢ubl. CHUXeHVe SKcnpeccum
reHa Trl NPUBOAMNO KO MHOXECTBEHHbIM HapyLIEHUAM CriepmaTo- 1 ooreHesa. OfHO U3 3HaUNTENbHbIX HapyLle-
HMI 6bINO CBA3aHO C MaccoBOW AerpagaLneil 1 noTepen KNeToK 3apoAblLLeBOro nyTu, YTO NO3BOAMO NPEANono-
XUTb, YTO 3TOT GeNIOK BOBNEYEH B PErynAaLuio KneTouHow rubenn. B npefcrasneHHol pabote mbl nposenu 6onee
AeTasibHoe LMTONOrMyeckoe NcciefoBaHmne, YTobbl onpeaenmnTb, Kakoi TUM rmbenn KneTok 3apofbllieBoro nyTu
xapakTepeH ana Trl-MyTaHTOB, 1 NPOUCXOAAT NN HapyLIEHUA UK M3MEHEeHUA 3TOro NpoLecca No CPaBHEHMIO C
HopMmoli. MosnyyeHHble pe3ynbTaTbl MOKa3anu, YTo HeAoCTaToK 6enka GAF Bbi3biBaeT MaccoByto rmbesnb KNeTokK 3a-
POABILLEBOro MyTU KaK Yy CaMOK, Tak 1 camMLiOB APO30¢uIibl, HO MPOABAAETCA 3Ta rmbenb B 3aBUCMOCTU OT fona
no-pasHoMmy. Y caMOK, MyTaHTHbIX MO rery Trl, eHOTUNMYeCKn STOT MPOLeCC He OT/IYaeTCA OT HOPMbI U B TMOHY-
LMX AMLEeBbIX Kamepax BblABEHbI NPY3HaKK anonTo3a 1 ayToparum KneTok 3apofblleBoro nyTu. Y camuos, My-
TaHTHbIX MO reHy Trl, B OTAINYME OT CaMOK, He 0OHapy»KeHbl MPU3HaKKM anonTo3a. Y camuos MyTauuu Trl iHayLmpyoT
MaccoBylo rnbernb KNeTok yepes aytodarmio, UTo He XapakTepHO AnA cnepmaTtoreHesa Apo30$usbl U He onncaHo
paHee HV B HOPME, HU Yy MyTaLuiA No ApyrMm reHam. Takum obpasom, HepgocTaTok GAF y myTaHToB Trl npusogut
K YCUNEHMIO anonToTUYeCKo 1 ayTodarnyeckomn rmbeni KneTok 3apofblleBoro nyTu. IKTonmyeckas KneToyHas
rnbesnb 1 aTpodrA 3apofblLLEBON NMMHUM, BEPOATHO, CBA3aHbI C HAPYLLIEHEM SKCNPeccun reHoB-MuLLeHein GAGA-
daKTopa, cpean KOTopbIX eCTb reHbl, PerynunpyoLLe Kak arnonTos, Tak 1 aytodarutio.

KnioueBble cnoBa: fipo3oduna; GAGA-pakTop; KNeTKM 3apofblLeBOro NyTu; anonTos; aytodarus; cnepmatoreHes;
ooreHes.
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Lack of GAGA protein in Trl mutants causes massive cell death
in Drosophila spermatogenesis and oogenesis
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Abstract. Drosophila protein GAGA (GAF) is a factor of epigenetic transcription regulation of a large group of
genes with a wide variety of cellular functions. GAF is encoded by the Trithorax-like (Trl) gene, which is important
for the formation of various organs and tissues at all stages of ontogenesis. In our previous works, we showed that
this protein is necessary for the development of the reproductive system, both in males and females of Drosophila.
Decreased expression of the Trl gene led to multiple disorders of spermatogenesis and oogenesis. One of the
significant disorders was associated with massive degradation and loss of cells in the germline. In this work, we
carried out a more detailed cytological study to determine what type of germ cell death is characteristic of Tr/ mu-
tants, and whether there are disturbances or changes in this process compared to the norm. The results obtained
showed that the lack of GAF protein causes massive germ cell death in both females and males of Drosophila,
but this death manifests itself in different ways, depending on the sex. In Trl females, this process does not differ
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phenotypically from the norm. In the dying egg chambers, signs of apoptosis and autophagy were revealed, as
well as morphological features that are characteristic of the wild type. In males, Trl mutations induce mass germ
cell death through autophagy, which is not typical of Drosophila spermatogenesis, and has not been previously
described, neither in the norm nor in other genes’ mutations. Thus, GAF lack in Tr/ mutants leads to increased germ
cell death through apoptosis and autophagy. Ectopic cell death and germ line atrophy are probably associated
with impaired expression of the GAGA factor target genes, among which there are genes that regulate both apop-

tosis and autophagy.

Key words: Drosophila; GAGA factor; germ cells; apoptosis; autophagy; spermatogenesis; oogenesis.
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BBepeHune

Benok npozodmisr, GAGA-paxrop (GAGA-factor, GAF), ko-
mupyercst TeHoM Trithorax-like (Trl), KOTOPBIA AKCIPECCH-
PYETCda B pa3jiIMUHBIX OpraHax M TKaHAX Ha BCEX CTaAUAX
onTorenesa nposzoduisl (Soeller et al., 1993; Baricheva et
al., 1997; Karagodin et al., 2013). GAF umeer BaxHyto 61o-
JIOTHYECKYI0 (DYHKIHMIO, CBSI3aHHYIO KaK C MO3UTUBHOM, TaK
U HETaTHBHOWM peryisiiueil SKCnpeccuu OOJIBIION TPYIIITBI
TEHOB, KOHTPOJIUPYIOIINX OCHOBHBIE ATAIBI PA3BUTHUS IPO30-
¢uer (Granok et al., 1995; van Steensel et al., 2001, 2003).
GAF sBasieTcst 9BOJIOIMOHHO-KOHCEPBATUBHBIM OEIIKOM,
MMEIOIIIM TOMOJIOTHIO C OeJKaMH MHOTHX 3yKapHOT, B TOM
YHcIie BRICIINX 1M03BoHOYHBIX (Matharu et al., 2010; Berger,
Dubreucq, 2012). T'omomoru GAF, kak u cam 0eI0K, MOTYT
cBsI3bIBaThCs ¢ GA-TIOCIIEI0BATEIBHOCTSIMU B PETYIISITOPHBIX
paiioHaX BOJIOLMOHHO-KOHCEPBATHUBHBIX TeHOB (Matharu et
al., 2010). Pe3ynpraThl MOJIHOTEHOMHOTO aHANN3a (TIPOQPUITH-
pOBaHME XpOMATHHA ¢ HCIOJIb30BaHKeM Dam) mokasaiu, 4yTo
muteHsiMa GAF y apo3o¢mtsr MoryT ObITE 0K0J10 250 TeHOB,
Y4YaCTBYIOIIMX KaK MHHHUMYM B 28 CUTHaJBHBIX MYTSX (Van
Steensel et al., 2003). Ananu3 npoduneit cszpiBanus GAF,
nonyueHHbIX B pamkax npoexra modENCODE (http:/www.
modencode.org/) (Roy et al., 2010), mo3BosisieT mpearoiararh,
uyto GAF MokeT yaacTBoBath B peryisaiuu 6oiee 3700 reHoB
Ipo30QuIB! (HEOyONMKOBaHHBIC TaHHBIE).

Amnanus Trl-myTanToB npogeMoHcTpuposai, uto GAF nHe-
00xoauM JuIst SMOpHoOTreHe3a, pa3BUTHS I1a3a U Kpblia Jpo-
3o0¢uiel (Bhat et al., 1996; Dos-Santos et al., 2008; Omelina
et al., 2011; Bayarmagnai et al., 2012).

B mpensiaymmx pabotax mMel okasanu, 4to GAF mpunu-
MaeT y4acTHe B Pa3BUTHH IIOJIOBOI CHCTEMBI KaK CaAMIIOB, TaK
¥ CaMOK JIp030(UIIbI, OCKOJIBbKY CHH)KEHHE YKCIIPECCHUH F'eHa
y MyTaHTOB 77/ IPUBOANT K MHOXXECTBEHHBIM HAPYIICHUSIM
cnepmaro- u oorenesa (Ogienko et al., 2006, 2008; Dorogova
et al., 2014; Fedorova et al., 2019). OgHO U3 3HAYUTEIBHBIX
HapyleHNH KaKk OOreHe3a, Tak U CIIepMaToreHes3a CBI3aHo ¢
MacCOBO THOENBI0 U MOTEePer KIETOK 3apOIBIIIEBOTO Ty TH
(K3IT) (Dorogova et al., 2014; Fedorova et al., 2019). 910
MO3BOJIMJIO MIPUITH K 3aKitoueHuto, uto GAF moxeT perynu-
poBaTb aKTUBHOCTH I'CHOB, OTBCYAIOIIUX 3a KJICTOYHYIO T'M-
6enp. OHako s nanpHeinero uccaenosanus ponu GAF n
TMIOHCKa €r0 TeHOB-MHUILIEHEH B KJIICTOYHOH IO HE0OXOAUMO
HOJTY4UTh OOJIee ITOTHYI0 HH()OPMALIHIO O TIPOSIBIICHUSX ITOTO
npouecca y 7r/-MyTaHTOB U COOTHECTH JaHHBIC C OIpeJie-
JICHHBIM THIIOM PETYJIUPYEMOH KIETOUHOH CMEPTH COIIaCHO
CYIIIECTBYIOIICH B HacTOsIee BpeMs Kiaccupukanuu. Ytoob

PEIINTB 3TY 3a/1ady, Mbl IPOBEIH JIETAIBHOE IIUTOIOTHIECKOE
uccienoBanue xapakrepa rudenu K3I1 B ssmaankax n cemeH-
HUKaxX y 7r[-MyTaHTOB APpO30(HIIBIL.

B Hopme stmunmk gpo3oduitst coctout u3 15-20 oBapuon,
KOTOPBIE MPEJCTABIISIOT COOOI LIEMOYKY IIPOrPECCUBHO pas-
BHBaromuxcs ginesbix kamep (SK), cocrosmmux n3 16 K311,
KOTOPbIE OKPY’KEHBI MOHOCJIOEM COMAaTHYECKHX (hOIUTHKY-
TAPHBIX KITeToK. OfHa n3 16 KIeTOK MUCTHI CTAHOBUTCS SHTIe-
KJIETKOH, OCTaJIbHBIC — MUTAIOMMMU KileTkamu. [1o pasmepy
n Mopdostornn SIK ooreHes MOXXKHO YCIIOBHO PasieiNTh Ha
14 crammit (King, 1957; Spradling, 1993; Ogienko et al.,
2007). B HOpME OHTOTEHETHUYECKU 3allpOrpaMMHpPOBAHHAS
cmepts K3II mponcxoant Ha Tpex crenuduuecknx cra-
JWSIX: BO BHOBb C()OPMHPOBAHHBIX LUCTaX (BTOPOW paiioH
repMapus), BO BpeMs cpefHero (craauu 7-9) m mo3gaHero
(cragnm 12, 13) oorenesa. IIpu 1ocTaTo4HOM MUTAHUH MYX
CMEpTh KJIETOK B I'eépMapuy U Ha cTaausix 7—9 (Ha3pIBaEMBbIX
KOHTPOJIbHBIMHM TOYKAaMH T'MOEJIH KJIETOK B OOr'€He3e, aHII.
checkpoints) mponcxoauT B OTBET HA AHOMAJIMH Pa3BUTHA U
PE3KO YBEIMUYHMBACTCS TOJ] BIMSHUEM PA3IMYHBIX CTPECCOB
(McCall, 2004; Jenkins et al., 2013). TuGenp nmuTarONIIX KIe-
TOK B TI03/THEM OOT€HE3€ IMTPOUCXO/IHUT KaK YacTh HOPMAILHOTO
pas3BuTHs Kaxkaoro siina (Jenkins et al., 2013; Peterson et al.,
2015; Bolobolova et al., 2020).

st ooreHesa 1po30( bl XapaKTEePHbI Ba OCHOBHBIX
THTIA KJIETOYHOU rubenu: amonrto3 u ayrodarus (McCall,
2004; Barth et al., 2011; Jenkins et al., 2013; Bolobolova et
al., 2020). AnonTo3 sBIsieTCsl YHUBEPCAJIbHBIM KOHCEpBa-
TUBHBIM MEXaHHU3MOM, IIPH KOTOPOM 3aIlyCKaeTcsl Iporpam-
Ma caMopa3pyIIeHHUs KIETOK C y4aCTHEM ITPOTEOIUTHYESCKHUX
(hepMeHTOB, OTHOCSIINXCS K ceMeicTBy kacmas (Kumar,
2007). B ruonrynmx K nposiBIsiroTcst XapakTepHbIe TPU3HAKA
aronTo3a: KOHJEeHcanus Xxpomarnna, paspsissl JJHK, ¢par-
MeHTaNus saepHoro Marepuaina u nurorurasmsl (Kihlmark et
al., 2001; Greenwood, Gautier, 2005; Sarkissian et al., 2014).
VY npo3od bl HHUIIKALIKS AMTOTITO3a CB3aHa C AaKTHBHOCTBIO
a¢pexTopHOit Kacmazsl Dep-1, 1 okpacka aHTUTETIaMH K 3TO-
My O€NKy SIBISIETCSI OCHOBHBIM MapKepoM Kacras3a-3aBHCH-
Mmoro arornrro3a (Sarkissian et al., 2014). Kietounast rudens
yepe3 ayTo(aruio CONpOBOXKAAETCS M30BITOYHBIM 00pa3o-
BaHMEM ayTo(daro- v JIM30COM, YTO TIPUBOJIHT K IepeBapHBa-
HUIO BCEX KJIETOUHBIX OPTaHEeI M 3aKHUCIICHUIO [IUTOTLIA3MBI.
Bcenencrue 310l 0cOOCHHOCTH IS BBISIBICHNUS ayTodarnu
ucmons3ytoT nu3oTpekep (LysoTracker), annmopumbHbN kpa-
CHTEJIb, KOTOPBI MapKHpYyeT JIn30- 1 ayTodarocomsl (DeVor-
kin, Gorski, 2014).
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B cemennukax K3II pacnionoxeHs! B0JIb OpraHa B COOT-
BETCTBHUH CO CTaJIUSIMU cTiepMaroreHe3a. Ha anmkaasHOM KOH-
1€ — CTBOJIOBBIE KJIETKH, KOTOPBIE AEIISITCS ¢ 00pa30BaHUEM TO-
HHUAJIBHBIX KJICTOK. [ OHMabHBIE KIICTKH BCTYTAIOT B CIIEpMa-
TOTEHE3, KOTOPBIN BKIIOYaET MUTOTHYECKOE M MEHOTHYECKOE
JIeNIeHNS, B pe3yIbTaTe 4ero oopasyrorcsi 64 CHHINTHAIbHBIE
criepMaru/ibl, KoTopbie 3areM auddepeHunpyores B criep-
marozouzbl (Fuller, 1993; Fabian, Brill, 2012). Kierounas
rubenp B criepMaTroreHese Ipo30(niTbl MPOUCXOIUT KpaifHe
PEeIKo, M IPUMEPHI €€ HCCIIeJOBaHNs — eIMHNYHBI. [TokasaHo,
YTO B IIPOIIECCE CriepMaroreHesa Ae()eKTHbIC CIIEPMATOUTHI
SIIMMUHHUPYIOTCS C TIOMOIIBIO JIN30COMHOTO MexaHu3ma (0e3
dhopmuposanus ayrodarocom) (Yacobi-Sharon et al., 2013),
a Taxke MPOTPaMMHUPYEMOT0 HEKPO3a, OMOCPETOBAaHHOTO
6emxom p53 (Napoletano et al., 2017).

B nmanHo#t paboTe MBI TTOKa3aiy, YTO CHIDKEHUE IKCIIpec-
cun GAF B SIMUHMKAX y caMOK 77/-MyTaHTOB NPHBOIUT K
yeunennro rudenn K3I1 u nerpanarmu K na 7-9-# cramusx
ooreHesa. [Ipu 3TOM MpoIece KICTOUHOU THOEIH MPOTeKaeT
TaK ke, Kak B HOpMe, ¥ IMeeT NMPU3HAKH Kak ayTo(aruu, Tak
u aronro3a. B cemennmnkax Hemocratok GAF mHaymmpyer
MaccoByIO T'u0esb yepes ayTo(aruio, 4To HE XapaKTepHO
JUIs CTIepMaroreHes3a 1 He OIMCaHo paHee HU B HOpME, HU Y
MYTalWH 110 APYTUM TeHaM.

MaTepman n metogbl
B skcnepuMeHTax HMCIONb30BATH CIEAYIOIMINE MYyTalluH
D. melanogaster: myrauus Tri®8 — nynb-annens rena, jro-
6e3n0 npenocrasiena ®@. Kapmem (JKenesckuii yHuBepcu-
tet, [lIBeiiiapus) (Farkas et al., 1994); runomopdnsie myTa-
uun 17392 u Trl@!5 gapymaromue 5'-061acTh TeHa, TOMY-
gensl B U{ul" CO PAH (Ogienko et al., 2007; Dorogova et
al., 2014); Oregon R — nukuii Tum, U3 QoHAa TadopaToOpun
HIul" CO PAH, ucnons3oBaHa B KauecTBe KOHTpois. Bee
CKpEIIMBaHUs TPOBOIMIIN Ha CTAaHIAPTHOM cpelie TP TeM-
neparype 25 °C.

Beinesnenue, puKcalmio 1 OKpacky roHa/ Juis SIEeKTPOHHON
1 (IyopeceHTHOW MHUKPOCKONNHU TTPOU3BOJMIN COTIIACHO
ommcaHHO# panee metonuke (Dorogova et al., 2014). B pa-
00Te NCToNB30BaHbI IEPBUYHbIC aHTHTENA: rabbit anti-Vasa
(pasBenenue 1:300; SC30210, Santa Cruz Biotechnology),
rabbit anti-Dcp-1 (pa3senenue 1:100; Asp216, Cell Signaling
Technology). Bropuunbie anTutesaa — anti-rabbit, KOHbIOTH-
posannsle ¢ AlexaFluor-488 (1:500; A-11001, Thermo Fisher
Scientific) n AlexaFluor-568 (1:500; A-11369, Thermo Fisher
Scientific). Arann3 ¢ momompio LysoTracker BeimomHsiy,
Kak OIMCcaHo B npensiayinei padore (Dorogova et al., 2014)
(LysoTracker Red DND-99, Thermo Fisher Scientific). ITo-
Clie OKPAaCKU SIMYHUKUA M CEMEHHHUKH MOMEIIAId B PEarcHT
npotus BeiBeTanus ProLong Gold ¢ DAPI (Thermo Fisher
Scientific). 1300paxeHHs OTyYeHBI C IIOMOIIHIO MUKPOCKOTIA
Axiolmager Z1 ¢ npucraBkoit ApoTome (Zeiss), mporpamm-
HbIM oOecmieueHneM AxioCam MR u AxioVision (Zeiss).

Pesynbratbl

B npenpimymmx padoTax MBI IPEICTaBUIN JaHHEIE, TI03BO-
JIAOMIUE CACIATh BBIBO/, YTO CHUIKCHUC SKCIIPECCUU I'€Ha Trl
Y MYTAHTOB IIPUBOAUT K 3HAYUTCIIBHOMY YCHUJICHUIO KJIICTOY-
HOI THOEI B CIIEPMAaTO- U CPEIAHEM OOTEHE3e IPO30(IIIBI
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(Dorogova et al., 2014; Fedorova et al., 2019). ¥V camiioB u
CaMOK Ipo30(MIIbI, HECYIIUX MyTaHTHbIE amienu 17362 n
Trl(e915 B coueranmu ¢ Hymb-amneneM TrIRS3 (TriR83/Ty[302 n
TrIR85/Tyl(¢913) mabmromanace Maccosas rubens K3IT (Do-
rogova et al., 2014; Fedorova et al., 2019). B atoii padote,
npoBess Gonee JIeTanbHOE [MTONOINYECKOE HUCCIIeIOBAHUE
JIQHHBIX aJIJIETbHBIX KOMOUHALNHN, MbI OTIPEICITIIIH, KAKOH THIT
rudemm K311 xapakrepen st 7r/-MyTaHTOB M Kak HapyIIaeTcs
WJIM MEHSIETCSI ATOT MPOLECC MO CPABHEHHIO C HOPMOH.

MyTauunn Trl npuBOAAT K ycUneHunio KneTouHou rubenm

B OOreHese, HO He BAMAIOT Ha LTONOrMYecKme
NposBJIeHNA 3TOro npoulecca

Jnist BeIsIBIIEHUS ayToaruyu Mbl HCIIOJIB30BAIIN JIN30TPEKEP
(LysoTracker), ammouinbHBIN KpacHTEIh, KOTOPBIA MapKH-
pyer nu30- u ayrodarocomsl. [lociie oxpammBaHus CUTHAT
JM30TpeKepa OblT 0OHapyKeH BO Beex Jerpaaupyronmx K,
HO €ro MOsIBJICHHE COBITAIAJI0 C HAYaJIOM SIIEPHON KOHJIeHCa-
1M KaK B SIMYHUKAX MYX JIMKOT'O TUTIA, TaK Uy Tr/-MyTaHTOB
(puc. 1, a, 6). Takum oOpazom, MosBICHNUE ayTo(haro- U Ju-
30COM COITyTCTBOBAJIO YK€ HauyaBIIEMYCs alloNTo3y, HO HE
MPE/IIIECTBOBANIO €MY. DTO O3HAYAET, YTO KIETOUHAsl THOEIb B
Cpe/HeM OOTeHe3e y MyTaHTOB 77/ He CBsi3aHa C ITpoIeccamH,
KOTOpBIE MPUBOJIAT K M30BITOYHON ayTo(haruu, HECOBMECTH-
MOH € )KHU3HECTIOCOOHOCTBIO KIIETOK.

Jist 1OTIONTHUTENbHON Bepru(UKAMU aronTo3a U BbISB-
JICHUSI aKTUBHOCTH KacTla3 Mbl HCIIOIb30BAJIM aHTHTENA K 3(-
(exropHOi1 kKacriaze Dcp-1. IMmyHOo(uryopectieHTHOE OKpa-
myBaHKue aHtutTenaMmu K Dcp-1 mokaszano, 4to 3TOT Oestok
BBISIBJISIETCSl B THOHYIIMX SIMLIEBBIX Kamepax [7/-MyTaHTOB
W ero marTepH He OTJIMYAeTCsl OT TAKOBOIO y CAMOK JHMKOTO
Tumna (cm. puc. 1, 6, 2).

[ockonbKy IpH aronTo3e pa3pyaeTcs 1 pparMeHTupyeT-
cs siiepHast 000JI04Ka, C TIOMOIIBIO AaHTHTEN K OCNIKY sIepHOI
JaMuHbl Apo3oduiibl, Lamin Dm0, MBI mpoBepuin nenoct-
HOCTB S,IEPHO# 0005104k B KiieTkax rudnynmx K. Snepuas
000J10YKa YETKO BBISBIISUIACH AHTUTEIAMH K OCJIKY JTaMHUHBI
BO Bcex kieTkax SK, He momBep>KeHHBIX Aerpaganud (CM.
puc. 1, 0). OnHaKO ¢ MOSIBICHHEM MIPU3HAKOB KOHICHCAIHH
XpOMarTHHa siiepHast 000104Ka He BU3yannznposaiachk B K311
KaK y MyTaHTOB, TaKk U B KOHTpOJIE. DTa CTPyKTypa OcTaBa-
Jlach BUIMMOM TOJIBKO B (DOJUTHKYJISIPHBIX KJIETKaX, KOTOPbIE
JIETPaIPYIOT MO3XKeE, MTOCIIE TOr0 KaK OCYIIECTBAT (haronuTo3
MOTHOIINX MUTAIOMNX KIETOK (CM. puc. 1, e—x).

MpI Takke npoBenu aHanus aerpagupyroumx AK meto-
JlaMH 2JIEKTPOHHON MHUKPOCKOIINH, KOTOPBII BBISIBUII CIICIH-
(hmueckue U3MEHEHHUs B sApe U IUTOIUIa3Me, XapaKTepHbIe
JUIsl HOPMaJIbHOTO MPOSIBJICHUSI KIIETOYHOW THOEIHN B CPETHEM
OOreHese, OIMKMCAHHOrO paHee B JApyrux paborax (Giorgi,
Deri, 1976) (nanHbBIC He IpeACTaBICHBI). TO €CTh Yy MyTaHTOB
3TOT Iponecc MOP(HOITOTUIECKH HE OTINYAIICS OT KOHTPOIIS
(Oregon R).

Taxum o6pazom, ekt myTarmn 77/ CBsI3aH C yCHIeHHEM
KJIETOYHOU TMOENIM B CPEJHEM OOTeHEe3€e, YTO COOTBETCTBYET
panee mosaydeHHbIM pe3ynbratam (Dorogova et al., 2014;
Fedorovaetal., 2019). Dtot mpornecc cTaHOBUTCS OojIee Mac-
COBBIM y MyTaHToB Tr{R85/Tr[362 w TriR83/Trl(¢913 HO 0CHOB-
HBIC KPUTEPUX U MOP(OIOrHIecKre XapaKTepUCTHKN COOT-
BETCTBYIOT HOpPME.
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Puc. 1. OcobeHHOCTV GEHOTUMNYECKOTO NPOABNEHNA KIETOYHON r’Mbenn B ooreHe3e CaMoK, MyTaHTHbIX Mo reHy Trl (NpefcTtas-
NeHbl ANYHKMKN camok TriR85/Tr[362),

a, 6 - BblABNIEHVE ayTodaro- 1 N130com ¢ nomolupio LysoTracker red B rubHyLmx ANLEBbIX KaMepax: B AMYHKKax camok Oregon R TonbKo
eVHUYHbIe AliLieBble Kamepbl NMoABePraloTcA KNeTOUHON rinbenu (BbiaeneHHas 061acTb), ocTanbHble pa3BrBaOTCA HOPMasbHO 1 BCTyMa-
10T B BUTennoreHes (a); y camok Trl 60NbLUMHCTBO ANLEBbIX Kamep nornbaet Ha 7-9-11 cTafmax ooreHesa (BblaeneHHas obnacTb), O4HaKo
naTTepH okpacku LysoTracker y MyTaHTOB He oTnMuaeTcs OT TakoBoro y nvHum Oregon R (6). 8, 2 — OKpacka aHTuTenamm K apdektop-
Hol Kacnase Dcp-1: B rmbHyLLMX AnLeBbIX Kamepax camok Oregon R (8) n Trl (2) kacnasa Dcp-1 BbIABAAETCA OAMHAKOBO. 0—/1 — OKpacka
aHTUTenamu K 6enky Lamin Dm0, No3BoNAWUMI OLEHUTb LeNOCTHOCTb AfEPHON 060I0UKIN B MPoLiecce KNETOYHON rmbenn: aaepHas
060s104Ka YETKO BbIABNAETCA BO BCEX K/ETKaxX ANLEBbIX Kamep, He NoABEPXKEHHbIX Aerpapaunn (0); e-3 — B ferpagmpyowmx AnLeBblx
Kamepax camok Oregon R apepHaa 060noUKa NUTAIOWMX KNETOK pa3pyLluaeTca (), HO COXpaHAeTCA 1 BU3yanusmpyeTca B Gonnmkynap-
HbIX KNIeTKaX (3); B ANYHMKAX CAMOK, MyTaHTHbIX MO reHy Trl, HabNoAaeTCA TaKoW »Ke NaTTepH OKpackn aHTuTenamm K Lamin Dmo, kak 1y
camok Oregon R (u-n). LysoTracker — KpacHbli, kacnasa Dcp-1 — 3eneHbiit, Lamin DmO - 3eneHbiii. Macwab: d, 6 — 15 MkMm; 8-0 — 30 MKM;
e-J1- 40 MKM.
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Puc. 2. OcO6eHHOCTI KNETOUHOI MMBenu B cnepmaToreHese camLoB, MyTaHTHbIX N0 reHy Trl (MpeacTaBneHbl ceMeHHK camuios TriR8/Tr62),

a, 6 - IMMYHOOKpaLUMBaHne aHTuTenamu K 6enkam Vasa 1 Lamin DmO 0TAenoB CeMeHHVKOB, rAe Pacrnosiox)KeHbl KNEeTKM 3apoAblleBOro nyT1 Ha paHHMX CTa-
OUAX CriepMaToreHesa: y camuoB [UKOro TuMa Becb 6a3anbHblil OTAEN CEMEHHMKA 3anofiHEH CNepMaToLMTaMn Ha PaHHKUX CTaguAX crnepmaTtoreHesa, Kotopble
oKpaluMBaloTca aHTuTeNnamm K 6enky Vasa (a); y myTaHToB BbiABnAloTcA K3IM ToNbKO Ha anmnkanbHOM KOHLe, HaxoAALMeca B CaMOM Havane criepmatoreHesa (6);
AnepHas obonoyka Br3yanusmpyeTca aHTuTenamu kK Lamin Dm0 gaxke B cnepmatoumTax, KOTopble yXKe He OKpaluMBaloTcA aHTuTenamm K Vasa (Ha pucyHke Bbige-
neHa obnacTb CepMaToLMTOB, KOTOPbIe He YyBCTBUTENbHbI K aHTUTeNam K 6enky Vasa). 8, 2 — okpalumBaHue aHTUTenamu K 6enky Dcp-1 cooTBeTCTByeT NO3AHUM
CTaAnsaM criepmaToreHesa Kak y camuos Oregon R (8), TaK Uy MyTaHTOB; B TeX palloHax CEeMEHHVKa, Fae Y MyTaHTa MPoVCXOAMT MaccoBas rmbesnb CnepmaToLuToB,
6enok Dcp-1 He onpepensetca (2). 0, e — BbiABNEHWE aKTUBHOCTM JIN30- U ayTodarocom ¢ nomolbto LysoTracker: curHan nusotpekepa 3HauUTeNbHO MHTEHCMB-
Hell y camLioB, MyTaHTHbIX No reHy Trl (e), N0 cpaBHEHUIO C AVKMM TUMOM (0). X—U — yNbTPacTpyKTypa CnepMaToLmTOB Ha CTaaun nHtepdasbl (nepes Menosom)
B AUKOM Tune 1 y Trl-myTaHTa (3, u): Npy HOPMarbHOM CriepMaToOreHe3e Ha STON CTafuK B KeTKax HabloAalTCA MHOXECTBO MATOXOHAPWIA (YepHas CTpernKa),
MeMb6paH 3HA0MIAa3MaTUYECKOro PETHKYTyMa (rofloBKa YepHOW CTPENKK), MyNbTUBE3UKYNAPHbIe Tenbla (benas cTpenka), eAMHUYHbIE TM30COMbI (ronoBKa 6enon
cTpenku) (X); y MyTaHTa LuTonnasma 3anosiHAeTca aytoparocomamm (cTpesnka) (3); cepmatouuTbl Ha CTagun IM31ca COXPaHAIOT BHYTPEHHIOI CTPYKTYpY Afpa
1 ApepHyto 060nouKy (u). Vasa n LysoTracker — KpacHblii, kacnasa Dcp-1 n Lamin DmO - 3eneHbiin; A — aapo. Macwtab: g, 6 - 20 MKM; 8, 2 — 30 MKM; 0, e — 20 MKM;
X,3—1 MKM, U — 3 MKM.

MyTauum Trl unayumnpytot

MaccoByio ayTodaruio B crepmatoreHese

Hcnionb3yst Takol ke METOMOIOTUIECKUI TOIXO0M, MBI TIPO-
aHaIM3UPOBAITH, Kak rponcxoaut rudeins K3I1y myranros 77l
B ciepmatoreHese. [IpeaBaputenbHOe IMMYHOOKPAIIUBAHNE
aHTHTEeNaMH K Oenky Vasa, criermdranomy st K311, mokasa-
JI0, 4YTO Y MYTaHTOB BBISIBIISIIOTCSI IPEUMYILECTBEHHO PaHHHE
CTaJIM CIiepMaTorenes3a. bosbnHCTBO IUCT Ha Gosee 1mo3/1-
HUX CTaJHAX CTIEpMaToreHe3a 3IMMUHNPYIOTCS B IIpoIecce
ruben (puc. 2, a, 6). OmHako ocodeHHOCThEO rTHOHYIIIX K311
B CIIepMaToOreHe3e OBIJI0 COXpaHEHHE [EIOCTHOCTH SACPHON
00oouky. SlnepHast 060/104YKa BU3yaIn3upyeTCsl aHTUTENa-
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Mu kK Lamin Dm0 gake B criepmaronuTax, KOTOPBIC YXKE HE
OKpaIlBalOTCsI aHTUTENaMH K Vasa (cM. puc. 2, a, 0).

Y MyTaHTHBIX CaMIIOB, B OTJIMYHE OT CAMOK, B TeHEpa-
TUBHOH TKaHU He OOHapy>KEeHBI NpU3HAKU arnonro3a. Okpa-
IIMBaHUE aHTHUTEIaMH K Oenky Dcep-1 mokazano akTHBHOCTB
3¢ dekTopHON Kacmasbl TOIHKO HA CAMBIX TTO3IHUX CTAHAX
CIiepMaToreHe3a, BO BpeMs KOTOPBIX B IIPOIIEcCe, HA3bIBAEMOM
WHANBUIyaNN3aluei, 00pa3yroTcs 3peible CIIepMaTO30HIbL.
Tako#i xe ImaTTepH OKpaIIuBaHUs HAOIIONaICs U B KOHTPOJIE
(cm. puc. 2, 6, 2). B palioHax ceMeHHUKa, TJie Y MyTaHTHBIX
camioB npoucxonut rudens K31, kacrmaza Dcp-1 He BBISB-
nsinack. OxpamuBanue DAPI Takke noaTBepxKaaeTt, 4To Xpo-
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MaTHH B 3TUX KJIETKax HE MOABEPTracTCd KOHACHCALUU U
(hparMeHTaIyN, XapaKTEPHBIX AT AlIONTO3a.

Oxpacka JTM30TPEKepOM TOKa3aja, YTo aua0pHIbHbIC
KOMIapTMEHTBI, COOTBETCTBYIOLINE ayTodaro- U JIU30C0-
MaM, B N300MJINH NPHUCYTCTBYIOT BO BHYTPEHHEH 00IacTh
CEMECHHUKOB. DTH CTPYKTYpBI PACIOIararoTcsi mpenumyle-
CTBEHHO B 30HE€ CEMeHHUKa, rjae Haxonarcs K311 na panHux
CTaUAX PA3BUTHS — CIIEPMATOILMTHI TIEPBOTO MOPSAAKA (CM.
puc. 2, 0, e).

C IOMOIIBIO ANIEKTPOHHO-MUKPOCKOIINYECKOI0 aHajIn3a B
IIUTOIIa3ME THOHYIINX CIIEPMATOIMTOB BBIABIISUINCH MHO-
JKECTBEHHBIC ayTO(aro- u JIN30COMBI, TIPH ITOM sijiepHast 000-
JIOUKa He pa3pylianach 1 MOP(OJIOTHsl sijiep HE OTIINYaIach
ot TakoBoit B HernOHywx K3I1 (eMm. puc. 2, oc—u).

B pesynbrare cpaBHEHUS MPOSIBICHUH KJIETOYHON THOCIN
B criepMarorenese y camuos T#IR85/Ty[362 y TyIR8S/Tyl(e9)15 ye
oOHapyXeHO (PEeHOTHIMNIEeCKHX OTIHInii. O0e MyTaruu BbI-
3BIBAIOT MAacCOBYIO ayTodaruio u nociemyronmii mmsuc K3I1.
OpHako mporecc THOeIN ITUX KIETOK HE COMPOBOXKIAETCS
aronto3oM. B Hopme, y muann Oregon R, HE BBISABIECHBI HU
MPU3HAKHM arornTo3a, HU ayTo(aruy.

O6¢cyxpeHue

[TomydeHnsle pe3yabTaThl MOKa3aI1, 9TO HEIOCTATOK Oeka
GAF Bb13biBaeT maccoByto rudens K3I1 kak y camok, Tak u
CaMIIOB Ip030(HIIBI, HO MPOSBIIETCS 3TAa THOCND B 3aBUCH-
MOCTH OT I10J1a [I0-Pa3HOMY.

B oorenese y caMOK, MyTaHTHBIX 110 TeHY 77/, OOJIBIITMHCTBO
SK mMeroT HU3KYIO )KU3HECTIOCOOHOCTh M HE MOTYT MPOTH
4yepes KOHTPOJIbHYIO TOUKY cpetHero oorenesa (mid oogenesis
check point). M3BecTHO, 4TO 3Ta cTaguocnenuduIHas KOH-
TPOJIbHAS TOUKA aKTUBUPYETCS B OTBET HA HEOIArONPHUSITHBIE
CTUMYJIBI, (PU3MOJIOTHYECKHUE HAPYIICHUS WJIM MaTOJIOTHH
pa3ButTHs. SHLEBbIE KaMePbl, KOTOPBIE HE IIPOIYCKAOTCS Ha
CIIEIYIOIINI 3Tal OOTeHe3a (BUTEIUIOTEHE3), TOBEPTaroTCs
TEHETHYECKHU perylupyemMoii kierounoi rudenu (Pritchett et
al., 2009; Jenkins et al., 2013; Peterson et al., 2015). Otiuuu-
TEJIFHOHM YepTOif MyTaHTHOTO (heHOTHTIa OBLT TOITHKO BEICOKHNA
nokazarens ruOHymux SIK, npu 5ToM 1erpaaupyroT OHH TaKk
Ke, KaK B AMKoM Tune. B ruonymmx SIK oOHapyxeHbI npu-
3HAKW allonTo3a W ayTodaruu, a Takke Mopdororndaeckne
M3MCHEHHS, XapaKTEPHBIC [T HOPMBI.

CoriacHo JIaHHBIM JUTEPATyphl, MOJO00HBINH (peHoTun
MOKET BO3HHKATh B OTBET Ha HEJOCTATOK MHUTATEJIbHBIX Be-
IIECTB WJIM CHIDKEHUE aKTHBHOCTH KOMITOHEHTOB MHCYIIUH/
TOR-curnanshoro nytu (Drummond-Barbosa, Spradling,
2001; Barth et al., 2011; Pritchett, McCall, 2012). Muacynun/
TOR-curHanbHblil IyTh — KOHCEPBATUBHBIN MEXAHU3M, OT-
BETCTBEHHBIN 32 POCT KJIETOK U TKaHed. OH JeHCTByeT Kak
CEHCOp JOCTYIHOCTHU NMUTATEIbHBIX BEIIECTB, CIIOCOOCTBYS
MeTaboNIN3My, POCTY M Mposudepanun KIeTok. B oorenese
Drosophila 5TOT MeXaHU3M SIBIISIETCSI KDUTUYECKU BaXKHBIM
s passutns K311 u cozpeBanmst oornToB. [pu ero Hapye-
HUsX SIK He MOTYT BCTyTaTh B 9HEPrOEMKHI BUTEIIOT€HE3 U
nerpanupyrot (LaFever et al., 2010; Laws, Drummond-Bar-
bosa, 2017; Jeong et al., 2019). MaccoBas aerpaganus SIK
B CpPEJHEM OOTeHe3e TaKkKe HaOJIoanach MpH MOJaBICHUH
IKCIIPECCUH T'€HOB, KOAMPYIOUIMX OJNKH, PUHAJISKAIIUE
ceMeicTBY MHHTHOMTOPOB arnonTo3a — Bruce u Diap, koTopsie
HEraTUBHO PETYJIMPYIOT aKTUBHOCTH Kaclas. B Takom ciy-
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Yae MPOMCXONIIO YCUIICHHE KIIETOYHOU rubenu Ha GpoHe Ha-
PYLICHUS ee PeryIsNy, IPU 3TOM MOP(OIOrHIeCKHe KpH-
TEPHH 9TOTO MPOLiecca He MEHSUTUCh M HE OTJIMYAIUCh OT HOP-
MmbI (Rodriguez et al., 2002; Xu et al., 2005; Hou et al., 2008).
YV Trl-MyTaHTOB OTMEYEH TMOXOXKHUH (DEHOTHIT B OOTEHE3e,
YTO MO3BOJISCT MPEINOJIOKHTh HAPYLICHHE PETYISTOPHOTO
MeXaHU3Ma KJICTOYHOH ruOeu.

B cniepmarorenese y 7r/-mytanTtoB MaccoBas rudens K311
peanu3yercst yepe3 MexaHu3M U30bITouHOM ayTodaruu. [Tpu
HOPMAJIbHOM pPa3BUTHU 3ap0£ll:-lH.leBOfl JIMHUH Ile(beKTHbIe
CIIEPMATOLMTHI IIEPHOANIECKU ITUMHHHUPYIOTCS HaKaHyHe
Melo03a ¢ MOMOIIBIO JIU30COM M KaraboNMn4ecKux (hepmeH-
ToB Oe3 yuactus ayrodarocom (Yacobi-Sharon et al., 2013).
DTOT MEXaHN3M SIBJIICTCS OTHUM U3 BAPUAHTOB TeHETHYESCKH
peryIupyeMoii KIeTOYHON rubesn 1 BKIFOYCH B TIOCICIHUIH
karanor Komutera 1o HoMeHKIaType kietouHoi cmeptu (No-
menclature Committee on Cell Death) (Galluzzi et al., 2018).
VY Trl-MyTaHTOB JIM30COMBI TAK)KE IPHHUMAIOT Y4aCcTHE B e~
rpaganyu CricpMaToluTOB, OAHAKO IMOSABJIAIOTCA Ha 3aKJIFOYU-
TEIIBHOM 3Tare ru0esy, MOCJIe TOro KaK IUTOIIa3Ma KIICTOK
3aIOJHUTCS ayTO()ArocoMamH.

BaxxHO OTMETHTB, YTO OCHOBHasl (GyHKIUs ayTodaruu He
yOuBarth, a 3amumarh KIeTkd. C ee TTOMOIIBI0 TIPOUCXOIHT
yAAJICHUE U3 KIETOK MOBPEKACHHBIX U COCTAPUBIIHMXCS Op-
raHesul, IIUTOIUIa3MaTHYECKUX (pparMeHTOB, HEMPaBUIbHBIX
nn HeyHKIHOHANBHEIX OenkoB (Denton et al., 2013; Fitz-
walter, Thorburn, 2015; Swart et al., 2016). ba3anbsHsbrit (pemna-
PpaTHUBHBIN) ypOBEHb ayTO(haruu HEOOXOANM IS IOACPIKAHUS
HOPMAJIbHBIX (DM3HONOTHYECKUX YCIOBUH (DYHKIMOHUPOBA-
uus kietok (Glick et al., 2010). I1pu onpeneneHHBIX yCIOBHU-
SIX, CBSI3aHHBIX CO CHEUU(PHUKON Pa3BUTHUS W CTPECCOBBIMU
BO3/ICHCTBHUSMH, ayTo(arus CTAaHOBUTCS MACCOBON U BMECTO
LUTOINPOTEKTOPHON (DYHKILIMU HHIYLHPYET KICTOYHYIO THOeITb
(Fitzwalter, Thorburn, 2015; Swart et al., 2016). [TosTomy
ayTogarus BKIIOYEHa B KaTaJIOT KJIETOYHOH CMEPTH Kak O/{Ha
n3 ocHOBHBIX popmM (Galluzzi et al., 2012, 2018).

VY apo3oduiibl kiieTouHast rudels yepes ayrodarnio ooHa-
py’KeHa IpHU Aerpagaliii CIIOHHBIX JKeJle3 ¥ CPeAHEeH KUILIKH
Ha cTauu MeTaMop(o3a « TMIMHKa—KyKOJIKay. ATpO(hHs 3THX
OpraHoOB SIBJISIETCSI OHTOI€HETUYECKU IIPOIPaMMUPYEMOM U
Peryaupyercs OOHUM U TEM K€ CTePOHIHBIM TOPMOHOM —
skmu3onoM (Berry, Bachrecke, 2007; Denton et al., 2012).
OnHaxo u30bITOUHAS ayTodarus B criepmarorenese y 7r/-my-
TAHTOB, BEPOATHO, HE CBSI3aHA C YKAN30HOM, MOCKOJBKY B
CIIepPMATOLUTaX He ObUIN BBISBICHBI aKTHBHBIC PELICIITOPEI
K aToMy ropmony (Schwedes et al., 2011). Ayrodaruu u nu-
3HCYy TIOJBEPrajINCh CIEPMATOLUTHI HA CTJAUH POCTa Hepen
MeHOTHYeCKUM JeneHneM. s 3Toil ctaauu XapakTepeH
BBICOKMI YPOBEHb TPAHCKPUIILUU I'€HOB U CHUHTETUYECKOU
aKTUBHOCTH. B HOpMe 00beM CIiepMaTOIMUTOB BO3PACcTaeT B
25 pas, 4To TpeOyeT 3HAYUTENFHOI0 NOTPEOICHHS SHEPTUH H
pecypcos (Fuller, 1993). MoxHO NpeAnoaoKuTh, 4TO MyTa-
1y 77/ HeraTHBHO BIUSIIOT Ha KJIETOYHBIH MeTaboIu3M, He
MO3BOJISASL TOCTHYb HEOOXOAUMOTrO YPOBHSI CHHTE3a MaKpoO-
MOJIEKYJI M POCTa KJIETOK. B pe3ynbrare akTMBHpYeTCsi CHUT-
HaJbHBIN MyTh, perynupyeMblii TOR-knHa30#, KOTOPHIN
MHJYLHPYET KICTOYHY0 THlenb yepes aytodarmto. OmxHako
TAK)K€ MOXKHO HPEJIOIOKHTh, YTO HepocTarok Oenka GAF
NPUBOJNUT K HAPYLIEHHIO SKCIIPECCHU I'€HOB, KOIUPYIOLIHNX
koMroHeHThl TOR-3aBHCHMMOr0 CHTHaJbHOTO MyTH WIIH/H
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(hakTophI, perynupyroiue ayro(aruio, 4To TaKKe MOXKET
BBI3BATh HKTONUYECKYIO THOEIB.

WzBectHO, uTo GAGA-(akTOp Y4acTByeT B peryssiiuu
TPAHCKPUIILIMHU OOJIBIION TPYIIIBI FEHOB C PA3JIMYHBIMU KJIe-
tounbIME QyHKIMsAME (van Steensel et al., 2003; Omelina
et al., 2011). B 6a3e nannsix Flybase aHHOTHpOBaHBI TeHBbI,
Y4acTBYIOIIHE B IIMPOKOM CIIEKTPE MPOILIECCOB, CBI3aHHBIX
¢ xiretouHoi rudensio (Gene Ontology terms: apoptotic pro-
cess, autophagic cell death, salivary gland cell autophagic
death). Bcero B 3ot rpytie npeacrasieHo okoino 400 reHoBs,
npubmu3uTensHo 180 U3 HUX, COITACHO MPOMMIAM CBS3BI-
BaHust GAF u3 npoexra modeNCODE, coxepxar B mpo-
MOTOpPHBIX paifoHax caiiTel cBs3piBaHus GAF u gBnstoTcs,
TaKuM 00pa3oM, TOTEHIMATbHBIMHI MUIICHSIMH 3TOTO O€NKa.
HanGonpmmii MHTEpeC MPeCTaBIIOT NPUCYTCTBYIOIINE B
9TOM CITUCKE KOHCEPBATUBHBIC TeHbI ayToaruu — Atg2, Atg4,
Atg5, Atg7, Atgs, Atg9, Atgl6, Atgl7, Atgl8. BonbIINHCTBO
9THX T€HOB KOJUPYIOT OCIIKH, HETIOCPEICTBEHHO Y4acTBYIO-
ue B GOpMHUPOBAHKUHU U CO3pEBaHUM ayTodharocom, a Atgl7 —
0enox, KOHTpoNupyoui nHUnHauio ayrodarun (Noda,
Inagaki, 2015). Takxke MoTeHIMAIbHBIM T€HOM-MHUIICHBIO
GAF sBngercs Tor, KOQUPYIOUIMHA KHHA3Y, BOBICUCHHYIO B
perymsinuto aytodarun. MaaxkrnBamms TOR-knHa36I B OTBET
Ha HEJOCTAaTOK MUTATEIbHBIX BEIIECTB MM POCTOBBIX (hak-
TopoB crumyaupyet ayroparuto (Levine, Klionsky, 2004;
Das et al., 2012). Ecnu npennonoxuts, uto GAF perymupy-
et Tor v TpyIIy TEHOB Afg B criepMaroreHese, To ero Heo-
CTAaTOK MOXKET BBI3BATh HAPYILICHUE IKCIIPECCUH dTHX TCHOB
1 TIPUBECTH K MacCOBOW M HEympasisieMoit aytodarmm. [pu
9TOM I10 OTHOIIEHUIO K Afg-reHaM GAF no/mkeH BBIOIHATH
(DYHKIMIO HEraTUBHOW PEryJISIUHY, a [0 OTHOILEHHUIO K 107 —
MO3UTHBHOM.

B oorenese y myranTtoB 7r/ MaccoBasi KIeTOouHasi THOCIb
MIPOMCXO/IUT HE TOJIBKO 3a cueT ayTodaruu, HO M arornTo3a,
MIO3TOMY OYEBHIHO, YTO B 3TOM CIIy4ae JOMOITHUTEIBHO MO-
JKET HapyIIaThesl aKTHBHOCTB TEHOB, PETYJINPYIOIINX arloITo3.
OpHMM U3 BEPOSITHBIX KaHIUAATOB sIBJIsieTCs e diap (death-
associated inhibitor of apoptosis), KOTOpBIH, TOMHMO TOTO
YTO SIBJISIETCS MOTEeHIMAnbHOM MuleHbto GAF, B MyTaHTHON
(dhopme HHIYIHUPYET TaKkoi ke (GeHOTUI B 0OreHese, Kak u 77/
(Rodriguez et al., 2002; Xu et al., 2005).

3aKknioueHune

®enorun maccoort rubemn K311 y 7r/-MmyTaHTOB MMeeT
OTIPEIICIICHHYO CIICHU(UKY MTPOSIBICHHS B CIIEPMATO- ¥ 0OTe-
He3e. B simuHMKax ayrodarus COMyTCTBYET aronTo3y, 4TO
COOTBETCTBYET KAHOHWYIECKOMY CIIEHAPHIO KJICTOYHON THOen
B CpemHeM ooreHese apo3oduisl. B cemenHMKax HaOIIOMA-
eTCsl HEe XapaKTepHasl IUIsl 3TOr0 THIA TKaHH THOeNb depes
ayTo(aruio, KoTopasi CTAHOBUTCS SKCIIAHCHBHOM U SBIIAETCS
OCHOBHOW NMpHYMHON aTpoduy 3apoplmeBoil tuHun. Mac-
cosas notepst K311 ceszana ¢ Henocrarkom GAGA-(dakropa,
YTO, BEPOSTHO, IPUBOJHT K HAPYIICHUIO SKCIPECCUH T€HOB-
MUIICHEH ATOT0 OeTKa, OTBEYAOIINX 32 KICTOYHYIO THOCIb.
K ero noreHuuaibHbIM MHUILIEHSIM OTHOCSTCS KaK T€HBI ayTO-
(harumy, TaK W armonTo3a, ¥ MOXXHO TIPEINOIOKUTH, YTO 00€
9TU IpyIIbl 3aBUCT 0T akTuBHOCTH GAF B oorenese. Torna
KaK B CIiepMaTroreHe3e dTOT OEeOK B3aUMOJIEHCTBYET TOJIBKO
¢ reHamu aytoarmn. UToObI yCTaHOBHUTH, KaKWe TEHBI 1O
koHTposieM GAF BoBieueHbI B pa3Hble MEXaHU3MbI KIIETOUHON
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rudenn, HeoOXOMMO MPUBIIEYb TPAHCKPUIITOMHBIE TEXHOJIO-
MU ¥ IPOAHAIN3UPOBATh U3MEHEHHs IPOQHIIeH SKCIIpecCHn
TEHOB B CIIepMaTo- U ooreHese Ha Qoue Henocrarka GAF y
Trl-myTanTOB.
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Abstract: The innate immune system is the first to respond to invading pathogens. It is responsible for invader re-
cognition, immune-cell recruitment, adaptive-immunity activation, and regulation of inflammation intensity. Previ-
ously, two single-nucleotide polymorphisms of innate-immunity genes - rs5743708 (Arg753GlIn) of the TLR2 gene
and rs8177374 (Ser180Leu) of the TIRAP gene — have been shown to be associated with both pneumonia and tu-
berculosis in humans, but the data are contradictory among different ethnic groups. It has also been reported that
rs10902158 at the PKP3-SIGGIR-TMEM16J genetic locus belongs to a haplotype race-specifically associated with tu-
berculosis. Meanwhile, a gradient of its frequency is observed in Asia. The aim of this work was to assess the effect of
selection for the genotypes of the above-mentioned SNPs on the gene pools of populations living in harsh climatic
conditions that contribute to the development of infectious lung diseases. We estimated the prevalence of these
variants in white and Asian (Chukchis and Yakuts) population samples from Northern Asia and among patients with
community-acquired pneumonia (CAP). Carriage of the rs5743708 A allele was found to predispose to severe CAP
(odds ratio 2.77, p = 0.021), whereas the GG/CT genotype of rs5743708/rs8177374 proved to be protective against
it (odds ratio 0.478, p = 0.022) in white patients. No association of rs10902158 with CAP (total or severe) was found
among whites. Stratification of CAP by causative pathogen may help eliminate the current discrepancies between
different studies. No significant difference in rs5743708 or rs8177374 was found between adolescent and long-lived
white samples. Carriage of the alleles studied is probably not associated with predisposition to longevity among
whites in Siberia. Both white and Asian populations studied were different from Western European and East Asian
populations in the variants’ prevalence. The frequency of the rs8177374 T (Ser180Leu) variant was significantly higher
in the Chukchi sample (p =0, 2 = 63.22) relative to the East Asian populations. This result may confirm the hypothesis
about the selection of this allele in the course of human migration into areas with unfavorable climatic conditions.
Key words: community-acquired pneumonia; pulmonary tuberculosis; genetic predisposition; genetic polymor-
phism; TLR2; TIRAP; PKP3-SIGGIR-TMEM16J; long-lived people.
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ITonumMopdu3M reHoB, aCCOIIUUPOBAHHBIX C MHPEKIIVMIOHHBIMU
3a00IeBaHISIMU JIETKUX, B TIONYASIsIX CeBepHOii A3Un
11 cCpeny MaleHTOB C BHEOOJIbHUYHBIMY ITHEBMOHUSIMU

C.B. Muxaiirosal ®, A.B. H_Iep6aKOBa2, H.J. AorBunenko3, VL.V. Aoreunenxo? 3, M.JL. Boeoaal

T DenepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTATYT LMTONOTUM 1 reHeTIKi CUBUPCKOTo oTAeNeHUs Poccuiickol akaaemum Hayk, HoBocu6upck, Poccua
2 HayuHO-1CCIe0BATENbCKNI MHCTUTYT Tepanin 1 NpoduUnakTMYeckoil MeanUmHbl — dunuan GenepanbHOro NCCIE0BATENbCKOTO LieHTpa
WHCTUTYT umTonorum n reHetnkn Cnbupckoro otaeneHna Poccuiickoi akagemmnm Hayk, HoBocnbrpck, Poccua
3 HoBocrbMpCKIMi rocyfapCTBeHHbIN MeAULMHCKUIA yHUBepcMTeT MHWCTEPCTBa 3apaBooxpaHeHns Poccuiickoin ®epepaumi, HoBocnbrpck, Poccus
® mikhail@bionet.nsc.ru

AHHoTauuA: BpoXXAeHHbIV IMMYHUTET NepBbIM OTBeYaeT Ha MHPeKLuto. OH yyacTByeT B pacrio3HaBaHUM NaToreHa,
NPVIBNEYEHUN K MECTY 3apakeHUA UMMYHHbIX KNETOK, a TakXKe akTMBUPYET afanTUBHbIA UMMYHUTET 1 perynmpyet
VNHTEHCMBHOCTb BOCMANMTENIbHOIO oTBeTa. 1A ABYX OAHOHYKEOTUAHBIX nonrmopdrmos (OHM) reHoB BpoxaeH-
HOro MMMmyHuTeTa — rs5743708 (Arg753GIn) reHa TLR2 1 rs8177374 (Ser180Leu) reHa TIRAP - 6bina nokasaHa acco-
Lpauma ofHOBPEMEHHO C MHEBMOHME 1 Ty6epKyie30M, OfHAKO MOJTyYeHHble AaHHble PasnnyaloTca AnA pPasHbiX
STHUYecKnX rpynn. Ana rs10902158, pacnonoxeHHOro B reHeTuyeckom nokyce PKP3-SIGGIR-TMEM16J, paHee 6bino
MoKa3aHo, YTO OH BXOAMWT B ransioTum, pacocneumpnyeckn accoummpoBaHHbIii ¢ Tybepkynesom. MNpn 3Tom Ha Tep-
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putopun A3unn HabnogaeTca rpagmneHT ero YactoTbl. Llenbio Halwein paboTbl 6bi1a OLeHKa BAMAHKUA oT6opa Mo re-
HOTMNaMm Ha3BaHHbIX OHIM Ha reHobOHAbI MONYNALMIA, XKMBYLLUX B KIMMATAYECKMX YCIOBUAX, HEGNAronpUATHbIX Mo
NHOEKLUMOHHBIM 3ab0neBaHuAM Nerkunx. Mbl oueHunm pacnpoctpaHeHue 31ix OHI B BbibopKax eBponeoungHoro u
MOHFOIOUZHOIO (YyKUM 1 AKYTbl) HaceneHusa CeBepHol AUy 1 Cpean NaLMEHTOB C BHEOONbHUYHOW NMHEBMOHNEN.
HocutenbctBo annens A rs5743708 reHa TLR2 npepgpacnionarano K pa3BuTuio TAXenon BHeOONbHNUYHOM MHEBMOHMM
(OR=2.77,p=0.021), a reHotun GG/CT no rs5743708/rs8177374 oka3anca npoTeKTuBHbIM NpoTus Hee (OR = 0.478,
p =0.022) y eBponeounpoB. Accoupnanmm rs10902158 ¢ BHe6ONbHUYHO MHEBMOHMEN (KaK B LIeSIOM, TaK 1 ee TAXenon
dopmbl) B eBponeonHol BbIbopke obHapy»KeHo He 6bi0. AnddepeHumpoBKa BHEGONbHNYHBIX THEBMOHMIA MO UX
3TMONONNK, BO3MOXHO, MO3BOMUT YCTPAHUTb Habnoaaemble MPOTVBOPEUNs B AaHHbIX Pa3HbIX NccnepoBaTeneil oo
accoumaumm nccnegoaHHbix OHIM ¢ 3a6oneBaHnem. He BbIiBeHO JOCTOBEPHbBIX Pa3nuunii No YactoTe rs5743708
reHa TLR2 v rs8177374 reHa TIRAP mexay eBponeonHbIMU BbIOOPKaMy NMOAPOCTKOB U AONTOXKUTENEN. BeposaTHO,
371 OHI He BAWAOT Ha NPEAPaACMONOXEHHOCTb K JONTOXNUTENbCTBY B €BPONEOVAHBIX MONYAALMAX, MPOXKUBAOLLNX
Ha CeBepe EBpasuu. iccnefoBaHHble HaMU €BPOMEOVAHBIE 1 MOHIOIOUAHbIE NMOMYAALNOHHbIE BbIGOPKM OTINYa-
NINCb MO YacCTOTaM BbllIENEPEUNCIIeHHbIX BapMaHTOB OT 3amnafHOEBPONENCKMX Y BOCTOYHOA3MATCKMX NOMYNALMIA.
YacToTa BapmaHTa rs8177374T (Ser180Leu) reHa TIRAP B BbibopKe uyKuel Obina BOCTOBePHO Bbiwe (p =0, y2=63.22),
Yyem B nonynAumuax BoctouHol A3nm, YTo MOXKET CITYXKUTb MOATBEPXKAEHMEM HALLEro NpeanonoxeHus o6 otbope
3TOro BapriaHTa B X0fe MArpaLmm yenoBeka B paioHbl C HE61aronprATHBIMU KNMMaTUYECKUMU YCIIOBUAMMU.

KnioueBble cioBa: BHEOOIbHUYHAA MHEBMOHNSA; TY6epKynes Nerkmx; reHeTmyeckas npeapacnonoKeHHOCTb; reHeTU-

Yeckuin nonumopdunsm; reH TLR2; reH TIRAP; reHeTnyeckunin panoH PKP3-SIGGIR-TMEM16J; ponroxutenn.

Introduction

Innate immunity constitutes the first barrier against microor-
ganisms and viruses by destroying infected cells and activating
adaptive immunity. Nonetheless, an excessive nonspecific
immune reaction (inflammation) may be life threatening be-
cause it can completely disrupt the functioning of vital organs.
Community-acquired pneumonia (CAP) and pulmonary tu-
berculosis (PTB) are infectious diseases characterized by high
mortality, and according to WHO, are ranked consistently
among the top 10 leading causes of death in the world (https://
www.who.int/en/news-room/fact-sheets/detail/the-top-10-
causes-of-death).

Pneumonia is an inflammatory lower-respiratory-tract
disease caused by viruses, bacteria, fungi, and parasites. In
addition, it may be due to noninfectious processes or have a
combined cause. For a long time, Streptococcus pneumoniae
infection has been considered the main cause of CAP; how-
ever, it was shown recently that CAP develops mainly as a
result of viral infections (influenza A and B viruses, para-
influenza viruses, adenovirus, respiratory syncytial virus, or
coronaviruses) (Choi et al., 2012; Hong et al., 2014; Selfet al.,
2017). Streptococcus pneumoniae, Haemophilus influenzae,
Staphylococcus aureus, Mycoplasma pneumoniae, Chla-
mydophila pneumoniae, Legionella pneumophila and other
microbes may be causative agents of bacterial pneumonia
(Choi et al., 2012; Hong et al., 2014; Self et al., 2017). After
invasion of the airway epithelium by pathogens, these cells
start to produce reactive oxygen species, cytokines, and other
mediators to recruit immune cells. Being most abundant in
lungs, alveolar macrophages ingest bacteria and apoptotic
cells and can present antigens on MHC 1I to other immune
cells. Proinflammatory M1 macrophages produce cytokines
TNFa, IL-6, IL-1p, IL-12, and IL-23 to enhance inflammation
for elimination of the invaders. Anti-inflammatory M2 macro-
phages produce cytokines IL-4, IL-13, and TGF-f to induce
completion of the inflammatory reaction and remodeling of
damaged tissue (Moldoveanu et al., 2009; Arango Duque,
Descoteaux, 2014; Kumar, 2019).

Depending on the set of present chemokines and cytokines,
different cells responsible for humoral and cellular immunity
are attracted to the site of infection (Kumar, 2019). Severe

pneumonias are more likely to develop in coinfections; it
has been demonstrated that a viral infection (in particular
influenza) facilitates the development of pneumococcal infec-
tion by damaging the epithelium and reducing the amount of
a surfactant (McCullers, 2014; Aguilera, Lenz, 2020). Human
respiratory syncytial virus, metapneumovirus, adenovirus, and
influenza viruses A and B prefer a cold season (Price et al.,
2019). The seasonal increase in the incidence of pneumococcal
pneumonia coincides with seasonal outbreaks of influenza;
S. pneumoniae, H. influenzae, and S. aureus infections have
been reported to be associated with significant influenza
pandemics (McCullers, 2014; Bystritskaya, Bilichenko, 2017;
Morris et al., 2017).

PTB is a pulmonary infectious disease caused mainly by
Mycobacterium tuberculosis (Mtb). According to the WHO,
approximately one-quarter of the world’s population is es-
timated to be infected by Mth, and 5—15 % of these people
will fall ill with active tuberculosis. In Russia, most of these
patients (95 %) have PTB (https://minzdrav.gov.ru/ministry/
61/22/stranitsa-979/statisticheskie-i-informatsionnye-mate
rialy/statisticheskiy-sbornik-2018-god). The pathogenesis
of pulmonary tuberculosis is based on Mtb survival after
phagocytosis by alveolar macrophages. These bacteria can
modulate a host immune response to protect the infected
cells, change their metabolism, induce IL-10, suppress IL-12
and TNFa synthesis, and to inhibit MHC II expression and
antigen presentation. Mrb makes macrophages unresponsive
to interferon (IFN) y and inhibits autophagy. It allows the
mycobacteria to establish a persistent or latent infection in
macrophages. Mycobacteria are believed to use the general
mechanism of negative feedback regulation that restricts
excessive inflammation (Harding, Boom, 2010; Richardson
et al., 2015; Gopalakrishnan, Salgame, 2016). With the loss
of immunity-driven control over mycobacterial reproduc-
tion, foamy macrophages accumulate in granulomas, and
lung tissue necrosis begins (Liu C.H. et al., 2017). Vitamin D
deficiency is known to negatively affect the effectiveness of
the immune response in tuberculosis (Wilkinson et al., 2000;
Aibana et al., 2019).

These data suggest that in Northern Asia, a region with low
temperature and reduced insolation during most of the year,
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signs of purifying selection for genes associated with lung
infections may be noticeable. For many genes of innate immu-
nity, an association with viral, bacterial, and autoimmune dis-
eases has been proven. Despite differences in the pathogenesis
between CAP and PTB, it has been shown that minor alleles
of rs5743708 (the TLR2 gene) and of rs8177374 (the TIRAP
gene) can have a pathogenic and protective effect, respec-
tively, in both of these lung diseases in humans. Nevertheless,
data obtained by different research groups are contradictory.

Toll-like receptors (TLRs) play a pivotal role in host de-
fense. Being membrane-anchored (TLRs 1, 2, 46, and 10) or
endosomal (TLRs 3 and 7-9) in human immune cells (e. g.,
macrophages, monocytes, dendritic cells, and some leuko-
cytes), they are involved in the recognition of structurally
conserved surface molecules of microorganisms and viruses as
well as viral nucleic acids (Barbalat et al., 2009; Kawai, Akira,
2010; Kumar, 2019). TLR2 participates in the recognition of
a large number of diverse lipoproteins and peptidoglycans
of gram-positive and gram-negative bacteria, fungi, and
virus-infected cells. After ligand binding to the receptor, TIR
(Toll-interleukin I receptor) domains of TLR2 and TLR1 or
TLR2 and TLR6 dimerize via the formation of an extensive
hydrogen-bonding network and hydrophobic interactions
(Jin et al., 2007; Takeda, Akira, 2015). Homodimerization
of the cytoplasmic domains of TLR2 does not induce TNFa
production in vitro in murine macrophages, and the forma-
tion of the TLR2-TLR2 dimer is not detectable even in the
presence of an agonist (Ozinsky et al., 2000; Shukla et al.,
2018). Therefore, the existence of TLR2-TLR2 homodimers
in vivo is being questioned. After ligand binding, reorientation
of'the TIR domains and triggering of a cascade of intracellular
reactions lead to the activation of proinflammatory NF-«kB and
MAPK pathways, synthesis and a release of proinflammatory
cytokines (IL-1p, IL-12, TNF-a, and IL-6) and various che-
mokines into extracellular space, and the development of an
inflammatory response at the pathogen entry site (Liu C.H. et
al., 2017; Tapader et al., 2018). In inflammatory monocytes,
TLR2 induces type I IFN production in response to a viral
ligand (Barbalat et al., 2009). It is reported that prolonged
stimulation of TLR2 (more than 24 h) causes PI3K/Akt
pathway activation in alveolar macrophages. It limits the
production of NF-kB, TNF-a, and IL-12 and activates the
synthesis of anti-inflammatory IL-10. This mechanism is as-
sumed to prevent excessive inflammation (Richardson et al.,
2015; Liu Y. et al., 2016).

The TLR2 gene is located in 4q31.3, has five exons, and
expresses few splicing isoforms, but all of the coding se-
quences are contained within exon 3. The protein consists
of 784 amino acid residues (aa) and includes extracellular
leucine-rich repeat domains, which are primarily responsible
for ligand recognition (aa 54-524), followed by the leucine-
rich repeat C-terminal domain (aa 525-579) and intracellular
TIR domain (aa 639-782), which mediates downstream signal-
ing (https://www.uniprot.org/uniprot/O60603). It is expressed
constitutively on macrophages and dendritic cells and can be
induced in epithelial cells or B-cells. Its overexpression in
patients with pneumococcal disease had been documented
(Siebert et al., 2018).

Single-nucleotide polymorphism (SNP) rs5743708 (of the
TLR2 gene) causing the Arg753Gln substitution is located
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in the TIR domain of the protein. This SNP is associated
simultaneously with resistance to Lyme disease (Schroder et
al., 2005) and with predisposition to tuberculosis (Guo, Xia,
2015; Patarci¢ et al., 2015), whereas the association with
predisposition to PTB is race-specific (Caws et al., 2008; Guo,
Xia, 2015; Hu etal., 2019). It is believed that TLR2 signaling
may be nonessential to control acute tuberculosis but impor-
tant during chronic tuberculosis (Gopalakrishnan, Salgame,
2016). A meta-analysis has shown the 7LR2 rs5743708 minor
allele to be associated with CAP, Legionnaires’ disease, and
pneumococcal disease; however, the data obtained in different
studies are contradictory (Moens et al., 2007; Patarcic¢ et al.,
2015; Smelaya et al., 2016).

The TIRAP (TIR domain-containing adaptor protein) gene
also known as Mal (MyD88 adapter-like) encodes one of the
five adapter proteins that are involved in signal transduction
from activated TLRs to protein kinases at the plasma mem-
brane (Bonham et al., 2014). It is located in 11q24.2, consists
of six exons, and encodes a protein of 221 aa. The TIRAP
protein includes an N-terminal PEST domain (aa 15-35) re-
sponsible for binding to special sites in the plasma membrane,
followed by an AB-loop mediating MyD88 and TLR4 binding.
A binding site for TRAF6 (TNF receptor-associated factor 6)
is located within the region aa 188—193 (Bernard, O’Neill,
2013). TIRAP is expressed in many cell types (Narayanan,
Park, 2015), and its isoforms resulting from alternative splic-
ing have unknown functions. There are different opinions
about whether TIRAP forms a complex with the TIR domain
of TLRG for signal transmission; however, it has been proven
that TIRAP mediates TLR2 and TLR4 signaling by facili-
tating the recruitment of the MyD88 adaptor protein to the
TLRs (Nagpal et al., 2009; Bernard, O’Neill, 2013).

Activation of NF-kB, MAPK 1, MAPK3, and JNK results
in cytokine secretion and an inflammatory response. SNP
rs8177374 (the TIRAP gene) is located in exon 5 and repre-
sents the Ser180Leu substitution in the encoded protein. It is
located close to the TLR-binding site of TIRAP. In carriers
of this substitution, modulation of TLR1, TLR2, TLR4, and
TLR6 but not TLRY signaling has been shown (Khor et al.,
2007; Ferwerda et al., 2009; Siebert et al., 2018). Ser180Leu
in a heterozygous state has a protective effect against PTB and
invasive pneumococcal disease in white and African samples
and against malaria in African and Asian samples (Khor et al.,
2007; Panda et al., 2016). Carriage of heterozygous Ser180Leu
protects children from pneumococcal lower-respiratory-tract
infections, whereas carriers of the homozygous 180Leu poly-
morphism alone or in combination with some TLR1 and TLR6
polymorphisms may be susceptible to recurrent pneumococ-
cal infections (Siebert et al., 2018). Simultaneous carriage of
the TIRAP 180Leu variant and some SNPs in the TLR4 gene
as well as 180Leu homozygosity increases susceptibility to
severe hospital-acquired infections (Kumpf et al., 2010).

The opposite results have been obtained as well. The
rs8177374 T allele (180Leu) increases the risk of PTB in a
sample of Iranian population (Naderi et al., 2014). A meta-
analysis of nine published case-control studies did not reveal a
significant association of 180L with tuberculosis risk (Miao et
al., 2011). There are controversial opinions about the mecha-
nism behind the observed protective effect of Ser180Leu
heterozygosity. They are based on differences in observed
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effects of the SNP at the level of proinflammatory cytokines.
Depending on the model used, some research groups showed
an increased level (Ferwerda et al., 2009; Panda et al., 2016)
and others a decreased level (Khor et al., 2007; Kumpf et al.,
2010; Siebert et al., 2018) of cytokines after their induction in
180 Leu/Leu carriers. Accordingly, homozygosity of the minor
variant of rs8177374 is thought to cause either an excessive
inflammatory reaction or the absence of an adequate immune
response. It is supposed that selection pressure on the 7/RAP
gene provides a balance between protection against excessive
inflammation and effective defense during infectious diseases
(Khor et al., 2007; Ferwerda et al., 2009).

Besides the polymorphisms in genes 7LR2 and TIRAP,
in this paper, we focused on the PKP3-SIGGIR-TMEM]16J
gene region. An association of its haplotypes with diffe-
rent types of tuberculosis has been shown among children
in Vietnam and South Africa (Horne et al., 2012; Gupta et
al., 2016). It is believed that the impact of the haplotypes on
immunity is determined by SIGIRR (single immunoglobulin
interleukin 1 receptor; synonym: IL-1R8), which is a negative
regulator of TLR signaling (Molgora et al., 2016). Carriage
of 1510902158 GG and rs7111432 AA in introns of PKP3
and TMEM 16J, respectively, acts additively with a vitamin D
deficiency and “pathogenic” genotypes of rs5743708 (TLR2)
and rs8177374 (TIRAP) on tuberculosis predisposition (Horne
etal.,2012; Guptaetal., 2016).rs10902158 located in intron 2
of the PKP3 gene has been analyzed. Encoded desmosomal
plaque protein plakophilin 3 is involved in intracellular ad-
hesion (Gurjar et al., 2018). Of note, rs10902158 has a fre-
quency gradient in Asia; according to the Genome Aggrega-
tion Database (GnomAD) (https://gnomad.broadinstitute.
org/), it is absent in South Asia and is found with a frequency of
~50 % in Southeast Asia. Nonetheless, functional significance
of genetic variants in noncoding parts of the PKP3-SIGGIR-
TMEM16J gene region, including rs10902158, is not clear.

In this work, we analyzed the frequencies of rs5743708,
rs8177374, and rs10902158 (for which conflicting data on
the association with respiratory infections have been reported
previously) in white and Asian samples from Northern Asia
and among CAP patients. According to the statistics of the
Ministry of Health of the Russian Federation, Novosibirsk
Oblast and Yakutia are characterized by an increased inci-
dence of PTB, whereas Chukotka Autonomous Okrug is
the leader in both pneumonia and PTB morbidity in Rus-
sia (https://minzdrav.gov.ru/ministry/61/22/stranitsa-979/
statisticheskie-i-informatsionnye-materialy/statisticheskiy-
sbornik-2017-god; https://minzdrav.gov.ru/ministry/61/22/
stranitsa-979/statisticheskie-i-informatsionnye-materialy/
statisticheskiy-sbornik-2018-god). According to the WHO, the
highest death rate from pneumonia is observed before the age
of 5 and after 75-80 years (https://www.who.int/medicines/
areas/priority medicines/Ch6_22Pneumo.pdf). Therefore, we
assumed that long-lived people of the Siberian Federal District
may differ from adolescents in the frequency of rs5743708 and
rs8177374, and we assessed the prevalence of the pathogenic
variants in the sample of long-lived people.

Materials and methods

The study protocol was approved by the local Ethics Commit-
tee of the Institute of Internal and Preventive Medicine (branch
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of the Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences, Novosibirsk,
Russia; approval No. 22.06.2008). Written informed consent
to be examined and to participate in the study was obtained
from each patient. For individuals younger than 18 years, the
informed consent was signed by a parent or legal guardian.

The white sample consisted of 451 adolescents (95 % Rus-
sians, 197 males, 253 females, aged 14—17) from Oktiabr’skii
district of Novosibirsk (55°01’' N 82°55" E) and 289 Russian
settlers (120 males, 169 females, aged 45—64, mean age 52.5)
in towns Tommot (58°58'00” N 126°16'0" E), Neryungri
(56°39'30"N 124°43'30" E), Ust-Nera (64°34'05” N
143°14'10" E), and Yakutsk (62°01'38" N 129°43'55" E), who
lived in Yakutia for more than 16 years or were born there.
The adolescent sample was described previously (Zavyalo-
vaetal., 2011). Asian samples (220 individuals) consisted of
130 Chukchis (66 males, 64 females, aged 18—73, mean age 40)
from the Kanchalan village (65°10'41” N 176°44'52" E) of
Chukotka Autonomous Okrug and 132 Yakuts (53 males,
79 females, aged 44—64, mean age 49) from the Kylayy village
(63°13'34" N 132°08'06" E) and towns Tommot, Neryungri,
and Ust-Nera of Yakutia. The sample of long-lived people
was collected in cities Novosibirsk, Tomsk, and Tumen and
consisted of 188 individuals (180 females, 8 males) aged 90—
105, mean age 92.

Ethnicity of individuals was identified using question-
naires and additional cross-examination with elucidation of
the nationality of ancestors (at least in three generations).
Persons of mixed origin were excluded from the analysis.
The CAP patient sample (406 whites) was collected in of-
fices of pulmonary hospitals of Novosibirsk and Yakutsk
in 2003-2005 before the COVID-19 outbreak. The sample
consists of 120 patients with severe CAP (aged 18-80, mean
age 52) and 286 patients with nonsevere (mild to moderate
severity) CAP (aged 16-92, mean age 39). The diagnosis of
pneumonia was made on the basis of radiologically confirmed
“fresh” lung tissue infiltration and clinical data (fever, cough,
sputum production, chest pain, and shortness of breath) in the
absence of an obvious diagnostic alternative. CAP of various
etiologies was regarded as severe if the CURBG65 rating scale
index was 4-5 points (Lim et al., 2003).

Genomic DNA was extracted from peripheral blood leuco-
cytes by the standard phenol—chloroform method (Sambrook,
Russell, 2006). Genotyping was performed using polymerase
chain reaction (PCR) with an analysis of restriction fragment
length polymorphism by electrophoresis in a 5 % polyacryl-
amide gel after visualization with an ethidium bromide so-
lution.

The rs5743708 SNP (TLR2) was identified by amplifica-
tion of DNA with primers 5'-GCCATTCTCATTCTTCTGG*
AGC-3"and 5'-GGGAACCTAGGACTTTATCGCA-3' (* de-
notes a nucleotide changed for restriction site creation). The
168-bp PCR product was digested with the Pst I restriction
endonuclease (SibEnzyme, Novosibirsk) for2 hat 37 °C. The
rs5743708 A (753Q) allele was revealed by the presence of
fragments of 20, 45, and 103 bp, whereas the rs5743708 G
allele by fragments of 20 and 148 bp.

The detection of rs8177374 (TIRAP) was performed by
amplification of genomic DNA with primers 5'-GGCTGC
ACCATCCCCCA*GC-3"and 5'-CCGTTCCCCTTCTCCCT
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CCTGTAG-3' (* denotes a nucleotide changed for restriction
site creation). The 162-bp PCR product was digested with the
AccB7 I restriction endonuclease (SibEnzyme, Novosibirsk)
for2hat37°C. Thers8177374 T (180L) allele was identified
by the presence of fragments of 21 and 141 bp, whereas in
case of rs8177374 C, the PCR product was not cut.

Primers 5'-TGGCAAGGATTGGAGAACTC*C*TGTC-3'
and 5'-CAGGGCCAGTGCCTCCCC-3" (* denotes nucle-
otides changed for restriction site creation) were used for
the amplification of the PKP3 intron 2 sequence containing
rs10902158. The resulting 192-bp amplicon was digested with
the BStEN I restriction endonuclease (Sibenzyme, Novosi-
birsk) for 2 h at 65 °C. In the presence of the rs10902158 A
allele, the PCR product was not cut, whereas in the case of
the rs10902158 G allele, fragments of 24 and 168 bp were
observed.

Statistical analysis was performed in the SPSS 16.0 soft-
ware.

Results

Genotype distributions were consistent with the Hardy—Wein-
berg equilibrium among all the population samples (data not
shown). Minor allele frequencies for rs5743708, rs8177374,
and rs10902158 are represented in Table 1.

In the sample of Novosibirsk adolescents, allele frequencies
ofrs5743708, rs8177374, and rs10902158 differed from those
of the non-Finnish European sample in GnomAD (3> =6.621,
p=0.013;%>=19.541, p=0; %> =54.554, p =0, respectively).

For the frequency of the rs5743708 A (Arg753Gln) al-
lele, there was a tendency for a decrease in Russian settlers
in Yakutia and among long-lived people compared with the
Novosibirsk sample.
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The rs8177374 T (Ser180Leu) frequency did not differ
among the studied white samples.

In the sample of Russian settlers of Yakutia, males and
females differed in the frequency of rs10902158 (p = 0.037,
v2=4.86). Moreover, the frequency of this SNP among males
was closer to that observed in non-Finnish Europeans accord-
ing to GnomAD data, and the frequency among females was
closer to that observed in the Novosibirsk sample. Perhaps
there were sex differences during recent migration to Yakutia
from different regions of Russia. Genetic analysis of a larger
sample and estimation of this SNP’s frequency in western
regions of Russia are required for explaining the observed
differences.

The two analyzed Asian samples differed from each other
and from GnomAD East Asian cohorts. Among Yakuts, the
rs5743708 A (Arg753Gln) variant, which is very rare in other
Asian populations, was found at a frequency of 0.015+0.007
(mean=+SD). Chukchis differed significantly from GnomAD
East Asians inrs10902158 allele frequency (p =0, x> =63.22)
(see Table 1).

Frequencies of polymorphisms rs5743708, rs8177374, and
rs10902158 were not different among adolescents and total
white CAP patient samples. By contrast, after the sample
was divided into patients with severe and nonsevere CAP,
differences were found for rs5743708 (p = 0.021, 32 = 6.24).
Next, genotype frequencies were estimated for rs5743708,
rs8177374, and rs10902158 in the examined samples (except
for long-lived people regarding rs10902158). For the latter
SNP (in the PKP3 gene), no difference in frequency was
detectable within any group (data not shown). The observed
distribution of rs5743708 and rs8177374 genotypes among
the studied samples is presented in Table 2.

Table 1. Minor allele frequencies for rs5743708, rs8177374, and rs10902158 in the studied samples

and in the Genome Aggregation Database (GnomAD)

Group, sample size rs5743708 A (TLR2)
Allele Allele
number frequency

rs8177374T (TIRAP) rs10902158 A (PKP3)
Allele Allele Allele Allele
number frequency number frequency

Note: CAP, community-acquired pneumonia.
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Table 2. Combined genotype frequencies of rs5743708 and rs8177374 in the studied populations and patient groups

GG/CC GG/CT

Samples/genotypes

AG/CC AG/CT AA/CC AA/CT

Note: n, number of genotype carriers; g, genotype frequency.

The frequencies of genotypes of rs5743708 and rs8177374
did not differ among the following samples: adolescents of
Novosibirsk, long-lived people of Siberia, all patients with
CAP, and all Russians in Yakutia. Possibly, the carriage of the
studied alleles is not associated with predisposition to longe-
vity in Siberia and does not significantly affect the probability
of resettling of migrants in more unfavorable climatic condi-
tions at present. This notion is consistent with WHO findings
that in Eastern Europe, in contrast to Western and Central
Europe, the pneumonia mortality rate does not increase sig-
nificantly after age 80 (https://www.who.int/medicines/areas/
priority medicines/Ch6_22Pneumo.pdf). As for pneumonia,
carriage of the rs5743708 A allele predisposed to severe CAP
(AG/CC+AG/CT vs all: odds ratio 2.77, 95 % confidence
interval 1.227-6.272, p = 0.021). The heterozygous geno-
type of rs8177374 in combination with the GG genotype of
rs5743708 had a protective effect against severe CAP (GG/CT
vs all: odds ratio 0.478, 95 % confidence interval 0.251-0.909,
p=0.022).

Discussion

It was shown here that carriage of none of the three studied
SNPs, 1s5743708, rs8177374, and rs10902158, is associated
with the predisposition to CAP in total. By contrast, we found
that the Arg753GlIn variant of 7LR2 predisposes to severe
CAP, and the heterozygous Ser180Leu variant of 7/RAP in
combination with the 753 Arg/Arg variant of 7LR2 has a
protective effect against it in the white population. These data
partially explain the contradictions in the data from different
researchers. Most likely, the contribution of the alleles of
genes TLR2 and TIRAP to CAP predisposition is determined
by pneumonia etiology. A substantial proportion of severe
pneumonia cases are known to be caused by combined viral
and bacterial infections (McCullers, 2014; Morris et al.,
2017; Aguilera, Lenz, 2020). TLR2 is responsible mainly for
the recognition of bacteria-associated molecular patterns;
Ser180Leu of the T/IRAP gene modulates signal transduction
only from TLR2 and TLR4 recognizing molecular patterns of
bacteria as well (Nagpal et al., 2009). Most likely, combined
and bacterial but not viral pneumonias are associated with
TLR2 and TIRAP gene variants.
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The studied Asian ethno-geographical groups showed an in-
creased frequency of the protective rs8177374 T (Ser180Leu)
variant of TIRAP relative to neighboring East Asian popula-
tions. In the Chukchi sample, the difference was significant
(p =0, x> =63.22). It may be a consequence of the natural
selection that has promoted protection from excessive inflam-
mation during pulmonary diseases. The hypothesis about the
selection of the Serl80Leu variant along with the out-of-
Africa migration to a harsh environment has been advanced
earlier (Khor etal., 2007; Ferwerda et al., 2009). An increased
frequency of the Arg753Gln variant of TLR2 and a decreased
frequency of Ser180Leu of TIRAP as compared to non-Fin-
nish Europeans may indicate higher genetic predisposition
of the Siberian white population to PTB and severe CAP.
Nevertheless, there are a lot of genes associated with CAP
and PTB independently. Apparently, during the settlement of
peoples in Northern Eurasia, the formation of gene pools had
been determined by the selection that facilitated adaptation
to specific infections (Lime disease among them), parasites,
and the climate. It would be interesting to determine why two
mutations changing the same TLR2 signaling have opposite
effects on the predisposition to severe CAP. One possible ex-
planation is the difference in the structure and functions of
heterodimers TLR2-TLR1 and TLR2-TLR®6 (see the Figure).

Existing data on the roles of TLRs 1, 2, and 6 in the activa-
tion of proinflammatory and anti-inflammatory signaling are
conflicting. Overexpression of TLR2 carrying the Arg753GIn
variant has been demonstrated to cause a significantly stronger
impairment of cytokine induction by TLR2/TLR1 ligands as
compared with TLR2/TLR6 ligands in the HEK293 cell line
(Schroder et al., 2005). In later papers, it has been shown that
the Arg-to-Gln substitution at position 753 of TLR2 changes
the size, charge, and hydrophobic properties of this site and
reduces the ability of TLR2 to form a heterodimer with TLR6
(Basithetal.,2011; Xiong et al., 2012). This SNP significantly
alters agonist-inducible association of TLR2 with adaptor
proteins TIRAP and MyD88 and impairs NF-kB signaling and
IL-8 mRNA expression in the HEK293 cell line (Xiong et al.,
2012). Genes TLR1 and TLR2 have different expression acti-
vators (Lancioni et al., 2011). Inthe TLR2-TLR1 dimer, TLR1
and TLR2 are responsible for NF-kB and MAPK pathways
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and for PI3K pathway activation, respectively; therefore, up-
regulation of proinflammatory cytokines is TLR 1-dependent,
whereas upregulation of type I IFN is TLR2-dependent (Raieli
etal., 2019). TLR2-TLR6 binding disruption possibly causes
an increase in the number of TLR2-TLR1 dimers in which
TLR1 drives the activation of the NF-«xB inflammatory signal-
ing cascade. On the contrary, the Ser180Leu variant of TIRAP
weakens proinflammatory signal transmission. Besides,
TIRAP acts as an adaptor protein for TLR4 homodimers.
This receptor is primarily responsible for the recognition
of lipopolysaccharides of gram-negative bacteria and fungi
(Takeda, Akira, 2015). It is believed that TLR4 takes part not
only in MyD88-dependent proinflammatory signaling but also
in MyD88-independent anti-inflammatory signaling. Weaken-
ing of TLR4 signaling through TIRAP probably enhances the
signaling through adapter proteins TRIF and TRAM, causing
the secretion of anti-inflammatory cytokines (Li et al., 2013).

It remains unclear why the SNPs in 7LR2 and T/RAP have
similar effects on the predisposition to or protection against
acute (CAP) and chronic (PTB) lung infections. Perhaps this
phenomenon is due to an impact on inflammation in both di-
seases. The severity of CAP is determined by life-threatening
acute inflammation; in PTB, the development of chronic in-
flammation masks the infection from the host immune system
(Liu C.H. et al., 2017).

Conclusions

In Northern Asian populations, the observed difference in
rs8177374 frequency may reflect consequences of natural
selection during the settlement of peoples on territories with
unfavorable climatic conditions. As for pneumonia, carriage of
the rs5743708 A allele (the 7LR2 gene) predisposes to severe
CAP; the heterozygous genotype of rs8177374 (the TIRAP
gene) in combination with the GG genotype of 155743708 (the
TLR2 gene) has a protective effect against it. Stratification of
CAP by causative pathogen may help to eliminate the current
discrepancies among research groups. Regional differences
in a set of pathogens along with the genetic characteristics of

ethno-geographical groups can determine the associations of
various genetic variants of innate immunity with the preva-
lence and severity of pneumonia.
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The expression of apoptosis-regulating proteins Bcl-2 and Bad
in liver cells of C57B1/6 mice under light-induced functional
pinealectomy and after correction with melatonin
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Abstract. The presence of humans and animals under long-term continuous lighting leads to a suppression of
melatonin synthesis, that is, to light-induced functional pinealectomy (LIFP), and the development of desynchro-
nosis. To create LIFP, C57BI/6 mice were kept under 24-hour lighting (24hL) for 14 days. The animals in the control
group were kept under standard lighting conditions. In the next series of experiments, mice with LIFP received
daily intragastrically either melatonin (1 mg/kg body weight in 200 pl of distilled water) or 200 pl of water as a
placebo. The comparison group consisted of intact animals that received placebo under standard lighting con-
ditions. Immunohistochemical analysis (using an indirect avidin-biotin peroxidase method) revealed the expres-
sion of the antiapoptotic protein Bcl-2 and the proapoptotic protein Bad in sinusoid liver cells (a heterogeneous
population consisting of the endotheliocytes, Kupffer cells, Ito cells, and Pit cells) and in individual hepatocytes.
The Bad expression area in the liver of LIFP mice increased 4 times against a background of the unchanged Bcl-2
expression area. Changes in the brightness (a parameter inversely proportional to the marker concentration) of
Bad and Bcl-2 areas did not reach significance. Our results indicate a weakening of the antiapoptotic protection of
liver cells of LIFP animals, which creates conditions for activation of the “mitochondrial branch” of apoptosis. Mela-
tonin treatment of LIFP mice resulted in a 3.3-fold increase in Bcl-2 expression area and a 2.7 % decrease in Bcl-2
region brightness compared with the experimental untreated group. Bad protein parameters were unreliable. Thus,
melatonin treatment of animals cancels the effect of LIFP, restoring the Bcl-2 expression area and increasing this
protein concentration, which indicates an increase in antiapoptotic protection and creates conditions for blocking
the development of the “mitochondrial branch” of apoptosis in liver cells.

Key words: melatonin; 24-hour lighting; light-induced functional pinealectomy; liver; Bad; Bcl-2.

For citation: Michurina S.V,, Ishchenko I.Yu., Arkhipov S.A.,, Letyagin A.Yu., Korolev M.A., Zavjalov E.L. The expression
of apoptosis-regulating proteins Bcl-2 and Bad in liver cells of C57BI/6 mice under light-induced functional pine-
alectomy and after correction with melatonin. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and
Breeding. 2021;25(3):310-317. DOI 10.18699/VJ21.034
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AHHoTayus. MpebbiBaHMe YenoBeKa 1 XMBOTHbIX B YCIIOBUAX ASIUTENIbHOIO HEMPEPbIBHOrO OCBELLEHWS NPUBOANUT
K NMOAaBNIEHMIO CMHTE3a MENATOHUHA, T. €. K CBETOMHAYLMPOBaHHON GyHKLUMOHanbHON anmudnssktommn (CO3), n
pasBuUTHIO fecnHXpoHo3a. Ana co3ganus CO3 mbiwm nnHumn C57BI/6 copepannchb B YCOBUAX KPYTIOCYTOYHOIO
ocBelleHnA B TeyeHne 14 cyTok. KNBOTHbIe KOHTPONbHOW FPYMMbl HAXOAUINCL NPU CTAaHAAPTHOM peXxrme ocBe-
WweHuA. B cnepytoLen cepum skcneprMeHToB Mbllum ¢ CO nonyyanu exxeHEBHO BHYTPVIKENYAOUYHO MO0 MenaTto-
HUH (T Mr/Kr maccol Tena B 200 MK Bogbl), 1160 B KayecTse nnaue6o 200 MKN ANCTUANMPOBAHHON BoAbl. Mpynnoiw
CpaBHEHWA CIYXKMUM UHTAKTHBIE XXMBOTHbIE, MOJTyYaBLUMe Miauebo Npu CTaHAAPTHOM PeXrMe ocBeLleHus. B pe-
3ynbTaTe IMMYHOTMCTOXMMUYECKOTO aHanm3a (HenpAMbIM aBUAMH-OMOTUHOBBIM MNEPOKCMAA3HBIM METOLOM) B CU-
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kcnpeccua Bcl-2 v Bad B nevenn nocne GpyHKLMOHaNbHOW
MUHEaN3KTOMUM 1 KOPPEKLIMN MENaTOHUHOM

HYCOMJHBIX KNeTKax neyeHn (reTeporeHHas nonynsauys, COCToALan 13 SHAOTENMOLUTOB, KneTok Kyndepa, knetok
/ITo 1 pit-KNeToK) 1 B OTAENbHbIX renatoumtax 6biia BbisiBfeHa SKCNPECcUs aHTManonToTnyeckoro 6enka Bel-2 n
npoanonToT!yeckoro npotenHa Bad. B kneTkax neueHn mbiwen ¢ mogenbio COS o6HapyKeHO UYeTbipexKkpaTHoe
yBefnuyeHue nnoLaau skcnpeccuv Bad Ha doHe HemameHmBLielca nnowaau skcnpeccun Bel-2. loctoBepHbix 13-
MeHeHUI APKOCTM (NapameTp, 06paTHO NPOMOPLIMOHASbHbIN KOHLIEHTPaLMU MapKepa) yYacTKOB, OKpaLLIEHHbIX Ha
Bcl-2 1 Bad, oTmeueHo He 6bin10. [onyyeHHble AaHHble CBMAETENbCTBYIOT 06 0CNabieHn aHTUANoNToTMYeCKo 3a-
LMTBI KNETOK NMeyeHr XUBOTHbIX, COAEPXKABLUMXCA NMPY KPYrOCyTOYHOM OCBELLEHMM, YTO CO3AaeT YCNOBUA AJis
aKTMBaLMM «<MUTOXOHAPWANbHON BETBM» arnonTo3a, Hanbosee BblpaXXeHHOW B CUHYCOMAHbIX KNeTKax neuveHu. Bee-
JeHvie MenaToHuHa Mbiwam ¢ mogenbio CO3 npuBeno K Bo3pacTaHuio B 3.3 pasa nnowaau skcnpeccun Bel-2 n
CHVKEHMIO Ha 2.7 % APKOCTY (T.€. yBENMUYEHUIO KOHLIEHTPALIMK) YHaCcTKOB, OKpaLLeHHbIX Ha Bcl-2, no cpaBHeHuio ¢
OMbITHOW rpynnoi 6e3 neyenus. ina Bad n3ameHeHUs nccnegyembix MapaMeTpoB MeNN XapaKTep TeHAeHUmiA. Ta-
KM 06pa3om, MHTparacTpasbHoe BBEAEeHME MeNaToHVHA XK1BOTHBIM aHHYIMpPYeT 3 deKT CBeTOMHAYLIMPOBaHHOW
bYHKUMOHANbHON NHEeanaKToMyK1, BOCCTaHaBNMBasA MIoWaAb SKCNPeCccMn U yBeUMBaa KOHLEHTPALUIO aHTy-
anonTtoTuyeckoro 6enka Bcl-2 B kneTkax neueHu, 4To CBMAETENLCTBYET 06 YCUIEHUV aHTMANONTOTUYECKON 3aLLUTbl
KJeTOK OpraHa 1 Co3fiaeT ycioBus Ans 6NoKnpoBaHusa pa3BUTHA <MUTOXOHAPWAbHO BETBY» anonTo3a.

KnioueBble crioBa: MENaToOHWH; KPYrioCyTOYHOE OCBeLLeHrE; CBEeTOMHAYLMPOBaHHan dyHKUVOHanbHan anundus-

2021
253

3KTOMUSA; NeveHb; Bad; Bcl-2.

Introduction

At present, human activities are often associated with a change
in the natural rhythm of life and with working in artificial
lighting conditions, which leads to an increase in the light
day period. Lighting at night is considered by scientists as
“light pollution”; it is attributed to non-chemical endocrine
disruptors affecting both human and animal health, including
violations of circadian regulation of melatonin (MT) synthesis,
metabolism and other hormone-controlled systems, and the
cancer risk (Michurina et al., 2005; Borodin et al., 2012; Rus-
sart, Nelson, 2018). By now, scientists have concluded that
melatonin is not “a sleep hormone, but a dark hormone” (Reiter
et al., 2013; Arendt, 2019). It’s known that light suppresses
melatonin production, and darkness weakens this suppression,
stimulating the synthesis and release of this hormone into the
bloodstream. Of particular importance is the fact that MT sup-
pression in nocturnal rodents is initiated by light. A light
pulse lasting only 15 min is sufficient to induce locomotor
suppression that endures for more than an hour, and a 1-min
light pulse also suppresses MT synthesis for about the same
amount of time (Morin, 2013). As a result of long-term stay
of humans and animals under 24-hour lighting (24hL) condi-
tions, a decrease/cessation of hormone production leads to the
development of light-induced functional pinealectomy (LIFP)
(Delibas et al., 2002) and desynchronosis (Reiter et al., 2017;
Arendt, 2019). Under these conditions, a significant load falls
on the homeostatic systems providing the body resistance
(lymphatic, immune and endocrine systems), which are in an
integral relationship with the liver, which is the main organ
of homeostasis. The study of the structural and functional
features of liver cells showed that exactly the cooperative
interactions of highly specialized parenchymal liver cells
(hepatocytes) and sinusoidal cells (a heterogeneous population
of cells consisting of endotheliocytes, Kupffer cells, Ito cells
and Pit cells), and their work in a strictly defined rhythm, help
the organ to perform numerous functions.

Apoptosis is a fundamental biological mechanism, which
causes a clean, non-inflammatory form of cell death and helps
the body get rid of unnecessary and defective cells. The ratio
of antiapoptotic (Bcl-2, Bel-XL) and proapoptotic proteins
(Bad, Bax, etc.) is considered to be a “molecular switch”,
which determines whether tissue growth or atrophy will oc-
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cur (Willis et al., 2003; Pol¢ic, Mentel, 2020). The features
of Bcl-2 family protein expression in liver cells under light-
induced functional pinealectomy remain largely unexplored.
Based on the above, the aim of the study was to evaluate the
expression of antiapoptotic Bcl-2 protein and proapoptotic Bad
protein in the liver cells of C57B1/6 mice under light-induced
functional pinealectomy and after melatonin treatment.

Materials and methods

The experiments were carried out in the SPF Vivarium of the
Institute of Cytology and Genetics, SB RAS (RFMEFI61914
X0005 and RFMEF162114X0010). C57B1/6 mice (male, aged
10-12 weeks) were kept in controlled barrier rooms with free
access to water and food (Ssniff, Germany).

Two series of experiments were carried out. In the first
event, mice were kept under 24-hour lighting (24hL) for
14 days (light/dark photoperiod 24:0 h) to create light-induced
functional pinealectomy (the “24hL” group, n = 6). The com-
parison group consisted of intact animals (the “Control” group,
n = 5) kept under standard lighting conditions (14:10 h).
At the same time a smooth increase in illumination to day-
time values within 1 hour (dawn) and a smooth decrease in
illumination values until complete shutdown within 1 hour
(sunset) were assigned to the light phase of the day. In the
second series of experiments mice were kept under 24hL for
14 days and received daily intragastrically either melatonin
at a dose of 1 mg/kg of body weight in 200 ul of distilled
water (the “24hL+MT” group, n = 5) or 200 ul of water
(the “24hL+Placebo” group, n = 6). The comparison group
consisted of animals (the “Placebo” group, n = 6) kept under
standard lighting conditions (14:10 h) and received daily
intragastrically 200 pl of distilled water.

Animals were removed from the experiment by the cranio-
cervical dislocation method and liver samples were taken for
light-optical and immunohistochemical studies. All experi-
ments were performed in accordance with humanity principles
and were carried out in compliance with “Rules for working
with experimental animals” (The Annex to the Order of the
Ministry of Health of the USSR No. 755 of 12.08.1977) and
Council Directive 86/609/EEC. Experiments were approved
by the local ethical committee (The Protocol No. 128 of
15.03.2017).

311


https://www.ncbi.nlm.nih.gov/pubmed/?term=Michurina SV%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russart KLG%5BAuthor%5D&cauthor=true&cauthor_uid=28870443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russart KLG%5BAuthor%5D&cauthor=true&cauthor_uid=28870443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nelson RJ%5BAuthor%5D&cauthor=true&cauthor_uid=28870443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arendt J%5BAuthor%5D&cauthor=true&cauthor_uid=22497433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morin LP%5BAuthor%5D&cauthor=true&cauthor_uid=23606609
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guicciardi ME%5BAuthor%5D&cauthor=true&cauthor_uid=23720337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pol%C4%8Dic P%5BAuthor%5D&cauthor=true&cauthor_uid=32013249
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mentel M%5BAuthor%5D&cauthor=true&cauthor_uid=32013249
http://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=celex:31986L0609

S.V. Michurina, I.Yu. Ishchenko, S.A. Arkhipov
A.Yu. Letyagin, M.A. Korolev, E.L. Zavjalov

Liver samples were fixed in 10 % buffered formalin (Bio-
Vitrum, Russia) for 48 hours, dehydrated in a series of alco-
hols of increasing concentrations and embedded in Histomix
(BioVitrum, Russia). Tissue sections with a thickness of 3 um
were prepared on a microtome HM 340E (Thermo Fisher Sci-
entific, USA). Immunohistochemical study of the expression
of the antiapoptotic Bel-2 protein and the proapoptotic Bad
protein was performed on liver paraffin sections by means
of indirect avidin-biotin peroxidase method (ABC-method)
using the Vectastain Universal ABC-Peroxidase Kit (Vector
Laboratories, Catalog Number PK-7200). At the last stage, im-
munohistochemical staining was carried out in a chromogenic
substrate containing diaminobenzidine (the solution is pre-
pared ex tempore from the components of the set “ImmPACT
DAB?”; Vector Laboratories, Catalog Number SK-4105).

For quantification of Bcl-2 and Bad expression in the mouse
liver, a computer morphometric analysis of digital photo-
graphs obtained using a LEICA DM 2500 microscope with
a LEICA DFC425C video camera (Germany, Switzerland) at
x400 magnification was performed. The relative area and the
brightness of intermediate zones of the hepatic lobules staining
for Bcl-2 and Bad were determined in digital images using
the program ImagelJ. The significance of differences between
the compared values was determined using the nonparametric
Mann—Whitney test. Differences of compared values were
considered statistically significant at p < 0.05.

Control

Bad

The expression of Bcl-2 and Bad in the liver after functional
pinealectomy and correction with melatonin

Results

The expression of Bcl-2 and Bad proteins in liver cells

of mice under light-induced functional pinealectomy

A study of Bcl-2 family protein expression in the liver of mice
kept under 24-hour lighting (light/dark photoperiod 24:0 h)
revealed the pronounced immunohistochemical staining of the
proapoptotic Bad protein in sinusoidal cells of blood sinusoid
capillaries (Fig. 1). The Bad-positive signal was detected in the
endothelium of interlobular veins and in the ductal epithelium
of triad bile ducts, and it was also sometimes found in single
hepatocytes. At the same time, weak immunohistochemical
staining of the antiapoptotic Bcl-2 protein was revealed in
sinusoidal liver cells and in single hepatocytes of “24hL”
mice liver (see Fig. 1). Staining of Bcl-2 wasn’t determined
in the ductal epithelium of triad bile ducts.

Morphometric analysis of liver preparations of the “24hL”
animals confirmed the results of the light-optical study.
An increase in the Bad expression area was found to be
4.1 times greater than in animals under natural light condi-
tions (Fig. 2, a). At the same time, the brightness (a parame-
ter inverse to the concentration) of the areas stained of that
protein did not change significantly (see Fig. 2, b). Changes
in the relative area and the brightness of zones stained for
the antiapoptotic Bcl-2 protein were in the nature of a trend
and reflected a slight decrease in the expression area and

Fig. 1. The expression of the proapoptotic Bad protein and the antiapoptotic Bcl-2 protein in mouse liver cells in a light-induced

functional pinealectomy model (the “24hL").

Immunohistochemical staining by the indirect ABC method. There is a pronounced Bad coloration and a less pronounced Bcl-2 coloration
in sinusoidal cells (thin arrows) of blood sinusoidal capillaries in 24hL mouse liver. Thick arrows indicate separately found stained hepato-

cytes. Magnification x400.
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Fig. 2. Relative areas of Bad (a) and Bcl-2 (c) protein expressions and the brightnesses of zones stained with these proteins (b - Bad, d - Bcl-2) in the

liver of “Control”and “24hL" mice.

Notations on the box diagrams: lines — median, boxes - 25-75 %, e arithmetic mean, * differences are statistically significant between the “Control” and

“24hL" groups; the Mann-Whitney U-test (p < 0.05).

concentration of this protein (see Fig. 2, ¢, d) in the liver of
mice kept under 24-hour lighting.

Thus, it can be concluded that the antiapoptotic protection
was weakened and the conditions for apoptosis mitochondrial
pathway activation in liver cells of animals with light-induced
functional pinealectomy were created.

Melatonin effect on the expression

of Bad and Bcl-2 proteins in mouse liver cells

under light-induced functional pinealectomy

MT treatment of the 24hL mice led to the pronounced Bcl-2
protein expression in a heterogeneous population of sinusoidal
cells in intra-lobular blood liver capillaries and in single he-
patocytes compared to the group without hormone treatment
(the “24hL+Placebo” group) (Fig. 3). The immunohistochemi-
cal reaction to the Bad protein revealed in all three groups
(“Placebo”, “24hL+Placebo”, “24hL+MT”) the staining of
sinusoidal capillary lining in intermediate zones and portal
tracts, portal vein endothelium and bile duct epithelium in
portal tracts (Fig. 4). Bad-staining was more significant in the
“24hL+Placebo” group compared to “Placebo”. Bad expres-
sion after MT administration wasn’t as pronounced as Bcl-2
expression (see Fig. 3) in the same animals.

Morphometric analysis found a 3.3-fold increase in Bcl-2
expression area in 24hL-animals treated with MT compared
with the group without treatment “24hL +Placebo” (Fig. 5, a).
At the same time, the studied parameter reached the initial
level of the “Placebo” group. The use of MT also led to a sig-
nificant decrease in brightness (see Fig. 5, b) of stained areas
compared with the comparison groups (by 2.7 % — compared
with the “24hL+Placebo”, by 2.1 % — compared with the “Pla-
cebo”), which reflects an increase in the Bel-2 concentration
in the “24hL+MT” animals. MT intragastric administration
contributed to a tendency for an increase in the Bad relative
area and a tendency for a decrease in the stained zone bright-
ness compared to animals without hormone treatment. As a
result, the use of MT led to a significant increase in the area
and concentration of the studied protein compared to the
“Placebo” group (see Fig. 5, ¢, d).
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Thus, MT administration to mice under two-week 24-hour
lighting led to a significant increase in the expression area and
concentration of the Bcl-2 protein in liver cells against the
background of unchanged expression area and concentration
of the Bad protein compared to the “24hL+Placebo” group.
The obtained results indicate that intragastric administration
of MT physiological doses to C57B1/6 mice cancels the effect
of light-induced functional pinealectomy, restoring the expres-
sion area of the antiapoptotic Bcl-2 protein and increasing its
concentration in liver cells, which indicates increased anti-
apoptotic protection of organ cells and creates conditions for
blocking the apoptosis “mitochondrial branch” development.

Discussion

Violation of melatonin production is a starting point, leading
at the initial stages to the appearance of desynchronosis fol-
lowed by the development of organic pathology. Our previous
studies showed that 24-hour lighting for two weeks has a
modulating effect on all elements of the lymphatic region of
the liver. There is a migration of lymphocytes, macrophages
into the expanded interstitial non-vascular pathways and lym-
phatic vessels, and a formation of lymphoid nodules, which
are considered temporary accumulations of lymphoid tissue
that form in response to injury. The unbalancing of the roots
of'the lymphatic system leads to the disconnection of contacts
between the endothelial cells of the liver sinusoids, as well
as to a violation of contacts between the parenchymal cells
of the organ. The overflow of Disse spaces with fragments
of necrotically altered cells, collagen fibers, lymphoid cells,
erythrocytes contributes to the lymph stagnation, and as a
result leads to the development of tissue hypoxia, which is
an inducer of cell death. This adversely affects the structure
and functions of mitochondria, the protein-synthesizing ap-
paratus of cells, causes stress in the endoplasmic reticulum
(Ishchenko, Michurina, 2014; Michurina et al., 2018). Under
these conditions, a significant burden falls on the intracellular
detoxification systems, in particular on the cytochrome P450
system (Woolbright, Jaeschke, 2015). The enzymes of this
family can produce reactive oxygen species (ROS), leading to
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Fig. 3. The MT treatment influence on the Bcl-2 expression in liver cells of mice with the LIFP model.

Immunohistochemical staining by the indirect ABC method. There is weak Bcl-2-signal in the sinusoidal cells of the liver blood capillaries in
“24hL+Placebo” mice compared with “Placebo” animals. MT treatment leads to a pronounced staining of the lining of the blood sinusoidal
capillaries, endothelial cells of the portal tract veins, and individual hepatocytes. Thin arrows - the sinusoidal cells, thick arrows - single

stained hepatocytes. Magnification x400.

the activation of apoptosis. Excessive and uncontrolled ROS
production in mitochondria leads to damage to mitochondrial
membranes, proteins, and mitochondrial DNA (mtDNA) and
triggers the mitochondrial apoptosis pathway (Li et al., 2020).

In our study, the greatest changes were found in sinusoidal
cells of hepatic lobule blood capillaries. This is consistent with
the data of Motoyama S. et al. (2000, 2003), who showed
the predominant apoptosis development in liver sinusoidal
endothelial cells compared to hepatocytes in male Sprague-
Dawley rats with a hypoxia model. Currently, it has been
proven that these cells, dynamically regulating the expression
ofangiopoietin-2, govern their own regeneration, and not only
control the proliferation of hepatocytes, but also support the
restoration of connective tissue, regulate the maturation and
resting state of blood vessels (Hu et al., 2014). Since apoptosis
is triggered by the inactivation of Bcl-2 when binding to the
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Bad protein, the fourfold increase revealed by us in the expres-
sion area of the proapoptotic protein Bad against the back-
ground of the unchanged expression area of the antiapoptotic
protein Bel-2 in mice with LIFP model indicates a decrease in
antiapoptotic protection and the apoptosis development along
the mitochondrial pathway in liver cells.

It’s found that when melatonin synthesis is disrupted by
night lighting, there is a decrease in the activity of its MT1
and M T2 membrane receptors, through which the hormone has
its effect on cells (Gupta, Haldar, 2014; Jockers et al., 2016).
Due to the non-receptor mechanism using the oligopeptide
transporter-1/2 (PEPT-1/2) and organic anion transporter-3
(OAT-3) (Huo et al., 2017) MT penetrates cells and binds free
oxygen radicals, protecting macromolecules (proteins, fats,
nuclear and mitochondrial DNA) from oxidative damage in
all subcellular structures. Currently, numerous data indicate
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Portal tract areas

Fig. 4. The expression of the proapoptotic Bad protein in liver cells of mice with the LIFP model - in the sinusoidal cells of the liver
blood capillaries, the vein endothelium and the ductal epithelium of the bile ducts of the liver portal tracts.

Immunohistochemical staining by the indirect ABC method. Bad-staining was more significant in the “24hL+Placebo” group compared
to “Placebo”. The Bad expression after MT administration wasn't as pronounced as Bcl-2 expression (see Fig. 3) in the same animals. Thin
arrows — the sinusoidal cells, thick arrows - single stained hepatocytes. Magnification x400.

that mitochondria is the main target of MT action: enzymes
N-acetyltransferase and hydroxyindole-O-methyltransferase
are present in mitochondria and these important subcellular
organelles are the place of synthesis of melatonin itself (Har-
deland, 2017; Reiter et al., 2018).

There are numerous ways in which MT destroys ROS: start-
ing an antioxidant cascade with the formation of melatonin
metabolites detoxifying free radicals; chelating metal ions
involved in the Haber—Weiss and Fenton reactions to prevent
the formation of a destructive *OH; stimulating antioxidant
and inhibition of pro-oxidant enzymes; increasing the effi-
ciency of electron transfer between mitochondrial respiratory
complexes and reducing electron leakage and free radical
formation. Studies have shown that MT reduces the rate of
apoptosis, prevents the opening of mitochondrial pores and
the release of cytochrome ¢, and preserves mitochondrial

CUCTEMHAA N KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS AND COMPUTATIONAL BIOLOGY

functions. In addition, mitochondrial biogenesis and dyna-
mics are also regulated by MT (Hardeland, 2017; Reiter et al.,
2018; Jouetal., 2019). The effectiveness of MT as a means of
protection against oxidative stress and structural changes in
the liver and pancreas tissue was revealed in rats with surgi-
cal pinealectomy (Sahna et al., 2004; Col et al., 2010). There
is strong evidence that MT has the ability to prevent oxida-
tive damage to liver cell mitochondria in rats with diabetes
and obesity (Agil et al., 2015). The question of the effect of
this unique hormone on apoptosis is extremely interesting.
MT treatment of rats kept under 24-hour lighting during two
weeks leads to an increase in the antiapoptotic Bcl-2 protein
in the liver (Borodin et al., 2012).

Our use of the melatonin-containing complex in the treat-
ment of animals with a model of obesity and type 2 diabetes
mellitus showed its pronounced hepatotropic, lymphotropic
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The expression of Bcl-2 and Bad in the liver after functional
pinealectomy and correction with melatonin
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Fig. 5. Relative areas of Bcl-2 (a) and Bad (c) protein expressions and the brightnesses of zones stained for these proteins (b - Bcl-2, d - Bad) in the liver

of the “Placebo”, “24hL+Placebo” and “24hL+MT" mice.

Notations on the box diagrams: lines — median, boxes — 25-75 %, e arithmetic mean, * differences are statistically significant between the “24hL+Placebo”
and “Placebo” groups, # differences are statistically significant between the “24hL+MT” and “24hL+Placebo” groups, A the differences are statistically significant
between the “24hL+MT" and “Placebo” groups; the Mann-Whitney U-test (p < 0.05).

action and cytoprotective effect, which consists in stimulating
the expression of the antiapoptotic Bel-2 protein in liver cells
against the background of a decrease in the proapoptotic Bad
protein activity (Michurina et al., 2017, 2020). In the present
study the revealed predominance of the antiapoptotic Bcl-2
protein over the proapoptotic Bad protein, induced by the use
of MT, indicates an increase in the antiapoptotic protection
of liver cells, which blocks the development of the apoptosis
“mitochondrial branch”. This is facilitated by the previous-
ly established ability of MT to increase the expression of
the lymphatic vascular endothelial LY VE-1 marker in the
liver sinusoid endothelial cells of db/db mice, which creates
conditions for improving lymph drainage and prevents the
development of tissue hypoxia and apoptosis of organ cells
(Michurina et al., 2016). The protective properties of MT,
largely based on its antioxidant, antiapoptotic, and immu-
nomodulatory activity, place this hormone among the most
effective lympho- and angioprotectors (Jing et al., 2017; Chen
et al., 2020), which is especially important in the prevention
and treatment of new coronavirus infection (Darenskaya et al.,
2020; El-Missiry et al., 2020). Thus, melatonin cytoprotec-
tive effect revealed by us in the liver cells of C57B1/6 mice in
the model of light-induced functional pinealectomy may be
a consequence of reduced damage to mitochondria and other
intracellular structures.

Conclusion

Thus our results indicate a weakening of the antiapoptotic
protection of liver cells of LIFP animals that creates condi-
tions for activation of the “mitochondrial branch” of apoptosis.
Melatonin treatment of animals cancels the effect of LIFP,
restoring the Bcl-2 expression area and increasing this protein
concentration, which indicates an increase in antiapoptotic
protection and creates conditions for blocking the develop-
ment of the “mitochondrial branch” of apoptosis in liver cells.

References

Agil A., El-Hammadi M., Jiménez-Aranda A., Tassi M., Abdo W.,
Fernandez-Vazquez G., Reiter R.J. Melatonin reduces hepatic mito-
chondrial dysfunction in diabetic obese rats. J. Pineal. Res. 2015,
59(1):70-79. DOI 10.1111/jpi.12241.

316

Arendt J. Melatonin: countering chaotic time cues. Front. Endocrinol.
(Lausanne). 2019;10:391. DOI 10.3389/fendo.2019.00391.

Borodin Yu.I., Trufakin V.A., Michurina S.V., Shurlygina A.V. Struc-
tural and Temporal Organization of the Liver, Lymphatic, Immune,
and Endocrine Systems in Violation of the Light Regime and Mela-
tonin Treatement. Novosibirsk: Manuscript Publ., 2012. (in Rus-
sian)

Chen W.R., Yang J.Q., Liu F., Shen X.Q., Zhou Y.J. Melatonin attenuates
vascular calcification by activating autophagy via an AMPK/mTOR/
ULK1 signaling pathway. Exp. Cell. Res. 2020;389(1):111883. DOI
10.1016/j.yexcr.2020.111883.

Col C., Dinler K., Hasdemir O., Buyukasik O., Bugdayci G. Oxida-
tive stress and lipid peroxidation products: effect of pinealectomy
or exogenous melatonin injections on biomarkers of tissue damage
during acute pancreatitis. Hepatobiliary Pancreat. Dis. Int. 2010;
9(1):78-82. PMID: 20133234.

Darenskaya M.A., Kolesnikova L.I., Kolesnikov S.I. COVID-19:
oxidative stress and the relevance of antioxidant therapy. Vestnik
Rossijskoj Akademii Meditsynskikh Nauk = Annals of the Russian
Academy of Medical Sciences. 2020;75(4):318-325. DOI 10.15690/
vramn1360. (in Russian)

Delibas N., Tuzmen N., Yonden Z., Altuntas I. Effect of functional pine-
alectomy on hippocampal lipid peroxidation, antioxidant enzymes
and N-methyl-D-aspartate receptor subunits 2A and 2B in young
and old rats. Neuro Endocrinol. Lett. 2002;23(4):345-350. PMID:
12195239.

El-Missiry M.A., El-Missiry Z.M.A., Othman A.I. Melatonin is a po-
tential adjuvant to improve clinical outcomes in individuals with
obesity and diabetes with coexistence of Covid-19. Eur. J. Pharma-
col. 2020;882:173329. DOI 10.1016/j.ejphar.2020.173329.

Gupta S., Haldar C. Nycthemeral variation in melatonin receptor ex-
pression in the lymphoid organs of a tropical seasonal breeder Fu-
nambulus pennanti. J. Comp. Physiol. A. 2014;200(12):1045-1055.
DOI 10.1007/s00359-014-0959-2.

Hardeland R. Melatonin and the electron transport chain. Cell. Mol.
Life Sci. 2017;74(21):3883-3896. DOI 10.1007/s00018-017-2615-9.

Hu J., Srivastava K., Wieland M., Runge A., Mogler C., Besemfel-
der E., Terhardt D., Vogel M.J., Cao L., Korn C., Bartels S., Tho-
mas M., Augustin H.G. Endothelial cell-derived angiopoietin-2 con-
trols liver regeneration as a spatiotemporal rheostat. Science. 2014;
343(6169):416-419. DOI 10.1126/science.1244880.

Huo X., Wang C., Yu Z., Peng Y., Wang S., Feng S., Zhang S., Tian X.,
Sun C., Liu K., Deng S., Ma X. Human transporters, PEPT1/2, facili-
tate melatonin transportation into mitochondria of cancer cells: an

BaBunoBckuii )KypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2021+ 25+ 3


https://doi.org/10.1111/jpi.12241
https://www.ncbi.nlm.nih.gov/pubmed/31379733
https://www.ncbi.nlm.nih.gov/pubmed/31379733
https://doi.org/10.3389/fendo.2019.00391
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen WR%5BAuthor%5D&cauthor=true&cauthor_uid=32014443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang JQ%5BAuthor%5D&cauthor=true&cauthor_uid=32014443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu F%5BAuthor%5D&cauthor=true&cauthor_uid=32014443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen XQ%5BAuthor%5D&cauthor=true&cauthor_uid=32014443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou YJ%5BAuthor%5D&cauthor=true&cauthor_uid=32014443
https://www.ncbi.nlm.nih.gov/pubmed/32014443
https://doi.org/10.1016/j.yexcr.2020.111883
https://www.ncbi.nlm.nih.gov/pubmed/?term=Col C%5BAuthor%5D&cauthor=true&cauthor_uid=20133234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dinler K%5BAuthor%5D&cauthor=true&cauthor_uid=20133234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hasdemir O%5BAuthor%5D&cauthor=true&cauthor_uid=20133234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buyukasik O%5BAuthor%5D&cauthor=true&cauthor_uid=20133234
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bugdayci G%5BAuthor%5D&cauthor=true&cauthor_uid=20133234
https://www.ncbi.nlm.nih.gov/pubmed/20133234
https://pubmed.ncbi.nlm.nih.gov/32615182/
https://pubmed.ncbi.nlm.nih.gov/32615182/
https://pubmed.ncbi.nlm.nih.gov/32615182/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gupta S%5BAuthor%5D&cauthor=true&cauthor_uid=25369902
https://www.ncbi.nlm.nih.gov/pubmed/?term=Haldar C%5BAuthor%5D&cauthor=true&cauthor_uid=25369902
https://www.ncbi.nlm.nih.gov/pubmed/25369902
https://doi.org/10.1007/s00359-014-0959-2
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hardeland R%5BAuthor%5D&cauthor=true&cauthor_uid=28785805
https://doi.org/10.1007/s00018-017-2615-9
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bartels S%5BAuthor%5D&cauthor=true&cauthor_uid=24458641
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thomas M%5BAuthor%5D&cauthor=true&cauthor_uid=24458641
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thomas M%5BAuthor%5D&cauthor=true&cauthor_uid=24458641
https://www.ncbi.nlm.nih.gov/pubmed/?term=Augustin HG%5BAuthor%5D&cauthor=true&cauthor_uid=24458641
https://doi.org/10.1126/science.1244880
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huo X%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang C%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu Z%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peng Y%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang S%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Feng S%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang S%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tian X%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun C%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu K%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deng S%5BAuthor%5D&cauthor=true&cauthor_uid=28099762
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma X%5BAuthor%5D&cauthor=true&cauthor_uid=28099762

C.B. MuuypuHa, U.10. NweHko, C.A. Apxunos
A.10. NetarnH, M.A. Kopones, E.J1. 3aBbanos

implication of the therapeutic potential. J. Pineal Res. 2017;62(4):
€12390. DOI 10.1111/jpi.12390.

Ishchenko 1.Y., Michurina S.V. Regional lymph nodes in the liver of
rats in functional pinealectomy. Bull. Exp. Biol. Med. 2014;157(5):
671-676. DOI 10.1007/510517-014-2636-4.

Jing Y., Bai F., Chen H., Dong H. Melatonin prevents blood vessel
loss and neurological impairment induced by spinal cord injury
in rats. J. Spinal. Cord. Med. 2017;40(2):222-229. DOI 10.1080/
10790268.2016.1227912.

Jockers R., Delagrange P., Dubocovich M.L., Markus R.P., Renault N.,
Tosini G., Cecon E., Zlotos D.P. Update on melatonin receptors:
IUPHAR Review 20. Br: J. Pharmacol. 2016;173(18):2702-2725.
DOI 10.1111/bph.13536.

Jou M.J., Peng T.I., Reiter R.J. Protective stabilization of mitochondrial
permeability transition and mitochondrial oxidation during mito-
chondrial Ca?* stress by melatonin’s cascade metabolites C3-OHM
and AFMK in RBA1 astrocytes. J. Pineal Res. 2019;66(1):¢12538.
DOI 10.1111/jpi.12538.

Li R., Toan S., Zhou H. Role of mitochondrial quality control in the
pathogenesis of nonalcoholic fatty liver disease. Aging (4/bany NY).
2020;12(7):6467-6485. DOI 10.18632/aging.102972.

Michurina S.V., Ishchenko I.Yu., Arkhipov S.A., Cherepanova M.A.,
Vasendin D.V., Zavjalov E.L. Apoptosis in the liver of male db/db
mice during the development of obesity and type 2 diabetes. Vavi-
lovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics
and Breeding. 2020;24(4):435-440. DOI 10.18699/VJ20.43-o.

Michurina S. V., Ischenko I.Yu., Arkhipov S.A., Klimontov V.V., Chere-
panova M.A., Korolev M.A., Rachkovskaya L.N., Zav’yalov E.L.,
Konenkov V.I. Melatonin—aluminum oxide—polymethylsiloxane
complex on apoptosis of liver cells in a model of obesity and type 2
diabetes mellitus. Bull. Exp. Biol. Med. 2017;164(2):165-169. DOI
10.1007/s10517-017-3949-x.

Michurina S.V., Ishchenko I.Yu., Arkhipov S.A., Klimontov V.V,
Rachkovskaya L.N., Konenkov V.I., Zavyalov E.L. Effects of mela-
tonin, aluminum oxide, and polymethylsiloxane complex on the
expression of LYVE-1 in the liver of mice with obesity and type 2
diabetes mellitus. Bull. Exp. Biol. Med. 2016;162(2):269-272. DOI
10.1007/s10517-016-3592-y.

Michurina S.V., Shurlygina A.V., Belkin A.D., Vakulin G.M., Verbits-
kaia L.V., Trufakin V.A. Changes in liver and in some organs of im-
mune system of animals exposed to twenty-four-hour illumination.
Morfologiia. 2005;128(4):65-68. PMID: 16400925. (in Russian)

Michurina S.V., Vasendin D.V., Ishchenko I.Yu. Physiological and
biological effects of melatonin: some results and prospects for the
study. Rossiyskiy Fiziologicheskiy Zhurnal im. I.M. Sechenova =

ORCID ID

I.Yu. Ishchenko orcid.org/0000-0001-6281-0402
S.A. Arkhipov orcid.org/0000-0002-1390-4426
A.Yu. Letyagin orcid.org/0000-0002-9293-4083
E.L. Zavjalov orcid.org/0000-0002-9412-3874

2021
253

kcnpeccua Bcl-2 v Bad B nevenn nocne GpyHKLMOHaNbHOWM
MUHEaN3KTOMUN 1 KOPPEKLMN MeNaTOHNHOM

LM. Sechenov Physiological Journal. 2018;104(3):257-271. (in
Russian)

Morin L.P. Nocturnal light and nocturnal rodents: similar regulation
of disparate functions? J. Biol. Rhythms. 2013;28(2):95-106. DOI
10.1177/0748730413481921.

Motoyama S., Saito S., Alojado M.E., Itoh H., Kitamura M., Suzuki H.,
Saito R., Momiyama H., Nakae H., Ogawa J., Inaba H. Hydrogen
peroxide induces midzonal heat shock protein 72 and apoptosis in si-
nusoidal endothelial cells of hypoxic rat liver. Crit. Care Med. 2000;
28(5):1509-1514. DOI 10.1097/00003246-200005000-00042.

Motoyama S., Saito S., Saito R., Minamiya Y., Nakamura M., Okuya-
ma M., Imano H., Ogawa J. Hydrogen peroxide-dependent declines
in Bcl-2 induces apoptosis in hypoxic liver. J. Surg. Res. 2003;
110(1):211-216. DOI 10.1016/50022-4804(03)00006-4.

Polcic P., Mentel M. Reconstituting the mammalian apoptotic switch
in yeast. Genes (Basel). 2020;11(2):145. DOI 10.3390/genes110
20145.

Reiter R.J., Rosales-Corral S.A., Tan D.X., Alatorre-Jimenez M.,
Lopez C. Circadian dysregulation and melatonin rhythm suppres-
sion in the context of aging. In: Jazwinski S., Belancio V., Hill S.
(Eds). Circadian Rhythms and Their Impact on Aging. (Ser. Healthy
Ageing and Longevity. Vol. 7). Springer, Cham, 2017;1-25. DOI
10.1007/978-3-319-64543-8 1.

Reiter R.J., Tan D.X., Rosales-Corral S., Galano A., Jou M.J., Acuna-
Castroviejo D. Melatonin mitigates mitochondrial meltdown: inter-
actions with SIRT3. Int. J. Mol. Sci. 2018;19(8):2439. DOI 10.3390/
ijms19082439.

Reiter R.J., Tan D.X., Rosales-Corral S., Manchester L.C. The univer-
sal nature, unequal distribution and antioxidant functions of melato-
nin and its derivatives. Mini-Rev. Med. Chem. 2013;13(3):373-384.
DOI 10.2174/1389557511313030006.

Russart K.L.G., Nelson R.J. Light at night as an environmental en-
docrine disruptor. Physiol. Behav. 2018;190:82-89. DOI 10.1016/
j.physbeh.2017.08.029.

Sahna E., Parlakpinar H., Vardi N., Cigremis Y., Acet A. Efficacy of
melatonin as protectant against oxidative stress and structural
changes in liver tissue in pinealectomized rats. Acta Histochem.
2004;106(5):331-336. DOI 10.1016/j.acthis.2004.07.006.

Willis S., Day C.L., Hinds M.G., Huang D.C. The Bcl-2-regulated
apoptotic pathway. J. Cell. Sci. 2003;116(Pt.20):4053-4056. DOI
10.1242/jcs.00754.

Woolbright B.L., Jaeschke H. Xenobiotic and endobiotic mediated in-
teractions between the cytochrome P450 system and the inflamma-
tory response in the liver. Adv. Pharmacol. 2015;74:131-161. DOI
10.1016/bs.apha.2015.04.001.

Acknowledgements. The work was carried out within the framework of the budget project No. 0324-2019-0046. The study was performed using the
equipment of the Center for genetic resources of laboratory animals of the Institute of Cytology and Genetics SB RAS, supported by the Ministry of
Education and Science of Russia (Unique identifier of the project RFMEFI62119X0023).

Conflict of interest. The authors have no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Received December 17, 2020. Revised March 29, 2021. Accepted March 30, 2021.

CUCTEMHAA N KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS AND COMPUTATIONAL BIOLOGY

317


https://doi.org/10.1111/jpi.12390
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ishchenko IY%5BAuthor%5D&cauthor=true&cauthor_uid=25257433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Michurina SV%5BAuthor%5D&cauthor=true&cauthor_uid=25257433
https://www.ncbi.nlm.nih.gov/pubmed/25257433
https://doi.org/10.1007/s10517-014-2636-4
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jing Y%5BAuthor%5D&cauthor=true&cauthor_uid=27735218
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bai F%5BAuthor%5D&cauthor=true&cauthor_uid=27735218
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen H%5BAuthor%5D&cauthor=true&cauthor_uid=27735218
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dong H%5BAuthor%5D&cauthor=true&cauthor_uid=27735218
https://www.ncbi.nlm.nih.gov/pubmed/27735218
https://doi.org/10.1080/10790268.2016.1227912
https://doi.org/10.1080/10790268.2016.1227912
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jockers R%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Delagrange P%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dubocovich ML%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Markus RP%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Renault N%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tosini G%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cecon E%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zlotos DP%5BAuthor%5D&cauthor=true&cauthor_uid=27314810
https://www.ncbi.nlm.nih.gov/pubmed/27314810
https://doi.org/10.1111/bph.13536
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jou MJ%5BAuthor%5D&cauthor=true&cauthor_uid=30415481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peng TI%5BAuthor%5D&cauthor=true&cauthor_uid=30415481
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reiter RJ%5BAuthor%5D&cauthor=true&cauthor_uid=30415481
https://www.ncbi.nlm.nih.gov/pubmed/30415481
https://doi.org/10.1111/jpi.12538
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li R%5BAuthor%5D&cauthor=true&cauthor_uid=32213662
https://www.ncbi.nlm.nih.gov/pubmed/?term=Toan S%5BAuthor%5D&cauthor=true&cauthor_uid=32213662
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou H%5BAuthor%5D&cauthor=true&cauthor_uid=32213662
https://www.ncbi.nlm.nih.gov/pubmed/32213662
https://doi.org/10.18632/aging.102972
https://www.ncbi.nlm.nih.gov/pubmed/29181668
https://www.ncbi.nlm.nih.gov/pubmed/29181668
https://www.ncbi.nlm.nih.gov/pubmed/29181668
https://doi.org/10.1007/s10517-017-3949-x
https://www.ncbi.nlm.nih.gov/pubmed/27909960
https://www.ncbi.nlm.nih.gov/pubmed/27909960
https://www.ncbi.nlm.nih.gov/pubmed/27909960
https://www.ncbi.nlm.nih.gov/pubmed/27909960
https://doi.org/10.1007/s10517-016-3592-y
https://www.ncbi.nlm.nih.gov/pubmed/?term=Belkin AD%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vakulin GM%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Verbitskaia LV%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Verbitskaia LV%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trufakin VA%5BAuthor%5D&cauthor=true&cauthor_uid=16400925
https://www.ncbi.nlm.nih.gov/pubmed/16400925
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morin LP%5BAuthor%5D&cauthor=true&cauthor_uid=23606609
https://www.ncbi.nlm.nih.gov/pubmed/23606609
https://doi.org/10.1177/0748730413481921
https://www.ncbi.nlm.nih.gov/pubmed/?term=Motoyama S%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saito S%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alojado ME%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Itoh H%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kitamura M%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Suzuki H%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saito R%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Momiyama H%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakae H%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ogawa J%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Inaba H%5BAuthor%5D&cauthor=true&cauthor_uid=10834704
https://www.ncbi.nlm.nih.gov/pubmed/10834704
https://doi.org/10.1097/00003246-200005000-00042
https://www.ncbi.nlm.nih.gov/pubmed/?term=Motoyama S%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saito S%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saito R%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Minamiya%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakamura M%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Okuyama M%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Okuyama M%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Imano H%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ogawa J%5BAuthor%5D&cauthor=true&cauthor_uid=12697403
https://www.ncbi.nlm.nih.gov/pubmed/12697403
https://doi.org/10.1016/s0022-4804(03)00006-4
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pol%C4%8Dic P%5BAuthor%5D&cauthor=true&cauthor_uid=32013249
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mentel M%5BAuthor%5D&cauthor=true&cauthor_uid=32013249
https://www.ncbi.nlm.nih.gov/pubmed/32013249
https://doi.org/10.3390/genes11020145
https://doi.org/10.3390/genes11020145
https://doi.org/10.1007/978-3-319-64543-8_1
https://doi.org/10.1007/978-3-319-64543-8_1
https://www.ncbi.nlm.nih.gov/pubmed/?term=Reiter RJ%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tan DX%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rosales-Corral S%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Galano A%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jou MJ%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Acuna-Castroviejo D%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/?term=Acuna-Castroviejo D%5BAuthor%5D&cauthor=true&cauthor_uid=30126181
https://www.ncbi.nlm.nih.gov/pubmed/30126181
https://doi.org/10.3390/ijms19082439
https://doi.org/10.3390/ijms19082439
https://doi.org/10.2174/1389557511313030006
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russart KLG%5BAuthor%5D&cauthor=true&cauthor_uid=28870443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nelson RJ%5BAuthor%5D&cauthor=true&cauthor_uid=28870443
https://www.ncbi.nlm.nih.gov/pubmed/28870443
https://doi.org/10.1016/j.physbeh.2017.08.029
https://doi.org/10.1016/j.physbeh.2017.08.029
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sahna E%5BAuthor%5D&cauthor=true&cauthor_uid=15530547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Parlakpinar H%5BAuthor%5D&cauthor=true&cauthor_uid=15530547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vardi N%5BAuthor%5D&cauthor=true&cauthor_uid=15530547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ci%C4%9Fremis Y%5BAuthor%5D&cauthor=true&cauthor_uid=15530547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Acet A%5BAuthor%5D&cauthor=true&cauthor_uid=15530547
https://doi.org/10.1016/j.acthis.2004.07.006
https://www.ncbi.nlm.nih.gov/pubmed/?term=Willis S%5BAuthor%5D&cauthor=true&cauthor_uid=12972498
https://www.ncbi.nlm.nih.gov/pubmed/?term=Day CL%5BAuthor%5D&cauthor=true&cauthor_uid=12972498
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hinds MG%5BAuthor%5D&cauthor=true&cauthor_uid=12972498
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang DC%5BAuthor%5D&cauthor=true&cauthor_uid=12972498
https://doi.org/10.1242/jcs.00754
https://www.ncbi.nlm.nih.gov/pubmed/?term=Woolbright BL%5BAuthor%5D&cauthor=true&cauthor_uid=26233906
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jaeschke H%5BAuthor%5D&cauthor=true&cauthor_uid=26233906
https://www.ncbi.nlm.nih.gov/pubmed/26233906
https://doi.org/10.1016/bs.apha.2015.04.001

CUCTEMHAA N KOMMNbIOTEPHAA BUOJ10TUA BaBunnoBcKum xXypHan reHeTuKu n cenekumm. 2021;25(3):318-330

0630p / Review DOI 10.18699/VJ21.035

MNepeBop Ha aHrMiAcKKiA A3bIK https://vavilov.elpub.ru/jour

TexXHOJIOTM ITOMCKA U MCCIeI0BaHUS
ITOTEHIIAIbHO OCUVIUPYIONINX (pepMeHTaTUBHBIX CUCTEM

T.H. AaxoBal @, ©.B. KasaHueBl, C.A. Aamunl 3, IO.T. MaTyLL[KI/IHZ’ 3

1 KypuaToBCKWMI reHoMHbIN LeHTp UL CO PAH, Hosocnburpck, Poccus

2 DepepanbHblil UCCTIENOBATENBCKNN LIEHTP IHCTUTYT LMTONOMMM 1 reHeTUKI CUBMPCKOTo OTAENeHMs POCCUIACKON akaieMum Hayk,
HoBocnbupck, Poccusn

3 HoBOCMBUPCKIIT HALMOHANBHBIN UCCTIEA0BATENBCKII FOCYAAPCTBEHHDII yHuBepcuteT, HoBocmbupck, Poccus

® tlakhova@bionet.nsc.ru

AHHOTauusA. MHOrMe NpoLecchl B »KUBbIX OpraHM3max nofBep>KeHbl MePUOANYECKNM KONeGaHUAM Ha PasfINuHbIX
MepapxXMYecKnX YPOBHAX MX OpraHv3aLyu: OT MOMEKYNAPHOTO-TeHETUYECKOrO O NOMYNALUMOHHOMO 1 3Komoruye-
cKkoro. OcumnnvpyoLme NPoLEecchl OTBEYAIOT 3a KNIETOUHbIE LMKIIbI KaK Y NPOKapwroT, Tak 1 Y 3yKapuoT, 3a LupKaa-
Hbl€ PUTMbI, CUHXPOHHYIO CBA3b [bIXaHNA C CEPAEUHBIMMN COKpaLLeHnAMN 1 Ap. KonebaHus YncneHHOCTEN OpraHms-
MOB B MPUPOAHBIX NOMNYNALUAX MOTYT OblTb 06YCNIOBNIEHBI COOCTBEHHBIMU CBOMNCTBAMM MOMYNALMIA, UX BO3PACTHOW
CTPYKTYPOIA, @ TaKKe SKONOTMYECKMMU B3aVIMOOTHOLLEHMAMM C APYrMY Bugamu. Hapagy ¢ SKCnepriMeHTanbHbIMU
noAxofamu, ANif UCCNefoBaHNA OCLUMIIMPYIOLUX BUONOTMUYECKUX CUCTEM LUMPOKO NPUMEHSAETC MaTeMaTUUeCcKoe 1
KOMIMbIOTEPHOE MOAENPOBaHMe. B LaHHO CTaTbe NpefCTaBeHbl KNaccuyeckre MaTemaTnyeckne MoAenm, Kotopble
OMKCbIBAIOT OCUMNNMpYIoLiee NOBefeHre B GMONOrmyeckmx cuctemax. MpriseaeHbl METOAbI MOMCKa OCLUNMPYOLWMX
MOJIEKYNAPHO-TEHETUYECKMX CUCTEM HA MPUMEPE UX YaCTHOTO Clydas — OCLUNNMPYIOWMX GEPMEHTATUBHBIX CUCTEM.
PaccmoTpeHbl daKTopbl, BIMALWME HA LMKINYECKYIO AVHAMUKY B XKMBbIX CUCTEMAX, XapaKTepHble He TONIbKO ANs
MOJIEKYNAPHO-TEHETUYECKOTO YPOBHSA, HO 1 /11 6oMee BbICOKUX YPOBHeW opraHu3aummn. O6cyKaaeTca nprmeHeHne
pa3nnuHbIX CNOCO6OB OMMCAHWA TEHHbIX CeTeil AN MOAENMPOBAHUA OCLMNNPYIOLWNX MONEKYIAPHO-TEHETUYECKIX
CUCTEM, Te BaXXHENLWNM paKTOPOM BO3HUKHOBEHUA LIUKIMYECKOrO NOBEAEHUA ABNAETCA HanNMume o6paTHbIX CBA3EN.
MpeacTaBneHbl TEXHONOMMU NOMUCKa NOTEHLMANbHO OCLUIUPYIOLWMX GepMeHTaTHBHbIX cucteM. C MOMOLLbIO MeTofa,
OMMCaHHOTO B CTaTbe, MPOBOAMTCA NMO3TarHbIN NPOLECC MOCTPOEHWA 1 aHanm3a cHavana CTPYKTYPHbIX Mogeneii (rpa-
HOB) reHHbIX ceTel, a 3aTemM PEKOHCTPYKLMU MaTeMaTUUYECKUX MOZENEN 1 BblUNCIIUTENbHBIX IKCMEPVMEHTOB C HUMU.
CTpyKTypHble MOAENV naeanbHO MOAXOAAT ANA 3afja4 aBTOMATUYECKOrO NMoucka NoTEHLMaNbHbIX OCLMNNNPYIOLMX
KOHTYPOB (CBA3HbIX MoArpadoB), CTPYKTypa KOTOPbIX MOXKET COOTBETCTBOBATb MaTeMaTUUYECKOW MOAENN MONEKYNsp-
HO-TEHETNYECKOW CUCTEMBI, JEMOHCTPUPYIOLLEN OCLMANUPYIOLLEE NOBeeHNE B AWHAMUKe. [Py 3TOM MMEHHO Ymnc-
NeHHoe UccnefloBaHVe MaTeMaTUYeCcKMX mMogeneii AN OTo6paHHbIX KOHTYPOB MO3BONAET NOATBEPAUTL Hanuune B
HVX YCTONUMBbIX NPefeNbHbIX LUKIOB. B kKauecTBe Npumepa NpUMEHEHNA TEXHONOMN NpoaHanu3vpoBaHa CeTb 13
300 meTabonumuecknx peakuuii 6aktepum Escherichia coli c nicnonb3oBaHWeM MHCTPYMEHTOB MAaTEMATUYECKOTO 1 KOM-
NbIOTEPHOrO MOAENVPOBaHUA. B 4aCTHOCTU, MOKa3aHO OCUMANMPYOLLEE NOBEeAEHME /IS KOHTYPa, PeaKLmn KOTOporo
BXOAAT B NyTb 6MOCUHTE3a TpUNTOdaHa.

KntoueBble cnoBa: ocumnnaymy; obpaTHas CBA3b; LMKINYECKME NPOLIECChI; MOLENMPOBAHME GMONOTMYECKNX CUCTEM.
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noTeHLManbHO OCLUANMpPYIOWMX GepMEHTaTUBHbIX cMCTeM. Basuiosckull XypHan 2eHemuku u cenekyuu. 2021;25(3):
318-330. DOI 10.18699/VJ21.035
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Abstract. Many processes in living organisms are subject to periodic oscillations at different hierarchical levels of their
organization: from molecular-genetic to population and ecological. Oscillatory processes are responsible for cell cycles
in both prokaryotes and eukaryotes, for circadian rhythms, for synchronous coupling of respiration with cardiac con-
tractions, etc. Fluctuations in the numbers of organisms in natural populations can be caused by the populations’own
properties, their age structure, and ecological relationships with other species. Along with experimental approaches,
mathematical and computer modeling is widely used to study oscillating biological systems. This paper presents clas-
sical mathematical models that describe oscillatory behavior in biological systems. Methods for the search for oscil-
latory molecular-genetic systems are presented by the example of their special case - oscillatory enzymatic systems.
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Factors influencing the cyclic dynamics in living systems, typical not only of the molecular-genetic level, but of higher
levels of organization as well, are considered. Application of different ways to describe gene networks for modeling os-
cillatory molecular-genetic systems is considered, where the most important factor for the emergence of cyclic beha-
vior is the presence of feedback. Techniques for finding potentially oscillatory enzymatic systems are presented. Using
the method described in the article, we present and analyze, in a step-by-step manner, first the structural models
(graphs) of gene networks and then the reconstruction of the mathematical models and computational experiments
with them. Structural models are ideally suited for the tasks of an automatic search for potential oscillating contours
(linked subgraphs), whose structure can correspond to the mathematical model of the molecular-genetic system that
demonstrates oscillatory behavior in dynamics. At the same time, it is the numerical study of mathematical models
for the selected contours that makes it possible to confirm the presence of stable limit cycles in them. As an example
of application of the technology, a network of 300 metabolic reactions of the bacterium Escherichia coli was analyzed
using mathematical and computer modeling tools. In particular, oscillatory behavior was shown for a loop whose reac-
tions are part of the tryptophan biosynthesis pathway.

Key words: oscillations; feedback; cyclic processes; modelling of biological systems.
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BBepeHune

MHorne nporeccsl B KUBBIX OpraHM3Max IOJBEPIKEHBI T1e-
PHUOANYECCKUM KoJIeO0aHusIM Ha Pa3JIMIHBIX UECPAPXUUYCCKUX
YPOBHSIX HX OPTaHN3aLUH: OT MOJIEKYJISIPHOTO-TeHETHIECKOTO
U JI0 TIOMTYJISIIIMOHHOTO 1 DKOJIOTHUecKoro. Tak, Harpumep, Ha
MOJICKYJIAPHO-TCHETUYCCKOM YPOBHE ITPOUCXOAAT OCHUIIIIA-
[IUM KOHILIEHTpAIMi Oelka pS53, yJacTBYIOIIETO B aroITo3e
WJIN 33/IepKKe KJICTOYHOTO IUKJIa pu noBpexaennu JJHK,
u ero uaruoutopa Mdm?2 (Prives, 1998; Lahav et al., 2004),
KoJIeOaHusl KOHIIEHTPAIMii TOPMOHOB B KJIETKE, TAKHX KaK
MmenatonuH (Boccalandro et al., 2011), mponakTuH, oOmuit
xonecrepuH (Garde et al., 2001) u npyrue; BHyTPHKIETOUHBIE
Y MEKKJIETOUHBIE KOJIeOaHNsI KOHIIGHTPAIUi HOHOB KaJIbIHsI
(Pasti et al., 1997; Allen et al., 2000).

O}IHI/IM 13 XOpOI1I0 U3BECTHBIX IIPUMEPOB MEPUOIUICCKUX
MIPOLIECCOB Ha YPOBHE BCEr0 OpraHM3Ma SIBISIFOTCS [IHPKal-
HBIE PUTMBI, 32 pabOTHI MO HCCIIEJOBAHNIO KOTOPBIX B 2017 .
6pu1a BpyueHa HoGeneBckas mpeMust 1o pU3HOIOTHH U METH-
muHe (Young et al., 1984; Siwicki et al., 1988; Hardin et al.,
1990; Price et al., 1998). JIxxeddpu Xomi, Maiikia Pocoam
1 Maiikn SIHr oOHapyKWIn TeH period y Ipo30Qui, KOTo-
PBIH PErymupyeTcsi IOCPEICTBOM OOpaTHOW CBSI3U MPOIYK-
TOM 3TOro reHa — 6enkom PER, uTo 1 cocraBinsier Monekyssip-
HYIO OCHOBY LIUPKaJHBIX PUTMOB.

B pa6ore (Podkolodnyy et al., 2017) paccMOTpeHBI TeHEI,
HaxOoAAIINeCs B KIICTKaX IIEYCHHU U ITOYEK, KOTOPhIE UMEIOT MO-
BBILICHHYO IKCIIPECCHIO C ONPEICIICHHON MEPHUOIUYHOCTHIO
B TeueHHe 24-9acoBOT0 UK. B ocneayromei myonukammm
ABTOPBI MPEICTABUIN 0030p pa3IMYHBIX MaTeMaTHYECKUX
Mozleneﬁ, TIPUMCHAOMINXCA JIJI1 MOACTITMPOBAHNUA aBTOHOMHBIX
UPKATHBIX 9acoB B KieTkax muekormuTaromux (Podkolod-
naya et al., 2017).

Ha xjieToyHOM ypOBHE K IMKJIMYECKHM MPOLIECCaM MOX-
HO OTHECTH KJICTOYHBIE LUKJIBI y MPOKAPHUOT U IYKAPHOT
(Cooper, 1991). Takue BaxkHbIE HIUKINYECKUE TPOLIECCHI, KAK
cepaneoucuue (Ashkenazy et al., 2001), neixanue, a TaKxe
CHUHXPOHHAS CBSI3b JIBIXaHUS C CEPACYHBIMU COKPAICHUIMHI
(Yasuma, Hayano, 2004), ¢potocunres (Holtum, Winter, 2003)
1 Apyrue MoaoOHbIe TPOIECCHI MMPOUCXOIAT Ha YPOBHE OT-
JIEITLHOTO OpTaHa min (PyHKIIMOHAIBHBIX CHCTEM OPraHU3Ma.

[onynsuuonnsie BonHb! (YetBepukon, 2009) npencras-
JISTFOT KJIACCUYECKUM MNPpUMEP HMUKINYCCKUX IMPOLECCOB Ha
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MOITYJISILHOHHOM yYPOBHE OpraHU3allMu XHUBOW MaTepHH.
Konebanust unciieHHOCTEl OPraHu3MOB B IPUPOJHBIX MOITY-
JSILUSIX MOTYT OBITH 00y CITOBJICHBI KAaK BHEIITHUMH CPEIOBBIMU
(haxTopamu, TaK ¥ COOCTBEHHBIMH CBOMCTBAMH TOITYJISILIMY, €€
BO3PACTHOM CTPYKTYPOH U HKOJIOTMYECKUMU B3aUMOOTHOILIE-
HUSMHU C APYTUMH BUJIaMU. B IIUKITHYeCKUX Mmporeccax Mnomy-
JSIIMOHHOTO YPOBHS BAKHYIO POJIb UTPAET TAKOH MPUPOAHBIN
(hakTOp, KaK CE30HHOCTb, BIUSIONIMHA HA MUTPALUIO TTHUI,
BIIJICHNE B aHAON03, TIOSIBJICHUE U OTIaJCHHE JINCTHEB U T. II.

Hamnpumep, B padore (Erdakov, Moroldoev, 2017) paccma-
TPUBAETCS UKIMYHOCTD B TMHAMHKE YUCIEHHOCTH KPACHOM
TIOJIEBKH, KOTOpast U3MEHSIETCS B 3aBUCUMOCTH OT reorpadu-
4eCcKoro 0OMTaHMs ¥ BHELIHUX YCIOBHH B apeaiie. B npyrom
HCCIIEZIOBAHUH C TIOMOIIBIO CTOXAaCTUYECKOH MOJIEITH aBTOPEI
AQHATM3UPOBAIIN, KaK M3MEHSACTCS YACICHHOCTD TIOIYJISIIIAH
Ipu NOTpeOiIeHn: BpeaHbIX nuieBbix pecypcoB (Ilepues,
Jlorunos, 2011). BooGrie roBopsi, u3y4eHne TMHAMUKH T10-
MYJSIIAH, HEPEIKO IIMKINIECKOH, — OIMH U3 CaMBIX HCCIIETye-
MBIX IIPOIIECCOB, JJIsl KOTOPOTO IIPHUBJIEKAIOT U SMITUPUUECKHUE,
M MaTeMaTH4YeCKHe METObI, B TOM YHCJIE MOJAEINPOBAHUE
(Volterra, 1928; ba3sikun, 2003; Puszauuenko, 2017).

HakoHnern, Ha 3KOJIOTHYECKOM YPOBHE K LUKINYECKUM
MPOIECCaM MOKHO OTHECTH OMOT€OXMMHYECKHE LIHKIIBI,
T.€. TIPOLIECCHl TNHAMUYECKOr0 OOMEHAa XMMHUYECKUMH Be-
IECTBAMHU MEX/y OpraHu3MaMu (OT MPOKAPHOT A0 BBICIIMX
JKUBOTHBIX W PACTEHHIA) M 3IeMeHTaMH Omocdeps! (ToyBa,
BOZa, Bo3/1yX) (3aBap3un, 2003, 2011; Van Cappellen, 2003;
Struyf et al., 2009).

[uknndeckne mpoueccsl B OMOIOTHH MCCIEAYIOT € MO-
MOIIIBIO SKCTIEPUMEHTAIBHBIX U TEOPETHIECKUX METOJOB, 1
MareMaTn4eckoe MOJISTUPOBAHHUE CIY)KUT OJTHMM U3 OCHOB-
HBIX HHCTPYMEHTOB UX M3YUEHUs], B YACTHOCTH B BOIPOCAX
HaXO0XJICHUS 00J1acTeH CTallMOHAPHOT0, OCIMLIUPYIOIIETO U,
BO3MOYKHO, XaOTHUeCcKoro noBeaeHus (PomaHoBckuil u ap.,
1975; IlIronb, 1996; Becks, Arndt, 2013).

[epBbie pabOTHI, MOCBAMICHHBIE OCIMILINPYIOMNM OHO-
XMMHYECKUM TIpolieccam, npuHaiexar Ansppeny Jlorke
(Lotka, 1910). On onmceIBan AWHAMUKY OMOXMMHYECKHUX
MPOLIECCOB C TIOMOIIBIO CHCTEM HETMHEHHBIX OOBIKHOBEHHBIX
muddepeHnanbHbIX ypaBHeHU. [IprMepHO B 3T0 ke BpeMs,
He3aBUCUMO OT JIOTKH, TOJOOHBIE MOJENH, HO B IPHIIOXKeE-
HUH K TIOMYJISIIIMOHHO-9KOJIOTHYECKUM 33j1adaM pa3zpadoTain
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Buro Bousbreppa. BriociieactBuy OHU IOJIy4diIM Ha3BaHUE
«mogenu Jlorku—Bonsreppry. [lanbHeliee uccaeaoBaHue
OCHWIIHPYIOIUX XUMUYECKUX MPOLECCOB MPUBEIO K OT-
KpbITHIO cucTeM Trna benoycoa—XaboTunckoro, konebanus
B KOTOPBIX IPOUCXOAAT HE TOJNBKO BO BPEMEHH, HO U B IIPO-
CTPAHCTBE U, CTAJIO OBITh, MOTYT OIHCBHIBATHECSI HE TOJBKO
OOBIKHOBEHHBIMHU U PEepeHIIMaTbHBIMU YPAaBHEHUSIMU, HO
n aupdepeHnnanbHBIMI YPAaBHEHUSAMH B YaCTHBIX TPOU3-
BoaHBIX (PKabotunckuii, 1974; duna, Byprep, 1988; Mym-
TakoBa, 1997; llnons, 2009).

B manHOIi cTaThe TpeacTaBiIeH 0030p KIACCHISCKUX Ma-
TEMAaTUYECKUX MOJIEINEH, KOTOPBIE OMUCHIBAIOT OCLIUITUPYIO-
11ee MoBe/ieHne B OMOJIIOTMUECKUX CHCTeMaX, a TaKkkKe Mpu-
BEJICHBI TPUMEPBI METOJOB JJIsl TOMCKA TAKUX CHCTEM Ha
npuMepe GpepMeHTaTHBHBIX OCIMIUTHPYIOMNX cucteM. Pac-
CMaTpUBarOTC pOJIb TCHHBIX ceTen Ipyu MOACIINPOBAHUUN OC-
[JUTAPYIOLINX MOJIEKYIIPHO-TEHETHYECKUX CUCTEM U (hak-
TOPBI, BIUSAIOIINE Ha HATUYKE WA OTCYTCTBHE OCILIUIUIUPYIO-
IEro NOBCACHM B pa3JIMYHbIX MOJICKYJIAPHO-TCHCTUYCCKUX
CUCTEMaX.

Knaccnueckue mogenu n metogbl
mMmoagenmpoBaHMA ocyuannpyrowmnx npoueccos
K mepBbIM MaTeMaTH4eCcKUM MOIXOJaM, OIHCHIBAIOIINIM
OCLWJUIMPYIOIIHE MPOLECChl, MOYKHO OTHECTH MOJIEIIH, YKe
CTaBIINE KJIACCHYECKUMHU B 00IaCTH MaTeMaTHIECKOH OHo-
norun (Puznnuenko, 2002). B ogHo# 13 paboT, MOCBSIIIEHHBIX
TEOpUU NEPUOANUECKUX peakunid, JIoTka ruccienoBai XuMu-
YECKYIO PEaKIUIO BUJa

A—X—Y— B, (1)
rne X — Y sBisercd aBTOKaTaJIuTUYECKUM mpoueccoM. Ha
OCHOBE 3aKOHa JICHCTBYIOIINX MACC OH OIHNCAJI 3TY PEAKIHIO
crenyronmMu auddepenimanbaeiMu ypasaernsmu (Lotka,
1910):

d

ﬁzko_klx% @
d

L—_

rie ky, k,, k, — KOHCTAHTBI; X,  — KOHIIEHTPALUK BELIECTB.

Cremyromast MOemh, KoTopyrto npenctasm Jlotka (Lotka,
1920), a 3arem He3aBUcHMO copmyrnposai Boasreppa (Vol-
terra, 1928), onuchIBaeT BE aBTOKATAIMTUUECKUE PEAKIIUN
(A4 — XuX— Y). Monens Jlorkn—Bonsreppsr umeer cie-
JYFOIIMIA B

dx

= =ax — bxy,
d_ cxy—d
dt y y:

rae a, b, ¢, d — CKOPOCTH MpPEBPAILCHHS OJHHX BEILECTB B
JIPYTHE; X, Y — KOHLEHTPALMX BeLeCTB. JTa MOJIeIIb U3BECTHA
TaKoKe 0] Ha3BaHHEM «CHCTeMa XHIITHUK—KEePTBay U IIpUMe-
HSIETCSI B IOITYIISIIIMOHHO TMHAMHUKE JUIsl OOBSICHEHUSI TIepHO-
JIUYECKUX KOJICOAHUH YHCICHHOCTH 0CO0CH B MOMYJISAIUSIX.
B TOT %€ Iepro/] BpeMEeHH BBILUIA B CBET CTaThs C MOJIETBIO
ocumtstopa Ban nep [ons n Ban nep Mapka (van der Pol,
van der Mark, 1928). OHu cMozenMpoBain ceple Kak TpH
CBsI3aHHBIE CHCTEMBbI peJIaKCaLlN: CHHYCHBIHN Y3el1, Ipesicep-
JIMe ¥ oKesryiodek. [Ipy mocTpoeHnn MoJIeH cep/iiia aBTopbl
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BBIOpaIM HKCIEPUMEHTANIBHYIO YCTAHOBKY, COCTOSIIYIO U3
HEOHOBOH JIaMIIbI, KOHJEHCATOPa, PE3UCTOpa U OaTapeu, Ko-
TOpast criocoOHa MPON3BOANTH PETAKCAIMOHHBIC KOJICOAHMSI.
OJHaKo 3Ta cUCTeMa BOCHIPOU3BOIUT TOJIBKO HEKOTOPBIE Pe-
KMMBI pabOTHI CEpPIIIa, 9TO OOBSACHSIETCS CIIOKHOCTBIO HCCIIe-
JyeMoro o0obekTa. Mosiellb OIMCBhIBAaEeTCS! ypaBHEHUEM BH/Ia

d*
dr?

rae o — MOJIOXKUTE/IbHAsA BEJIMYUHA, ABJIAIOIIAsACA ITapaMeTpOM
OCHMIIIATOPA (OTBEYACT 32 HEMTMHEHHOCTD U 3aTyXaHHe KoJle-
Oanmif); © —9acToTa KONeOaHmii; v — 3HaUYCHUE, COOTBETCTBY-
I0I1Iee MMOKAa3aHHUIO CEP/ICUHOT0 PUTMA.

[IpumedarenbHa 3Ta MOAEND TEM, UTO HAIIIA TPUMEHEHHE
HE TOJIBKO B 3a/1a4ax OMOJIOTHH, HO ¥ B (PU3HKE U IPYTHX Hay-
kax. Hampumep, B 0030pe (Ky3ueros u ap., 2014) npuseacH
psin 3a1ad, B KOTOPBIX MPUMEHSUICS JAaHHBIH OCHMIIISTOP.
B vactHOCTH, aBTOPHI MOAPOOHO OCTAHABIMBAIOTCS HA MO-
JISTMPOBAHKH TIPOLIECCOB YEJIOBEUECKOTO OpPraHn3Ma, TakKux
KaK MHO3JIEKTPUYECKast aKTHBHOCTh B TOJICTOM KHIIKE, IIPO-
1eccsl BO30Y)XJICHHSI U TOPMOXEHHUSI HeWpoHOB. B pabore
(Rompala et al., 2007) paccMaTpuBarOTCst TPH OCLHIILIATOPA
BaH J1iep [lomst muis m3ydenns cuH(pa3HOTO peknMa, KOTOPBIH
COOTBETCTBYET CHHXPOHH3UPOBAHHOMY IEPHOAMYECKOMY
MOBEACHUIO IUPKAIHBIX PUTMOB. HpI/l‘ieM JBa U3 HUX COOT-
BETCTBYIOT MOJIEJISIM IVIa3, a TPETHH OCHWIIATOP SIBISIETCS
MOJIEITBIO MO3Ta (TJIaBHBIM 00pa30M Npe/ICTaBIeH IIHIIKOBH/I-
HBIM TEJIOM ), 4epe3 KOTOPBII 1 OCYIIECTBIAETCS B3aUMOCBA3b
MEPBBIX JIBYX. ABTOpPBI pacCMaTPHUBAJIN MEPHOAUIECKOE U3-
MEHEHHE KOHIICHTPAIMH MEeJIaTOHWHA T10]] BO3JICHCTBUEM LU~
Ka/IHBIX PUTMOB KaK BO3MOXKHYIO CXEMY CBSI3U MEX/Iy I1a3a-
MU U IIMIIKOBUIHOM JKEJIE301.

B 1965 r. Beimna crarest bpaitana I'yasuna (Goodwin,
1965), B KOTOpO# MOJHUMAETCS BONPOC O POIH OCLUIIH-
PYIOILETO ABUKEHHS B OPTaHU3AIMH KIETOUHBIX MPOLIECCOB
BO BpeMeHHM. J[i11 MareMaTn4eckoro MCCleIOBaHMs OCIIUII-
JIMPYIOLIETO MOBEACHUA B MOACIBHBIX CUCTEMAX, BKJIIOYa-
IOMIMX TIPOLECCH PETYyNAnuu (pepMeHToB, ['yIBUH BBOIUT
OIIpeieIeHHbIEC KOHIIETIIIMN TEPMOANHAMUYECKOH TPUPOJIBI U
MIPUBOJIUT MOJIEJb IPOLIECCA IEHETUYECKOT0 KOHTPOJIISI CHH-
Te3a (PepPMEHTOB:

—a(l 7v2)%+m2v:0, &)

X a_

dt A, + kY, "

JY (5)
=g X —b.

dt al i i°

rae X; — konuenrpauus MPHK i-ro Buna; Y, — koHuenrpauus
Oenka (pempeccopa) i-ro BUJa, a HapaMeTp k; ONUCBHIBAECT
B3aumozeicteust mexay JIHK u perpeccopom.

Eme ofHUM U3 KJIAaCCHYECKUX IIPUMEPOB SIBIISCTCS MOIEITb
Xwurrunca (Higgins, 1964) xoneGarenbHbIX peakuii B CHCTE-
Me IJIMKOJIN3a, CXeMa KOTOPOil Mpe/ICTaBIeHa HUXKE:

GLU — F6P,

F6P + E¥ — E} - F6P,

E?-F6P — E* + FDP,

FDP + E} o E7, (©)
FDP + E, — E, - FDP,

E,-FDP — E, + GAP,
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3necs GLU, F6P, FDP, GAP — 0603Ha4eHuss OMOXUMHYECKUX
BEIIECTB, BCTYNAIOUIUX B peakuuu; £} — aktuHas (opma
(bepmenra (pocodpykrokunasa); E;” — HeakTUBHas Gpopma
bepmenTa; £, — GepMeHT, IpeACTaBIAIOMIA KOMIITIEKC 3
aJb1071a3bl U TPHO30(ochaT-u3omMepass.

XUITHHC paccMaTpyuBaeT OOLIME TUIIBI ITyTeH MPOTEKaHUs
(hepMEHTATUBHBIX peaKIMi MIMKOIU3a, IIPH KOTOPHIX XHUMH-
YEeCKUI MEXaHHM3M IPOSBISIET OCHUUIMPYIOLIee OBEeICHHUE.
[TosTomy B cBOell pabOTe OH yUUTBIBAET CIIEAYIOIIUE YCIIO-
Bus: 1) OZIHO U3 yHaCTBYIOIIMUX B PEAKIMH BEIIECTB JOIKHO
AKTHBHMPOBATh BBIPAOOTKY CamMoro ceds Mpu ycJIOBUH, YTO
KOHIIEHTpAIHs BTOPOTO BEIEeCTBA TOCTOSIHHA; 2) BTOPOE Be-
IIECTBO JIOJDKHO MHAKTHBUPOBATH BBHIPAOOTKY COOCTBEHHOI
YHUCTOM MPOXYKUWH; 3) JOIDKHA OBITH MEPEeKPEeCTHasl CBSI3b
B3aUMOJICHCTBYSI BEIIECTB, T.€. €CJIM YBEIUUEHHE TIEPBOTO
BEILIECTBA aKTHBHUPYET BHIPAOOTKY BTOPOIO, TO YBEJIHYCHHUE
BTOPOTO BEIIECTBA UHIMOMPYET BHIPAOOTKY MEPBOTO, U Ha-
000pOT.

CenbkoB B cBoeil kitaccuueckoii crarbe (Sel’kov, 1968) B
COOTBETCTBHH C 3aKOHOM JICHCTBYIOIIMX MAcC IIPUBOIUT Ma-
TEMaTHYECKYI0 MOJIENb IIMKOJIUTHYECKOH CHCTEMBI, OCHO-
BaHHYI0 Ha npespaieHusix pochodpykrokunassl (PFK):

% =vy—kysx tkox,,

% = kX, —kyySye + k yx, — kys,,

% = k5%, + (ky + k)X, Thiasie—kaxy, (7)
% =kysx,—(k +ky)x,,

% =—k,ysye—k 3x,,

rae s, — cyocrpar (AT®); v, — CKOpPOCTb IPUTOKa cyOcTpara
U3 HEKOTOPOrO MCTOYHMKA; S, — NPOAYKT peakuuu (AJ1D);
V, = k,$, — CKOPOCTb OTTOKA IIPOLYKTa U3 CUCTEMBI; € — CBOOOI-
Helld pepmeHT (hochodpykrokrHasa), KOTOPBI HEAKTHBEH
cam 1o ce0e, HO CTAHOBHUTCS aKTHBHBIM, KOTJIA COSIUHSIETCSI
C MOJIEKY/TaMH POIYKTa B BUJIE KOMIUIEKca — ES) ; x| — Morie-
Ky71a komruiekca (ES) ); X, — MosieKysia hpepMeHT-CyOCTpaTHoro
xomruiekca (S, ES}); ) — MOJIEKYJIBI IPOJYKTa, BCTYNAKOLIHIE
B KOMILIEKC CO CBOOOTHBIM (pepmeHTOM; Y>1 — mapamerp,
OTBEYAOILHH 32 KOIMYECTBO MOJIEKYII IPONYKTa; Ky, ks, kiyy —
CKOPOCTH NPOTEKAHUs IPAMBIX peakuuii; k |, k_; — ckopocTn
MPOTEKAHHUsI 00PATHBIX PEAKIINiL; £ — BpEMsL.

B pa6ore (Goldbeter, Lefever, 1972) npencrarieHa Moaeb
[JIMKOJIMTHYECKOW CHCTEMBbI, KOTOpasi sIBJIsIeTCsl 0000IeH -
em mozeneit Xurruaca (Higgins, 1964, 1967) nu CenpkoBa
(Sel’kov, 1968) 1 ocHOBaHa Ha MeXaHWU3Me MOJIOKUTEITHHON
00paTHOH CBSI3M, & UIMEHHO aKTHBALMU MPOAYKTa (EpMEH-
tom PFK.

B cratpe (Boiteux et al., 1975) aBTOpbI HE TOJIBKO MMpOaHa-
JM3UPOBAIY AJUIOCTEPUUECKYIO MOJIeIb KosieDaTenbHOU pe-
akuuu HochopyKTOKHHA3EI, HO M AKCTIEPUMEHTAIBHO TIPO-
BEpPUIIN TeOpeTHYeCKue rpejckasanus. [lonyyeHHbIe JaHHbIe
JUISL MOJIEITH XOPOIIIO COMIACOBAIMCH C AIKCIIEPUMEHTAIIbHBIMU
JIAHHBIMH.
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B 2000 r. 6bu1a npencTaBieHa MoJesb MOIMYIISIIUH JIPOXK-
JKEH, COCTOSIIIMX U3 HEOOJIBILIOro aHCaMOIIsl OT/ICTIbHBIX Kile-
TOK, C IeJIbI0 Oonucarh (PEeHOMEH CHHXPOHM3AIMU TIIMKOJIH-
THYecKuX KojeOaHuid. [Ipu 3TOM CBSI3b MeXIy KiIeTKaMu
OCyIIeCTBIIsUIach yepe3 oOMeH aretanpaeruaoM (Bier et al.,
2000). Takyxe MIUKOIUTHYECKUE OCLUIUIIINN U3ydalnuch
C TIOMOIIIBIO CTOXaCTHYECKUX METOJIOB M TEOPUH Xaoca: B pa-
6ote (Bashkirtseva, Ryashko, 2017) 3a ocHoBY Opasiach MUHU-
MmaibHas Moziestb CenbkoBa, a B (Ryashko, 2018) — nBymephast
MojeJib XUITHHCA.

B OMOXMMUM aKTHBHO M3Y4aroTCsl MPOLECCHl U3MEHEHUS
KOHIOEHTpPALMU NOHOB B KJICTKAaX, KOTOPBIC MOT'YT IIOBBILIATH
WJIM CHUXKATbh aKTUBHOCTb (bepMeHTOB. Onu TaKkxe Y4acTBYIOT
B OOMEHE YIJIEeBOJIOB, JIMITUIOB U OEJIKOB, UTPAIOT BAKHYIO
POJIb IpH I€peia4y€ CUTHaJI0OB YEPE3 CUTHAJIBHBIC ITYTH U OT-
BEYAIOT 32 BO30YAMMOCTH KJIeTOK. OIMH U3 TAKUX ITPOLIECCOB —
MEPUOAUICCKOEC UBMCHCHUE KOH]_ICHTpa]_II/Iﬂ HMOHOB KaJIbIIUs.
I[J'ISI HCCICAOBAHUA ITUX TNEPHUOANYCCKUX MPOLECCOB 6])1.]'1
pa3paboTaH psiJi MaTeMaTHYCCKUX Mojiesieil. BriepBbie Mosierb,
OIIMChIBarOIas KOﬂe6aHI/l§I KOHICHTpAllMU MOHOB KaJIbIlUs,
Obuta npeaiokena [ongoderepom u [Jrononom (Dupont, Gold-
beter, 1989):

%=vo+vlﬁ—v2+v3—k2,
Jv ®)
E =V, V3.

3nech Z — KOHIIEHTpAI¥sl KalbIHs B ITATO30JIe; Y — KOHIIEH-
Tpanus Kaneuus B 1P, (unosuron-1,4,5-tpudocdar) snmo-
IJIa3MaTHYECKOM peTukyayme; v; (i = 0, ..., 3) — ckopocTn
MPOTEKAHUs PEaKIIUi.

ABTOpBI aHATM3UPOBAIIN YCIOBHUSI BO3HUKHOBEHHS YCTOM-
YHUBBIX KOJIeOAaHMH Ha OCHOBE MEXaHHM3Ma BBICBOOOXKICHUS
KaJbLIUsl U3 BHYTpUKJIeTo4HbIX 3anacoB (Calcium-induced
calcium release, CICR). B nocnenyrommx padorax (Goldbe-
ter etal., 1990; Dupont et al., 1991; Dupont, Goldbeter, 1993)
OHHU TPOJIOJDKIIIH N3yUYeHHE KOIeOaHUH KOHIIEHTPALMI KaJlb-
LUsl HA OCHOBE TOM 7K€ MUHUMAaJIbHON MOJEIIN.

B a10 xe Bpems Metiep u Ctpaitep (Meyer, Stryer, 1988;
Meyer, 1991) uccnenoBanu kojaeOaHUsT KOHIIEHTPALUN KaJlb-
IUs1, pacCMaTpUBas MEXaHU3M NIEPEKPECTHOM CBs3H (inositol
cross-coupling, ICC) IP; ¢ BHEKIETOYHBIM, HUTO30JILHEIM
u >Hpomnasmaruueckum Ca?*. B pabore (Lavrentovich,
Hemkin, 2008) npeytokeHa MOAEIb 7151 CIIOHTAHHBIX KOJIe-
Ganmii Ca®* B aCcTPOIUTAX, YYMTHIBAIOMIAS TIPEICTABICHHBIE
BBILIE MEXaHM3MEI, @ TAKKe Iomydenue 1P, HezaBuCHMBIM OT
perenTopa crnocoOoMm.

Cnenom 3a lomgberepom u J[FOMOHOM THIIOTE3Y O TOM,
YTO B HEBO30YIMMBIX KJIETKAX aMIUIUTY/bI OCLHUIUINPYOLIHX
MPOLIECCOB MOTYT OBITh CIEU(PUIHBIMU B 3aBUCUMOCTH OT
THIIa KJIETOK U BAPEMPOBAThCs 0T auddysun Cat, mposepuiu
Kpayc ¢ xomneramu (Kraus et al., 1996). Coe nccrienoBanue
OHH TIPOBEJIH C TIOMOIIBIO CTOXaCTUYECKOT0 KOMIIBIOTEPHOTO
MOJIEIMPOBAHHS Ha ABYMEPHON Monenu KoneOanuii Ca*,

AHanu3 OCUMLIHPYIOIIUX MPOIECCOB B )KUBBIX CHCTEMax
MOKa3bIBAET, YTO BAXKHEHIIUM (HaKTOPOM BO3HHUKHOBEHUS
[UKJINYECKOTO MTOBE/ICHHS SIBJISIFOTCSI OOpaTHbIe CBS3U B CH-
creme (Komuanos u ap., 2000). PazamyaroT mON0XUTETBHYIO
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Ta6bnuua 1. KpaTKaﬂ XapaKTepucTnKa pAaga KnacCcnyeckmnx mogenemn ¢ ocynnavpyowmm nosegeHmnem

Ha3BaHune mogenn Mogenupyembin

610OrNYECKNii NPOLECC

Knacc mogenu

Bup obpaTHbIX cBA3EN
1 VX KOJINYEeCTBO

Mogenb JloTkun
(Lotka, 1910)

HenvHenHasa HeogHopopHasa COAY
C MOCTOAHHbIMU KO3 durLmeHTamm

MonoxwutensHas (1)
1 oTpuuaTenbHas (2)

Mogenb JloTkn-BonbTteppbl
(«XMLLHMK—KepTBa»)
(Lotka, 1920; Volterra, 1928)

Bbuoxumunyeckas peakyuna;
nonynAuMoHHaA ANHaMMKa

HenvHenHasa ogHopogHaa COAY
C MOCTOSAHHbIMU KO3 durLMeHTaMm

MonoxutenbHas (2)
1 oTpulaTenbHas (2)

OcuwunnaTop BaH gep Nonsa
(van der Pol, van der Mark,
1928)

PaboTa ceppaua, Bo36yxzaeHne
1 TOPMOXKEHMNE HEPOHOB,
MMNO3MEKTPUYECKAN aKTUB-
HOCTb B TOSICTOW KULLKE 1

HenvHenHoe ogHopogHoe OY
BTOPOro nopspka — ypaBHeHne
JIneHapa, KOTOpOe MOXHO CBeCTn
K [1Y nepBoro nopsaka

OtpuuatenbHas (2)
1 nonoxmtenbHas (1)

Ocuunnarop lyasrHa
(Goodwin, 1965)

[eHeTnYeCKni KOHTPONb
CMHTE3a hepMeHTOB

Mopenb CenbkoBa
(Sel’kov, 1968)

HenvHenHaa HeogHopopHaa COY
C MOCTOSAHHbIMU KO3 durLMeHTaMm

JInHenHas HeogHopogHaa COOY
C MOCTOSHHBIMU KO3 durLMeHTaMm

OTtpuuaTtenbHas (1)
1 nonoxutenbHas (1)

OTpuaTenbHas (MHrMbrpoBaHue
cy6CTpaTom), NonoxmTesnbHas
(aKTMBMpOBaHME NPOAYKTOM).
OtpuuatenbHas (9),
nonoxutenbHas (7)

Mogpenb [ionoHa-Tonabetepa KonebaHusi KOHUEHTPALMM
(Dupont, Goldbeter, 1989) Kanbuus

JInHenHasa HeogHopopHaa COY
C MOCTOAHHbIMU KO3 durLMeHTamm

MonoxutensbHasn (4)
1 oTpuuaTenbHas (3)

Mpumevarune. ONY - obbIkHOBeHHOE AndPepeHuUmanbHoe ypaBHeHune; COOY - cuctema OLY.

1 OTPUIATEIbHYIO 00PaTHYIO CBS3b, O KOTOPHIX B CBOE BPEMSI
roBopwin ['yasun, Bontep, Kapnon, M6epan n npyrue uc-
cnenosarenu (Goodwin, 1965; Walter, 1969, 1970; Cardon,
Iberall, 1970). O6a Tuma 3THX CBsI3€il MOTYT BIHATH Ha BO3-
HUKHOBEHHE UKJINYECKON JMHAMUKN B cucTeMe (JInxomBait
u 11p., 2001; Goldbeter, 2002; Tyson et al., 2003).

Ha MonekynsipHOM ypOBHE 11O TPUHIIUITY OOPATHBIX CBsI3eH
perynupyeTcst OrpOMHOE YHCII0 (PepMEHTATHBHBIX PEAKIHH,
OJIHOBPEMEHHO IIPOTEKAOIUX B )KUBOH KieTke. Ha ckopocth
UX MPOTEKAHUSI MOTYT BIHSTH TAKHE COCITUHEHHS, KaK WH-
THOMTOPBI, aKTUBATOPBI, KO(AKTOPHI, aJTOCTEpUIecKre -
(exrops! u ap. Eme B 1913 1. 6noxumuku Muxasnuc u Men-
TEH BBIBEJIN yPaBHEHUE 3aBUCHMOCTU CKOPOCTH PEaKIIMH,
KaTrajan3upyeMol (hepMEeHTOM, OT KOHLIEHTpALUK cyOcTpara
(Michaelis, Menten, 1913). ITo3xe uccaeqoBaTeIsIMH C I10-
MOIIIBIO BEIYUCIUTENIFHBIX METO0B OBLIO TIOKa3aHO, YTO OII-
TUMH3AIHS 1apaMETPOB YPaBHEHUS IyTeM MPHOIMKEHUS
MOJCIIbHBIX JaAHHBIX K OKCIICPUMEHTAJIbHBIM COOTBETCTBYCT
pe3ynbraram, HoJTydeHHbIM Bpy4IHY0 MuxasnucoM 1 MeHTeH
JUISL X KOHCTAHTBHI.

Heckombko sieT Hazaz ObuUT IpoBeieH 0030p TOTO, Kak B
TEUCHNE CTOJICTHS TOSBISUINCH, MEHSINCh U MOTU(PHUIIIPO-
BAJIUCh METO/IbI KOJIMYECTBEHHOTO aHaIn3a ()epMEHTATHBHOMN
kuHetukH (Johnson, 2013). Torna e BbIlIa B CBET CTAThsI
(Goldbeter, 2013), B koTOpOif paCCMOTPEHO BIUSHHE KUHE-
TUKH Muxasnmca—MeHTeH Ha OCIIMILTMPYIOILee TOBE/ICHHUE B
q)epMeHTaTI/IBHbIX CHUCTEMAX, a MUMCHHO: B INIMKOJIU3C — B 3aBU-
CHUMOCTH OT aKTUBHOCTH (pochoPppyKTOKHHA3ZHI, B KIIETOTHOM
IIUKJIC — OT [IMKJIMH3aBUCHMBIX KHWHa3.

[Tpumepbl oCHMILTHPYIOMIMX MPOLECCOB paccMoTpeHbl Ho-
BakoM u Taticonom (Novak, Tyson, 2008). mu copmymu-
POBaHbI HEOOXOMMBIE YCIIOBHSI JUISl OCUMIIISIINI B CHCTEME:
orpulareibHas oOparHasi CBs3b, 3aI1a3/IbIBAHNE, J0CTATOYHAS
«HEJMHEWHOCTh» KNHETHYECKUX PEAKIUI 1 IpaBUiIbHAasK Oa-
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JIAHCHPOBKA BPEMEHHOT0 MacIITada 00paTuMbIX XUMUYECKIX
peaxkuui.

B cBoem HemaBHEM 0030pe TalicoH ¢ KoyuteraMu coopann
pas3IMYHbIC MOAXO/bI K MOJICTIMPOBAHUIO JMHAMHKH TTOBEIC-
HUsI OMOXMMHUYECKUX PEryJISATOPHBIX CeTel, KOTOpble ObLIH
pas3paborans! 3a mocnenuaue 50 net (Tyson et al., 2019). O6-
CY)KJIalOTCsI TAKUE MOJENH, KaK OyieBbl (JIOTHYECKHE), MO-
JACIN, COCTOAIIMEC U3 Kyco‘lHO-ﬂMHeﬁHle WU IIOJHOCTBIO
HEJIMHEHHBIX CUCTEM OOBIKHOBEHHBIX IH(QepeHInaTbHbIX
YPaBHEHUH, ¥ CTOXaCTHUYECKNE MOJICITH, BKJIIOYAIOIINE KOMOH-
HUPOBAHHBIC JCTCPMHUHUPOBAHHO-CTOXACTUYCCKHUE MTOAXOABbI.
OCHOBHOE BHUMaHHIE aBTOPbI YACIWIN JBYM TTOJX0OaM: MOZIe-
JIMPOBAHMIO TEHETHYECKUX PETYISTOPHBIX CUCTEM KaK ceTei
nepeKiryaresiei Ha OCHOBE OYIIeBOI anreOpbl U MOICIUPO-
BaHMIO METa0OINYIECKUX M CUTHAIBHBIX CETEH C IIOMOIIBIO
cucTeM HenMHEeHHBIX quddepenunansHbx ypaBHenuil. [1pu
9TOM OHH pacCMaTpUBAIM TOJBKO MPOCTPAHCTBEHHO OJIHO-
poxHble cucTeMbl. [loka3zaHbl JOCTOMHCTBA M HEIOCTATKU
Ka)KJIOr0 METO/Ia B 3aBHCUMOCTH OT THIIa U KOJIMYECTBA J0-
CTYIHOMW 3KCHEPUMEHTaIbHOW HH(pOPMAIIHH.

Mopnenm, o0CcykIaemMble B JTaHHOM paszene 0030pa, mpe-
CTaBJICHBI B Ta0OM. 1.

an/IMEHEHI/Ie reHHbIX ceTemn

npu mogennpoBaHn ocHININPYOLWNX CUCTEM
MopenrpoBaHue MeTaboJIM3Ma YacTo COMPSHKEHO C MOJIEIIH-
poBaHMEM TeHeTH4decKoi perymnuu (Smolen et al., 2000;
Hecker et al., 2009). InTerpupyolyro poiib B JAHHOM CITydae
OTBOJST KOHLENIUHU reHHbIx ceteit (Komuanos u np., 2013;
Ocone et al., 2013).

OcHOBHas 3a/ia4a TCOPUH TCHHBIX CETCH — BBISBICHUC
MPUYMHHO-CJICJCTBEHHBIX CBA3EH MEXY CTPYKTYpHO-(DyHK-
IIHOHANBHON opranm3anueil reHHsix cereil (I'C) n nx nuHa-
muueckumu cBorictBamu (Chen et al., 2010; KoayanoB u
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Puc. 1. CBA3b cTpyKTypHOI mofenu (rpada) runoTeTUYecKom reHHON CeTun C ee AMHAMUKON: A — CTPYKTypa rMnoTeTMyeckol reHHo ceTu 13 4 reHoB
1 8 oTpuLaTeNibHbIX 0OpaTHbIX CBA3eN; b — AVHaMMKa rMNoTeTUYeCKOo reHHoN ceTu A; B — CTpyKTypa MOANPMLIMPOBAHHOW reHHO ceTn A, K KoTopol
pobasneHa [ONONHUTENbHAA OTPULLATENbHAA PEryNATOPHaA CBA3b — UHIMOMPOBaHUE SKCMPECCUI reHa g, NPOAYKTOM reHa g, (0603HaueHo cuHen

cTpenkon); [ — auHammnka MoandULIMPOBaHHOW reHHON ceTn B.

3eneHble NPAMOYrONbHUKM (g;) — reHbl; nomaHaa nnHuA — PHK, cooTBeTcTBYlOWas onpefeneHHOMy reHy; PO30BbIi SUMNC — MOAWMeNTUAHaA Lenb 6enka;
HECKONIbKO PO30BbIX SINMCOB — KOMIMIEKC GEKOB, OCYLeCTBAALWNIA PEryNAaLmMIo FTeHOB (Perynaumsa nokasaHa KpacHom ctpenkon). MogudonumposaHo no

(KonuaHos n fip., 2008).

ap., 2013). IIpu sTOM 1O CTPYKTYpHO-(PYyHKIMOHATILHON
opranusanueil I'C noHnMaeTcs COBOKYITHOCTh MOJICKYIISIPHO-
TEHETHYECKUX U OMOXUMHUYIECKHX ITPOIIECCOB, a MO JUHAMHU-
YECKUMH CBOMCTBAMH — KMHETUKA M3MEHEHHH BO BpEMEHU
KOHIIEHTPAIUH KOHEYHBIX MPOTYKTOB.

Jnst moHnMaHus pyHJaMEHTaIbHBIX 0COOEHHOCTEH AnHA-
MUKH peryinaTopHbeIX I'C oueHb neHHy10 HH()OPMAIUIO Jal0T
KOMIIBIOTEPHBIM aHAIu3 U MOJEIUPOBAHUE IE€HHBIX CETEH
MaJoi pa3MepHOCTH, ocobeHHO runoterndecknx. B UIul"
CO PAH B.A. JIuxomrBaem ¢ Kojuieramu paspadorana Teopus,
CBSI3BIBAIONIAsS CTPYKTYPHO-(DYHKIIMOHAIIBHYIO OPraHH3aLUIo
runoreTndeckux ['C ¢ ux auHamukoit (JInxomsaii u mip., 2001,
2003; danees, Jluxomnaii, 2003; Jemunenko u ap., 2004;
Likhoshvai et al., 2004). A nMeHHO, ONpe/ieNeHO TTOHSITHE
runoretnaeckoil renHor cetn (I'T'C); mpuBeneHs! mpaBmiIa
(hopmanm3zanyu onucaHus U COOPKH U3 HUX MaTeMaTHYeCKUX
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mozeneit; st I'TC chopmynupoBan (n, k)-xputepuit mis
[IPEJICKAa3aHNs] HEKOTOPBIX CBOMCTB MOJENIEH 110 CTPYKTYpe
rpacda cety; BBereHbI yeThIpe kiacca I'T'C B cooTBeTCTBUH C
THUIAMH PETYISITOPHBIX CBSI3EH B CETH,  TAK)KE TIPEACTABICHBI
AQHAJINTHYECKUE M YUCJIEHHBIC HCCIEOBAHUS MOAEICH s
kaxkoro kiacca ['TC.

B wactHOCTH, CHavaa TEOPETHUECKH, a 3aTEM YHCICHHO
[IPOAEMOHCTPUPOBAHO, KaK I10SIBJICHUE HOBOU PErYJISITOPHON
CBSI3U TIPUBOJUT K KaYE€CTBCHHOMY M3MEHEHHIO JTUHAMHUKHI
rerHoi cetu (puc. 1). Tak, noOGaBneHHE eIe OIXHOW pery-
JSITOPHOM CBSI3M B T€HHYIO CETh KapIMHAIBHO MEHSET BO3-
MOKHBIE PEXHMBI (DyHKIIMOHUPOBAHUSI 3TOW CETH: €CIH B
MCXOJTHOH ceTH OBIIIO BO3MOKHO TOJIBKO OJTHO CTAIIHOHAPHOE
COCTOSIHHE, TO TIOCJIE JOOABJIEHHS €1lle OTHON PeryJsTOPHOI
CBSI3M BO3MOXKHBIX COCTOSIHUSI YK€ JIBa — CTAllMOHAp (KaK B
MPEXHEM Cllydae) U NUKIMIECKAN PEKHIM.
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CBs13b CTPYKTYP I'€HHBIX CETEH C HUIMYUEM B HUX JTUHAMH-
YECKHX IIMKJIOB UCCIEMAYETCsl He MEepBhIi ro. B gactHOCTH,
TEOPETHUUECKH TI0Ka3aHa CBSI3b MEXIy CTPYKTypOH CeTH U
yKImaeckoil uHamukon (Jluxowmsait u ap., 2003; Jlemu-
JIeHKO U 1ip., 2004; Novak, Tyson, 2008). B padote (Elowitz,
Leibler, 2000) Obu1a cipOEKTUPOBAHA U M3y4YeHA T'eHETHYe-
CKas CeTh PEIpecCcHIATOpa, B KOTOPOM paccMaTpuBaeMas
CeTh 3aMBIKAETCSl B IMKJ B3aWMOJECHCTBUS IO MPUHIMITY
OTpPHUILATEIILHBIX O0OPaTHBIX CBS3eH. ABTOPBI SKCIIEPUMEHTAIIb-
HO II0Ka3ajii, YTO TaKOM THUIl CETU UMEET OCLUUINPYIOLUI
PEKUM HOBEJICHHUS.

B Uncruryre maremaruku um. C.JI. Cobonesa CO PAH
pa3pabarbiBaeTcsi Ka4eCTBEHHAs TEOPHS AMHAMUYECKUX CUC-
TEM, OTMCHIBAIONINX PA3INYHBIEC TE€HHBIE CETH, KOTOPBIE pe-
rynupytorcsi oOparHsiMu cBsizsiMu. B.I1. ToryOsTHHKOB €
COaBTOpaMH H3ydalld B TaKUX CHUCTEMaX BOIPOCHI CyIlle-
CTBOBAHMS M €JUHCTBEHHOCTH TEPHOINYECKUX PEHICHUH,
CYIIECTBOBAHMS 3aMKHYTBIX TPaeKTOPHUH, YCTOMUYNBOCTH
ukiioB u jip. (Faiinos, [onyostHrkoB, 2007; Golubyatnikov
etal., 2010; AxunpmmH, [omyosTaIKOB, 2012; [0my0saTHHKOB,
Kazanmes, 2016; ['omyostaikos, Kupriiosa, 2018). MaTepec
B aHAJIM3€ MOBEACHUS TAKUX TPACKTOPUI COCTOUT B TOM, UTO
OHHU COOTBETCTBYIOT PeXHUMaM (DYHKIIMOHUPOBAHUS T€HHBIX
cereit. B craree (Likhoshvai et al., 2020) 6110 TIOKa3aHO,
YTO B MOJIEJISIX ITPOCTEHILINX KOJIBLIEBBIX TEHHBIX CETEH MpH-
CYTCTBYIOT KOJI€0aTeIbHbIE TPACKTOPUN 1 OHU YCTOWYNBBI.

MeTop noncKa ocymMnAnpyoLWmnx
MOJIEKYNTAPHO-reHeTU4YeCKnX cncTem

Onumrem aaropuT™ IMONUCKa O CIMILTHPYIOIINX MOJICKYIISIPHO-
reHEeTHYeCKuX cucteM (puc. 2). B anropurme ucnonb3yores
ciemyronme nHPOPMAMOHHBIE PECYpPCHI, Kak pa3padoTaH-
HBIC aBTOpaMH (B 9aCTHOCTH, 0a3a maHHBIX MAMMOTh kax
WCTOYHUK CTPYKTYPHBIX M MareMaTH4eCKUX MoJieJiel MeTa-
O6ommaeckux peaxuuit Escherichia coli (Kazantsev et al.,
2018)), Taxk ¥ MUPOKO N3BECTHBIC B CHCTEMHOIN OMOJIOTHH —
Cytoscape (cytoscape.org), HHCTPYMEHT pabOThI CO CTPYKTYP-
HeIMH Mogensmu, 1 Copasi (Hoops et al., 2006), mHCTpyMEHT
PEKOHCTPYKIIMH U UCCIIEA0BAHMS MATEMAaTHIECKUX MOJICTICH.
SI3b1k nporpammuposanust Python (python.org) ciryxur un-
CTpyMEHTapHeM 0OpaOOTKH JaHHBIX U CBSA3YIOIINM 3BEHOM
MEXKIy dTaramH.

—
<
6
s CTpyKTypHasa mofernb Ha6op R
=
2 13 BbIGPAHHOTO UCTOYHVIKA NOTEHUMANbHBIX KOHTYPOB
=
= 7 2
>
o
5 MpuBeneHne [lnAa KaXporo KOHTypa S
N o
=3 CTPYKTYPHOI Moaenu BOCCTaHOBJ/IeHVE
2 | | k Buay peakums — peakums CTPYKTYPHOI Mogenu
J— —
()]
Q. \
5] MocTpoeHne n aHanu3
3 Busyanusauusa rpada .
3 MaTemMaTUyeckon Mogenu
=4 1 aHanums
S KaXK[oro KOHTypa A
p— o]
— ¥ 3
c o o,
S Mownck nogxoaALmx Ocumnnvpyiowwnin KOHTYp,
=3 KOHTYpOB rpa¢a MaTemaTmnyeckas moaenb,
o
Sl napameTpbl

Puc. 2. Cxema anroputMa noucka oCLIIMPYOLNX pepMeHTaTUBHbIX
cncTem.
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Ha Bxoy1 anroputma nocrymnaeT CTpyKTypHas MOJIesb — rpad
TEHHOM CETH € THITU3alNeH 3IEMEHTOB MOJIEH U X OTHOIIIE-
HUH. B y3max rpada nexar 1Ba THa BepIINH: ONOIOTHYEeCKIe
BellecTBa (MOJIEKYNIbI M MX aryioMeparhbl) U MPOIecChl (MIH
peakiuu). Jlyru 3afafoT CIeIyIONMe OTHOLICHUS MEXIy
BEPIIMHAMU: BELIECTBO SIBIISICTCS CyOCTPaTOM B peakiny, Be-
IIECTBO SIBJISICTCS] IPOAYKTOM PEaKIUH, BEIECTBO SBISIETCS
PETYIATOPOM peaknnu. ITa HHHOpMAaIKs MOXKET OBITH IOITY-
4yeHa cpasy u3 mozenei B popmarax SBML (Hucka et al.,
2003), SBGN (Le Novere et al., 2009), u3 npopibHbIX
MHCTPYMEHTOB PaOOTHI CO CTPYKTYPHBIMU MOJIEJISIMH X 3a-
JlaHa MOJTb30BaTeIeM B pPaMKaX IOJIb30BaTEIbCKUX CKPHITTOB
Python. Ha ceronusiiiHuii 1eHb HCTOYHUKOM JTaHHBIX MOXKET
CITy’KUTB JTI00ast 6a3a TaHHBIX, IMEIOIIast HHPOPMAITHIO O Me-
TaOOIMYECKUX ITYTSIX X MOJIETISIX MOJICKYIISIPHO-TCHETHIECKIX
cucteM. Haunbonee u3BecTHbI Takue 6a3pl JaHHBIX, Kak KEGG
(Kanehisa, Goto, 2000), GeneNet (Ananko, 2002), MetaCyc
(Caspietal., 2016), EcoCyc (Keseler et al., 2017), BioModels
(Le Novere et al., 2006; Malik-Sheriff et al., 2019) u ap.

B nacrosiiieii crarbe Mbl pacCMOTpPENIN YAaCTHBIM ciydyai
MOJICKY/IIPHO-TEHETHYECKNX CHCTEM — OCIIMILTHpYolune dep-
MEHTATUBHbBIE CUCTEMbI. AHaK3 uTeparypsl (Jluxomsai u
Ip., 2001; Novak, Tyson, 2008; Tyson, Novak, 2010; Wong,
Huck, 2017) mo3BossieT BBIJCIUTE CIIEAYIONINE KIIOUEBhIC
XapaKTePUCTUKU MOTEHIUAIBHO OCLHMIIIUPYIOUIMX KOHTY-
poB: 1) 3aMKHYTOCTh KOHTYpa (OpHEHTHPOBAHHBIN MyTh U3
BepIIMHBI A B Hee e yepe3 N y3ioB, riae N > 3); 2) opueH-
TUPOBAHHOCTh KOHTYPa B OJIHOM HAaIIPaBJICHUH, IIPH ITOM
MOCIIEAHUH y3€J UIMEET AYTY PEryISITOPHOTO HHTHOUTOPHOTO
BO3JICHCTBHS Ha TEPBBIH y3€l B KOHTYpE (KaK, Harpumep, B
KOHTYpe Ha puc. 4, a).

B xauectBe ncxomHOW MHMOPMAITUH IS WILTIOCTPAITHH
nozaxoza ucronb3oBaiics rpad u3 300 moxcucrem (puc. 3),
MPEJICTABIISIIOIINX MOJIEITH METa00IMUeCKHUX peakuuii E. coli,
B3TBHIX U3 0a3bl JaHHEIX MAMMOTh.

[TocTpoenne MaTeMaTn4ecKod MOJEIH MOTEHIMAIBHO
OCHHMUTHPYIOIIET0 KOHTYpa MOXXHO OCYLIECTBIISTH KaK B
WHKEHEPHBIX CPefaXx MOAEIMPOBAHUS OOIIEr0 Ha3HAYCHUS
(Matlab, Mathematica nnm Scilab), Tak 1 B cienuanu3upo-
BaHHBIX CpeJax, MMpeIHa3HaYeHHBIX Ul MOJCIHPOBAHUS
MoJekynsipHo-reHeTnaecknx cucreM (Copasi, CellDesigner
(Funahashi et al., 2003), VCELL (Schaff et al., 1997; Cowan
etal., 2012) u ap.). [IpeumyiiecTBO MOCIEIHUX — B TOTOBOU
6ubimoTeke MHCTPYMEHTOB PEKOHCTPYKINH, TPOBEACHHS
BBIYHCIIUTEIIBHBIX SKCIIEPUMEHTOB M aHATIM3a MOJICIICH.

B npoananuszupoBanHoM rpade ObUIO HaieHOo IecTh
MOTEHIMAIBHO OCHMJUIHPYIOMNX KOHTYPOB, M TOJIBKO IS
OJIHOTO M3 HUX B ITPOIIECCE YMCICHHOTO aHAN3a PEKOHCTPYH-
POBaHHOW MaTeMaTHYECKOil MOEIH ObIIO TIOKa3aHO OCILIMII-
nmupyromee nmosenaeHune (puc. 4). MaremaTnyeckass MOJEINb
KOHTYpa ITOCTPOEHA Ha OCHOBE PEaKIMH, OTHOCSIIMXCS K
MeTabOoJIMuEeCKOMY IyTH OMOCHHTE3a TpunrodaHa:

CHOR +GLN —PYR+GLU+AN; AnthS, Trp, Mg,
AN+PRPP— NPRAN +PPI; AnthSII,
NPRAN — CPADS5P; Phosphoribosyl
o ©
anthranilate isomerase,
CPADS5P— IGP+CO,; Indoleglycerol phosphate synthase,
IGP+SER — T3P1+TRP; TryptS.
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Puc. 3. CTpyKkTypHas mogensb (rpad G), noctpoeHHas no 300 noacuctemam metabonuyecknx nyteii E. coli, B3aTbix 13 6a3bl gaHHbIX MAMMOTh (Kazan-
tsev et al., 2018).
3pecb 1 Ha puc. 4: B rony6bix KBagpaTax NpefcTaBieHbl BEWECTBa, yYacTByIOLMe B METABOIMYECKMX PEAKLMAX; 3€/IEHbIM WECTUYTONbHUKOM 0603HaueHb pe-

aKuuu; CTpesikamm 3afialoTCA OTHOLLEHUS B3aMMOLENCTBYIOLMX BELECTB: 3efleHas CTpesika 3afaeT CybcTpaT peakumi, YepHas — NPOAyKT peakumm, KpacHas —
perynatopHoe BusHVE BELECTBa Ha peakumio.
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Puc. 4. MNoTeHUManbHO OCLUNAMPYIOLWMIA KOHTYP M €70 YNCNIEHHbIN aHanmn3.

a - nccnesyemblil KOHTYP, ABNALWMIACA YaCTbio MeTabonmyeckoro nyTn 6rocuHTesa TpuntodaHa; 6 — rpaduk ¢ pesynbraTamn MOAENNPO-
BaHWA, 3aBNCMOCTb KOHLIEHTPALMK YKa3aHHbIX BELLECTB OT BpeMeHU; 8 — Gpa3oBas TpaeKTopus Mo pesynbraTaM MOAENMPOBaHNA, MO OCAM
abcumcc v OpAMHAT YKasaHbl KoHUeHTpaumu BelecTs anthranilate (AN) n L-tryptophan (TRP) cooTBeTcTBEHHO.
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3aecs CHOR, GLN, PYR, GLU, AN, PRPP, NPRAN,
PPI, CPADSP, IGP, SER, T3P1, TRP — o0o3HaueHus Onoxu-
MHYECKHX BEIIECTB, BCTYMAIOMNX B peakiun. [locme Touku
C 3aITON yKa3aHbl BEIECCTBA, BHICTYIIAIOIIUE B POJIA PETy-

The finding and researching algorithm
for potentially oscillating enzymatic systems

JIATOPOB IpoTeKkaHus peakuuil. [loaHble Ha3BaHUS BEIIECTB
MIPUBEACHHI B TaOMI. 2.

Mogens 6bi1a octpoeHa B Copasi M COCTOUT W3 TISATH
quddepeHanbHbIX ypaBHEHHH]:

r »1. [CPAD5P]
d(IGP]) _ N 3.1-["Indoleglycerol phosphate synthase”] 5.0013
dt 1+ [CPAD5P] n [IGP]
0.0012 0.12
Lo [1eypes) IGPL ISER
_ : : — (kD _IGP-[IGP)),
| + OGPl [T3P1]) [, | [SER]  [TRP]
0.05 5 0.4 40
J(TRPD 1.4+ [TryptS]- [IGP] [SER]
——~—== - (kD_TRP-[TRP]) + 005 04 ,
dt - | . UGP]  [T3P1]| (, | [SER]  [TRP]
0.05 5 0.4 40
. [CHOR] [GLN] [Mg]
d(AND _ | 260-[AnthS]- === , ! T
TRP_pow
dt | + [CHOR] | [PYR] [TRP]| [, , [GLN]  [GLUI| |, [TRP] pover Mgl
1.5 150 0.6 0.2 20 TRP_denominator
AN _PRPP_kf-[AnthSCII] ~@ : %
_ : Z— |- (kD _AN-[AN]),
| + [AN]) [, [PRPP]
1.1 2.9
_ [AN] [PRPP]
d(INPRAND) _ AN_PRPP_kf-[AnthSCII] 11 a9
dt 14+ [AN]]| 1 +[PRPP]
1.1 2.9
AN _PRPP_kf"["Phosphoribosyl anthranilate isomerase”] %
- | INPRAN] | [CPADSP] — (kD_NPRAN - [NPRAN]),
0.007 0.7
4([CPAD5P]) . AN _PRPP_kf-["Phosphoribosyl anthranilate isomerase”] 0.007
dt | + INPRAN]  [CPADSP]
0.007 0.7
3.1-["Indoleglycerol phosphate synthase”]- %
- | [CPADSP] , [IGP] —(kD_CPADS5P-[CPAD5P]),
0.0012 0.12

rne kD «na3zBaHue BemiecTBa» — KOHCTAHTHI JICTPagaliuu
COOTBETCTBYIOIUX BellecTs, napamerpsl TRP power u
TRP_denominator BapbHpOBAIHCH B IPOIIECCE TIOMCKA OCITHI-
JIMPYIOIIETO MOBE/ICHNSI CHCTEMBI. IIprBeeHHbIC YHCIOBBIE
napameTpsl B3sThl 13 0a3bl JanHbix MAMMOTh.
Maremarnueckast MOAEIb TOJILKO OJJHOIO U3 IIECTH HalIeH-
HBIX KOHTYPOB JIEMOHCTPUPYET OCHMLUTUPYIOLIEE TOBEICHHE.
Takoe Majoe KOJIMYECTBO CBSI3aHO C TEM, YTO MBI paccMma-
TPHUBAIHN CETh, cocTosAmIyio Jumb u3 300 hepMeHTaTHBHBIX
peakuuii, Ik KOTOPBIX UMEJINCh MaTeMaTHIeCKUe MOJIECIH,
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a/IalITHPOBAHHBIE K SKCIIEPUMEHTAIBHBIM JIAHHBIM. B cBOTO
odepesib B HACTOsIIEE BpeMsi HE TaK MHOTO MaTeMmaTHue-
CKHMX MOZEJEH, ONMCHIBAIOMNX (PepMEHTATHBHBIC PEaKLHH
Oouonorndecknx cucteM. IIpencraBiaeHHble B 0a3ax THICSYU
CYILECTBYIOLIHUX MOJIeNIeH HEPEeIKO CreHePUPOBaHbl aBTOMA-
TUYECKH, KaK, HarpumMep, B mpoekte Path2Models mrst 6a3sr
JaHHbIX biomodels.net. Bee peske mpoBoasT 9KcIiepruMeHTab-
HbIC UBMEPCHUSA KUHETUYCCKUX ITapaMETPOB 6I/IOXI/IMI/I'~IeCKI/IX
peaxmuii. Mcrionp3oBanue rpadoB ¢ OONIbIIEH pa3MEepHOCTHIO
(TTOJTHOT€HOMHBIE MOJIEIIN ) [UISl UCCIIEA0BAHUS O CIIMILTHPYIO-
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Ta6nuua 2. CncoK NOMHbIX Ha3BaHUN
6UOXMMMYECKIX BELLeCTB, NCMNOb3yeMbiX B MOLAESM

CokpalueHue [MonHoe Ha3BaHue
CHOR ..................... C honsmate ................................................................
GLN ........................ |_ g|utamme ...............................................................
pYR ........................ p yruvate .....................................................................
GLU ........................ |_ g|utamate ...............................................................
AN .......................... A nthran .|a te ..............................................................
. Anth 5 ..................... A nthra n .|a te Syn thase ..............................................
. TR p ......................... |_ try ptop han .............................................................
PRPP 5-Phospho-o-D-ribose 1-diphosphate
NPRAN | N-(5-phosphoribosyl-anthranilate
. p p| .......................... D . p hospha te .............................................................
Anthscll Anthranilate synthase component Il
‘CPADSP 1-(o-carboxyphenylamino)-1-deoxyribulose-
5'-phosphate
PRAL Phosphoribosyl anthranilate isomerase
. | Gp ......................... | ndo| .é 3eg C ero|phosphate ...................................
SER ......................... |_ Serme ......................................................................
. T3p1 ....................... D - g|ycera|d eh y d e 3ph Osphate ...............................
TryptSTryptophanSynthase ................................................

LIET0 MOBEACHHUS ITO3BOJIUT YBEINYUTH KOJIMYECTBO BAPUAHTOB
JUTSL IPOBEPKHU, OJHAKO ATO MOTPEOYEeT JOMOIHUTEIHLHOTO
y4eTa PeryiasiTOpHON KOMIIOHEHThI T€HETUUYECKOTO CUHTE3A.
Bce 3T0 nmpencTapisier 1ONOAHUTEIbHBIE CIOAKHOCTH B U3Y-
YCHUHU JAHHOU 3a7a4u.

3akniouyeHue

B crarbe cienan 0030p psiia OMOIOTHYSCKHX ITPOIIECCOB, UME-
FOINX KOJIeOaTeIbHYIO MPUPO/TY, & TAKIKE MATEMATHUCCKUX
Mojenielt 3Tux mporeccoB. OTMeUaeTcst, YTO BaKHEHIITUM
q)aKTOpOM BO3HUKHOBCHHA HUKIMYCCKOI'O ITOBCACHUA SABJISA-
10TCs1 00paTHBIE CBsA3U B crucTeMe. Ha ocHOBe aHann3a 3Tux
(haKTOPOB MPE/ICTABIICH ATOPUTM HAXOXKICHHUS [IUKITNUECKIX
PSKUMOB (PYHKIIMOHUPOBAHHS MOJICKYJIIPHO-OMOJIOT NIECKUX
CHCTEM.
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Abstract. Caseins are major milk proteins that have an evolutionarily conserved role in nutrition. Sequence variations in the
casein genes affect milk composition in livestock species. Regulatory elements of the casein genes could be used to direct
the expression of desired transgenes into the milk of transgenic animals. Dozens of casein alleles have been identified for
goats, cows, sheep, camels and horses, and these sequence variants are associated with altered gene expression and milk
protein content. Most of the known mutations affecting casein genes’ expression are located in the promoter and 3'-un-
translated regions. We performed pronuclear microinjections with Cas9 mRNA and sgRNA against the first coding exon of
the mouse CsnTsT gene to introduce random mutations in the a-casein (Csnis1) signal peptide sequence at the beginning
of the mouse gene. Sanger sequencing of the founder mice identified 40 mutations. As expected, mutations clustered
around the sgRNA cut site (3 bp from PAM). Most of the mutations represented small deletions (1-10 bp), but we detected
several larger deletions as well (100-300 bp). Functionally most mutations led to gene knockout due to a frameshift or a
start codon loss. Some of the mutations represented in-frame indels in the first coding exon. Of these, we describe a novel
hypomorphic Csnis1 (Csn1s1¢45nTCC) allele. We measured Csn1s1 protein levels and confirmed that the mutation has a
negative effect on milk composition, which shows a 50 % reduction in gene expression and a 40-80 % decrease in Csn1s1
protein amount, compared to the wild-type allele. We assumed that mutation affected transcript stability or splicing by an
unknown mechanism. This mutation can potentially serve as a genetic marker for low Csn1s7 expression.

Key words: casein; CRISPR; pronuclear microinjection; hypomorphic mutation.
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I'mromopdHasa myTtauus redHa Csnlsl MBbIIH,
II0JIYUeHHas IMPOHYKIeapHOoi MukKpomHbekiimein CRISPR/Cas9
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AHHoTaLuA. KaszenHbl — 3TO OCHOBHble MOOYHbIe GeNKY, KOTOPble UrPatOT BaXKHYIO SBOIOLIMOHHO KOHCEPBATVBHYIO POJib
B NTaHWW. Bapmnaunn nocnefoBaTenibHOCTY Ka3enHOBbIX FreHOB BAMAIOT Ha COCTaB MOJIOKa Y XMBOTHbIX. PerynAaTtopHble
3N1eMeHTbl Ka3eMHOBbIX FeHOB MOXHO MCMOJIb30BaTbh AJ1A YNPaBIEHNA SKCNPeCcCcren »enaemblX TPaHCreHOB B MOJOKe
TPaHCreHHbIX >KUBOTHbIX. [lecATKN annenen KaserHa ngeHTMGrUnpoBaHbl y KO3, KOPOB, OBeLl, BepbohoB 1 fowagen, 1
3TV BapMaHTbl CBA3aHbl C U3MEHEHHOW JKCNPeccreil reHOB 1 CofiepaHnemM MOTOYHOTo 6enka. BonbLUMHCTBO N3BECTHDBIX
MyTaLWiA, BAMAIOLWMX Ha SKCMNPECCMI0 FEHOB Ka3euHa, Haxo4mMTcA B MPOMOTOPHbIX U 3'-HeTpaHCMpyeMblx obnactax. Mbl
BbIMOJTHUN MPOHYKNeapHble MKpouHbekumnn ¢ MPHK Cas9 n sgRNA npoTrB nepBoro Koaupytowero sk3oHa reHa Csnisi
MblILUV, YTOObI BBECTU CllyYaliHble MyTaLMK B NOCIef0BaTENbHOCTb CUrHANIbHOTO NenTrAa d-KaseunHa (Csn1s1) B Havyane reHa
Mbiwn. CeKkBeHNpoBaHMe Mbiller-ocHoBaTenen no CaHrepy BbiABUNO 40 myTauun. Kak 1 oxmnganocb, MyTauum rpynnmpo-
Banucb BOKPYr caiTa paspesa sgRNA (3 n.H. ot PAM). bonblUMHCTBO MyTaLuii NpeacTaBnAoT cobon Hebonblve geneunm
(1-10 N. H.), HO Mbl TakXe 0OHapPYKUNN HeCKONbKO 6onee KpynHbix Aeneumin (100-300 n. H.). DyHKLUMOHaNbHO 60bLUNMHCTBO
MyTauuii NPUBOAWUIIO K HOKayTaM reHOB M13-3a CABMIa PaMKy CHUUTbIBAHMA UM MOTEPY CTapTOBbIX KOJOHOB. HeKoTopble 13
MyTauui NpeAcTaBieHbl MHAENAMN B paMKe CUYUTbIBAHNA B MEPBOM KOAUPYIOLLEM 3K30He. /13 H/X Mbl OMMCbIBaEM HOBbIN
runomopdHbIN annenb Csnis1 (Csn1s1945MTC) Mbl nsmepunm yposHmu 6enka Csnls1 1 noaTeepanam, 4to MyTaLma oTpuLa-
TesIbHO BAMAET Ha COCTaB MOJIOKA, KOTOPbIV MOKa3biBaeT CHUPKEHME SKCPeccun reHa Ha 50 % 1 ymeHbLUeHre KonyecTsa
6enka Csn1s1 Ha 40-80 % Mo cpaBHEHWMIO C annenem ANKOro Tvna. Mbl NPeanoNoXnIN, YTo MyTaLunsa BAUAET Ha CTabusb-
HOCTb TPAHCKPUMTa UK CNIANCUHT NO HEN3BECTHOMY MeXaHU3My. 3Ta MyTaLuA NOTEHLMANbHO MOXET CY>KUTb reHeTnye-
CKMM MapKepoM Hun3Kou akcnpeccun CsnlsT.

KntoueBble cnosa: kaseuH; CRISPR; npoHykneapHaa MUKPOUHBEKLUA; TMoMOpdHbIe MyTaLuun.
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Introduction

Caseins are major milk proteins that have an evolutionary
conserved role in nutrition (Rijnkels et al., 2003). Casein locus
has been studied for a long time to understand the principle
of gene regulation and hormone-induced expression (Rijnkels
et al., 2013; Dos Santos et al., 2015; Lee et al., 2017). At the
same time, regulatory elements of the casein genes could be
used to direct the expression of desired transgenes into milk
of transgenic animals (Houdebine, 2009; Kim et al., 2015).
This strategy is frequently employed to create “enriched”
milk with improved composition (An et al., 2012; Wan et al.,
2012; Yuan et al., 2014), or to achieve large scale production
of recombinant human proteins in mouse models (Wu et al.,
2012; Burkov et al., 2013; Qian et al., 2014) and in livestock
species (Kalds et al., 2019). Milk-specific signal peptides
are used in biotechnology to enhance recombinant protein
secretion during lactation (Yu et al., 2006; Liu et al., 2014;
Luetal., 2019).

During breeding, casein genes acquired many sequence
variations that can lead to altered gene expression and are
characteristic of some goat and cow breeds (Yue et al., 2011;
Fomichev et al., 2012; Guan et al., 2019). Many of these
sequence variants could be used as markers for breeding. In
dairy industry casein composition is an important milk trait
directly influencing quality of dairy products (Sanchez et al.,
2018; Cieslak et al., 2019). Hypomorphic casein mutation
are also associated with other traits such as litter size (Wang
et al., 2018). For example, K. Wang with colleagues showed
that 11 bp del in the intron 8 of the goat Csnls/ negatively
affects the expression of the gene (Wang et al., 2018). Other
known hypomorphic mutations are located in the promoter
and 3'-untranslated regions (UTRs) of casein genes (Huang
etal., 2012; Noce et al., 2016).

Novel CRISPR methods greatly facilitate genome editing in
farm animals (Kalds et al., 2019), including targeted transgene
integration (Park et al., 2017) and mutation modeling (Li et al.,
2017; Zhou et al., 2019). The latter approach has potential to
explain the molecular mechanism of how hypomorphic muta-
tions affect milk proteins. In this report, we used CRISPR/Cas9
to create a set of mutations within a signal peptide sequence
of the a-casein (Csnlsl) gene in mice. One of the mutants
was chosen to study effects of a small in-frame insertion on
the Csnlsl expression during lactation.

Materials and methods

Generation and genotyping of the Csnlsl mutant mice.
In vitro transcription and purification of the gRNA were
performed with MEGAshortscript™ T7 Transcription Kit
(Thermo Fisher Scientific) and MEGAclear™ Transcription
Clean-Up Kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Cas9 mRNA (GeneArt™ CRISPR
Nuclease mRNA) was purchased from Thermo Fisher Scien-
tific. 50 ng/pL Cas9 mRNA and 25 ng/uL gRNA (5'-GTGAG
GATGAGGAGTTTCA-3") were mixed in RNase-free water,
backfilled into an injection needle with positive balancing
pressure (Transjector 5246, Eppendorf) and injected into the
cytoplasm of zygotes (C57BL/6 x CBA background). After
injections, the embryos were cultured for 1 hour in drops of
M16 medium at 37 °C and an atmosphere of 5 % CO,. The
viable microinjected zygotes were transplanted the same day

332

A hypomorphic mutation in the mouse Csn1s7 gene
generated by CRISPR/Cas9 pronuclear microinjection

into oviducts of pseudopregnant CD-1 females (0.5 days after
coitus). Isoflurane inhalation anesthesia was applied in these
experiments.

Mutations were detected using PCR and Sanger sequencing
of the target region of the Csnls/ exon 2 (Supplementary 1)'.
Primers for PCR were as follows: 5'-GCGCATAACTAAG
CATCTTATGCT-3' (forward primer), 5-TGACTTGGAG
TTTTAGATTTGGACA-3' (reverse primer). Selected male
mice founders were crossed with C57BL/6 females. For
mutation c¢.4-5insTCC described in this paper, founder male
was crossed with two F, heterozygous daughters. Offspring
was genotyped and two sibling females were selected for
each group (wt, heterozygous or homozygous mutation) for
further analysis.

All experiments were conducted at the Centre for Ge-
netic Resources of Laboratory Animals at the Institute of
Cytology and Genetics, SB RAS (RFMEFI61914X0005 and
RFMEFI61914X0010). All experiments were performed in
accordance with protocols and guidelines approved by the
Animal Care and Use Committee Federal Research Centre
of the Institute of Cytology and Genetics, SB RAS operating
under standards set by regulations documents Federal Health
Ministry (2010/708n/RF), NRC and FELASA recommenda-
tions. Experimental protocols were approved by the Bioethics
Review Committee of the Institute of Cytology and Genetics,
SB RAS.

Droplet digital PCR analysis. Total cellular RNA was
extracted from mouse mammary glands at day 8 of lactation
using TRI Reagent (Sigma-Aldrich). 1 pg of total RNA was
used to generate cDNA in a 20 pl reaction using RevertAid
RT Kit (Thermo Fisher Scientific) with random hexamer
primers according to the manufacturer’s instructions. Droplet
Digital PCR (ddPCR) was performed using a QX100 system
(Bio-Rad) with primers and probes specific for the Csnlsl
and Csn2 mouse transcripts (Supplementary 2). The primers
and probes sequences were as follows: 5'-TGTAGTGGAT
CAGGCACTGG-3" (Csnlsl forward primer), 5'-TCCTTG
GAGACAATGGGCTT-3' (Csnlisl reverse primer), 5'-HEX-
CCAGTTCTCTGTTCAGCCCTTCCCACA-BHQ2-3'
(Csnlisl probe), 5'-AGGACTTGACAGCCATGAAGG-3'
(Csn2 forward primer), 5'-ATGTTCAACAGATTCCTC
ACTGGA-3' (Csn2 reverse primer), 5'-FAM-ATCCTCGCC
TGCCTTGTGGCCCTTGC-BHQ1-3' (Csn2 probe). ddPCR
reactions were set in 20 pl volumes containing 1x ddPCR™
Supermix for Probes (no dUTP), 900 nM primers and 250 nM
probes, and 1 ul of 5000-fold diluted cDNA. ddPCR reactions
for each sample were performed in duplicates. PCR was con-
ducted according to the following program: 95 °C for 10 min,
then 40 cycles of 95 °C for 30 s and 61 °C for 1 min, with
a ramp rate of 2 °C per second, and a final step at 98 °C for
5 min. The results were analyzed using QuantaSoft software
(Bio-Rad). Concentrations of cDNA copies of Csnls/ and
Csn2 were derived from ddPCR and relative expression of
Csnlisl to Csn2 was calculated for each animal.

Milk and mammary gland protein analysis. Milk was
obtained from narcotized female mice at day 8 of lactation
after oxytocin administration (Uusi-Oukari et al., 1997). The
milk was collected with a pipette attached to an aspiration

T Supplementary materials 1 and 2 are available at:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx8.pdf
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device, transferred into a microcentrifuge tube and stored at
—80 °C. Inguinal mammary glands (MGs) were extracted from
the same (euthanized) mice and stored at —80 °C. For pro-
tein extraction MGs were minced in Dounce homogenizers,
resuspended in RIPA buffer (150 mM NaCl, 1 % Nonidet
P-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 15 mM Tris
pH 7.4) with protease inhibitor cocktail (1x Complete ULTRA
(Roche), 1x PhosSTOP (Roche), 5 mM NaF (Sigma)). The
lysates were incubated on ice for 30 min and then centrifuged
at 4 °C for 10 min at 10000 g. Supernatant was sonicated
and stored at —80 °C. Total protein concentrations for milk
and MG lysates were determined with Pierce™ BCA Pro-
tein Assay Kit (Thermo Fisher Scientific), according to the
manufacturer’s instructions. To prepare samples for SDS-
PAGE, milk or MG protein samples were mixed with RIPA
and SDS-PAGE loading buffer (Bio-Rad) to a final concen-
tration of 1 pg/pl and heated at 65 °C for 20 minutes. The
samples (25 pg) were separated on a 12 % polyacrylamide
gel and stained with Coomassie Blue G-250. ThermoFisher
PageRuler™ Prestained Protein Ladder (10 to 180 kDa) was
used as a protein molecular weight marker. Csnlsl, albumin
and total protein concentrations were evaluated using Quantity
One (Bio-Rad) and ImageJ software.

Coomassie-stained gel was used for wet transfer of the
proteins to PVDF membrane (0.45 um Immobilon-P, Merck).
The membrane was blocked with 5 % milk in TBST (20 mM
Tris pH 7.5, 150 mM NacCl, 0.1 % Tween 20) for 2 hours
and incubated with primary mouse anti-Csnlsl antibodies
(1:1000) (sc-373711, Santa Cruz Biotechnology) overnight at
4 °C. Next day membrane was repeatedly washed with TBST
and incubated with secondary mouse HRP-antibodies (1:1000)
(sc-516102, Santa Cruz Biotechnology) at 25 °C for 2 hours.
Immunodetection was performed with ECL substrate solution
(Millipore Corporation, Billerica, MA, USA), according to
the manufacturer’s instructions.

Results

Generation of the Csn1s1 mutant mice

We performed pronuclear microinjections with Cas9 mRNA
and sgRNA against the first coding exon of the mouse Csn /s
gene (Fig. 1, a). Cas9-induced mutations in this region could
potentially affect signal peptide coding sequence and lead
to altered milk composition. We screened founder mice by
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Sanger sequencing and identified multiple random muta-
tions at the Cas9 cut site (presented in Supplementary 1).
The sgRNA targeted the Csnlsl site with high efficiency
as we detected 41 mutant alleles, 45 mosaic alleles (ad-
ditional background signal) and only 4-5 wild-type alleles
in 20 founder mice (~90 % allele mutation efficiency). As
expected, mutations clustered around the sgRNA cut site
(3 bp from PAM). Most of the mutations represented small
deletions (1-10 bp), but we detected several larger deletions
as well (100-300 bp). Of note, some of the unique mutation
variants had increased incidence rate. For example, 12 bp
deletion (GAAACTCCTCAT) arose independently four times
and another 10 bp deletion (CCATGAAACT) — three times
(see Supplementary 1). We suspect this bias towards some
variants is caused by microhomology-mediated end-joining
(MMEYJ), since these two mutations are flanked with 3 and 2
similar nucleotides (CAT and CC, respectively) (see Supple-
mentary 1). Although mutations were mostly deleterious for
the gene expression and led to a Csnls! knockout (KO) by
frameshift, several in-frame mutation variants resulted in
subtle changes in signal peptide coding sequence without
KO (see Supplementary 1). We selected one of the mutants,
tagged Csnlsl¢43mTCC which had a 3 bp insertion following
the start codon (see Fig. 1, ). To study gene expression and
milk composition we chose 6 female siblings (2 wild-type,
2 heterozygotes, 2 homozygotes) from the Csnls]c#nsTCC
line for milk and mammary glands collection.

Mutation c.4-5insTCC leads to reduced

expression of the Csn1s7 gene

We estimated the Csnls/ gene expression in mammary glands
of wild-type and mutant mice at day 8 of lactation using
droplet digital PCR (ddPCR). We selected Csn2 (B-casein) as
areference gene as it has a similar expression profile in mam-
mary gland (see Supplementary 2). ddPCR analysis revealed
that Csnls1:Csn2 ratio was roughly 1:3 (0.338) in wild-type
siblings (Fig. 2), which is in agreement with published
data (Yamaji et al., 2013). Heterozygous and homozygous
Csnls1¢#mTC giblings showed lower Csnlsl expression
with ratios around 1:4 (0.248) and 1:6 (0.168), respectively
(see Fig. 2), compared to wild-type siblings. We also used
females from the parental strains C57BL/6 and CBA as con-
trols for normal caseins level (see Fig. 2). In rare cases, Cas9
activity can provoke rearrangements near the target locus.

PAM sgRNA site
CCATGAAACTCCTCATCCTCACC Csn1s1 exon 2 (wild-type)
v
—ATCTTGGCAACCATGAAACTCCTCATCCTCACCTGCCTCGTGGCTGCTGCTTTTGCTATGCCC-
LysLeuLeulleLeuThr LeuValAlaAlaAlaPheAla -
1 5 10 15
b

CsnisT exon 2 (mutant)

—ATCTTGGCAACCATGCTCCTCATCCTCACCTGCCTCGTGGCTGCTGCTTTTGCTATGCCC—

I euLeulleLeuThr
1 5 10

LeuValAlaAlaAlaPheAla -
15

Fig. 1. Generation of the Csn1s7 mutant mice by CRISPR/Cas9 pronuclear microinjection.

a - sequence of the first coding exon (63 bp) of the Csn1sT1 gene (exon 2, NM_007784.3). Black arrowhead indicates Cas9 cleavage
site. Complementary 20 bp sgRNA sequence with PAM is shown above; b - sequence of the mutated Csn7s7 exon with a 3 bp
insertion in the second codon (framed). Start codon (ATG) is highlighted.
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Fig. 2. Droplet digital PCR analysis of the Csn1s7 and Csn2 expression in
mammary gland. Data presented as ratios of Csn1s1/Csn2 transcripts.

Error bars - standard deviations. Bold numbers at the bottom represent mean
ratios for two females of each group. KO - CsnTs7 knockout female; WT, Het,
Hom - siblings with corresponding mutation genotype; C57BL/6, CBA - fe-
males from the inbred strains. Statistics: one-way ANOVA.

We sequenced mutation-flanking regions, including the
Csnlsl promoter and surrounding introns (2.3 kb+1.1 kb)
from homozygous mice (data not shown). We also sequenced
top two off-targets for the Csnls/ sgRNA in the FO founder
(Chr1:24388301; Chr4:140044179). No mutations were
found in the examined sequences. Thus, we could confirm
that the 3 bp in-frame insertion in the first coding exon led to
a 30-50 % decrease in the Csnlsl gene expression.
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A hypomorphic mutation in the mouse Csn1s7 gene
generated by CRISPR/Cas9 pronuclear microinjection

Milk protein composition in c.4-5insTCC mice

We measured Csnlsl protein levels and confirmed that muta-
tion has a negative effect on milk composition. We collected
milk and mammary glands from lactating females at the day 8
of lactation. Csnls] knockout mouse was taken from another
experiment (“KO”) as additional control for the Csnlsl levels.
Separation of milk proteins on 12 % SDS-PAGE resulted in
a typical band pattern for mouse milk (Fig. 3, @). In wild-
type mice, Csnlsl represents a major protein fraction and
corresponds to approx. 30 % of total milk protein (Kolb et
al., 2011). In homozygous mutants, loss of Csnlsl could be
observed both at the Coomassie-stained gel (see Fig. 3, a) and
after western blotting (see Fig. 3, b). Csnls1 levels fell down to
30 % in homozygotes, both for milk and for mammary gland
lysates (see Fig. 3, c). However, exact ratios varied depend-
ing on the control protein band used for calculations. For in-
stance, we performed the following calculations for the milk
Csnlsl: Csnlsl (gel) vs total protein (gel) — 40 % reduc-
tion; Csnlsl (gel) vs albumin (gel) — 70 % reduction; Csnls1
(western blot membrane) vs total protein (gel) — 80 % reduc-
tion. This effect was even more pronounced in mammary
gland lysates (intracellular casein levels): Csnlsl (western
blot membrane) vs total gel — 80 % reduction.

Discussion

We report a novel in-frame Csn/ls/ hypomorphic mutation
that leads to a 50 % gene expression decrease in mice. In
most cases, mutation effect is tied to disruption of a regula-
tory element (enhancer, promoter, UTR, miRNA site) (Hogg,
Harries, 2014). Frame-shifting indels in the coding sequence
could initiate transcript surveillance pathway called non-

— o
e g ¢
jo: :‘o: O KO
mWT
Het
15¢ *p = 00066 ® Hom
*
p=00178 [
*p=0.0385 *p < 0.0001

—

Ratio

Milk Mammary gland
b -~ ~ Milk Milk Milk MG
o T 9 EE [ Rl c € Csn1s1(gel) Csnis1(gel) Csn1s1(WB) Csnis1(WB)
=z=z: 222 2zz22 22 vs vs ve v
total (gel) albumin (gel) total (gel) total (gel)
WB Csn1s1 _—

Milk

Mammary gland

Fig. 3. Detection of the Csn1s1 protein in milk and mammary glands of the mutant mice.

a - coomassie-stained 12 % SDS-polyacrylamide gel analysis of the whole milk and mammary gland lysates from wild-type (WT1, WT2), heterozygous (Het1,
Het2) and homozygous (Hom1, Hom2) Csn1sT mutant mice. KO — the Csn1s7 knockout mice. ThermoFisher PageRuler™ Prestained Protein Ladder (10 to 180 kDa)
was used as a protein molecular weight marker. Major milk proteins are indicated with arrows. Csn1s1 protein expected size - 43 kDa; b - Western blot of the same
Coomassie-stained gel transferred to a PYDF membrane; ¢ — quantitation of Csn1s1 protein in the milk of mutant mice using data from Fig. 3, a and b. Intensity of
the Csn1s1 protein band was calculated in relation to the whole milk protein signal (total protein). MG - mammary gland. ImageJ software was used for analysis.
Statistics: one-way ANOVA, p-values shown for WT vs homozygotes comparisons. One of the WT controls (WT1) was set to 1 (100 %).

BaBunoBckuii )KypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2021+ 25+ 3

334



A.B. CmupHos, T.A. lUHapep, A.H. Kopabnes
A.M. IOHycoBa, N.A. Ceposa, H.P. bBatTynuH

sense-mediated mRNA decay (NMD) (Popp, Maquat, 2016;
Lindeboom et al., 2019). Alternatively, in-frame mutations
can lead to exon removal by alternative splicing (Mucaki
et al., 2020; Thompson et al., 2020). Essentially, exon skip-
ping could be promoted by internal exon splicing enhancers
and suppressors (ESEs and ESSs) which are hard to predict
(Sterne-Weiler, Sanford, 2014; Tuladhar et al., 2019), unlike
typical splice site mutations (Cartegni et al., 2002). In our
mutant mice, promoter had no alterations as the mutation
happened in the coding sequence, quite far from a transcrip-
tion start site. We assumed that it affected transcript stability
or splicing by unknown mechanism. It should also be noted
that mutated Csnlsl protein was still secreted in milk, thus
the function of N-terminal signal peptide was not critically
affected by the mutation.

Conclusion

We demonstrated that CRISPR/Cas9 approach could be con-
veniently exploited to induce a spectrum of mutations in the
Csnlsl gene either by random mutagenesis, or, ideally, by a
set of single-stranded oligo DNA nucleotides (ssODNs). Our
results warn that careful examination of the gene’s expression
is required in addition to protein analysis.
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AHHOTauua. HemaToabl OTHOCATCA K YMCNY 3HAUYMMbIX BpefuTenell CeNnbCKOXO3ANCTBEHHbIX pacTeHuid. B o63ope
paccMoTpeHbl nociefjHNe faHHble O MOMEKYNAPHbIX MexaHW3Max YCTOMYMBOCTU PacTeHUI K LMCTOO6pasyoLmnm
1 rannoBbiM HemaTofaMm, Cpean KOTOpbIX OAHW U3 Hanbonee BpPeAoOHOCHbIX BMAoB: Globodera rostochiensis, G. pal-
lida, Heterodera schachtii, Meloidogyne chitwoodi n M. incognita. Hanpumep, 3onotuctaa kaptodenbHaa HemaTopa
G. rostochiensis, 3apernctpupoBaHHas B 61 cybbekte PO Ha obLein nnowaam 1.8 MiH ra, cnocobHa NpuBoAUTL K notepe
oT 19 po 90 % yporkas kapTodpena. brionornyeckre ocobeHHOCTV HeMaToA 3aTPYAHAIOT Pa3paboTKy arpoTeXHNYECKUX
€cnoco6oB 60pbObl C HUMU: LNCTbI G. rostochiensis COXpaHAT XKN3HECNOCOOHOCTb B NOYBE B TEYEHUE MHOTUX JIET, He-
MaTULVABI TOKCUYHbI U Mano3¢$PeKTUBHDI, MO3TOMY NPeANOUTUTENIbHBbIM METOAO0M 60PbObl C HUMK ABNAETCA MHTPO-
rpeccrs reHOB YCTOMUMBOCTM OT POLACTBEHHbIX KYNIbTYPHbIX Y AUKOPACTYLWMX BUAoB. CTpaTerns XMW3HEHHOro LuKia
LMcToobpasyoWwyx 1 rasfoBbiX HEMAaTOA OCHOBaHa Ha CMOCOBHOCTY INYMHOK MPOHMKaTb B KOPHW BOCMPUUMYUMBbIX
BW[OB pPacTeHWI, PENPOrpaMMUPOBaThb KNETKM PacTeHMA-X03AMHa, GOpMUPYIOLIME MIAHTCKNE KNETKN WU CUHLUTAN
B KauecTBe NUTALWNX CTPYKTYP, @ TakKe MHIMOMPOBaTb MMMYHHbIV OTBeT. MoneKkynAapHble MexaH13Mbl, nexalyue B
OCHOBE TaKOro B3aMMOAENCTBUA B CUCTEME «MAaTOTeH—XO03AVH», BbI3blBAKOT 3HAUUTESbHbIN MHTEPEC Kak C TOUYKM 3peHNnA
ynpasneHua mopdoreHe3om pacTeHUIN, Tak 1 B acneKkTe pa3paboTku 6e3onacHbIx 1 3G eKTUBHbIX CNoco6oB 60pbObl ¢
napasuTUYecKMmMmn HemaTogamu. B 063ope paccmoTpeHbl faHHble 06 3ddeKTopax, C MOMOLLbIO KOTOPbIX Pa3Hble BUAbI
HemaTof KOHTPONMMPYIOT MMMYHHbIA OTBET PacTEHUA-XO3AMHA, @ TakKe reHbl YCTOMYMBOCTU (R-reHbl) 1 HekoTopble
MONEKYNAPHbIE MEXaHU3MbI, MpepbiBaoLie GOpMUPOBaHME NUTAIOLNX CTPYKTYP 1 pa3BuTre napasuTa. MpuseaeHb
HOBble JaHHble O CNocobax reHeTUYeCKoro KOHTPOSA, OCHOBAHHbIX Ha OJHOM 13 aKTMBHO 00OCy»KAaeMblx B nocnies-
Hee Bpems BapuaHTe MmexaHusma PHK-nHTepdepeHumm — HIGS (host induced gene silencing), npeacrtasnstoLiem cobom
aapecHoe BbIKNIoYeHMe SKCMPeCcCn reHa-MULWEHW B KNTeTKax IMYNHKN HEMATOAbI C MOMOLLbIO crieynduryeckmx AByLie-
noyeuHbix PHK, cHTe3npyowmxca B KneTkax pacteHus-xo3amHa. iHaykuma PHK-nHTepdepeHunm B KneTkax pacteHni
NPVIBOAUT K NOABNEHNIO MOJIEKY/I-MEANATOPOB, CMOCOOHbBIX MHULIMMPOBATb aHaNorMyHbIN NpoLecc B KneTkax ¢putoda-
roB, B3aMMOAENCTBYIOLX C pacTeHVEM, B TOM YMUCAE Y IMUMHOK HemaTod. OnuncaHbl ciyyau, B KOTOPbIX Takoe agpec-
HOe€ BbIKJIIOUEHVE SKCMPECCUN FeHOB-MULLEHEN NPUBOAMIO K HaPYLUEHUAM Pa3BUTUA JINUMHOK U BbICOKOMY YPOBHIO
3aLUWTbl CENbCKOXO3ANCTBEHHBIX PacTEHUI OT Hambonee onacHbIX BUAOB HEMATOA.

KnioueBble cnosa: Luctoobpasyoliie HemaToAbl; ranfioBble HemaToAbl; KapTodenb; reHbl-3dpeKkTopbl; R-reHbl; PHK-
nHTepdepeHLNs; XO3ANH-NHAYLMPOBAHHbI FEHETUUYECKNI CaNIeHCUHT.

[Anayutuposanus: Kouetos A.B., laBpunenko T.A., ApaHaceHko O.C. HoBble reHeTUYecKre TEXHONMOT NN 3aLMTbl PacTEHUN
OT Napa3snTUYeCcKnx HemaTtog. Basusosckuli xypHan ceHemuku u cenekyuu. 2021;25(3):337-343. DOI 10.18699/VJ21.037
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Abstract. Nematodes belong to economically important pests. Here we reviewed the recent data on molecular mecha-
nisms of plant resistance to cyst and gall nematodes including the most devastating Globodera rostochiensis, G. pal-
lida, Heterodera schachtii, Meloidogyne chitwoodi, and M. incognita. The Golden Potato Cyst Nematode (G. rostochiensis,
GPCN) may be taken as an example of an economically important pest: in Russia, it occurs in 61 regions with a total area
of 1.8 million ha and may cause the yield loss from 19 to 90 %. The biological characteristics of sedentary nematodes
makes their agrotechnical control problematic, i.e. the GPCN cysts remain dormant in soil for many years until a suscep-
tible host appears, whereas nematicides are either toxic or inefficient. Introgression of resistance genes (R-genes) from
related cultivated or wild species is likely to be the most appropriate way for their biocontrol. The life cycle of sedentary
nematodes is based on juveniles’ penetration into the host root where they reprogram plant cells into a syncytium or
the so-called ‘giant cells’and inhibit the plant defense response. Molecular mechanisms of plant-nematode interaction
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are unusual and this phenomenon provides a very interesting model for the investigation of plant morphogenesis
control as well as for the development of new genetic instruments of biocontrol. Here we reviewed recent publications
on plant parasitic nematode effectors used for hijacking of the plant immune system, data on R-genes and molecular
mechanisms of their activities. In addition, host-induced gene silencing (HIGS) is discussed as a perspective mecha-
nism for nematode biocontrol. HIGS is based on the RNA interference in the cells of the host plant addressed against
the nematode genes important for their development and productivity. Several recent investigations demonstrated

efficiency of HIGS against sedentary nematodes.

Key words: cyst nematodes; gall nematodes; potato; effector genes; R-genes; RNA interference; host induced genetic

silencing.
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BBepeHune

duronapazuTHUECKUE HEMATOIbI OTHOCSTCS K YHCITy 3HAYH-
MBIX BpEAUTEIIeH CEIIbCKOT0 X03sHCTBA M PACIIPOCTPAHEHBI 110
BCEMY MHPY (OKOJIO 4 THIC. BUJIOB, OOJIBIIMHCTBO U3 KOTOPBIX
BCTPEYAIOTCS B CTPaHaX C TPOIMUYECKUM M CYOTPONUYECKUM
kiuMatoM) (3uHOBBeBa | Ap., 2012). I3 MHOTOYHCICHHBIX
BU/I0B pUTONAPAa3UTHUECKIX HEMATO/I B 0030pe HanOOoIIbIIee
BHUMaHHUE YJIEJICHO IIMCTOOOPA3yIOIIUM U TaJJIOBBIM, I10-
CKOJIBKY K HIM OTHOCSTCS BUIbI, HAHOCSILHE 3HAYUTEIIbHBIH
YPOH DKOHOMHYECKH BaXKHBIM CEITbCKOXO3STHCTBEHHBIM KYJIb-
TypaMm pacTeHui, cpean kotopwlx Globodera rostochiensis
(Woll), G. pallida (Stone), Heterodera schachtii (Schmidt),
Meloidogyne chitwoodi (Golden et al.), Meloidogyne incog-
nita (Kofoid & White). Ciaexyer otmMeTHTh, 4TO M. incognita
Ha3bIBAIOT HaH0OJIee OMACHBIM M BPEIHBIM OPTaHU3MOM, I10-
pakaromM KynsrypHble pactenns (Trudgill, Blok, 2001).

Paspabotka crocob6oB 0OpsOBI C Mapa3sUTHYCCKUMHU He-
MAaToJlaMH CYMTACTCSl OJHOM M3 aKTyalIbHBIX OMOTEXHOJIO-
THYECKHUX 33/1a4, OIHAKO MX OMoJornyeckne 0coOCHHOCTH
3aTPYAHSIOT MPUMEHEHHE THIIOBBIX arpOTEXHUYECKUX U
XHUMHYECKUX METOJOB 3alIUThL. [IpEMEepoM MOXKET CITy’KHTh
3onoTHcTast KaprodenbHas Hemarona (3KH) G. rostochien-
Sis — IIUPOKO PacIpOCTPAHECHHBIN KapaHTUHHBIN BPEIUTEb,
NPUBOSIIMI K CYIIECTBEHHBIM MOTEPSIM B KapToderneBos-
ctBe (Evans, Trudgill, 1992). B Poccun 3KH 3apeructpupo-
BaHa B 61 cyOwekTe, BKIOUaromem 861 aaMUHUCTPATHBHBIN
paiioH Ha TeppuTOpuH 0d1IeH Tomanpo 1.8 M ra (Crpa-
BOYHUK MO KapaHTUHHOMY (PUTOCAHHTapHOMY COCTOSIHUIO,
2017). B 3aBUCHMOCTH OT COpTa U CE30HHBIX YCIOBHUH ITO-
Tepu ypoxkast Kaprodens MoryT cocTaBisTh oT 19 1o 90 %
(Friedman, 1985), mpu 3TOM HOKOSIINECS B MOYBE LUCTHI
3KH crioco6HBI COXpaHATh )KU3HECIocoOHOCTh 6onee 30 et
(Winslow, Willis, 1972). Kpome ToTO, CleqyeT yYUTHIBATH
BBICOKYIO BEpOSITHOCTH pacnpoctpanenus 3KH B HOBBIX,
HE XapaKTEepHBIX JUIsl 9TOrO BHJa PErHOHAxX BCIEICTBHE
MIPOTHO30B IT0 M3MeHeHmio knmuMmara (Jones et al., 2017), a
TaK)Ke BO3MO)KHOCTH TOSIBIICHUS Ha Tepputopun PD npy-
I'MX OMACHBIX ISl KapTo(eneBoacTBa KapaHTHHHBIX BUJIOB
HEeMaro[l.

Crioco6s1 60pr0bI ¢ 3KH BKITIOYAIOT HCIIOIB30BAHUE HE-
maruuunoB (Kearn et al., 2017) u npiMeneHue B ceBooOOpoTe
POICTBEHHBIX KYJBTYD, CIIOCOOHBIX MHUIIMUPOBATH BBIXOA
mmurHOK 3KH, HO He SIBISFOIMXCS U HUX XO35I€BaMH, YTO
MPUBOJUT K THOEIH TMYMHOK U CHUYKEHUIO MH(DUITMPOBAHHO-
CTH 1TOYBHI (Harpumep, Solanum sisymbriifolium) (Dandurand
et al., 2019; Kooliyottil et al., 2019). OgHako 3TH MeTOIBI
MOT'YT OBITh HEJIOCTATOYHO PE3YJIBTATHBHBI MIIU SKOJIOTHYHBI:
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TakK, 3()(PEeKTUBHBIC HEMATHUINABI TOKCHYHBI U 3aIIPEIICHBI B
esporneiickux crpanax (Trudgill et al., 2003). Takum o6pazom,
MPEANOYTUTENBEHBIM N01X0A0M K KoHTpomo 3KH B pasHbix
CTpaHax SIBJISETCS BO3/EIBIBAHIE YCTOHUMBBIX COPTOB C MH-
TPOTPECCHUPOBAaHHBIMH T€HAMH yCTOHUMBOCTH (R-TeHAMM) OT
POACTBEHHBIX KYJIBTYPHBIX (S. tuberosum ssp. andigenum) u
muKopacTymux (S. canasense, S. oplocense, S. spegazzinii,
S. vernei) BunoB kaprodens (Dalamu et al., 2012).

MoutexynsipHble MEXaHHU3MbI [1ATOTEHE3a TAKXKe MpeBpa-
mrarot 3KH B HEnpocTy1o MHIIEHB /1711 CYIIECTBYIOIIUX CITO-
coboB 3ammutel pactenuit. Jlmamaku 3KH mocne Beixoma u3
SIA1L B [T0YBE IIPOHHUKAIOT B KOPHH BOCIIPUMMYHBBIX PACTCHHI,
JIBIDKYTCS JI0 TIPOBOASIINX TKaHEH M HHULUUPYIOT (POPMHUPO-
BaHHUE MTUTAIONIET0 CHHIMTHS. J{y1s1 3Toro imunnka 3KH BrpsI-
CKUBAET B KJIETKH PACTEHHS CEKPET U3 IHIIEBO/IHBIX JKeJle3,
MHULUHPYIOIIUH PETTpOr paMMHUPOBAHNE U CIUSHHE KIETOK B
CHUHIUTHH (OTIMCAaHbl CHHIMTHH, 00pa30BaBIINECS B PE3YIlb-
TaTe MOCIe0BaTEeIBHOIO ClusiHus Oosiee yeM 200 KIeTOK), a
TaKKe MHMMONPYIOLINI IMMYHHBIH OTBET y BOCIIPUUMYHBBIX
coproB (Mejias et al., 2019). Cxonublii MexaHu3M GpopMHpO-
BaHUsl CUCTEMbI MUTAHMs BRIPAOOTANIM raJlJI000pasyroIue
HeMaTonsl ceMelicTBa Meloidogynidae (MenOWIOTHHIN),
TaKXXe CIOCOOHBIE PENPOrpaMMHPOBATh KIETKH PacTCHHS-
XO03s5IMHA, MHUIMUPOBATh MPOIIECC MUTO3a 0e3 IIMTOKHWHE3a
¢ (hopMHPOBAHHEM TAaK HA3BIBAEMBIX I'MTAHTCKHUX KIETOK,
pa3Mep KoTopbix MokeT Oosiee yem B 300 pa3 mpeBbImIaTh
UCXOJIHYIO KJIETKY. JINYMHKa HEeMaroabl B JaHHOM Cllyyae
(hopMupyeT crienuaaTu3upOBaHHBIN OPraH — rajul, B KOTOPOM
MOKET OBITh HECKOJIBKO TUTAHTCKUX KIIETOK (3MHOBBEBA U JIp.,
2012; Mejias et al., 2019). Oba Tuna MUTAOLMX CTPYKTYP
(CHHIITHH ¥ THTaHTCKHE KJIETKN) XapaKTePU3yIOTCs OOIIMHI
CTPYKTYPHO-(DYHKIIMOHAIEHBIMUA OCOOCHHOCTSAMHU: Pa3BUTHIH
9HJIOTUIA3MATHYECKUI PETHKYITYM, YTOJIIIEHHbIE KIETOUHbIE
CTEHKH, OOBIIT0E KOTHMYECTBO MUTOXOHIPHA, (hparMeHTHPO-
BaHHAas Bakyoib 1 T.11. (Rodiuc et al., 2014; Palomares-Rius
etal., 2017; Mejias et al., 2019). MexaHu3Mbl HHAYIIIPOBAH-
HOTO HEMAaTOJaMH PETIPOTPAMMHUPOBAHNS AKTUBHO HCCIIEY-
10T, TaK KaK 3TOT OMOJIOTHYECKUI (pEeHOMEH INpeacTaBIseT
c000ii epCIIEKTUBHYIO MOJIEb ISl U3yYEHUsI FeHETHUECKOTO
KOHTpOJI MOp(oreHe3a pacTeHUH.

M3BecTHO, UTO IMYMHKY FO’KHOM rajiioBoil Hemaroibl Me-
loidogyne incognita CeKpeTUPYIOT CJIOKHBII HAOOP BEIIECTB
pa3IuYHON Tpuponsl, coaepkammii He MeHee 500 Oenxos,
(yHKIMK OOJBIIMHCTBA M3 KOTOPBIX HensBecTHHI (Wang et
al., 2012). B Hacrosee BpeMsi MOXKHO BBIICJIUTh HECKOJIb-
ko PPN-3¢pdextopoB (plant parasitic nematode effectors),
0 (PYHKIHMSAX KOTOPBIX €CTh SKCIICPUMEHTAIbHbIC JaHHbIC.
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PPN-3¢dexTopsl, criocodHble CBA3BIBATH AKTHBHBIE
¢opmb1 kuciaopona (APK), kotopbie 06pa3yioTcsi B pe-
3yJIbTaTe CBEPXUYBCTBHTEILHOIT peakumnn. DpdexTuBHbIC
croco0bI OOpPBLOBI ¢ MMaToreHaMy, BIPaOOTaHHbBIE pacTeHNUS-
MU B X0I€ DBOJIIOLIMH, BKIIIOUAIOT pacrio3HaBaHue crierudu-
YECKUX MOJICKYJSIpHBIX maTTepHoB (pathogen-associated
molecular patterns, PAMP), HHAyKIINIO CHCTEMHOTO 3aIUT-
HOTO OTBETAa M JIOKAJIBHO — MPOTPAMMHUPYEMOH KICTOYHOH
CMEpTH B MECTE MHBA3WU. B ciryuae TMYMHOK HEMATO] 30HA
MEPTBBIX KJIETOK OJOKHPYET MOCTYIUICHHE MUTATEIbHBIX
BCHICCTB U OCTaHaBJIMBACT JKM3HEHHBIN UKII. I/ISBeCTHO, 4To
ADK SBIAIOTCS OMHUM U3 KIIIOYEBBIX METUATOPOB B PETYIIS-
TOPHBIX KOHTYPaX, KOHTPOJIMPYIOUIUX 3TOT BUJ UMMYHHOTO
otBera (effector-triggered immunity, ETI). [Toka3zano, gto
onuH n3 PPN-3¢hdexTopoB sSBaHCKOH TajuioBOM HEMaToabI
Meloidogyne javanica (Treub, 1885) B3ammopeicTByeT ¢
KaTaJUTHYECKOH CYObEMHUIICH THOPEIOKCHHPEAYKTa3bl U
cBa3piBaeT ADK, uro GnoxupyeT mepenady CUrHajia M HH-
rubupyer pazsutue mMMyHHOTo oTBeTa (Lin et al., 2016).
JpyTyio KJIETOYHYIO CHCTEMY WCHOJIB3YIOT AJISl 3TOW ke
IeITH JIMYMHKN CBEKJIOBUYHOH IINCTOOOPA3yrolelt HeMaToIbl
Heterodera schachtii: 3pdexrop Hs10A06 cBsi3piBaeTCs cO
Cl'[ele/I]Il/IHCI/IHTaBOI‘/II, 4TO YBCJIMYUBACT CUHTE3 CIIEPpMUINHA,
takke cBszbiBaromero AOK (Hewezi et al., 2015).

PPN-3¢dexTopsl, MHTHOMPYIOIIHE JOKATBHBIH U CH-
cTeMHbIii UMMYHHBIH OTBeT. [lomumo cBszbiBaHust ADK
PPN-a¢dexTopsr criocoOnsl nHakTHBUpOBaTh PR-0enkn u
MHrUOMpPOBaTh CHCTEMHBIH MMMYHHBIH OTBET, B YaCTHOCTH
B KaueCTBE MUILIEHEH MOT'YT OBbITh UCIIOJIb30BaHbI ()ePMEHTHI
Oeta-1,3-sH10TIIOKaHa3bl, 1,3-0eTa-TIIIOKaHCUHTA3bl U JIP.
(Mejias et al., 2019). s uarHOnpoBaHus crennhuaeckoro
MMMYHHTETA MOXKHO NPUMEHSATh MHAKTHBAIHIO CcTieruduye-
cKoro Oenka-penentopa: Hanpumep, PPN-addekrop G. pal-
lida RHA1B sBisiercst yOMKTBUTHHIIUTA30H, CIIOCOOHOM Kak
AKTHBUPOBATh YOMKBUTHHWINPOBAHUE U MPOTEOJIN3 OelKa-
penienitopa cemeiictBa NBS-LRR, Tak u nuHrubuponars uH-
JTYKIHUIO CHenn(pHIECKOr0 IMMYHHUTETA B [IEJIOM, HalIpUMep
B OTBET Ha MOJIEKYJISIPHBIE TATTEPHBI ApyTruX naroreHos (Kud
etal., 2019).

PPN-3¢dexTopsl, cnocodHbIe HHTHONPOBATL UMMYH-
HBII 0TBET HA YPOBHE MOJIEKY/ISPHO-T€eHETHYECKUX Pery-
JIITOPHBIX KOHTYPOB. B KauecTBe nmpumepa MOXKHO PUBECTH
abdexTop M. incognita, B3aMMOICHCTBYIOIINI C OHOU U3
cyosenuann curaagocombl COP9 (Bournaud et al., 2018).
XapakTepHO, 4TO 3TOT OEJIOK, YHaCTBYIOIIHMH B ITyTH ITepeIadyn
CHUTHaJIa CAJTUIIMIOBOI KHUCIIOTBI, TAKXKE SIBISICTCS MUIICHBIO
Ut psiga d3PPEKTOPOB rpruOOB ¥ BUPYCOB. AHAJIOTHYHBIM
o0pazom PPN-a¢hhexTopsl cpa3y HECKOIBKUX BUIOB HEMATOT
(M. chitwoodi, G. rostochiensis, H. schachtii) nCTIONb3yIOT B
kagectBe mumenn 6enok PLCP (papain-like cysteine protein),
KOTOPBIN TAaKXKe CITYKT OJHOHM M3 OOIIMX MHIIEHEH IS pas-
TM4HbIX naroreHoB (Mejias et al., 2019)

PPN-3¢dexrTopsnl, 3a1elicTBOBAHHbIC B MHAYKIHUH
(opMupoBaHusI CHHIMTHS WJIN TUTAHTCKHUX KJIeToK. [Tpo
(hyHKINHM 3THX OETKOB M3BECTHO HEMHOTO. L{icToobpasyro-
mast 6ienHas kaprodenpHas Hemarona G. pallida mpomy-
mpyet a¢pdexrop GpSPRY-414-2, koTOpHIil CBSI3BIBACTCS C
6enxom CLASP, acconnmpoBaHHEIM ¢ MUKPOTPYOOUYKaMH 1
YUYaCTBYIOIINM B JIeJIeHUH U pocte Kietok (Mei et al., 2018);
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BEPOSITHO, 3TY MHUIIEHb HCIOJIB3YIOT JJIsl pEOpraHU3aliy K-
TOCKeleTa B CHHIMTHH. MoxkHO oTMeTHTh PPN-3¢dexrops
[IICTOOOPA3YIOIINX HEMATO, CTPYKTypa KOTOPBIX CXO/HA C
CLAVATA3 (CLV3)/ESR (CLE) — peryasTopHbIMHU TTETITH-
JIaMH, 33]IcHCTBOBAHHBIMH B KOHTPOJIE eieHus 1 auddepeH-
IUPOBKH KJIETOK pacTeHUi, a Taxxke addexropsr H. schach-
tii, B3aMMOJICHCTBYIONIME C TpaHCTopTepoM aykcuHa LAX3
(Gheysen, Mitchum, 2019). Tema pernporpaMMUpOBaHHUsI
KJIETOK pacTeHUsI-X035IMHA TECHO CBS3aHA M C BOIIPOCOM CIIe-
OU(GUIHOCTH HEMATOA: NMOMHMO NPEOJOICHHS UMMYHHOU
CHCTEMbI BaXHBIM 3JIEMEHTOM JKH3HEHHOT'O IMKJIa aToreHa
SIBIISIETCSI aJ[PECHOE BO3JICHCTBUE HA CHCTEMbI MOJIEKYIISIP-
HO-TeHETHYECKOTO YIpaBJIeHHs: MOP(OreHe30M, UTO TaKKe
OTHOCHTCS K aKTyaJIbHbIM HAaIIPaBICHUSIM HCCIICIOBaHUIT

(Sabeh et al., 2019).

leHbl ycTonumnBocTu (R-reHbi)
I'ensl ycroitunBocTH K G. rostochiensis CBUIETEIbCTBYIOT O
TOM, YTO B HACTOsIIee BpeMs OONBIIMHCTBO COPTOB KapTO-
(hemns cogeprkat mo ogHOMY R-reny (Whitworth et al., 2018),
o0ecreunBaioeMy BBICOKYIO YCTOMYMBOCTD K MATOTHITY
3KH Rol. K ux uncny otHOocaTcs ], UHTpOrpeccupoBaH-
HBIU OT S. tuberosum ssp. andigenum (Bakker et al., 2004), u
Grol-4 ot S. spegazzinii (Barone et al., 1990; Ballvora et al.,
1995). 3amuTa, KOHTpOIUpyeMasi UACHTU(DUIIUPOBAHHBIMU
TeHaMH YCTOMYMBOCTH, OCHOBaHA Ha MEXaHH3ME PEAKINHU
CBEPXYYBCTBUTEIBHOCTU: MHAYKIHS IPOTPaMMUPYEMOi
KJIETOYHOH CMepTH (POPMHUPYET 30HY MEPTBBIX KIIETOK, OT-
cekatomux JmunHKy 3KH oT mocTyruienust murarenbHbIX
BELIECTB, YTO HE [I03BOJISIET € 3aBEPLIUTD )KU3HEHHBIN LUK
(Kaloshian et al., 2011; 3unoBbeBa u 1p., 2012; Kochetov et
al., 2017). Hecmotpst Ha TO uto TeHsl H1 n Grol-4 coXpaHsioT
s dexruBHOCTs B EBponie n Poccum, ciiemyer yauThIBaTh,
YTO HEMATOJbl CHOCOOHBI K OBICTPON IBONIOLUH, TOITOMY
MOUCK HOBBIX FeHOB ycToitunBoctu k 3KH cunraercs oqHoit
W3 NPUOPUTETHBIX 3a]a4 renetuku pacrenuid (Whitworth et
al., 2018; Strachan et al., 2019). OgHuM U3 KIACCHYSCKUX
croco0oB pacmupeHuss Habopa TeHOB YCTOWYMBOCTH C TIep-
CTHEKTUBAMH UX JaTbHEHINETr0 MUPaMHUINPOBAHNS SBISIETCS
MONCK HOBBIX T'€HOB B MPHPOAHBIX IMOIMYISIHUIX PAaCTCHUH.
B kxauecTBe mpuMepa MOXXKHO HMPUBECTU CUCTEMATHUECKHUH
CKpPHHHUHT OnopecypcHbIx kojuteknuit BUP, mokaszapmiuii Ha-
JIYre HOBOTO R-reHa s G. rostochiensis y HEKOTOPBIX TEHO-
tunoB S. phureja (Limantseva et al., 2014). CpaBHUTENbHBIN
aHaJIN3 TPAHCKPUNTOMOB YCTOWYMBBIX M BOCIIPHUUMYNBBIX
TEHOTHITIOB TTO3BOJIVII OTIPEJICITUTH MEXaHNW3M YCTOHUMBOCTH,
OCHOBaHHBIH Ha WHIYKIINH PEAKIUH CBEPXUYBCTBHUTEIHHO-
CTU U JIOKAJIbHOM IPOrpaMMUPYEMON KIETOYHOU CMEPTH B
30HE MHBA3UU JTUIHHOK. OCOOEHHOCTSIMH B3aMMOJICHCTBUS
HEMaToJ] C KOPHSIMH PACTEHUH CIIyXaT CyIIECTBEHHOE II0-
BPEKACHUE TKaHEH NMpPU MUTPALNU JIUIMHOK U WHIYKIHS
HecTIelM()UIECKOTo 0TBETa Ha 3TOT BuA cTpecca (wounding),
KOTOPBIA y YCTOWYMBBIX JIMHUH JIOMOJNHSETCS crennguye-
ckuM PAMP-onocpenoBaHHBIM UIMMYHHBIM OTBETOM B BUJIE
PEeaKIuu CBEPXUYBCTBUTEIBHOCTH U CHCTEMHOI'O CHHTE3a
3amuTHBIX O0emkoB (Kochetov et al., 2017, 2020).
[TomoOHBII MOIXOA NCIIONB30BAH Ul W3YUECHUS] TCHETH-
YECKMX MEXaHU3MOB YCTOHYMBOCTH K I'aJUTOBBIM HEMATO/1aM
Pa3IMYHBIX SKOHOMHYECKH BXKHBIX BU/IOB MACICHOBBIX, Ha-
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npumep kaprodens (Bali et al., 2019), Tomara (Schaff et al.,
2007) u Tabaxka (Li et al., 2018). B pa6ore S. Bali u xomer
UCCIIEZIOBAH CENIEKIIMOHHBIN KIIOH C HHTPOTPECCHPOBAHHBIM
U3 JUKOTO JHIIJIOMIHOTO MEKCHKAHCKOTO BHAA KapToders
S. bulbocastanum renom RMCI(bulb), obGecrieqnBaronuM
ycroituuBocTh kK Meloidogyne chitwoodi. AnanornaHo naH-
HBIM, TipenctaBieHHBIM A.V. Kochetov u coTpymamKamu
(2017, 2020), TMIMHKA HEMATOIBI IPOHUKAIOT B KOPHH KaK
BOCIIPUMMYNBBIX, TAK U YCTOHUUBBIX COPTOB PACTEHHH, O/THA-
ko PAMP-onocpeioBanHast peakius CBEpX4yBCTBUTEILHOCTH
OrpaHNYMBacT (POPMUPOBAHUE MTUTAIOMINX IMTAHTCKUX KIle-
TOK, ¥ ’KN3HEHHBIN IIUKJI HEMaTOAbI pepriBaeTcs. PazBuTne
MMMYHHOTO OTBETa ITPUBOANT K MAaCIITAOHBIM U3MEHEHHUSIM B
TPaHCKPUIITOME, YTO TIO3BOJISIET BBIABIIATE AU((epeHIanbHO
9KCIPECCUPYIONIUECS T€HBI Y BOCTIPUUMYNBBIX U YCTOHUHMBBIX
TEHOTHIIOB, PEKOHCTPYHPOBATh CHCTEMBI B3aMOJCHCTBYIO-
VX TeHOB (T€HHBIE CETH), Iy TH NEPEaur CUTHAIIA  MOJIEKY-
JSIPHBIE MEXaHU3MBI ycToHunBOCTH. [Toka3aHo, YTO MHAYKINS
yCTOHUYMBOCTH cBA3aHa ¢ HakoruieHneM ADK, yBenmueHnem
AKTMBHOCTH T'€HOB CUTHAJIBHBIX ITyTeH ’KaCMOHOBOH U canu-
IIUJIOBOM KHCIIOT, CHHTE3a KOMIIOHEHTOB KJIIETOUHOI CTEHKH,
nonuamuHOB, PR-6enkoB (Bali et al., 2019). X. Li u koyutern
HCCIIEZIOBAN B3aUMO/IEHCTBHE YCTONUMBBIX M BOCTIPHUMYH-
BBIX TEHOTHIIOB Nicotiana tabacum ¢ M. incognita. Ha sToit
MOJIENHN TAKKE MTPOJEMOHCTPHPOBAHO, YTO ININHKH HEMATO]
MIPOHUKAIOT B KOPHH KaK YCTOWYNBBIX, TAaK U BOCTIPUUMYHBBIX
pacTeHuil, HO y MEepPBBIX HA CEbMOW JIEHb MHUIMUPYIOTCS
peaxiys CBEPXUYBCTBUTEIBHOCTH U JIOKAJIBHBIH HEKPO3 B
palioHe TMraHTCKUX MUTAIOIIUX KJIETOK. B pesynbrare cpas-
HHUTEJIBHOTO aHaIN3a TPAHCKpUNTOMA U AN PEePeHIINATBHO
9KCIIPECCUPYIOIINXCS TEHOB BBISABIEHBI ITyTh MEPEIadn CHUT-
HaJla CAJINIMIOBOM KHUCIIOTBI, TEHBI aHTHOKCH/IAaHTOB, a TAKXKE
MeTaboIMuecKre MyTH CHHTEe3a (QEHMINPONIaHONIOB, ajKa-
JIOWJIOB U TEPIIEHOMJIOB, YTO MOXET OBITh XapaKTepHO IS
tabaka (Li et al., 2018).

HecMoTpst Ha TO YTO 3aIIUTHBIE MEXaHU3MBI HaCTO CBSI3aHBI
co crenu(puIecknMm pelenTopaMu U MHAYKIUEH peakunu
CBEPXUyBCTBUTEIIBHOCTH, B OCHOBE UMMYHHOT'O OTBETa MOTYT
OBITH pa3HBIE MOJIEKYIAPHBIE COOBITHSA. MOXHO OTMETUTH,
YTO Pa3HOOOpa3ne 3aIIUTHBIX MEXAaHH3MOB B MPUPOIHBIX
MOMYNISANUAX PACTEHNH HM3y4EHO HEAOCTATOYHO W HOBBIE
BapUaHTHl TEHOB YCTOMYMBOCTH MOTYT OTJIMYATHCS OT Kiac-
cHuecKux perentopoB cemeiictBa NBS-LRR, aktuBupyromix
PEAKIINIO CBEPXUYBCTBUTEILHOCTH IPH MTOSBIEHUN HEMATO/-
crienu(uIecKUX MOJIEKYIISIPHBIX TaTTepHOB. Hanpumep, reH
Rhgl com, xomupyromuii crenupuIecKnii BapuanT Oeika
Be3uKyJsipHOTO TpancmopTa a-SNAP (Bayless et al., 2018),
cniocobeH nHTep(EepHPOBaThH C MOJICKYIAPHBIMI MEXaHH3Ma-
MM [TAaTOTEHE3a [IICTO00Pa3yIOIINX HEMATO/I, OTHAKO TPH 3TOM
€ro 3KCIIPECCHsl B TPAHCTEHHBIX PACTEHMAX JIPYTHX BUIOB
(xaprodens, apabumorcuca, Ipyrux pa3HOBHIHOCTEH COM)
TIPUBOAMIIA KaK K YBEIIMUCHHON yCTOUUBOCTH K H. schachtii,
G. rostochiensis u G. pallida, Tax ¥ HEeraTHBHO BHsIA HA POCT
u pazsutue pactenuii (Butler et al., 2019). ITo-Buanmomy, B
TIpOIIeCCe IBOJIONNH Y YCTOHUUBBIX (hOPM cor C(HOPMUPOBAI-
cs1 6ayaHC B 9KCIPECCHY TeHOB, KOmUpytonmx oenkn a-SNAP,
00ecneunBarOINA yCTOHINBOCTD K ITATOTEHY 1 KOMITCHCAIIHIO
HETaTHBHOTO (P (PEKTa TAaKOT0 HEOOBIYHOTO R-TeHA.
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HoBble cnoco6bl reHeTUYECKOro KOHTpoOnA
yCTOI7I‘-IVIBOCTI/I paCTEHMV‘I K HeMaTogam
B nocnennee Bpemst 3HAYNTEIbHBIA HHTEPEC BBI3BIBACT OINH
u3 BapuaHtoB TexHonornn PHK-uaTepdepennnu, a mmeHHO
HIGS (host induced gene silencing), mpeacTapisromuil co-
00l agpecHOEe BBIKIIOUEHHE SKCIPECCHN T'CHAa-MHUIICHH B
KJIETKaX JTMYMHKHA HEMaToAbl C MOMOIIBIO CHEIU(PHIECKUX
neynenodednsix PHK (auPHK), cunaTe3supyrommuxcs B kieT-
Kax pacreHus-xo3suHa. MUPHK crmocoOHBI mHIyIHpOBaTH
CHCTEMY 3aIIUTHOTO 0TBeTa Ha ocHOBe PHK-mHTEepdepentmm,
MIPUBOSAIIYIO K MOSBICHUIO KOPOTKHUX MHTEP(EpUpyrommx
PHK (short interfering RNA, siRNA) u xomrmiekcoB RISC,
CIOCOOHBIX paclio3HaBaTh M Pa3pyIIaTh MHUIICHU — MOJICKY-
ael PHK, conepkaiue y4acTku, UIEHTUYHBIE WM BBICOKO-
romoniormdnble Takoi quPHK-3aTpaBke. DTOT MexaHU3M
SBIISICTCSI HE TOJIBKO CIOCOO0M OOpBOBI C BHpyCaMH, HO H
OIHUM M3 (pyHIAMEHTAIBHBIX MOJIEKYISIPHBIX MEXaHH3MOB
KOHTPOJISL SKCIIPECCHH TeHOB y dykapuoT. OmHako auPHK,
siRNA mm npyrue npomesxytodnsie popmsr mporecca PHK-
uHTEep(EpEeHINN MOTYT IPOHUKATh B KJIETKH OPTaHM3MOB,
B3aUMOJICHCTBYIOIINX C PACTCHUEM, HAIIPUMED B KJICTKH TTH-
IIEBAPUTEIFHON CHCTEMBI HAaCEKOMBIX-(pHUTO(aros, TUQHI ma-
pa3uTHYECKUX IPUOOB, KIETKH HeMaTox 1 1Ip. [Ipu sToM ecitn
nuPHK ckoncTpynposana u3 cermentoB MPHK, cooTBeTcTBY-
IOIINX HE TeHY PACTEHUsI-X0351Ha, a reHy GuTodara, To B psize
CITy4aeB IpH B3aNMOJICHCTBHHU ATOTO pUTO(Aara ¢ paCTCHHEM
ormeueHsl nHAYKIMS PHK-unaTepdepenm u cnemmdude-
CKO€ MHTHOMPOBAHHE SKCIPECCUH T€HA-MHIICHU B KJIETKAX
¢urodara. Ecnu 1aHHBIN TeH BBITIOIHSI )KU3HEHHO Ba)KHBIE
(hyHKIUH, TO pacTeHus, mpoxyuupyrone takue mPHK, cra-
HOBWJINCH TOKCHYHBIMH JUISl COOTBETCTBYIOIIETO BPEIAUTEIS.

‘Yka3aHHBII ONONTOTHUECKI (HEHOMEH IEMOHCTPUPYET BO3-
MOYXHOCTh OOMEHA PETYIIATOPHON IreHeTHYeckol mHpopMa-
LMEd MEX]y OpraHu3MaMu paszjuyHOW TaKCOHOMHYECKON
MIPUHAUIC)KHOCTH B NPUPOJHBIX M MCKYCCTBEHHBIX KOCH-
cTeMax, 4To TpeOyeT JalbHEHIIero BCEeCTOPOHHETO HCCIle-
noBaHus. TeM He MeHee OYEBHIHO M MPUKIIAHOE 3HAUCHNE
theromena HIGS, tak kak auPHK, cnenmdraeckne mist MPHK
KOHKPETHOTO T'€Ha-MHILIEHH, HE OKa3bIBAIOT BO3JEHCTBHS
Ha OpraHu3Mbl, B TpaHckpunromax koropeix HeT MPHK ¢
MPOTSDKEHHBIMU yyacTKaMu cxoicTBa. B crpykrype MPHK
JYKaprUOT TIOMUMO OEIOK-KOIUPYIOUIeH 9acTu (OTKPBITON
pamku cunteiBanus, CDS) BeIAENSIOT 5'- 1 3'-KOHIIEBBIC He-
Tpancaupyemsle nocienosarensHocTr (HTTI). 5'-HTIT urpaer
BRXXHYIO POJIb B KOHTPOJIE MHUIMALUKN TPAHCISAIHUH, B TO
Bpems kak GyHkwH 3'-HTII MoryT OBITE CBA3aHBI C yIIpaB-
JICHUEeM LIUTOIIIa3MaTHIECKOH cTaOMIIBHOCTH MHANBHULyalTb-
Heix MPHK (KouetoB u ap., 2002; Kochetov, Sarai, 2004;
Ventoso et al., 2012). B kadgecTBe aapecHON HYKJICOTHIHON
nocnenoBarensHocTH st nHAYKuuu PHK-uaTepdepernnn
npu kKoHCTpyHnpoBanuu TPHK MoxHO ncmonp30BaTh Ooiee
npotsokeHHble 3'-HTII MPHK rena-muinenu, koropele, B 0T-
JIMYHE OT OEJIOK-KOJUPYIOIINX YIACTKOB, B OOJIBITMHCTBE CITy-
4yaeB HE SBISIIOTCS JBOJIOIMOHHO KOHCEPBATUBHBIMH, UTO
pacmmpsieT Auarna3oH BO3MOXKHOCTEH CEIEKTMBHOTO BHJIO-
CHeU(UIECKOTO BEIKIIIOUCHNUS OTCIBHBIX I'€HOB.

Crnenyer OTMETUTB, 9TO 3((HEKTUBHOCTH BO3ACHCTBUSA
mPHK mMoxert 3aBHCeTh OT MOP(OIOTHISCKUX U OMOXUMITYE-
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CKHMX 0COOEHHOCTEW OpraHu3Ma-MHIIEHH, B YaCTHOCTH BKJIIO-
qaonmx 0apbepbl Ha yTH npoHukHoBeHust AUPHK BHYTpD
KJIETOK U comepkanue B TkaHsax AuPHK-cnenndmaeckmx
pubonykieas. IIpu 3ToM He BCe TeHBI OpraHU3Ma-pEeLUIIN-
€HTa MOTYT OBITh CympeccHpoBaHbl ¢ nomoursto PHK-nn-
teppepennnn. Tak, B padore S. Igbal n xomrer (2020) npu-
BEJICHbI pe3YJIbTaThl CHCTEMATHUECKOTO UCCIIEI0BAHUS TCHOB
JIOMalIHero xo3aucrea M. incognita, KOTOPbIE B IEPCIIEKTUBE
MOTYT OBITh HCTIOB30BaHBI Kak MummeHu 11t HIGS. Beibop
MOZIXOISIIIIETO TeHA-MUIICHN — OfIHA M3 BaXKHBIX 3ajad, TaKk
KaK HEKOTOPBIC T€HBI JIOMAIIHETO XO3SIHCTBA MOTYT OBITh
manouyBcTBUTENbHB K PHK-unTepdepenum mmbo sdpdext
OT MX CYIIPECCHU MOXKET OBITh HEJIOCTATOYHO BBIPAXKEH. AB-
TOPBI KCIIOJIb30BAIM METOTUKY, 8JaITHPOBAHHYIO U3 PAHHUX
skcniepuMenToB Ha Caenorhabditis elegans, — BBIMaunBaHHE
JIMYMHOK HEMATO/bI B pacTBOpe, copepxareM TuPHK, u nmo-
CJICTYIOIIMI aHAJIN3 XapaKTEPHUCTHK, BKIFOYas HHPEKINOH-
HYIO CITOCOOHOCTB JINYNHOK M XapaKTEPUCTHKH B3POCIIBIX He-
MaroJ1 HocJie HHQUIMPOBAaHHS IMIMHKAMHU PACTEHUI TOMara.
[Tpoananu3upoBano 20 TeHOB: SIKCIPECCHsI BOCbMHU I€HOB HE
pernpeccupoBanack AIPHK u He BBI3bIBaIa MOP(OIOTHIECKIX
MIPOSIBIIEHUH, B TO BPEMS KaK CyIIPecCHsl JIECATH TeHOB IIPHU-
BOAMJIA K abeppalysiM B MOP(HOIOTHIECKNX XapaKTepUCTH-
KaxX HEMaroJ ¥ CHIDKEHHUIO UX CIIOCOOHOCTH K MH(HIIUPOBa-
HUIO pacTeHui. TpaHCreHHbIe pacTeHM s, SKCIIPECCUPYIOLINE
quPHK npoTuB 1mecT reHOB HEMaTo/bl, B AKCIIEPUMEHTAX
MPOSIBIISUTN yCTOHYMBOCTD, COTTOCTABUMYIO C IPUCYTCTBUEM Y
pacTeHnit R-TeHOB: CHIDKEHUE HH(UIIMPOBAHHOCTH PACTECHHNA
nmoxomito 10 89 % (Igbal et al., 2020).

Jlanee npuBeeHbI JaHHBIE YCIIEITHOTO MPUMEHEHNUS TeX-
Hosoruu HIGS kak moTeHIMaabHOro HHCTPYMEHTA OOPbOBI
C Mapa3uTHYECKUMHU HeMaToaMu. MIHTepecHbIe pe3ylbTaThl
MOJTy4eHbI PN TOTNBITKE ncnonb3oBanns HIGS B kagectse
MUIIeHU TeHa M. incognita, xopupytomero PPN-addexrop
Mi-MSP2, y4acTByrommii B Cynpeccuyl 3alluTHOTO OTBETa
pacTeHns-xo3sMHa. TpaHCTeHHBIE PACTEHHsI, SKCIIPECCUPY-
roune Takue AUPHK, xapakTeprsoBanuch CHUKEHHOM Ha
88 % skcmpeccueil reHa-MHUIIEHN Y CAMOK HEMATOIbI, a TAKKE
ymenbenHo# Ha 80 % npoxyknueit stun (Joshi et al., 2019).
[IpumveHeHue 3TOH TEXHOIOTHH [UTS 3aIIUTHI PACTCHHI OaKia-
aHa 1mokasaino, uto TuPHK crabuisHo skcnipeccupoBanach
B TPAHCTEHHBIX (JOPMax BIUIOTH /IO TPETHETO IMOKOJIEHUS OT
CaMoONbUICHHS U 00ecrieurBalla BEICOKHI YPOBEHb 3aIUThI
ot Hemarozpl (Chaudhary et al., 2019). dus M. incognita,
OHOTO W3 Hambolee OMACHBIX BpenuTeNel pacTeHHH, 00-
JaJJaloNIEeTO MINPOKUM KPYTOM XO3sI€B, HKCIICPUMEHTAIBHO
nmokazana 3¢dexruBHOCTs HIGS 11 HECKOIBKUX TCHOB,
BKitouasi PPN-a¢dexropsr (Shivakumara et al., 2017; camxe-
HHE NPOyKTUBHOCTH CaMOK HeMaTozbl cocTaBuio 40—70 %),
T'€H CTepOJI-cBs3bIBarolero oenka (Shivakumara et al., 2019;
CHIDKEHHE TTPOAYKTHBHOCTH HeMaton 10 50 %), ren L-iuc-
TenHOBOM mpoTeassl (Dutta et al., 2015; cHmKeHNnE TIPOTYK-
tuBHOCTH Ha 60-80 %), TeHBI KyTHKYJISPHOTO KOJUIareHa
(Banerjee et al., 2018; cHmKeHHe TPOAYKTUBHOCTH HEMATO
10 80 %, CTPyKTypHbIC abeppaiuy y JTUIHHOK).

PazBuTHe Ipyrux BUJIOB HEMATO]] TAKIKE MOXKET OBITH Cy-
npeccupoBano ¢ momormisio HIGS. OTmedeno cHmkeHne
MPOAYKTUBHOCTH caMOK H. schachtii Ha TpaHCTE€HHBIX pac-
TeHusX, skcnpeccupyrommx AUPHK cnoxHOU CTpyKTypHl,
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coJiepiKalllyl0 CerMEHThI T'€HOB DHJIOTIIIOKaHa3bl U Oeska
MSP (major sperm protein) (Amin et al., 2018); kpome Toro,
moka3aHa Bo3MokHOCTh ipuMernenust HIGS nns Heterodera
glycines (Hu et al., 2019), Bursaphelenchus xylophilus (Qiu
etal., 2019) u npyrux BuaoB Hematoa. CBEKJIOBUIHAS [TUCTO-
o0Opaszyromiast Hemarona H. schachtii Takike CITy>XKUT IPUMEPOM
aKTyaJIbHOCTHU Pa3pabOTKH HOBBIX TeHETUUECKUX TEXHOJIOT Uit
OMOJIOTHYECKOTO KOHTPOJISL. DTOT MapasuT MopakaeTr Oosnee
200 BHIOB pacTeHuit, MpuHALIeKANHX 98 pomgaM, u aBseTCs
OJIHUM M3 OCHOBHBIX BpeIUTENIEH caxapHOi CBEKJIbL. Siina B
IIFICTaX COXPAHSIOT XM3HECHOCOOHOCTh B ITOYBE B TCUCHHUE
HECKOJBKUX JieT. CTaHIapTHBIE CII0CO0BI 00PHOBI ¢ TOMOIIBIO
HEMaTUIH/I0B Ha 0CHOBE (POCHOOPraHMYECKUX COCANHEHUH
M Kap0aMaroB 3aTPyJAHEHBI M3-32 MX BBICOKOH TOKCHYHO-
CTH; IPIMEHEHHE B CEBOOOOPOTE IPYyTUX BHIOB PACTCHHUH,
CIOCOOHBIX MHUIMUPOBATh BBIXOJ JIMYMHOK W3 WL, HO HE
SBISIFOIMXCS X03sieBaMu 1uist H. schachtii, S5KOHOMAYECKI
Hed((PEKTUBHO JUISi BHICOKOMHTEHCHBHBIX TEXHOJIOTMH BO3-
JleJIbIBaHUS CaXapHOU cBeKIIbl. Mcrnonb30BaHue yCTOMUUBBIX
(hopM pacTeHmii TaKkKe MpoOIeMaTHYHO M3-32 UX MOBBIIICH-
HOHM 4yBCTBUTEIBHOCTU K HEKOTOPHIM IPUOHBIM NAaTOTEHAM
(Amin et al., 2018), 9TO B COBOKYITHOCTH AEMOHCTPUPYET
oTcyTcTBHE 3(PPEKTUBHBIX CIIOCOOOB OOPHOBI M HEOOXOAH-
MOCTBH Pa3pabOTKM HOBBIX TEXHOJOTHH, K YHCITY KOTOPBIX
otHocurcs HIGS.

3aknioyeHune

IIpumenenune texnonorun HIGS ocHoBano Ha momaydeHun
TeHEeTHYECKU-MOAN(HUIIMPOBAHHBIX ()OPM pacTeHHH, KOTOPbIE
HE DKCIIPECCUPYIOT YY)KEPOJHbIE OEJIKH, HO IPOU3BOMST He-
koaupyroryto apynenodednyio PHK, coneprkanyro yqactku
MPHK rena-munienu, B JaHHOM cCilyyae I'€Ha HEMaTOJbl.
PHK-unTEpdepenmio, kKak 1 6eI0K-KOAUPYIOIINE TeHBI, aK-
THUBHO NPUMEHSIIOT JUIsl Cypeccuy reHoB pacteHui (Koueros
u 1p., 2004; Trifonova et al., 2007; Sugawara et al., 2016).
ITockonpky npu npoaykuuu Hexkoaupyroueit nPHK we npo-
H3BOAATCA HOBBIC I PACTCHUA-XO35IMHA GCHKI/I, OTCYTCTBY-
€T BEPOSATHOCTb Pa3BUTHS y MOTPEOUTENEH auIepruIecKux
peaxkuuii niM crenudpuIecKux U3MEHEHHH B MeTaboiome
pacTeHUH, CBSI3aHHBIX C HOBBIMH (DePMEHTATUBHBIMH HIIH pe-
TYJIATOPHBIMY aKTUBHOCTAMU. K puckam npuMeHeHus TaKux
pacTeHHi B IPaKTHUKE CEIbCKOT0 X03sIHCTBA CIIeTyeT OTHECTU
MOTCHIIUAJIbHYTO BO3MOXXHOCTH Hecneunqmqecxoro HeﬁCTBHﬂ
nuPHK Ha apyrue oprannsmsl, B3auMOJEHCTBYIOLIUE € pac-
teHusiMH, eciii X MPHK kaxux-mibo reHoB comepikar mpo-
TSDKEHHBIE YYaCTKU cX0JcTBa. JlanbHelllee CHcTeMaTUIecKoe
UCCIeA0BaHUE CTPYKTYphl FT€HOMOB OPTaHU3MOB pa3HOU
MPUHAICKHOCTH B Pa3IUYHBIX MPUPOAHBIX M arpo3KOCH-
CTeMax, BEPOATHO, MMO3BOJIUT C TOYHOCTHIO IIPOTHO3UPOBATH
TaKhe PUCKU M OTKPOET MyTh K MHXKEHEPUU YCTONYHBOCTU
CEJIbCKOXO3SMCTBEHHBIX PACTEHUH K Pa3HOOOpa3HBIM Bpe-
JUTETSIM U IaTOreHaM.
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AHHoTauusa. KoppeKkTHOe pa3BepTbiBaHME FEHETUYECKUX MPOrpaMm pasBuTusa 1 anddepeHLMpPOBKY onnpaeTca
Ha TOHKO KOOPAVHMPOBAHHYIO PerynsaLmio SKCnpeccun cneurdrnyecknx Habopos reHoB. VcknounTenbHyto posnb B
ynpasieHUN 3TUM NPOLIECCOM UTPAIOT PEFYIATOPHbBIE 3/IEMEHTbI FEHOMA, K KOTOPbIM OTHOCATCA MPOMOTOPbI, SHXaH-
cepbl, MHCYNATOpPbI 1 caineHcepbl. HapylieHrs B nx paboTe MOryT MpUBOANTb K Pa3BUTUIO Pa3NMYHbBIX NaTONOMNNA,
BKJ/t0YaA OHKoMormyeckne 3abonesaHus, NOPOKN PasBUTAA 1 ayTOVMMYHHble 3aboneBaHus. Pa3Butrne TexHonorui
BbICOKOMPOW3BOANTENBHOrO FreHOMHOIO aHanM3a NMo3BONIUIO 3HAUMTENIBHO YCKOPUTL HaKomieHne nidopmauum o
cneurdUYHbIX SNMUrEHETUYECKNX XapaKTePUCTMKaX PeryaTOPHbIX S1EMEHTOB. B COBOKYMHOCTYM C MONTHOF@HOMHbIMM
NCCNeAoBaHVAMY pacnpefenieHns SNMMreHeTUUECKNX METOK, PErynsaTOPHbIX 6ENKOB 1 MPOCTPAHCTBEHHON CTPYKTY-
bl XpOMaTUHA TaKMe AaHHble 3HAUMTENIbHO PACLLNPAIOT NPeLCTaBAeHNA O MPUHLMMNAX SNMUFEHETNYECKOW Perynaumnm
reHOB 1 MO3BONAIOT OCYLLECTBAATD NMOUCK MOTEHLMANbHbBIX PEryNATOPHBIX 3NIEMeHTOB in silico. BMecTe ¢ Tem ocHOB-
Hble 3KCMEepPUMEeHTabHble MOAXOAbl, UCMOMb3yeMble ANiA UCCEAOBAHMA NOKANbHbIX XapaKTepPUCTMK XPOMATVHa,
MIMEIOT PSAA TEXHUUYECKMX OFPAaHNYEHNIA, KOTOPbIE CHMXKAKOT JOCTOBEPHOCTb OOMHGOPMATNUECKOW MAEHTUUKaLMK
perynaTopHbIx obnacteit reHomMa. B €BA3M € 3TMM, a TaKXe C y4eToM BaprabenbHOCTU QYHKLMIA SMMreHeTUYeCcKmx
LEeTEPMUHAHT Y MHOTOKOMIMOHEHTHOW Perynaumm paboTbl 31eMEHTOB reHoMa onpeaesieHne NxX peryiaTopHon ponu
yacTo TpebyeT GyHKLMOHANbHON NPoBepKy. Pa3paboTaHO MHOXECTBO METOLOB, MO3BONALLMX MPOBECTN NCCeLO-
BaHMWe GYHKLMNOHANIbHOW POy PerynsTopHbIX 31EMEHTOB B MacliTabe reHoma. B HacTosiem 0630pe KpaTko onvica-
Hbl OCHOBHbIE 3KCMePVIMEHTasIbHbIE MOAXOAbl ANA NPOBeAeHUsA NGEHTUGMKALUK PETYNATOPHbIX 3IEMEHTOB in silico
1 NpUcCyLe UM TeXHUYECKEe orpaHuyeHns. PaccMoTpeHbl opurnHanbHble METOAbl BbICOKOMPOV3BOAUTENIbHOMO
penopTepHOro aHanm3sa akTVBHOCTU SHXaHCEPOB, KOTOPble NCMOMb3YIOT ANA Banujauuy npefckasaHHbIX peryns-
TOPHBIX 371EMEHTOB 1 de novo noncka. OnrcaHHble METOABI aHaNM3a AAlOT BO3MOXHOCTb OLIeHUTb GYHKLMOHANbHYI0
pOnb HYKNeOTMAHOWN NOCNEe[0BaTENIbHOCTI PEryNATOPHOro dN1eMeHTa, ONPEAENNTb ero TOYHbIE FPaHULLbl, @ TaKKe
OLeHNTb BAUAHME JIOKAJIbHOTO COCTOAHMSA XPOMaTMHA Ha aKTUBHOCTb SHXaHCEPOB U IKCMPEeCcuio reHoB.. MpumeHe-
HUe TaKNX METOLONTIOMMYECKIX NOAXOA0B 06eCneynno 3HaunTeNbHbIV BKa B NOHMMaHne GyHAaMeHTanbHbIX NMPYH-
LIMMOB PEerynaumm reHHoM sKCnpeccun.

KnioueBble cl0Ba: perynaTopHble 371eMeHTbl FeHOMa; SHXaHCEPbI; BbICOKOMPOU3BOAMTENIbHbIE METOAbI aHaNM3a.

IAnauyntnposaHua: Pomanos C.E., KanawHukosa [.A., JlaktnoHos N.I1. MeTofbl BbICOKONPOW3BOANTENTbHOIO penop-
TePHOro aHanm3a sHxaHcepoB. Basusiosckull XypHas ceHemuku u cenekyuu. 2021;25(3):344-355. DOI 10.18699/VJ21.038

Methods of massive parallel reporter assays
for investigation of enhancers
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Abstract. The correct deployment of genetic programs for development and differentiation relies on finely coordi-
nated regulation of specific gene sets. Genomic regulatory elements play an exceptional role in this process. There
are few types of gene regulatory elements, including promoters, enhancers, insulators and silencers. Alterations of
gene regulatory elements may cause various pathologies, including cancer, congenital disorders and autoimmune
diseases. The development of high-throughput genomic assays has made it possible to significantly accelerate the
accumulation of information about the characteristic epigenetic properties of regulatory elements. In combination
with high-throughput studies focused on the genome-wide distribution of epigenetic marks, regulatory proteins
and the spatial structure of chromatin, this significantly expands the understanding of the principles of epigenetic
regulation of genes and allows potential regulatory elements to be searched for in silico. However, common experi-
mental approaches used to study the local characteristics of chromatin have a number of technical limitations that
may reduce the reliability of computational identification of genomic regulatory sequences. Taking into account the
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variability of the functions of epigenetic determinants and complex multicomponent regulation of genomic ele-
ments activity, their functional verification is often required. A plethora of methods have been developed to study
the functional role of regulatory elements on the genome scale. Common experimental approaches for in silico iden-
tification of regulatory elements and their inherent technical limitations will be described. The present review is fo-
cused on original high-throughput methods of enhancer activity reporter analysis that are currently used to validate
predicted regulatory elements and to perform de novo searches. The methods described allow assessing the func-
tional role of the nucleotide sequence of a regulatory element, to determine its exact boundaries and to assess the
influence of the local state of chromatin on the activity of enhancers and gene expression. These approaches have
contributed substantially to the understanding of the fundamental principles of gene regulation.

Key words: gene regulatory elements; enhancers; massive parallel assays.
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BBepeHune

KoppekrtHas peanmsamnus mporpamMm pa3BUTHS U TMOAIEPKA-
HUs QYHKIUH OpraHn3Ma OCHOBaHAa Ha SKCIPECCHHU CTIICIU(H-
YEeCKHUX IS KIICTOK U TKaHeil HabopoB reHoB. KoopnuHanus
9KCIIPECCHH TE€HOB OCYIIECTBISETCS MHOTOYPOBHEBOH CH-
CTEMOH PEryIISAIUY, BKIFOYAIOIICH TCHCTHYCCKUE U JITHTEC-
HETHYCCKUEC MEXaHU3MbI, OCHOBAHHBIC HA B3aMMOJICHCTBHU
TEHOMHBIX ITOCIIEIOBATEIHLHOCTEH, SIMUTEHETHISCKUX MOJIH-
(UKL, PETYISTOPHBIX OCIKOB U CIICIU(PHUCCKUX TPAHC-
KPHUIIUOHHBIX (pakTopoB. OIpeesicHHbIC YIaCTKA TCHOMA,
ACCOITUMPOBAHHBIC C XapaKTEPHBIMHU ITUTCHETHIECKUMH JIe-
TEPMUHAHTAMH, a TAKXKE CIYXKaIl[Ue CAalTaMu MPUBICUCHUS
PErYISTOPHBIX OCIIKOB, CITIOCOOHBI MOTU(DUIIHPOBATE IKCIIPEC-
CHIO TeHOB. Takue peryasTopHbIe JIeMEHTHI TeHOMA HTPAoT
KIIOYCBYIO POJIb B PCATH3AIUU TCHETHUYCCKUX MPOrPaMM
pazButusi, 1M HepeHINPOBKH, TOIACPIKAHUS KIETOUHOTO U
TkaHeBoro romeocTtasa (Phillips-Cremins, Corces, 2013; An-
dersson et al., 2014; Kundaje et al., 2015).

Hapyenust pyHKIMHA PEeryIsTOPHBIX TCHOMHBIX 3JICMCH-
TOB MOTYT IPUBOJIUTH K PA3BUTHIO PA3IUYHBIX ITaTOIOTHIA,
BKITIOUAsl OHKOJIOTHYCCKUC 3a00JICBaHUS, IOPOKUA PA3BUTHUS
U ayTOUMMYyHHBIe 3a0oneBanus (Maurano et al., 2012; Cor-
radin et al., 2014; Miguel-Escalada et al., 2015; Bradner et al.,
2017; Chatterjee, Ahituv, 2017). B uccnemoBaHusIX TI0 TIOJTHO-
TEeHOMHOMY ITOHMCKY aCcCOIMAINH Moka3aHo, 4yTo 6onee 90 %
ACCOITMMPOBAHHBIX C Pa3BUTHEM 3a00JI€BaHUH OTHOHYKIICO-
TUAHBIX TOTUMOP(HU3MOB PACIIONIATaeTCsl B HEKOTUPYFOIIUX
paiionax reanoma (Manolio et al., 2009; Maurano et al., 2012).
[Ipruem 3HaYWTENBHAS YACTh TAKUX TCHOMHBIX BapHaHTOB
HAXOJIUTCS B 00JIACTSIX, ICMOHCTPUPYIOIINX TATCHETHUCCKIC
XapaKTePUCTHUKU SHXAHCEPOB, @ TAKXKE 3aTPAaruBacT IHXAHCE-
PBL, crierpUIHbIe U1 KJICTOYHBIX IHHAMN, 3a/1eH{CTBOBaHHBIX
B marorcue3e 3abonesanus (Ernst et al., 2011; Akhtar-Zaidi et
al., 2012; Trynka et al., 2013). B kauecTBe npumepa MOXKHO
MIPUBECTH T€HETUIECKIE BAPUAHTHI, ACCOIIMUPOBAHHEIE C Pa3-
BUTHEM Ja0eTa BTOPOTO TUIIA, JIOKAJIM30BAHHBIC B paifoHax
MOTCHIIMAIBHBIX YHXAHCEPOB, CICHU(PUUHBIX I KICTOK
octpoBkoB Jlanrepranca (Stitzel et al., 2010; Pasquali et al.,
2014).

Ha ceromgnsiinuii 1eHb HAKOIJICHO 3HAYNUTEIIBHOE KOTHYe-
CTBO MH(POPMALIUU O XapaKTEPHBIX SITUTCHETHYECKUX CBOM-
CTBaX PETYISITOPHBIX DIICMCHTOB, MIO3BOJISIOIINX UACHTU(H-
[UPOBATh MOTCHIIMAJIBHBIC PEIYISTOPHBIC YUYACTKH I'€HOMA
in silico (Ernst et al., 2011). OgHaxo Bamuganus u GyHKIAO-
HAJIBHOE OMMCAHUE PErYIATOPHBIX IIECMEHTOB YacTo Tpely-
10T TIPSAMOM AKCTIEPUMEHTAIbHON IpoBepku. Kitaccuaeckum

CIIOCOOOM €€ TTPOBEICHUS SBIAIOTCS PA3JIMYHbIC BapHALlUH
peropTepHOro aHaiu3a ¥ (yHKIHOHAILHOIO MyTareHesa.
C pa3BHTHEM METOI0B MAaCCOBOTO ITapaJlIEIbHOTO CEKBEHH-
poBaHus ObUIH pa3paboTaHbl METOIUKH UCCIICIOBAHNUS, 03~
BOJISIFOLIME M3Y4aTh aKTHBHOCThH PETYNISITOPHBIX AJIEMEHTOB
B MaciTabe reHoma.

B npencraBnenHoM 0030pe OyayT pacCMOTpEHBI Cylie-
CTBYIOII[IE METOJIOJOIMYEeCKHE PElICHUs] B 00JacTH BBICO-
KOTIPOM3BOJMUTEIBHOTO aHAIM3a YHXaHCEPOB, KOTOPBIE BHEC-
JIM 3HAYMTENBHBIA BKJa] B MOHUMaHHUE (yHIaMEHTAIbHBIX
NPUHLUIIOB UX Pa0OTBHI.

Tunbl perynaTtopHbIX 31€EMEHTOB
BBIIensI0T HECKOJIBKO THIIOB PETYIISITOPHBIX 2JIEMEHTOB Te-
HOMa: TIPOMOTOPBI, SHXaHCEPbI, HHCYISTOPBI U CAHIEHCEPHI.

[TpoMoTOpEI pacnonaratoTcst B paiiloHe TOUYKH CTapTa TPaH-
CKPHIIIIUH U Y 3YKapUOT IPEACTABISIOT co0oit yuacTok JTHK,
Ha KOTOPOM IPOUCXOJUT cOOPKa TPAHCKPHUIIIIHOHHOTO KOM-
TUIEKCA, COCTOSIIIETO M3 IIaBHBIX (DAKTOPOB TPaHCKPHUIIIINH,
PHK-nosuMepasbl ¥ IpOYHX PErysiTOpPHBIX OCJIKOB, B TOM
YHUCJIE OMOCPENYIONUX B3aUMOJIEHCTBUE C dHXaHCEpAMHU
(Andersson, Sandelin, 2020).

Duxancepsl — 310 yuyactku JHK, conepikaiiue caiTbl
CBSI3BIBAHUS TPAHCKPUIIIIMOHHBIX (JAKTOPOB U KO(PAKTOPOB.
B cocTaBe 6eIKOBOTO KOMIUIEKCA OHH CITOCOOHBI (pr3ndecKkn
B3aMMO/ICHCTBOBATH C IIPOMOTOPOM I'€Ha U aKTHBHPOBATH
ero skcrpeccuto (Shlyueva et al., 2014). DaXaHCceps MOTYT
OKa3bIBaTh BJIMSHHE Ha IEJIEBBIC ITPOMOTOPHI, HAXOISICh Ha
3HAUUTEILHOM Y/IAJICHUH M BHE 3aBUCUMOCTU OT B3aMMHOMN
nmpocTpaHcTBeHHOW opueHTtanun (Pennacchio et al., 2013).
Tak, HanpuMep, 3HxaHcep ZRS, noMUHaHTHAS MyTaLUs KOTO-
POro MPUBOJUT K HACIIEACTBEHHBIM (DOpMaM HOJINIAKTHIIHH,
B TEHOME MBIIIN HAXOAUTCS MPHOIU3UTENBHO B | MIH 1. 0.
OT KOHTPOJIUPYEMOTO UM reHa Sonic hedgehog (Shh) (Let-
tice et al., 2014). B cpexHem sHXaHCEpbl YIaJIeHbI OT 1ieje-
BBIX reHOB Ha 20-50 ThIC. I.0. B TEHOMAax MO3BOHOYHBIX U
Ha 4-10 TbIC. . 0. — B TeHOMe T10710B0H Myukn (Furlong,
Levine, 2018).

PerynsatopHas ceTh B3auMOJEHCTBUI S3HXAHCEPOB € IIPOMO-
TOPaMH MOXKET OBITH JOCTATOYHO CIIONKHON. OT/IETbHbIE TeHBI
MMEIOT 00IIME SHXAHCEPHI C IPYTMMU FeHaMU, TT0IBEPratoTCst
PETYISIIHA HECKOIIBKUMH SHXaHCEPAMHU U CHENU(YUIHBIMU
9HXAHCEPaMHM B Pa3HbIX THIAX KJIETOK opranu3ma. Tak, sKc-
npeccusi reHa Arx KOHTPOJIMPYETCS YEThIPbMS SHXaHCEPaMH
B TkaHu Mosra Meimu (Dickel et al., 2018). Perynsnuns rena
crieU(UIHBIMI dHXaHCEpaMu HaOIIOaeTCsl M MPU Pa3BHU-
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TUY T1aTOJIOTHH, HAIIpUMeEp IHXaHCEpP MPOTOOHKOreHa Myc
pacrnosaraercsi B pailoHe caiiTa TepMUHALIMY TPAHCKPUIILIUU
TIPU pake MOJPKEITYI0YHOMN HKEeJIe3bl, IPU pake MpsSMON KHII-
K1 00Hapy)KMBAETCsl CO CTOPOHBI 5'-00JacTH TeHa, a B CIy-
gae T-KJIeTOYHOTO 0CTPOro TUM(POOITACTHOTO JICHKO3a — HIKE
3'-obnactu rena (Sur, Taipale, 2016).

B uccrnenoBaHuax Ha IUIO0BOI MyIlKe OBLIO MOKA3aHO,
uyto 10 30 % 3HXaHCEPOB CIIOCOOHO BBHICTYNATh B Ka4ECTBE
JIMCTAHIIMOHHBIX PETYJISTOPHBIX AJIEMEHTOB, HE 3aTparuBas
IPU ATOM DKCIIPECCHIO TEHOB, PACIIOJIOKEHHBIX MKy HUMH
n neneBbiMu reHamu (Ghavi-Helm et al., 2014; Kvon et al.,
2014). DTo 03HAYALT, YTO JOJKHBI CYIIECTBOBATh TOHKO Ha-
CTPOCHHBIC PEryJSITOPHBIE MEXaHNW3MBbI, 00ECIICUNBAIOIINE
a/IpecHOE B3aNMOJIEHCTBHE IPOMOTOPA IIETIEBOTO TE€HA U CTIe-
QHUIecKoro YHXaHcepa. BIAEISIOT HeCKOIBKO (PyHKIIHO-
HaJIbHO TIEPECEKAIOIINXCsl KOHLEIIUH, ONMUCHIBAIOLINX Me-
XaHUKY OpPraHu3aliy MPOMOTOP-3HXAHCEPHBIX B3aUMOJICH-
CTBHH, OCHOBHBIMH M3 KOTOPBIX SIBJISIOTCSI YCTaHOBJICHHE
KOHTaKTOB ITOCPE/ICTBOM OEIIKOBBIX TOMO-OJIMTOMEPOB U (op-
MHUPOBaHHE MIETETb XPOMaTHHA, B TOM YHCJIIE TTO]] ICHCTBHEM
MOTOPHBIX 0eJkoB, Takux kak PHK-ronmnmepasa 11 u xore3un.

B perynsuuu npocTpaHCTBEHHOM CTPYKTYpPbl XpOMAaTHHA
BRXXHYIO POJIb MTPAIOT PETYISTOPHBIE IEMEHTHl — HHCY-
nsaTophl. B3anMoneicTBys co cnennpuieckuMu OenKkamu,
WHCYJIATOPBI COCOOHBI OJIOKMPOBATH YHXAHCEP-TIPOMOTOP-
HBIE B3aMMOJAEHCTBHUS W MPENOTBPAIATh PACIPOCTPAHEHUE
pPEeNpPEecCUBHBIX METOK XPOMAaTHHA, BBHICTYMHAsl B KadyecTBE
6apwepHbix memeHToB (Kellum, Schedl, 1991, 1992; Geyer,
Corces, 1992; Cai, Levine, 1995). C pa3ButneM cOBpeMEHHBIX
METO/IOB aHAJIN3a MPOCTPAHCTBEHHOM CTPYKTYPBI Spa CTAJIO
OYEBUJIHBIM, YTO (DYHKIIMOHAILHOE BIMSHUE HHCYJISITOPOB BO
MHOTOM OTIPEZIETISIETCS] X YyYaCTUEM B PETYISIIINU BHYTPU- U
MEKXPOMOCOMHEIX KoHTakToB (Yang, Corces, 2011). Mucy-
JSITOPHBIE OEJKK UTPAIOT KIFOYEBYIO POJib B (JOPMHUPOBAHUN
000COONICHHBIX JIPYT OT ApYyTa YIacTKOB T€HOMA IPOTSKEH-
HOCTBIO TTOPSI/IKa COTEH THICSY Map HyKJIEOTHJIOB — TOTIOJIO-
ruyecku accormupoBanubix nqomeHoB (TAJ]) (Dixon et al.,
2012). Takne y9acTKH XapaKTePHU3YIOTCSI BEICOKOH 9acTOTON
BHYTpeHHUX [IHK-KOHTaKTOB M HEpeIKO OTrpaHUYEHBI Cail-
TaMH CBSI3bIBAHMSI MHCYJISITOPHBIX OCIIKOB, & TAK)KE aKTUBHO
tparckpudbupyembivu reaamu (Phillips-Cremins et al., 2013;
Rao et al., 2014). Hapsiy ¢ perynsimeit mpocTpaHCTBEHHOMH
CTPYKTYPHI sIJIpa, WHCYISITOPHI BOBJICYCHBI BO MHOXECTBO
PETYISTOPHBIX TIPOLIECCOB, CPEIN KOTOPBIX aKTHBALHS U pe-
MIPECCHsI TEHHON SKCIIPECCUH, allbTepHATHBHBIN CIUIAHCHHT,
nayzupoBanue PHK-nonmmepassr (Shukla et al., 2011; Paredes
et al., 2013; Phillips-Cremins, Corces, 2013).

OyHKIMs cailfieHcepoB 3aKIII0YaeTCsl B TOIABICHUH JKC-
MIPECCUU TCHOB, TaKas PErpeccus B OCHOBHOM OCYIIIECTBIIS-
eTcs MOCPECTBOM YCTAaHOBIICHUS PEIIPECCUBHBIX XPOMATH-
HOBBIX METOK M KOHKYPEHIIH C aKTHBHPYIOIIMMHU OeIKaMu
(Lietal.,2004; Srinivasan, Atchison, 2004; Harris et al., 2005;
Lanzuolo et al., 2007; Tiwari et al., 2008).

UpeHtndukayna

perynAaTopHbIX 3/1eMEHTOB reHoMa

PasBurue COBPEMEHHBIX METOJ0OB BEICOKOITPOU3BOAUTECIBHO-
ro a"HaJin3a 3HAYUTCJIIbHO YCKOPHUIIO U YIIPOCTHUIIO TTIOUCK I10-
TEHLHUAJIbHBIX PETYISATOPHBIX 3eMeHTOB. [Ipeanonoxenus
0 BO3MOXKHOH perHHTOpHOfI PO ydaCTKa reHoMa 06I)ILIHO
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CTPOSITCA HAa HECKOJIBKUX THUIIaX JaHHBIX: (1) olleHKa 1oCTyT-
Hoctu JIHK mmst perynstopHbIx OenkoB, (2) Hanu4ue Xapak-
TEPHBIX SMUTCHETHYCCKUX JACTEPMUHAHT, (3) OIleHKa reHHOH
9KCIpeccuu M (4) aHaIu3 MPOCTPAHCTBEHHOW CTPYKTYpPHI
JIOKyca.

OmnperneneHHble YIaCTKN aKTHBHBIX PErYJISTOPHBIX 3Je-
MEHTOB CBSI3aHbI CO CIieIM(PUICCKUMHU OCJIKaMu, B pe3yJbTa-
T€ Yero, Kak MPaBmIiIo, CBOOOIHBI OT HyKJeocoM. [list ueH-
TU(UKAUH JIOKYCOB, CBOOOJHBIX OT HYKICOCOM H COOT-
BETCTBYIOIIMX MOTCHIHAJIBHBIM PErYJISITOPHBIM JJIEMEHTaM,
HCIOJIB3YIOTCSL MeToAbl oueHKH aoctynHoctu JHK s
JIHKas3e1 | (DNase-seq), MUKpOKOKKOBOH HyKieassl (MNase-
seq) u Tpancmno3assl TnS (assay for transposase-accessible
chromatin, ATAC-seq) ¢ MOCIEAYIOMNM aHAIH30M BBICO-
KOIIPOM3BOJUTEIBHBIM CEKBEHUPOBAHNEM, & TAKXKE METOJ
FAIRE-seq (Nagy et al., 2003; Gaulton et al., 2010; Song,
Crawford, 2010; Buenrostro et al., 2013). DTu MeTOIBI CTIO-
COOHBI MACHTU(HUIMPOBATH TPEAIoIaracMble IHXaHCEPHI,
MHCYJISITOPBI M CallJIeHCEephl, HO HE MO3BOJISIIOT HAIPSIMYIO
OLICHNTb, K KAKOMY (DYHKIIMOHAJIBHOMY KJIACCY IPHHAIICKUT
0OHapy>KeHHBIN PEryssITOpHBINA 5eMeHT (Song et al., 2011;
Murtha et al., 2014; Huang et al., 2019).

I'eroMHOE KapTHpoBaHHE crelU(PUIHBIX (aKTOPOB Xpo-
MaTHHa ¥ THCTOHOBBIX MOAM(DUKALNI TaKXKe IPUMEHSIETCS
JUISL MICHTH()HUKALMU OTACIBHBIX KJIaCCOB PEryJSTOPHBIX
snemMeHToB. OCHOBHOW METOZ OIEHKH IIPE/ICTaBICHHOCTH
TAKHMX SMUTCHETHYECKHUX IETEPMUHAHT B TOM MJIM HHOM paiio-
HE TeHOMa — 3TO METOJ MIMMYHOITPELHUITUTALUN XpOMaTHHa
C TIOCJIEIYOIMM MacCOBBIM MapauIeIbHBIM CEKBEHHPOBA-
nuem (ChIP-seq). XapakTepHoil THCTOHOBOH MOIU(pUKa-
el IPOMOTOPOB sIBJIsieTCsl TUCTOH H3, Tprkibl MeThiu-
POBaHHBII 1O OcTaTrKy Ju3nHa B 4-i mo3unnu (H3K4me3)
(Bernstein et al., 2005). MoHoMeTHIIMPOBaHHE IO 3TOH JKe
no3uiuu ructona H3 accouumupoBaHo ¢ sHXaHCepaMu, Mpu-
4eM OgHOBpeMeHHoe Hamnmgne momudukarmn H3K27me3
CBHJICTEIILCTBYET O ITOJrOTOBIICHHOM K aKTHBAIIMN COCTOSTHIT
SHXaHCepa, B TO Bpems kak Haiaumuue H3K27ac — 00 akTuB-
HoM coctosHuH (Heintzman et al., 2007; Creyghton et al.,
2010; Rada-Iglesias et al., 2011; Bonn et al., 2012; Arnold
et al., 2013). s sHXaHCEPOB CBOMCTBEHHO OOOTAIICHUE
TUCTOHOBOH ameTmnTpancdepaszoit p300 (Visel et al., 2009).
KapTtupoBanue cienuuyeckux TpaHCKPUITIIHOHHBIX (aKTO-
POB TaK)Ke UCIIOJIBb3YETCs JUIs UICHTU(DHUKALH DHXAHCEPOB.
Tak, mHanpumep, oomactu JIHK, oOorameHHbIe THCTOHOBBIMU
METKaMH aKTHBHBIX SHXaHCEPOB, OeNKaMH KoMmIuiekca Me-
diator u macrep-perymsatopamu Oct4, Sox2, Nanog, Kif4 u
Esrrb, mpeacTaBisiOT Tak Ha3bIBa€MbIE CyIep-IHXaHCEPHI,
KOHTPOJIMPYIOIINE SKCIPECCHIO TKAHECTICIM(DUIHBIX HAOOPOB
TCHOB B SMOpPHOHAJIBHBIX CTBOJIOBBIX KieTkax (Whyte et al.,
2013). dns uneHTH(OUKAIIIE WHCYASTOPOB Y TTO3BOHOYHBIX
aHATM3UPYIOT TeHoMHoe pactpenenenue 6enka CTCF u ko-
(haxTopoB, 33/1eHCTBOBAHHBIX B ((OPMUPOBAHHH TIE€TENIb, TAKHX
kak Rad21 n YY (Dixon et al., 2012, 2015; Nora et al., 2017,
Rao etal., 2017). CaitnieHcepsl e, Kak IpaBHII0, 000TaIICHEI
ructoHoBoi Monudukanueir H3K27me3, accounnposan-
HOW c neiicTBreM OenkoB-penpeccopoB rpymmsl Polycomb,
a taxxe MmomudukammaMu H3K9me2/3, xapakrepHbIMU 1151
rerepoxpomaruna (Barski et al., 2007).

Kak y»xe ynomuHanoce patee, IpoCTpaHCTBEHHAs OpPraHH-
3aIys siApa OroCpe/IyeT B3aUMOJICHCTBHE IIETIEBBIX JIOKYCOB
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reHOMa ¥ IUCTaIbHBIX PETYJSITOPHBIX lieMeHTOoB. [IpocTpan-
CTBEHHYIO CTPYKTYPY XpPOMaTHHA U3y4aroT METO1aMH1 (pHKca-
mn JIHK-/THK-konTakToB, 6epymmmu Havyato or Metona 3C
(chromosome conformation capture) (Dekker et al., 2002;
Tolhuis et al., 2002). Hanbonee mmpoko UCTIOIb3yeMbIN Me-
tox HiC nozBomsier onpenensith JJHK-koHTaKTHI B MacmiTabax
reHOMa M He TpeOyeT UCXOIHBIX MPEANOI0KEHUH 0 KOHKPET-
HBIX KOHTaKTHPYIOIUX (parMeHTax, B OTIMYHE OT Ooiee
panHux MetonoB (Gavrilov et al., 2009; Lieberman-Aiden et
al., 2009). KomOuHaiu MeTo/10B aHal13a IPOCTPaHCTBEHHOM
CTPYKTYPBI XpOMaTHHA U IMMYHOIPEIIUITUTAIINN XPOMaTHHA
(ChIA-PET, HiChIP u PLAC-ChIP) narot BO3MOXXHOCTH
ycranaBiuBaTh JJHK-KOHTaKkThI B 00J1aCTSX TEHOMA, CIICI[H-
(udgeckn 0OOTaleHHBIX KOHKPETHBIMH XPOMAaTHHOBBIMH
6enxamu nin Mogudukanmsmu ructoHoB (Fullwood, Ruan,
2009; Fang et al., 2016; Mumbach et al., 2016). Ananu3
JIHK-/ITHK-KOHTaKTOB TO3BOIAET WACHTU(DHUIIMPOBATH TIPO-
MOTOp-IHXaHCEPHbIE B3aUMOJEUCTBUS, BbIAEIATh TAJl u
OoJiee KpyIHbIE KOMITAPTMEHTBI XpOMAaTHHA.

INomyueHHBIE B XO/ie MCCIIEAOBATENBCKAX PAOOT JTaHHBIE
00 SMUTEHETHYECKNX XaPaKTEPUCTHKAX W MPOCTPAHCTBEH-
HOM OpraHM3aly FeHOMOB MOZICIBHBIX O0BEKTOB JOCTYITHBI
IMIMPOKOMY KPYyTY MCCIIEIOBATENEH U JICTTIOHUPYIOTCS B 0a3ax
naaaeix ENCODE, The Epigenome Roadmap, FANTOM u
npounx (Birney et al., 2007; Bernstein et al., 2010; Andersson
et al., 2014; Forrest et al., 2014; Kellis et al., 2014; Kundaje
etal., 2015). Madopmaryst U3 TaKUX OTKPBITHIX HCTOYHHKOB
AKTHBHO UCIIOJIB3YETCsl ISl IPeCKa3aHus U TOMCKa MOTEH-
IIUATIBHBIX PETYISTOPHBIX 3JIEMEHTOB.

OnHaxko HEOOXOAMMO YUUTHIBATh, YTO METOIMKH aHAIIN3a
B3aumoeiicteuii 0enok-IHK u JIHK-JIHK criocoGHbI neTek-
THPOBATh HE(DYHKIIMOHATIBHBIEC B3aNMOAEHCTBHUS, 3TO MOXKET
MPUBO/INTH K TTOMYYCHHUIO JOKHOIIO3UTHBHBIX PE3YyNBTaTOB.
JlokanpHOe oOoOramieHue XapakTepHbIMU AIHICHETHYECKH-
MH JeTepMUHAHTaMH, oOHapyxkeHHoe MetogoMm ChIP-seq,
He 00513aTeNIbHO CBUIECTENILCTBYET O HAIMYNH PETYIISI TOPHOTO
aNieMeHTa B JaHHOM paiioHe renoma (Kvon et al., 2012). Oto
CBSI3aHO C TEM, UTO JUI peann3anni QyHKIUN PETYISITOPHO-
TO JIEMEHTA YacTO TPeOyeTCsl KOOPANHUPOBAHHOE CBS3bIBA-
HHE psijia TPAHCKPUIIIIMOHHBIX ()aKTOPOB, U HAJIUYUS TOJIb-
KO OJTHOTO M3 HUX npocto Hepoctarogno (Halfon et al., 2000;
Sandmann et al., 2007).

He¢yHkunoHallbHOE CBSI3bIBAHUE TPAHCKPUIIIIMOHHOTO
(hakTopa MOXKeT OBITh TPAH3MEHTHBIM U 00YCIOBICHHBIM
obmeit JIHK-cBsi3piBaromiei aktuBHOCThI0O (Hammar et al.,
2012). MeTtox MMMYHONPEIUIUTAIIMY XPOMaTHHA AETEKTH-
pYyeT Takue TPaH3UEHTHbIE B3aUMOJIEHCTBHS, TIOCKOIIBKY OCHO-
BaH Ha (UKCAIMM XPOMATHHA (OPMAIIBACTHIOM ¢ (HOpMHU-
poBaHMEM KOBaJeHTHbIX cinBOK Mexxay JJHK u accoumupo-
BaHHBIMH OenkaMu. HexoTopoe Bpemst Haza ObUIH TTPEIIo-
JKEHBI MOIM(HKAIIH METO/1a, KOTOPBIE HCKITFOYAIOT HE00X0-
JMMOCTB (PUKCALMK XpOMAaTHHA ¥ TIOTEHIIMAIBHO YIy4lIaloT
togHocTh MeTona (Skene, Henikoff, 2017; Kaya-Okur et al.,
2019). B Bapuanmu merona CUT&RUN ucrons3yercst MUKPO-
KOKKOBasi Hykiieasa, ciutast ¢ Oenkom A (Skene, Henikoff,
2017). bemox A cBs3bIBaeTCS CO CTICI(PUIECKIMHI aHTHUTETa-
MH Ha HCCIIe/TyeMblif 0eJIOK, 8 MUKPOKOKKOBAsI HyKJIea3a BHO-
curt pa3pbiBbl JJHK B 001acTu ero cBsi3piBaHMs1. DTO M03BOJISIET
BBIJICTIUTH KOPOTKHE T€HOMHBIE ()parMeHTHI, 00OTaICHHbIE
HCCIIeTyeMbIM OEJIKOM, M IIPOAHATN3UPOBATH MX ITPE/ICTABIICH-
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HOCTb BBICOKOIIPOM3BOIUTEIbHBIM CEKBEHUpOBaHHEM. B me-
tone CUT&TAG BMecTo HyKJIea3bl HCHOIB3YeTCs TpaHC-
no3aza TnS, 94To 1aeT BO3MOKHOCTB OZIHOBPEMEHHO BHE/IPUTD
JIHK-ananteps! a7t IpoBESHUS MAaCCOBOTO MapajuIeIbHOTO
CEKBEHUPOBAHMUSI, KOTOpBIE OyayT (hIIaHKMPOBATh CAlT y3Ha-
BaHus uccnexyemoro oOenka (Kaya-Okur et al., 2019). VYka-
3aHHbBIE METO/IbI ObLIM pa3padoTaHbl CPABHUTEIILHO HEIABHO
¥ TT0KA HE TIOJTYYHJIIH MINPOKOTO TPUMEHEHHUSL.

[NosiBieHNE JTOKHOMOZUTHBHBIX PE3YIBTATOB B 3KCIECPH-
meHTax ChIP-seq Tar:xe MOXeT ObITh CBS3aHO C IKCIIEPUMEH-
TAJIbHBIMH BapHALIUSIMU, TAKIMH KaK PEKUM (parMeHTannu
XpOMaTrHHa, TITyONHa CEKBEHHUPOBAHMS M BETMUMHA MTOPOTO-
BBIX 3HAYCHUIT T HACHTH(DUKAIMK CAaiiTOB cBsi3biBaHus (Rye
et al., 2011; Gomes et al., 2014; Jung et al., 2014). Baxxno
TaK)Ke OTMETHTb, YTO ITPH HATMYUH BBICOKO- M HU3KOA(HHHBIX
caiitoB cBsi3biBanus OenkoB meton ChIP-seq nerektupyer
MIPEeNMYIIECTBEHHO Bce ke BricokoaduHHble (Nettling et al.,
2016). Takast 0cOOCHHOCTB TaKKe SBISCTCS OTPAHUUCHUEM
METO/Ia, TOCKOJIBKY TOSIBJISIETCS BCE OO0JIbIIE CBUIETEIBCTB B
TMOJIB3Y TOTO, YTO HEOTITUMAIIbHBIE CANThI CBA3bIBAHNS TPAHC-
KPHINIINOHHBIX (paKTOPOB B COCTABE IHXAHCEPOB HEOOXOTUMBI
JUTS TOHKOW Peryisiiiy aKTUBHOCTH T€HOB B XO/I€ PA3BUTHUS
(Crocker et al., 2015, 2016; Farley et al., 2015).

[ToMUMO TEXHWYECKHX OrpaHWYCHUI METOIOB aHAJIM3a,
BQ)XHO OTMETHTB, YTO HEpEeAKO (pyHKIMOHAIbHBIE PErylis-
TOPHBIE MEMEHTHI IEMOHCTPUPYIOT HAJIMUUE SMUTCHETHIC-
CKHX JCTepPMUHAHT, B I1€JIOM HE XapaKTEePHBIX JUIS UX Kilacca.
B xauecTBe mpumepa MOXKHO MPUBECTH 3KCIIEPUMEHTAIBHO
oOHapyXeHHBIE CallJIeHCepHl B KYNBTypax KiIeTok K562 u
HepG2B, xotopsie, cormmacHo maHHbM 0a361 ENCODE, mo-
MHUMO OOOTallleHUs] PEeIPECCUBHBIMI T'MCTOHOBBIMH MOJIHU-
¢duxammsavmu H3K9me3 u H3K27me3, comeprkann Takxke
TUCTOHOBBIE METKM aKTUBHOro xpomaruHa H3K36me3 un
H3K79me2 (Pang, Snyder, 2020). BBuny skcriepuMeHTalb-
HBIX OTPaHUYECHUH METOJJ0B, BAPHAOEIBbHOCTH (DYHKITHI A1~
TEHETHYECKUX JICTEPMUHAHT M y4acTHsI MHOXECTBa KOMIIO-
HEHTOB B peaiu3anny QyHKIHHA JIeMEHTOB TeéHOMa Olpe/ie-
JICHWE UX PETYIATOPHOH PO yacTo TpedyeT TOW Win WHOU
(DYHKIIMOHATBHON TIPOBEPKH.

METOHbI nconeqoBaHnA SHXaHCepoB

OCHOBHBIMH METO/IaMH OLIEHKH (YHKIMOHAIBHON POIHU
PETYIATOPHBIX 3JIEMECHTOB I'CHOMA SABJIAIOTCA Bapualuu pe-
nopTepHoro ananmmuza. OmHOW M3 MEpPBBIX pabOT, B KOTOPOU
ObLIa MPOAEMOHCTPHPOBAHA (PyHKIIMOHAIBHASL POJIb PETYIIs-
TOPHBIX DJIEMEHTOB '€HOMa, OblIa MOCBSIIIEHA HCCIISIOBAHUIO
9HXaHcepa paHHero reHa Bupyca SV40 (Banerji et al., 1981).
B neii mokazano, uro ¢pparment {HK u3 aByx moBTOpOB npo-
TSKEHHOCTBIO 72 1. H., PAaCIOJIOKEHHBIN B paiioHe 5'-KoHIa
parHero rena Bupyca SV40, B cocTaBe TeHETHUECKOH KOH-
CTpyKLuH criocoOer 6onee uem B 200 pa3 akTHBUPOBATH 3KC-
npeccuio reHa B-robuna kposnka B kiietkax HelLa (Banerji
etal., 1981).

CranapTHBIC TCHETHYECKHUE KOHCTPYKIINH, HCIOJIb3yeMbIe
JUIsl aHAJIM3a aKTHBHOCTH YHXaHCEPOB, COJIEPIKAT PeropTep-
HBIH T'eH 1071 KOHTPOJIEM MHHUMAJILHOTO ITPOMOTOPA, KOTOPBIH
He crioco0eH 00eCTeunTh HKCIPECCHIo O3 TOMOTHUTEIEHOTO
AKTUBUPYIOLLErO BO3AEHCTBUA. B cOCTaB KOHCTPYKLIMU BBO-
JST TEHOMHYIO TTOCJIEJ0BATENIHOCT DHXAHCEPA, MPHUEM
OHA MOXXET pacIojaraTbcs Kak mepest IpoMoTOpoM, Tak 1 3a
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KOZUPYIOIIEH MOCIe0BaTeIbHOCTBIO PEIOPTEPHOIO I'eHa.
[TomrydeHHOH KOHCTpYKIMEH TpaHC(HOPMHUPYIOT KICTKH U
OLIEHMBAIOT N3MEHEHHE 3KCIPECCHHU PETIOPTEPHOTO TeHA OT-
HOCHTEIBHO KOHTPOJIbHOM KOHCTPYKIINH, B KOTOPOH OTCYT-
CTBYET ITOTCHIIUAIILHBINA SHXaHCEP.

OnHa u3 nepBbIX padoT, HarpaBIeHHas Ha (QYHKIMOHAb-
HOE TECTUPOBaHHE YHXAHCEPOB B MaclITade BCEro reHoma
in vivo, Obllla OCHOBaHA Ha MPUHLHUIAX KJIACCHYECKOTO pe-
nmopteproro aranm3a (Kvon et al., 2014). s uccnemopanus
0pUT0 HcTIoNB30BaHo okono 8000 mwHUM Drosophila mela-
nogaster, COAEpPKaIlNX B OHOM U TOM X€ Y4acTKe TeHOMa
TPaHCTEHHYIO KOHCTPYKIIHIO, COCTOSIIYIO U3 ITOCIIEI0BATEb-
HO paCIIOJIOKEHHBIX: MMOTEHIMAIBLHOIO YHXaHCcepa, MUHU-
MaJIbHOTO TIpoMoTOpa u reHa Oenka Gal4. Meronowm in situ
THOpUAN3aNN OIeHNBaNach dkcnpeccns Gal4 Ha pa3HBIX
CTasIX SMOPHOTeHe3a, MPUUYEM ISl KaXK10TO IIOTEHINAIIb-
HOTO PEryJIsITOPHOTO 3JIEMEHTAa OBIIIO MPOaHAIN3UPOBAHO T10
400 >MOpPHOHOB, HAXOAAIINXCSI HA PA3HBIX CTaIUIX Pa3BUTHSI.
bbuto uneHTHdUIMpOBaHO OoJiee TpeX ThIC. IHXAHCEPOB.
OKOJIO YeTBEePTH U3 HUX OBIIH PACHOJIOKEHBI BOIU3U pery-
JMPYEMBIX T'€HOB M IyTh OOJiee YETBEPTH — Ha yHaJICHUH B
20-100 T.11. H., B CpPETHEM K€ OHU HAXOAMJIUCh Ha PACCTOSIHUU
B 10 1. 11. H. oT reHoB-Mutenelt (Kvon et al., 2014). Opuenrn-
POBOYHO TPETh OOHAPYKEHHBIX SHXaHCEPOB pacrojiaraiach B
MEKI'€HHBIX 00JIaCTsIX PEryJIupyeMbIX reHoB. Briocneacreuu
TaKKe ObIIO0 (byHKHI/IOHaHI)HO TIOATBEPIKACHO, YTO OHXAaHCEPhI
CIOCOOHBI PETyTHPOBATh HE TONBKO ONM3JIEKAIINE, HO H pac-
MOJIOKEHHBIE Yepe3 onuH nOo aBa reHsl (Kvon et al., 2014).
[TomyuyeHHbIe TaHHBIC 3HAYUTEIHEHO PACIIMPHIIH MIPE/ICTABIIC-
HUS 0 (DyHJaMEHTAIBHBIX TPUHIUIAX (QYHKIIMOHUPOBAHUS
9HXAHCEPOB, OJTHAKO BBITIOJIHEHNE MOI00HBIX IPOEKTOB Tpe-
OyeT KOJIOCCallbHBIX 3aTpaT BPEMEHU U PECYPCOB.

MeTopbl BbICOKOMPON3BOANTENIbHOIO
penopTepHOro aHasansa SHXaHCcepoB

MeTo1bI BBICOKOTIPON3BOUTEIBHOTO PETOPTEPHOTO aHAIN3A
MPUITH Ha CMEHY KJIACCHYECKHM IOIXOAAaM M TO3BOJISIOT
HCCIIENI0BATh THICAYIN PETyIATOPHBIX MOCIIEI0BATEILHOCTEH B
OITHOM SKCIIEpUMEHTE. MOXKHO BBIJIEIUTH JBa TPUHIUITNAIb-
HBIX [TO/IX0/A JUTs TIPOBEICHUSI TAKMX UccienoBaHmii (puc. 1).
B pamkax repBoro B cocTaBe pernopTepHbIX KOHCTPYKIMH 1101
KOHTpoJieM (hparMeHTa reHoMa — HOTEHIIMAILHOTO IHXaHCepa
1 MHHAMAaJIBHOTO TIPOMOTOpPA — PACIIOIaraeTcsi PEOPTEPHBIN
TEH, COZIEPKALINH Mepe/i CUTHAIOM IOJIHAACHUINPOBAHUS
BBIPOXKICHHYIO KOPOTKYIO HYKJICOTHIHYIO HOCIIEA0BATEIb-
Hocthb — JIHK-6apkon (cMm. puc. 1, a). B ciiyuae akruBannu
sKcIIpeccun perioprepHoro rena, JIHK-6apkox Oyner conep-
JKaTbesl Ha 3'-KOHIE ero TpaHCKpunTa. BrICOKOpon3BOIM-
TEJIHBIM CEKBEHUPOBAHUEM OTYUCHHOTO ITyJIa KOHCTPYKIHHA
omnpenensrot yankansHsle JJHK-0apkomabl, cooTBeTCTBYIOMIIE
KaXIOMY H3 HCCIETyeMBIX (parMeHTOB TeHoMma (puc. 2).
[Toce npoBeseHNs TpaHCTeHe3a ¢ MCIIONb30BAHUEM TaKHX
KOHCTPYKIIMH BBITIONHSIETCS aHaiu3 npenactasieHHocT JJHK-
0apKoJ0OB METOZOM BBICOKOIIPOM3BOIUTEIILHOTO aHAIN3a
Tparckpunroma (RNA-seq). YpoBeHs 3KCIIpeccruu TOTO WIH
nHoro JIHK-6apkona mo3BosseT cienars BHIBOI 00 aKTHBH-
pYIOILIEH CITOCOOHOCTH COOTBETCTBYIOIIETO €My KOHKPETHOTO
PETYISITOPHOTO 3JIeMEHTA. JIaHHBIH MOX0/ JISKUT B OCHOBE
METOJIOB KOJIMYECTBEHHON OIIEHKN aKTHBHOCTH (PparMeHTOB
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reHoma, o0beIMHeHHbIX TepMuHOM MPRA (massive parallel re-
porter assay), BapHalliK KOTOPBIX OyAyT paCCMOTPEHBI B IIPE/I-
crasneHHoM o030pe (Kwasnieski et al., 2012, 2014; Melnikov
et al., 2012; Kheradpour et al., 2013; Maricque et al., 2017).

Bropoii mpuHIMIHAIBHBIA MTOIXO0A ITO3BOJISIET OLCHHUTh
KaueCTBEHHYIO CIIOCOOHOCTH (hparMeHTa reHoMa HpOsIBIISTh
CBOICTBa ’HXaHcepoB. Ha nepBoM 3Tare noaroraBinBaeTcs
IyJl TEHETUYECKUX KOHCTPYKIIMH, TIOCIIEI0BATEIBHO COJlep-
KaIUX HCCIEeTyeMbI (parMeHT reHoMa, MHHUMAIbHBIN
IIPOMOTOP M PENOPTEPHBII T'eH, KOXUPYIOMINH (IIyOpeCHeHT-
HBII Oeok 6o moundepasy. Ha cinenyromem srane mpo-
BOJUTCSI TPAHCTEHE3 MOJYYEHHBIM ITyJIOM KOHCTPYKIMH U
[IPY TIOMOIIM ITPOTOYHOM UTOMETPHH OTOUPAIOTCS KIIETKH,
JKcTpeccupyomme GpayopecieHTHbI 0eMoK. AKTUBAIIH
9KCTIPECCUH PETIOPTEPHOTO T'eHA O03HAYAEeT, YTO (hparMeHT
TEHOMa, COZIEPXKAILIMICS B COCTABE KOHCTPYKIIUH, CIIOCOOEH
JICMOHCTPHPOBATh CBOMCTBA 3HXaHcepa. M3 MomydeHHBIX
kierok Beaessor JAHK, ammmudunupyior ¢pparmMeHTs! KOH-
CTPYKIHH, COOTBETCTBYIOIINX HMCCIIEAYeMbIM (hparMeHTam
reHOMa, ¥ OCYUICCTBISIIOT MacCOBOE MapajielbHOEe CEeKBe-
HUPOBaHME JUIA UICHTU(HKAINHN KOHKPETHBIX (PparMeHToB
reHoMa, 0OHapy>KMBAIOIINX CBOIcTBa YHXaHCepoB. K Takum
meronam MoxxkHo oTHecTn FIREWACh n SIF-seq (Dickel et
al., 2014; Murtha et al., 2014) (cm. puc. 1, 6, 6).

B Hacrositiee Bpemst HCIIONB3YIOT U KOMOMHAIUK JIBYX
moAXO0A0B, OITMCAHHBIX BBIIIE, KOrJa Ha IIEPBOM 3TAIl€ METO-
JlaM{ TIPOTOYHON IIUTOMETPHN OTOMPAIOT KIETKH, HECYIINE
KOHCTPYKIIMH, CO/IEPKAIINE MMOTEHIIMAIBHBIE SHXAaHCEPHI.
3aTeM KOIMYECTBEHHO OLIEHUBAIOT aKTUBHPYIOIIYIO CIIOCO0-
HOCTh KOHKPETHBIX ()parMeHTOB FeHOMa MOCPEACTBOM aHa-
nu3a npezcrasienHoctu JJHK-0apkonoB meroqom RNA-seq
(Maricque et al., 2018).

Metoast MPRA-ananu3a ycnemso npuMeHs0TCsl 1S Uc-
CJIEZIOBAaHUSI aKTUBUPYIOINX CBONCTB HYKJICOTHIHOW IIO-
CJIC/IOBATEEHOCTH YHXAHCEPOB, (PyHKIIMOHAIBHOTO BIMSHUS
MOTHBOB CBSI3BIBAHUS PETYISTOPHBIX OCITKOB, a TaKXkKe IS
TMOKCKA 1 BAIMAAIMH SHXaHCepoB. C MOMOIIBIO TAKOH METOJI0-
JIOTUH U3y4daJId BIIMTHUE OJJUHOYHBIX MyTaHI/Iﬁ B COCTaBE TPEX
SHXAHCEPOB, aKTHBHBIX B KiIeTkax nedenn, —ALDOB, ECR11
n LTV1 (Patwardhan et al., 2012). [Iy1s 3TOTO OBIIIa CHHTE3H-
posana JIHK-6ubnmoreka, conepxamas 6omee 100000 my-
THUPOBAaHHBIX BAapHAHTOB HCCIIEAYEMBIX JHXaHCEPOB. Takne
(hparMeHThI OBUIH KJIOHMPOBAHbI B KOHCTPYKIIMH, COJEpIKa-
IIMe MUHUMAJTbHBIN IPOMOTOP, TeH Jtorepasbl U TPAHCKPH-
oupyemsie JIHK-6apxonsl. [Tomyuennsie JJTHK-6nbmmorexn
BBOJWMJIM B MEUCHBb MBIIIEH, M CITyCTSI CYTKH TPAHCKPHIITOM
KJICTOK IeYeHN ObLI TMpoaHaiu3npoBaH MetonoM RNA-seq
(Kim, Ahituv, 2013).

B pesynbrare aHaianza yCTaHOBIIEHO, YTO OOJBIIMHCTBO
OJIMHOYHBIX MYTAIMi OKa3bIBaIM CJIa0bIN 3((PEKT Ha aKTHB-
HOCTb HCCIIEyeMbIX 3HXaHcepoB. Kpome Toro, mokaszaHo, 4To
Hapymaromue (QyHKIMIO 3HXaHCEepa MyTalllH 3aTParuBaioT
Ipe/icKa3aHHble OMOMH(OPMATHYECKUMH METO/IAaMH CAMTHI
CBSI3bIBAHMSI aKTUBHBIX B KJICTKaX ME€YEHH TPAHCKPHITIIMOHHBIX
takropoB HNF4 nu HNF1 (Kel et al., 2003). Baxxno orme-
THUTb, YTO IKCIICPUMEHT TaK)Ke POAEMOHCTPHPOBAII CEPbE3-
HBIE PACXOXKJICHUS B TEOPHHU M TIpakTHKe. Tak, B cocTaBe 3H-
xaacepa ECR11 myrarmm, Bei3bIBaromye GyHKIIMOHATEHBIC
HapyIeHHs1, ObUTH CKOHIICHTPHPOBAHEI B paiioHe, HE CoepKa-
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Cxema reHeTn4ecKkom KOHCTPYKLMK Mertop aHanu3a HepocTtatkn
—>
a
MPRA —|3Hxchep I'IpOMOTopH Pe"OFr’;ip”"m =B#»I.1 I RNA-seq SMUCOMHBIN
—> —>
6
FIREWACh —I LTR HSHxchep P “POMOTOPH Penoprephbii H pA |— Ub H HygroR H pA H LTR |— FACS He KONMUECTBEHHbIA
—> —>
8
SIF-seq ﬁ'%XBHCEP I- lMpomotop H Peno':r);iprm H pA I—HPTtEXOHT'ZH el)-l(grr"cs |— FACS He KonuuyecTBeHHbIN
—>
2
STARR-seq —i I'Ipomoropl—l Penoggip"bm H3HxchepH PA l— RNA-seq SNUCOMHBIN
—>
0
TRIP —| 5N TMpomotop H Pe"°$;ip“""" IB+>'q RNA-seq Hu3koe paspelueHrie

Puc. 1. Cxema reHeTMYeCKMX KOHCTPYKLMIA, UCnonb3yembix ana nposefeHna MPRA-aHanmsa (a-2) n metopa TRIP.

pA - curHan nonvageHunpoBaHus; LTR — AnnHHbIN KoHLeBoit nosTop; Ub — npomoTop ybuksutrHa; HygroR — reH pe3ncTeHTHOCTY K rmrpomumumHy; Hprt exon —

3K30H reHa Hprt.

MNMocnepoBaTeIbHOCTN NOTEHLMANbHBIX SHXaHCEPOB
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Puc. 2. MprHuun pabotbl Metogos MPRA-aHanu3a.

a- Ha nepsom 3Tane MPRA-aHanusa nofrotaenvBealoT Ny NOTEHUMANbHbIX PErynAaTOPHbIX NocneaoBaTenbHOCTeN. [Ina nonyyeHna Taknx nocieaoBaTesibHOCTeN
MCNOJb3yTCA TEXHOMOMMM CUHTe3a Nbo oboralieHne MeTofamyt IMMYHOMNPELMNUTaLMM XpoMaTuHa 1 Np. 3aTem CO3AaloT My reHeTUYEeCKUX KOHCTPYKLUIA,
cofepXallmx MAHUManbHbIN MPOMOTOP 1 PENOPTEPHbIN FeH NOJ, KOHTPONEM UCC/IelyeMbIX PerynaATOPHbIX d1emMeHTOB. KaxaoMmy perynaTopHOMYy afeMeHTy B
cocTaBe Takux KOHCTPYKLMIA COOTBETCTBYET yHMKanbHbIN [JHK-6apkog, pacnonaraiowninca Ha KOHLe KOAUpPYIoLLeil NocieAoBaTeIbHOCTM PENOPTEPHOrO reHa;
6 - nocne npoBeAeHNA TPAHCPEKLMN KNETOK NOMTyYeHHbIMU KOHCTPYKLMAMU, B ClTyYae eciin NCCefyeMblii PerynaTopPHbI 3NIeMEHT NPOABIIAET CBOMCTBA IHXaH-
cepa, NPOVCXOANT aKTUBaLMA SKCnpeccumn penopTtepHoro reHa. Metofom RNA-seq oLieHrBaeTcA ypoBeHb SKCnpeccun yHnKanbHbix JHK-6apkoaos B Tpackpun-
ToMe KneTkn. Hopmanusauma Ha npefctaBneHHocTb IHK-6apKooB B MCXOAHOM Nyfe reHeTUYeCKX KOHCTPYKLMIA U YCTaHOBNEHE COOTBETCTBUA YHUKaNIbHbIX
[HK-6apkopoB koHKpeTHbIM IHK-bparmeHTaM No3BONAIOT CAeNaTb BbIBOA O HANMYMK PErynAaTOPHOMN GYHKLMMN NOCNEAHUX.
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meM MnpeacKazaHHbIX CalTOB CBSI3bIBAHUS TPAHCKPUIIITUOH-
HBIX ()aKTOPOB, MYTAIIHH XK€ B 00TACTH, UMEIOIIEeH OOTBIITIH-
CTBO TAKHX IPECKA3aHHBIX CAlTOB, HE IIPUBOAMIIN K M3MEHE-
HHIO aKTUBHOCTH dHXaHcepa. C 0JIHOM CTOPOHBI, 3TO HAIVISTHO
JeMOHCTpupyeT, 9T0 MPR A-anann3 mpuMeHnM 11 yTogHe-
HUS TPAHML] S3HXAHCEPOB, & C IPYTOH, HOTUCPKUBACT BAXXHOCTh
3KCHepI/IMeHTaJ'H)HOI‘/II IMMPOBEPKU NPEANKTHUBHBIX JTaHHBIX.

Metononoruto MPRA Takke mucmons3yior 1is de novo
TIONCKA W BAJIUJIAIIMH TIPEICKa3aHHbBIX PHXAHCEPOB. DIIeTaHT-
HBIH MOJIXOJI IIOMCKA SHXAHCEPOB ObLIT Pean30BaH B METOJIE
STARR-seq (Arnold et al., 2013) (cm. puc. 1, 2). ABTOpHI
HCTIOJIH30BAJIN CIIOCOOHOCTH YHXAHCEPOB aKTHBHPOBATH IKC-
MIPECCUI0 BHE 3aBHCUMOCTH OT ITOJIOKEHHUSI OTHOCHUTEIBHO
TeHa 1 pa3paboTan peropTepHbIe KOHCTPYKIMH, B COCTAaBE
KOTOPBIX 32 MUHUMAJIBHBIM IIPOMOTOPOM CJI€/IOBaJIa OTKPHI-
Tasi paMKa CUMUTHIBaHHs, B KOTOPYIO KIIOHUPOBAIIU UCCIIEye-
MBIl hparmeHT reHoma. Ilocie TpaHchopMammy KIETOK
TaKMMHU KOHCTPYKIHSIMH, B CIlydae €CIIM y4acTOK TeHoMa
MPOSIBIIICT SHXAHCEPHYIO (YHKIIUIO, 3TO OYIeT MPUBOIMTH
K €T0 TPAHCKPUIINH. YPOBEHB K€ MPEICTABICHHOCTH 3TOTO
(hparMeHTa B TPAHCKPHUIITOME KIJICTKH IIO3BOJISICT C/ENATh
BBIBOJ| O BBIPAXEHHOCTH akTHBHpYtomeid (yHkiuu. Takoit
TIOZIXOJ1 TOJTHOCTBIO UCKITFOYAeT HEOOXOIMMOCTh TPUMEHEHUS
JIHK-6apkon0B, MOCKOJIBKY B MX POJIM BBICTYIAIOT CAMH HC-
cieyemble (pparMeHThI.

Jis mpoBeieHus SKCTIepUMEHTa Oblila OATOTOBIEHA O1O-
JIMOTEKa ITa3MHJI, COIEPIKAIINX MIJITHOHBI CITyJallHbIX (par-
MEHTOB I'€HOMa IUIOJI0BOM MyIIKH. [Tociie TpaHChEeKInH Kyiib-
TYpHI KJIETOK S2 OBUT MPOBEAEH BHICOKOMIPOM3BOANTEIBbHBIN
aHanmu3 npoduis Tpanckpunumu MetogoM RNA-seq. boutn
WIeHTU(GUIIMPOBAHBI THICSIYM TEHOMHBIX ()PArMEeHTOB, JIEMOH-
CTPHUPYIOUINX CBOICTBa SHXaHCepoB. Hambonee akTHBHBIC
W3 HUX HaXOJMJINCH BOJIM3M TCHOB JIOMAITHErO X03HCTBA U
TPaHCKPHITIIMOHHBIX (PAKTOPOB, KOHTPOJIUPYIOIINX PA3BUTHE.
[TokazaHo TakXke, 9YTO OKOJIO TPETH (PParMeHTOB, IPOSBIISIO-
IIMX SIPKO BBIPA)KEHHbBIC AKTUBUPYIOIINE CBOMCTBA, B TCHOME
KJIETOK S2 pacrojarajinuch B 00JIacTsIX 3aKPBITOrO XpOMaTuHa,
B KOTOPOM OTCYTCTBOBaJIa MOAM(UKAIHS AKTHBHBIX SHXaHCe-
poB H3K27ac. Takum 00pa3oM, MaIoBEpOSITHO, 4TO B TCHOME
UCCJIEAYEMBIX KJIETOK 3TH (PparMeHThI CLIOCOOHBI BBINOJIHSATh
POJIb SHXAHCEPOB, U 3Ta HAXOJKa, CKOpEe, MOAYEPKUBACT He-
KOTOpBIE OTpaHUYCHNUS] STUCOMHBIX MeTo10B MPRA, koTOpBIe
Oy/lyT pacCMOTpPEHBI HUXKE.

WnTepecnas moguduxanus meroga STARR-seq Obuta nc-
MI0JTb30BaHa B paboTe MO MCCIIEIOBAHHUIO SHXAHCEPOB B 3M-
OpuoHaNbHBIX cTBOJIOBBIX KiIeTkax (DCK) yenoseka (Barakat
et al., 2018). B opurnnansHOit pabote (Arnold et al., 2013)
JIHK-6ubnnorekn ObUIM CO3/1aHBI MYTEM YJIBTPA3BYKOBOMH
nesunrerpanuu reHomHoit JIHK D. melanogaster u maccoBoro
KJIIOHUPOBAHUSI TONYy4YEeHHBIX (parMeHToB. OJHAKO TaKoi
TIO/IXO]I TUIOXO MPUMEHHM ISt 6oJiee KpyIHBIX TEHOMOB, TIO-
CKOJIBKY JIOCTH)KEHHE JIOCTaTOYHOM NPEICTaBICHHOCTH pe-
TYIATOPHBIX 3JeMeHTOB B MTOroBeIX J|HK-Ombmmorekax —
KpaiiHe 3aTpyIHUTENbHAas 3a1a4a. J{eficTBUTENbHO, COIIIAaCHO
PaCuUCTHBIM JaHHBIM, IPUMEHCHHUC OPUTHUHAJIBHOIO METOHa
STARR-seq amsi ucciegoBaHUS PETYIATOPHBIX AIIEMEHTOB
TeHOMa MBIIIM NoTpedyeT coznanus 6onee 200 MITH YHHUKATb-
HbIX KOHCTpyKumi (Murtha et al., 2014). DxcriepumeHTab-
Hasl TIPOBEpPKa TMOKa3asa, YTO MCIOIb30BAaHHUE IUIA3MHIHON
O6ubnmorekn, coxepxamieil 1.3 MIIH yHUKAJIBHBIX ()parMeH-
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TOB FeHOMa YEeJI0OBEKa, II03BOJIMIIO WACHTU(UIIMPOBATD JIUILb
mrectsb 3HXaHcepoB (Murtha et al., 2014).

Jl7ist Tpeoy101eHys 3TOTO OrpaHUueHNUS! ObLT IPEUIOKEH Me-
tox ChIP-STARR-seq, B pamkax KOTOpOro Ha IEPBOM JTarie
METOAOM MMMYHONIPELUUIUTAIMH XPOMaTHHA MIPOBOAMIN
BBIJIeJICHNE ()parMEHTOB T€HOMa, 00T aIIEHHBIX TPAaHCKPHII-
muoHHbIMU (akTopamu OCT4, NANOG, a Takxe ructo-
HoBEIMH MonmudukarmmaMi H3K4mel n H3K27ac (Barakat
et al., 2018). [Momyuennsie JJHK-dparments! 3arem ObLTH
KJIoHUpOBaHbI B coctaB JIHK-010mnorek, aHaI0rMYHbIX UC-
MOJIb3yEMBIM B OPUTHHAIBHOM MeTozie. bputo ycTaHOBIIEHO,
YTO TOJIBKO 4acTh ()ParMEHTOB T€HOMA, IEMOHCTPUPYOLINX
oOoraieHre yKa3aHHbIMU (DaKTOpaMu, IPOSIBIISIIA IHXaH-
CEpHYIO aKTHUBHOCTS. JInmb okono 25 % ¢parMeHToB, cBs-
3aHHbIX OCT4, nemMOHCTpHUpOBaIN CBOMCTBA YHXAHCEPOB.
s pparmenToB, oborameHHbIX NANOG u rHCTOHOBBIMU
momuduranusmu H3K4mel n H3K27ac, ata nons coctaBu-
ma 15,9 u 10 % coorBeTcTBeHHO. I1l0Ka3aHO, YTO HU OTACIB-
Hble (PAKTOPBI, HY UX KOMOMHAIMH HE CIIOCOOHBI OTHO3HAYHO
IpecKa3aTh 3HXaHcepbl. Kpome Toro, BBIABICHA Tpymia
9HXAHCEPOB, ACCOMHMPOBAHHBIX C PEryJsiuel OOIMX Kie-
TOYHBIX TIPOLIECCOB, KOTOPbIE paHee He ObUIN 00HAPYKEHBI B
SMOPHOHANIBHBIX CTBOJIOBBIX KJIeTKaX. OKa3ajaoch, YTO TAaKUE
9HXAHCEPBI AEMOHCTPHPYIOT IOCTaTOYHO ciiaboe oboramieHne
T® OCT4 u NANOG, a Taxxe ricTOHOBOH MojuduKanmeit
H3K4mel, u, BeposATHO, IO 3TOW MPUYMHE paHBIIE UX HE
JICTEKTUPOBAJI B TIOMCKOBBIX paboTax Ha OCHOBE METoJa
MMMYHOIIPELUITUTALINY XPOMATHHA.

JenonmpoBanHas B 0azax JaHHBIX HHQOpPMAIUSI O Te-
HOMHOM pacIpe/IeJICHUN THCTOHOBBIX MoauduKkanuii u
PEryJsaTOpHBIX OCJIKOB, a TaKKe JOCTYIHOCTH XpOMaTHHA
JIaeT BO3MOKHOCTh TPENIONararh, KAKNe y4acTKH IeHOMa
CHOCOOHBI MPOSIBISITH CBOMcTBA 3HXaHCcepoB. C mpuMeHe-
Huem MPRA-meTogonorun ucciaenoBaHa akTUBHOCTh pe-
TYJISTOPHBIX 2JIEMEHTOB KJIETOK K562 n sMOproHANBHBIX
CTBOJIOBBIX KJICTOK 4ernoBeka El, naentudunupoBannsix Ha
OCHOBE aHaJIM3a CTPYKTYpPbl XPOMaTHHA ¥ aHHOTHPOBAHHBIX
B 6aze ENCODE (Kwasnieski et al., 2014). Okazanock, 9to
JIMIIb OKOJIO YETBEPTH M3 HUX OKA3bIBAJIM BIMSHUC Ha JKC-
MPECCHI0 TEHOB, YTO MOAYEPKHBAET BAXKHOCTh MOAOOHOMN
sKcniepuMeHTanbHON mpoBepku (Kwasnieski et al., 2014).
BwMmecte ¢ TeM monoOHbIH 3P deKT MOKET OBITH 00yCIOBICH
IKCHEPUMEHTAILHBIMH OTPAaHNYEHHUSIMH OITCAHHBIX METO/IOB
MPRA. Hammpumep, TeM GpakToM, 9TO OITMCAHHBIC BBITIIE MTO-
XOJIBI SIBJISIIOTCSI AIIMCOMHBIMH — PEIIOPTEPHbBIE KOHCTPYKIINT
HE BCTPAMBAIOTCS B TEHOM, & 3HAYHT, aKTUBHOCTh YJHXAHCEPOB
OLIEHUBAETCS BHE XPOMATHHOBOTO KOHTEKCTA. 3HAUNTEIIbHBIE
OTJINYHSL B AKTHBHOCTH YHXAHCEPOB B COCTABE IUIA3MHUI X IPH
MHTErpallii B TEHOM OBUIM MOATBEPKJICHBI U HKCIIEPUMEH-
tansHO (Inoue et al., 2017).

Takoe sKcIepUMEHTAIBHOE PACXOXKACHUE BBINISIIUT JIO-
I'MYHBIM, BElb HAOJNIONEHNE O BIMSHUU CTPYKTYphI XpoMa-
THHA Ha PETYISIUIO TEHOB OBUIO MPOAEMOHCTPUPOBAHO B
KJIACCHUECKHUX TeHETHYECKUX AKCIICPUMEHTAX CIlle B Havase
npouwioro Bexa (Muller, 1930). [IpumeHeHre OpuruHaIbHOTO
BBICOKOITPOM3BOUTENIEHOTO METO/Ia PEIIOPTEPHOTO aHATIHM3a
(meron TRIP), nepecekaromerocs ¢ MPRA-nmonxoxamu, mo-
3BOJIMJIO JI€TAJIM3UPOBATH JIOKAJIbHBIE ()(PEKThl XpoMaTHHA
Ha 9KCIIPECCHIO TEHOB B SMOPHOHATIBHBIX CTBOJIOBBIX KIIETKAX
mbimm (Akhtar et al., 2013) (puc. 1, 9). B atom nccienona-
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HUHH C UCTIOJIb30BaHUEM CHCTEMbl TeHOMHON HHTErpaliuy Ha
OCHOBeE TpaHcI03a3bl PiggyBac B reHOM KJI€TOK ObLTH CiTy4aii-
HBIM 00pa30M BCTPOEHBI PETIOPTEPHBIE KOHCTPYKIIHH, COZIEP-
JKarue Ha 3'-KoHIle peropTepHoro reHa yHukansasie JJTHK-
OapKobI.

Ha crienyromem srare Takie BCTPOMKH OBIIH MPOKapTH-
poBaubl, 1 kaxaelid JJHK-6apkon accoumupoBaH ¢ KOHKpET-
HBIM TeHOMHBIM JIOKycoM. CyMMapHO OBIIO TToTy4eHo Ooree
17 TeIC. Takux BeTpoek. Janee mpu momorm metoma RNA-seq
OBLTH TIpOAaHANMU3UPOBaHKI TpenctaBaeHHocTH JTHK-6ap-
KOZIOB, YTO MO3BOJMJIO OLEHHUTH TPAHCKPUIIIIUOHHYIO aK-
TUBHOCTbH Ka)K/I0M BCTPOIMKH M BIMSHHE Ha HEe JOKAILHOMN
CTPYKTYpPbI XpoMaTHHa. PeroprepHbie KOHCTPYKIIMHU, HHTE-
TPUPOBAHHBIC B palfOHBI KOMIIAKTU30BAaHHOTO XpOMaTHHA U
00TacTH TOMEHOB, aCCOIMUPOBAHHBIX C AACPHON JTAMHHOM,
OXHJTAeMO IEMOHCTPHPOBAIIN CHIDKCHHBIN YPOBEHB SKCIIPEC-
cun. PeroprepHbie ke KOHCTPYKINH, PAacHoNararomunecs B
npenenax 200 T.11. H. OT aKTUBHBIX T€HOB, TAK)KE TPAHCKPHUOU-
poBasiuch Oojiee akTHBHO. VIHTEpeCHO, 4TO MPUOIH3UTEILHO
B TaKHX ke TpaHHIIaX HaOmro1asach MOBBIICHHAS BCTpeyae-
MOCTB YHXAHCEPOB. DHXAHCEPHI OKA3hIBAJIN aKTHBHPYIOIIEEe
BIIMSIHUE Ha SKCIIPECCHIO PETTOPTEPHBIX KOHCTPYKINI Ha y/a-
JeHuH BILUTOTH 710 20 T.11. H. Ba’kHO OTMETHTB, YTO B JAHHOM
clly4ae pedb UIeT O IMHEHHOM PacCTOSTHUU M HE YUUTBIBACTCSI
MIPOCTPAaHCTBEHHAA CTPYKTypa Xxpomarusa. I[Ipeanonaraercs,
410 (HOPMHUPOBAHUE POTIKEHHBIX AKTUBHO TPAHCKPHOUPYIO-
IIUXCS YIaCTKOB OOYCIIOBIEHO BO3ICHCTBHEM HECKOIBKHX
SHXAHCEPOB. JTO JIOTOIHUTEIHHO MTOTICPKUBACT HEOOXO -
MOCTb HCCIIC/IOBAHHS PETYJSITOPHBIX 3JIEMEHTOB B yCIIOBHSX,
MPUONMKEHHBIX K HATUBHBIM.

Bnusinue xpomaTnHa Ha (YHKLUHUIO PEryJIsTOPHBIX die-
MEHTOB B TOW WJIM MHOW CTENECHU YYHUTHIBACTCS B METOAAX
MPR A -ananmu3a, moipa3yMeBaronnX TeHOMHYTO HHTETPaIiio
penopreproii koHcTpykumu (Dickel et al., 2014; Murtha et
al., 2014; Maricque et al., 2017, 2018). Metonst FIREWACh
n SIF-seq ObUIM MCHONB30BAHBI JUIS MACHTU(UKAIIMH DH-
xancepoB B DCK MblIlM, 0JJHAKO HE MO3BOJISUIA OLICHUBATh
AKTUBHOCTH PETYIATOPHBIX AIEMEHTOB KOJMYECTBEHHO (CM.
obmee onmcanue moaxonoB Beimie) (Dickel et al., 2014; Mur-
tha et al., 2014).

Meton FIREWACh ocHOBaH Ha TEHOMHOW HHTETpAIHH
PENOPTEPHBIX KOHCTPYKIMH MPH TIOMOIIY JICHTUBUPYCHOMH
TpaHcayKuuu (cM. puc. 1, 6). Takoit MeTo reHOMHOM MHTe-
TpaIyu, X0Ts U IEMOHCTPHPYET HEKOTOPBIE 3aKOHOMEPHOCTH,
BCE Jke 00ecIeunBaeT BCTPOHKN KOHCTPYKIIMHU B CITy9IaiiHbIC
obmactu reHoMa (Yang et al., 2008). CnemoBaTensHO, aIeK-
BaTHOE CPAaBHEHUE aKTUBHOCTH Pa3lIMYHBIX PETYISTOPHBIX
9JIEMEHTOB 3aTPYAHUTENBHO, MOCKOIBKY C BBICOKOW Jqojel
BEPOSITHOCTH PENIOPTEPHBIE KOHCTPYKIMH OyILyT BCTPanBaThCsI
B PA3IIMYHBIC YYACTKH T€HOMA C HETIPE/ICKa3yeMbIM BIUSHIEM
JIOKaJIbHOTO XPOMAaTHHOBOTO OKPY>KEHHS.

Merton SIF-seq muIeH 3TOro HeJOCTaTKa, TOCKOIBKY WH-
Terpamnus pernopTEepPHbIX KOHCTPYKIUH OCYIIECTBISCTCS B
OJIMH M TOT K€ Y4acTOK I'€HOMa, PacIlOJIOKeHHBIN B paioHe
rena Hprt (Dickel et al., 2014) (cm. puc. 1, 6). OnHako B
9TOM CJy4yae BCE TECTHPYEMBIC PETYIATOPHBIC DICMEHTHI
MOTEHIINAIBHO OKA3hIBAIOTCS B OJJMTHAKOBOM XPOMATHHOBOM
okpyxeHnn. [Tockompky KoppekTHas paboTa sHXaHCepa
omnpenensiercst crnenuuyecknM HabopOM XPOMATHHOBBIX
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(hakTOpOB, BBICOKA BEPOSITHOCTH TOTO, YTO OH CTaHET He-
(hyHKIIMOHAJEH, Oy/Ty4n IEpEHECEHHBIM B HETOXKICCTBEHHOE
XPOMaTHHOBOE OKPYKEHHE.

PaccMoTpeHHbIE BBIIIE MTOAX0/IbI HE TIO3BOJISIIM OTBETHTh
Ha OJIMH N3 OCHOBOIIOJIATAOIINX BOIPOCOB B 00IACTH TTOHHU-
MaHUS IPUHIUIIOB pabOThl YHXAHCEPOB, @ IMEHHO, B KaKOI
CTETeHU X aKTUBHOCTb ONPEAETIACTCS IOC/IEI0BAaTEIbHOCTHIO
JIHK, a B kakoif — CBOMCTBaMH OKPY>KaOIIEro XpoMaruHa?
CucremMaTHyecKoe HCCIIeI0BaHIE 3TOTO BOIIPOCA TPOBEIECHO
B paboTe, B KOTOPOH OBUIO M3y4YCHO BIUSHHUE PA3TUIHOTO
XPOMaTHHOBOTO OKPYKCHUSI Ha CPABHUTEIbHYIO aKTHBHOCTh
suxaHcepos (Maricque et al., 2018). B atom ucciienoBanuu
ObLTM TIOATOTOBINIEHBI 15 nuHMiA kietok K562, cogepxarmmx
€JMHUYHbIE BCTPOWKHU PENOPTEPHBIX KOHCTPYKLUH, pac-
MOJIaraloInecs: B pa3IMYHOM XPOMATHHOBOM OKPY)KEHUH
U cojepiKalie cailTel pacno3HaBaHus Cre-peKoMOnHa3bl
(loxP), mo3BOJISIIOIINE HATIPABJICHHO BCTPANUBATh TPAHCTCHEI.
BaxHo 0TMETUTB, UTO B COCTaBE TAKUX BCTPOEK 3a IIpe/ieNlaMU
(mankupoBaHHOro /oxP-caiitamu (parMeHTa HaXOJHIUCh
JIHK-6apxo v curHaj moJuageHUIUPOBAHUS, TPHUUEM KaXK-
JIOM JIMHUHU COOTBETCTBOBAJ €IMHCTBEHHBIM YHUKaJIbHbBIN
JHK-6apxos.

OnucaHHbIC THHUA OBUTH OOBETUHCHBI B OOMIMU Iy, C
UCTIOIb30BaHUEM KOTOPOTO MpoBoAuin Cre-0nocpeaoBaHHYI0
HAIPaBJIEHHYI0 MHTErPaldi0 KOHCTPYKIIHH, CofepKaIiux
pEropTEpHBIN T'eH, OKAaHYMBAIOIINICS TPAHCKPUOUPYEMBIM
BeIpokaeHHBIM JIHK-6apkogom, mox KOHTpOJIEeM MUHH-
MaJIbHOTO IPOMOTOpa M MCCIEAYeMOro (hparMeHTa reHoma.
B xauectBe Takux ¢parmentoB O6buM 300 MCKYCCTBEHHO
CHUHTE3UPOBAHHBIX PETryISITOPHBIX 2JIEMEHTOB, KOTOPBIE paHee
ObLTH MCcIeI0BaHbl MeTOIOM 3nucoMHOro MPRA-ananu3a
W paHXHpOBaHbI 110 ypoBHIO aktuBHOCTH (Kwasnieski et al.,
2014). dns kaxI0ro TEHOMHOTO (hparMeHTa mpeaBapHTEITh-
HO OBUIM yCTAQHOBJICHBI COOTBETCTBYIOIINE UM YHUKAJIbHbBIC
JHK-6apxozp!. [Ipn ycnenrHoil uHTErpanuy mpoucxo/iia
3aMeHa NCX0HOH loxP-KkacceThl Ha peropTepHy0 KOHCTPYK-
IIUI0, COZIePrKAIIly O TIpeAoaraeMble F3HXaHcepsl. [Ipuuem B
cllydae aKTHBAIlMU PEIIOPTEPHOTO I'eHa B €r0 COCTaBe OyIyT
TpaHckpubuposarbcs n8a JIHK-6apkoma, onnH U3 KOTOPHIX
MIO3BOJISIET YCTAHOBUTH HCCIIEAYEMBIH PETYISTOPHBINA 3Jie-
MEHT, a BTOPOH — ONPEeNHNTh, B KIETKH KaKoi JIMHUH TIPO-
U30Ila BCTPOKaA, U, CIEOBATENIBHO, BBIICHUTH, B KAKOM
XPOMaTHHOBOM OKPYKEHUH HAXOIUTCS JaHHAasI peropTepHas
KOHCTPYKIHS. AHAIN3 MPEICTaBICHHOCTH KOMOWHAIUN
JIHK-06apko0B B TPAHCKPHUIITOME KJICTOK J1aJT BO3MOKHOCTB
OLICHUTh YPOBEHb aKTUBHOCTH HCCIIETYEMBIX PETYIATOPHBIX
3JIEMEHTOB B PA3IMYHOM XPOMAaTHHOBOM OKpYXEHHH. bbITo
YCTaHOBJIEHO, YTO XPOMAaTHHOBOE OKPYKEHHE 0XKHJAEMO OKa-
3BIBACT CEPhe3HbIN IP(PEKT HA AKTUBHOCTH I[UC-IJICMCHTOB.
OnHaKko B OJTHOM M TOM € XPOMAaTHHOBOM OKPYKEHUHU
CpaBHHTENIbHAS AKTUBHOCTD PA3JIMIHBIX PETYISTOPHBIX 3JIe-
MEHTOB coxpanseTcs. [IpoeMOHCTPHPOBAHO TaKKE, YTO aK-
THUBHOCTbH IIPOMOTOPA BIIMSIET Ha SKCIIPECCHIO PETTIOPTEPHBIX
KOHCTPYKIIU, HO BMECTE C TEM HE MEHSET CPAaBHUTEIbHYIO
AKTHBHOCTB PETYIATOPHBIX 21eMeHTOB. [loryueHHbIe pe3yib-
TaTHI CBUJICTEILCTBYIOT B ITOJIB3Y MOJIEIH, COTTIACHO KOTOPOH
HYKJICOTH/IHAsI TIOCJIEI0BATEIbHOCTh YHXAHCEPA OIIPEICIIACT
€ro OOIIyI0 aKTHBHOCTh, KOTOPAs YK€ MOLYJINPYETCSI CTPYK-
TYpOIl XpOMaTHHOBOTO OKPY>KCHHSI.
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Metoast MPRA naioT BO3MOXHOCTB JIETaIbHO UCCIIEA0BATh
PETYAATOPHBIN MOTEHIHaN (ParMeHTOB TeHOMAa U CIyXKat
YIOOOHBIM HHCTPYMEHTOM ISl ICCIICIOBAHMS BIHMSHUS BapHa-
LU HYKJICOTHTHOHM MOCIIE0BATEIBHOCTH Ha UX (PYyHKIHIO.
OpHako HEOOXOIMMO OTMETHUTH OTPAHUYEHHUS METOAOB, KOTO-
PBI€ TOJDKHBI yUUTHIBATHCS TIPH HHTEPIPETAIIIH ITOTYICHHBIX
pe3yabraroB. OOIIMI HEOCTATOK BCEX BapHallMi METOZ0B
MPRA — 3T0 He00X0UMOCTh UCTIOIB30BAHISI MUHUMATBHO-
TO TIPOMOTOPA, KOTOPBII HE CIIOCOOEH aKTHBUPOBATH SKCIIPEC-
CHIO PEMOPTEPHOro reHa B OTCYTCTBUE YHXAHCEPA, TOCKOIbKY
Hanu4yue 0a3aabHOM aKTHMBHOCTH MOXKET CYIECTBCHHO HC-
Ka)xaTh pe3yJabTaThl. BMecTe ¢ TeM BBIOpaHHBIH IPOMOTOP
MOXKET B 3HAUUTEIILHOM Mepe BO3/1eHCTBOBATh HA AKTHBHOCTD
KOHKpETHOTro SHxaHcepa (Zabidi et al., 2015; Maricque et al.,
2018). neampHBIM KCIIEPUMEHTOM IIPECTABIISACTCS aHAIIN3
AKTMBHOCTH HXaHCEPOB B KOMOWHAIINH C Pa3IMYHBIMHU ITPO-
MOTOpaMH, OJTHAKO BBITOJHEHUE TAKUX PA0OT IPE/ICTABIISETCS
KpaifHe CIIOKHBIM B TPYIOEMKHM.

Cunres ¢parmenton JJHK, ucronp3yeMbIx B KadecTBe Mc-
CIIEYeMBIX PETYIATOPHBIX JIEMEHTOB, HAKJIabIBACT OTpa-
HUYEHU Ha OOIIyI0 IITHHY Takoro (pparmenta. Kak mpasuio,
JUIMHA MCCIIEyeMbIX (parMeHTOB OrpaHHYEHa IpUOIN-
3uTenbHO 200 M. H., 9TO YacTO YCJIOXKHSET aHalIu3 BKJIala
OCTaJIbHBIX YIACTKOB YHXAHCEPOB, BHIIIATAOIIIX 33 3TH IIPe-
neinbl (Kwasnieski et al., 2014). OcHOBaHHBIEC Ha SIMTUCOMHBIX
KOHCTPYKIHSIX MeTobl MPRA He y4nuTBIBalOT BO3MO)KHOTO
BIIMSTHUSL XPOMATHHOBOTO OKPYKECHHS HA PETYISATOPHBIIH dJIe-
MEHT, TOATOMY MOTYT OBITh UCIIOJIb30BaHBI IS UCCIIEIOBAHNUS
HETIOCPECTBEHHON aKTUBUPYIOIIEH CIIOCOOHOCTH MOCIIEI0-
BarenbHoCcTH JTHK. Meroast MPRA, BkiTtouyatomye reHoMHyo
MHTETPALUIO PEIIOPTEPHBIX KOHCTPYKINH, TO3BOJISIIOT B He-
KOTOPO¥ CTETICHH MTPEOIOIETh 3TO orpanndeHune. OJJHaKo CIiry-
YaifHas WM CaiT-crieru()uIHast HHTETPAIHs BCE K HE MOYKET
00eCIeunTh HCCIIeIOBaHUE aKTHBHOCTH PETYJISITOPHOTO JJIe-
MEHTa B HATUBHOM XPOMaTHHOBOM OKPYXXEHHUH. DTO SIBIISICT-
csl cepbe3HbIM orpaHndyeHueM MerooB MPRA, nockonbky
(YHKIMS PEeryasiTopHOTO T€HOMHOTO 3JIEMEHTa 3aBUCHT OT
CTPYKTYPbI OKPY>KaIOILIEro XpOMaTHHA U TPOCTPAHCTBEHHO
OpTaHU3aINH JOKYyCa.

CoBpeMEHHbBIE METO/bI BBICOKOIIPON3BOIUTEIHHOTO Ha-
npasiaeaHoro myrareHeza CRISPR/Cas9, a takke mMeTos
HaIPaBJICHHOW MOIYISAIHUH YKCIPECCHH, MCIOIB3YIOIINe
MHAKTUBUPOBaHHYIO (opmy sHIoHYKIea3sl Cas9 (dCas9),
CIIUTON C aKTHBATOPHBIMH JINOO PEnpecCOpPHBIMHU OeTKaMH,
MTO3BOJISTFOT UCCIIEIOBATE PETYISTOPHEIC AIIEMEHTHI B HATHB-
HOM reHoMHOM okpyskenun (Chavez et al., 2015; Sanjana et
al., 2016; Canver et al., 2017; Li et al., 2020). IIpu oueBua-
HBIX IIPEUMYTIECTBAX, TAKAE METOIBI TAK)KE HE JIUIICHBI I0-
TEHIMAJIBHBIX HeJocTaTkoB. Hampumep, ToueuHble 3aMEHBI,
BO3HHKAIOIINE B PE3yJIbTaTe HANPaBICHHOTO MyTareHesa,
MOTYT OKa3aThCs HEAOCTATOYHBIMY JUTS HAPYIICHUS (PYHKIIHA
sHxaHcepa. Kpome Toro, HarpaBieHHbIH MyTareHe3 COMpsikKeH
¢ olIMOKaMH B PaCO3HABAHUH LIEJICBBIX PAiOHOB TCHOMA, T10-
TEHIMAJIHHO YCIOKHIIOMUMHI HHTEPIIPETAIIIO IOy IeHHBIX
PE3yNBTaToB.

Baxxno ormeTtuTts, uto Genok-penpeccop KRAB, mmpoxo
WCTIONB3YEeMBIH [T HANpaBICHHONW WHAKTUBAIIMH YHXAHCE-
POB, MOXET MHUIMUPOBATH (JOPMUPOBAHHUE YUACTKOB TeTe-
poxpoMaTrHa NpoTshKeHHOCThI0 1-2 T. 1. H. (Gasperini et al.,
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2019). OTa 0COOCHHOCTh MOXET CHUXATh Pa3pelIarollyio
CIOCOOHOCTB METO/IA M yCIIOKHHTH OTIPEIENICHNE KOHKPETHBIX
(DyHKIMOHAIBHBIX (PPArMEHTOB YHXAHCEPA, & TAKIKE YCUIINTh
HeKeJaTeNbHbIe T000YHbIE 3(D(EKTHI B CIydae HATMYHS OLIU-
6ounbIx caiitoB y3HaBaHHs dCas9. [ToMrIMO BO3MOMXKHBIX
TEXHUYECKUX CIIOKHOCTEH, B ClTydae yCHEeITHOTO HapyILICHUS
(dyHKIMM SHXaHCepa (PEHOTUITMUECKUE MPOSIBICHUS MOTYT
JIOCTaTOYHO OBICTPO BOCCTAHABIMBATBHCS 3@ CUET MPEJIO-
JIO)KUTEIBHOTO CYIIECTBOBAHUS TyONHUPYIONINX 3HXaHCEPOB
(Diao et al., 2016).

Texnonmorrmn MPRA 1 BEICOKOTIPOH3BOANTENEHBIEC METOBI
Ha ocHOBe crcteMbl CRISPR/Cas9, ckopee, SBISIOTCS B3aUMO-
JONOJIHAOIMUMU JId ACTAJIBHOI'O OIMUCAaHUsS PETYIATOPHBIX
(hyHKIMH uccuenyeMbIx (parMeHToB reHoMa. Bmecte ¢ 00-
MIMPHBIMU MaCCHBaMH HAKOTUICHHBIX JJaHHBIX O CTPYKType U
MIPOCTPAHCTBEHHON OpraHM3alMy XpoMaThHa B Pa3IM4HbIX
KJIETKaX ¥ TKaHSAX HCIIOJIb30BaHNE TAKUX METO/IOB JaeT BO3-
MO>KHOCTB 3HAUUTEIIBHO IPOJIBUHYTHCS B 001aCTH TOHIMAaHUSI
MEXaHU3MOB TOUYHOM PEryjdaiuumn 5KCIIPECCUU I'CHOB B XO/IC
Pa3BUTHS ¥ IPH Pa3JINYHBIX TATONIOTHsAX. Bee 310 mo3BomseT
HaJICSITBCS, YTO B CKOPOM BPEMEHH COBPEMEHHAasi TCHOMHUKA
CMOJKET HepeiTH 0T NOAPOOHOT0 (PYHKIIMOHAIBHOTO OMKCa-
HUSI PETYISITOPHBIX JIEMEHTOB K CO3/IaHHIO KOJIMUECTBEHHBIX
OHMONOrHYEeCKNX MOJIENIEH PETYISIIMN TeHHON SKCIIPECCHH.
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