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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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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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Schematic presentation of the ribosomal profiling technology in plants.

(a) Plant tissue is homogenized, the cells are lysed, and each sample is divided into two portions. The polysomal fraction is extracted from
the first portion of the sample, the RNA is digested with RNase | to form mRNA fragments associated with individual ribosomes (mono-
somes) for the ribosome fingerprint method (“ribosomal footprint”). RNA is isolated from the monosomal fractions and used for library
preparation and subsequent high-coverage sequencing of ribosome-bound mRNA fragments to determine the rate of instantaneous
protein synthesis. The other portion of the sample is used to isolate total RNA to obtain a transcriptional profile in addition to ribosomal
profiling.

(b) Ribosomal profiling provides experimental identification of intensely translated transcript regions and identification of new translated
open reading frames (ORFs), such as upstream ORFs (UORF), overlapping ORFs (0ORF), alternative ORFs (aORF), small ORFs (sORF), in ad-
dition to main ORFs (mORFs).

(c) Ribosomal profiling data not only provides information about the rate of instantaneous protein synthesis, but also allows determina-
tion of the relative translation efficiency of individual genes by comparing the reading intensity during sequencing of mRNA fragments of
the "ribosomal footprint” with the number of specific transcripts.
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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
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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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Intraspecific diversity of durum wheat (Triticum durum Desf.):
a unified classification
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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. Kdrnicke and J. Percival, and supplemented by N.I. Vavilov
and KA. Flaksberger. The classification, which is most often referred to as the “Classification of Triticum by Doro-
feev et al’, belongs to a number of the main modern classifications of the genus. This is the world’s first stan-
dardized system that contains all known intraspecific (infraspecific) taxa of wild and cultivated wheat species.
A detailed classification makes it possible to identify a wide variety of forms in the genus Triticum L. and its
individual species, which is especially important for collections preserved in genetic seed banks. The use of the
intraspecific classification of the genus Triticum L. greatly simplifies the identification of the VIR collection acces-
sions 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 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; inheri-
tance of traits; botanical variety.
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BHYTpUBUIOBOE pa3sHOOOpa3ye TBEPAOi IIIIeHNIIbI
(Triticum durum Desf.): yHUpuUIMpOBaHHAaA KJIacCUPUKALINA

O.A. AsmyHoBa

DepepanbHbii NccnefoBaTENbCKUIA LLeHTP BcepoccUncKuii MHCTUTYT reHeTUYeCKnX pecypcos pacteHuin um. H.U. Basunosa (BUP),
CaHkT-TeTepbypr, Poccua
® lyapuolga@yandex.ru

AHHoOTauuA. B otgene reHeTuyeckux pecypcos nweHuubl BHAW reHetnyecknx pecypcos pacteHuin (BUP) pas-
pabotaHa 1 B 1979 r. onybnnkoBaHa cuctema poga Triticum L., 6a3vpytowancs Ha yyeTe reHOMHOrO COCTaBa
BVAOB Y HANVYMW UM OTCYTCTBUM Y HUX PALA MABHbIX FreHOB, KOHTPONUPYIOLWMX «KnaccudUKaLMOHHbIE» Npu-
3Hakn. OHa ocHoBaHa Ha nccneposaHuax F. Kornicke u J. Percival, gononHeHHbix H.M. Basunosbim 1 KA. Onakc-
6eprepom. ITy cuctemy, nssecTHyto Kak “Classification of Triticum by Dorofeev et al’, oTHOCAT K pAgy ocHOB-
HbIX COBPEMEHHbIX Knaccudurkauuin poga. 1o nepeas B MMpe CTaHAAPTU3NPOBaHHAA CUCTEMA, CofepKallan
BCe 13BECTHble BHYTPVBIAOBbIE (MHpacneundmnyeckre) TakCOHbl AUKNX U KYNbTYPHbIX BUAOB MNieHunubl. OHa
[aeT BO3MOXXHOCTb UAeHTUGMKaLmmn 605bluoro pasHoobpasms ¢opm npu pabote ¢ popom Triticum L. v otgens-
HbIMM €ro BULAMM, YTO OCOOEHHO BaXKHO [/1A KOMEKLUIA, COXPAHSAEMbIX B FeHeTUYeCKMX 6aHKax cemsaH. Mpu-
MEHeHNe BHYTPMBUAOBOW Knaccudukaumm popa Triticum L. pna ngeHtudrkauum obpasyos konnekuum BUP,
VNHTPOAYLIMPOBAHHbIX U3 Pa3fINYHbIX UCTOYHUKOB WV MOCTYMMBLUMX MOCSE MONIEBOrO Pa3MHOXEHUA ANsA MNo-
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O.A.NlanyHoBa

BHyTpriBMAoOBOE pasHoobpasve TBEPAON NIEHNLbI
(Triticum durum Desf.): ynnduumpoBaHHas knaccnomkauyua

NOMIHEHMA PenpoayKunn 06pa3LoB, 3HaUMTENIbHO ynpoLyaeT 3ToT npouecc. OfHaKo NpPAMOe 1CNonb3oBaHne
Takol 06beMHOI Knaccndukaumm CBA3aHO C pAAOM TpygHocTel. [loaToMy Hamu NpeanaraeTcs yHUoULMpoBaH-
Has BHYTpMBMAOBaA Knaccndukauma TBepAoN nweHnLbl nnwb 16 U3 131 pa3HOBUAHOCTY, OMUCAHHOM K Ha-
CTOALLEMY BPEMEHN, KOTopble 06n1aatoT Hanbosee YacTo BCTPEYAOLWUMUNCA B KOMIEKLUAX TBEPAON MLLEHNLLbI
Komnnekcamv Mopdonornyeckrx Npr3HaKkos Konoca 1 3epHoBKK. OcTasnbHble 115 pasHOBULHOCTEN, IMEIOLLMX
LOMONTHUTENbHbIE NPU3HAKWK, MOJTyYaloT CBOe Ha3BaHMe nyTem fobaBneHrA K OCHOBHOMY Ha3BaHMIO COKpaLLeH-
HOTrO NIAaTMHCKOTO Ha3BaHWA TOrO UM MHOTO AOMOJSIHATENIHOTO MpU3HaKa. BnageHre Takum cnocobom onvca-
HYA MOPHONOrMUYEeCKUX MPU3HAKOB 06PA3LIOB MOXKET MOMOYb NI06OMY MOSIb30BATENIO JIETKO OPUEHTUPOBATHLCA
B CUCTEMATM3NPOBAHHOM BHYTPMBMAOBOM pa3Hoobpasumn Konnekuuid. Llenb fgaHHOM cTaTby — MO3HAKOMUTb
ynTaTena C BHyTPMBUAOBOM Knaccndukauven Teepgoi nwennubl (Triticum durum Desf.), paspabotaHHoi 8 BUP,
N NPEefsioKUTb ee YNPOLLEHHbI BapyaHT, MOCTPOEHHbI Ha BblAEIEHUN FNaBHbIX U AOMOAHUTENbHBIX MOP)O-
NOFMYECKMX NPU3HAKOB KOJSTOCa 1 3€PHOBKMN.

KnioueBble cnosa: TBepaas nwenuua (Triticum durum); BHyTPYBMAOBaA KnaccudukaLuma; Komnaekcbl Mopdono-
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rMyecKknx Npn3HaKkoB; HacnegoBaHme NpPr3HaKkoBs; 60oTaHNYecKan Pa3sHOBULAHOCTb.

Introduction

Durum wheat (Triticum durum Desf.) is characterized by a
wide diversity of varieties and forms. Like any set, this diver-
sity should be systematized to better understand the relation-
ships between its constituent units. Classification (from the
Latin word classis — category, class, and facio — do, make) is
amethod aimed at organizing a system of subordinate groups,
in which these units are combined on the basis of similarity
in certain essential properties (Subbotin, 2001). The product
of the classification is a system. Plant systematics is a branch
of botany that deals with the classification of plants. The term
“systematic” (systematic botany) was introduced by the Swe-
dish naturalist Carl von Linné in 1751 in his work “Philosophy
of Botany” (Linnaeus, 1989). The term “taxonomy” was in-
troduced by the Swiss botanist Augustin Pyrame de Candolle,
the creator of the natural system of plants classification — the
de Candolle system — and designated the theory of plant clas-
sification, according to the rules of which taxa are arranged in
the system (de Candolle, 1813). In his treatise “On the Origin
of Species...”, the English naturalist Charles Robert Darwin
considered the terms taxonomy and systematic as synonyms
(Darwin, 1859). However, systematics studies not only the
diversity of organisms, but also the causes and ways of its
appearance, and includes taxonomy and nomenclature.

The history of the genus Triticum L. classification begins
with C. Linnaeus (Linnaeus, 1737), who is considered by
most triticologists as the author of the genus Wheat. Over
300 years of its existence, the Linnacus classification has un-
dergone numerous interpretations, which are associated with
the inclusion or subsequent exclusion of certain cultivated
and wild species from it.

The system of the genus Triticum L. developed at the De-
partment of Wheat Genetic Resources of Federal Research
Center the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources (VIR) (Dorofeev et al., 1979), was built up on
the research of such triticologists as F. Kérnicke (1885) and
J. Percival (1921), and further revised and supplemented by
N.L Vavilov (1935) and K.A. Flaksberger (Flaksberger, 1935;
Flaksberger et al., 1939). The system is based on taking into
account the genomic composition of species and the presence
or absence of a number of major genes that govern systemati-
cally important traits.

In accordance with this system of the genus, durum wheat
(T durum Dest.) is treated as a separate species in the rank of
the species, which was first described by the French botanist
R.L. Desfontaines (1798). The species includes two subspe-
cies: subsp. durum and subsp. horanicum Vav. The latter is
a subspecies of the most dense-ear wheats, with a complex
of specific morphological characters. Subsp. durum is a sub-
species of durum wheat proper, within which six groups of
botanical varieties (convarieties) are distinguished, namely
convar. durum, durocompactum Flaksb., aglossicon Dorof.
et A. Filat., villosum (Jakubz.) Dorof. et A. Filat., falcatum
(Jakubz.) Dorof. et A. Filat., caucasicum (Dorof.) Dorof. In
turn, convar. durum includes three subconvarieties: subconvar.
durum, muticum (Orlov) Dorof. et A. Filat., and duroramo-
sum Dorof. (Table 1). At the time of the creation of the clas-
sification by V.F. Dorofeev et al. (1979), the genus 7. durum
Desf. numbered 120 botanical varieties and 29 forms in
20 varieties. As a result of subsequent studies, 11 more bo-
tanical varieties and 12 forms were identified (Lyapunova,
2017, 2019).

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
Triticum L. This was the first standardized classification that
contained all known intraspecific taxa of wild and cultivated
wheat species. A similar classification, a development of pre-
vious classifications based on the use of a comparative genetic
approach, was proposed by N.P. Goncharov (Goncharov, 2002,
2005, 2009; Goncharov et al., 2007). In contrast to hexaploid
wheats, the species classification of which can be constructed
using only five main genes (Goncharov, 2011), in tetraploid
species only Polish wheats and Ispahan emmer wheat can dif-
fer oligogenically (Watanabe et al., 1996; Watanabe, 1999). In
all other species, only a part of taxonomically important traits
has simple genetic control. This refers, e. g., to tetra-awnedness
in the majority of 7" carthlicum Nevski varieties (Haque et al.,
2011)!, purple grain of 7. aethiopicum Jakubz. (Lachman et
al., 2017), and ear branching in 7. turgidum L. (Haque et al.,
2012). At the same time, the botanical varieties identified by
us have a simple control of characters. For example, liguless-

" The gene has been recently introgressed into hexaploid wheat and mapped
(Dobrovolskaya et al., 2020).
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Table 1. Intraspecific differentiation of the species Triticum durum Desf.

Groups (convar.) and subgroups (subconvar.)
of botanical varieties

durum - group of botanical varieties of durum wheats proper, 65
includes three subgroups:

durum - durum wheat proper 42
muticum - awnless durum wheat 17
duroramosum — wheat durum with a branching spike 6
durocompactum - group of botanical varieties 21

of durum wheats with a dense spike

aglossicon — group of botanical varieties of liguleless 10
durum wheats

villosum - the Palestinian group of botanical varieties 8
of durum wheats with a rough spike and strong hairy of leaf

falcatum - group of botanical varieties of falcatum 13
durum wheats (grain has a sickle-shaped depression)

caucasicum — the Caucasian groups of botanical varieties 6
of durum wheats

ness (Barulina, 1937; Watanabe et al., 2004) or awnlessness
(Goncharov et al., 2003).

Such a detailed classification makes it possible to identify
a wide diversity when working with the genus 7riticum L. as
a whole and/or with its individual species, which is especial-
ly important for large-scale collections preserved in genetic
seed banks.

The use of intraspecific classification of the genus 7Triti-
cum L. greatly simplifies the identification of the VIR col-
lection accessions introduced from various sources, or when
checking accession identity after regeneration in the field.
However, apart from the researchers at the Department of
Wheat Genetic Resources of VIR, few people use this ap-
proach in their practical work, and there are several reasons
for this. First, both the monograph itself (Dorofeev et al.,
1979) and the accompanying “Identifier of Wheat” (Dorofeev
et al., 1980) have not been reprinted for more than 40 years
and became a bibliographic rarity, which makes it difficult
for national breeders and other wheat researchers to use it
(Chikida, 2020). After the collapse of the USSR, the genetic
banks of the COMECON (Council for Mutual Economic
Assistance — an economic organization from 1949 to 1991
under the leadership of the Soviet Union that comprised the
countries of the Eastern Bloc along with a number of socialist
states elsewhere in the world) countries stopped working ac-
cording to a common pattern, although many of them continue
to use the system developed by V.F. Dorofeev et al. (1979).

262

No. of botanical
varieties

Geographic distribution

Throughout the durum wheat area of distribution

Throughout the durum wheat area of distribution

Breeding organizations of Australia, Tunisia, Turkey,
Kazakhstan, Azerbaijan, Russia

Foothill districts of Azerbaijan and Georgia

Algeria, Tunisia, Morocco, Egypt, Syria, Jordan,
Asia Minor, Azerbaijan

Cyprus

Coastal districts and foothills of Syria, Jordan, Lebanon,
is very rare on Cyprus

Greece, Sardinia, Sicily, Malta, Cyprus, Turkey,
Iran, Afghanistan, China, Azerbaijan, Kirghizstan,
Tadjikistan

Transcaucasia (foothill districts and lowlands —
100-600 m above sea level)

Syria, Jordan, Asia Minor, is rare in Egypt
and on islands of the Mediterranean Sea

Second, there is still no translation of these works into English,
although there was an international project on the translation
of this monograph (Kniipffer et al., 2003), which makes it
impossible for the staff of foreign genetic seed banks to get
acquainted with this classification. Third, only the long-term
practice of identifying accessions by the name of a botanical
variety makes it possible to carry out this laborious work
promptly and without difficulty. For instance, durum wheat
alone requires remembering names of 131 varieties and their
meaning. One of the ways to reduce the number of hard-to-
remember names may be unification as a standardization
method aimed at reducing the number of objects by combining
several characters. It assumes selection of the optimal number
of objects, botanical varieties in our case, limited to a reason-
able minimum and leads to a certain uniformity. This greatly
simplifies the practical use of the classification.

The objective of this work is to acquaint the reader with
the intraspecific classification of durum wheat (7riticum du-
rum Desf.) developed at VIR, and to offer its simplified analog
based on the identification and illustration of the main and
additional morphological characters of the ear and kernel.

Materials and methods

Here, we propose a unified intraspecific classification of the
durum wheat species, based on the description of only 16 main
botanical varieties which have the most commonly occurring
sets of morphological characters of the ear and kernel, and
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Table 2. The main spike and kernel characters used to describe the intraspecific diversity of durum wheat

Character Option Abbreviated
Latin designation
Glume color White or stramineous (Fig. 1) -
Red (Fig. 2) -
White or red in combination with black (black-blue)* that shows up in the glume nigro-
central part (Fig. 3)
White or red in combination with smoked-grayish (bluish-gray) that shows up glauco-
in the glume central part (Fig. 4, 5)
White or red in combination with black along the edge of glume (form) (Fig. 6) triste-
Glume Glabrous glume (Fig. 7) -
pubescence Pubescent glume (Fig. 8)
Kernel color ** White -
(Fig.9) Red ~
Purple violaceo-
Awns presence Normal awns (7 cm and longer) (Fig. 10) -
Awnless (awns are either absent or awn-like projections shorter than 2.0 cm mutico-
are available) (Fig. 11)
Awns color Same color as of glumes -
I, 10, 11) 11111111 1111281
(seeFg 1010 pjack -

*The blue tint is due to the presence of a waxy coating on the spike glumes.
** Kernels with light yellow, yellow and amber-yellow color are attributed to the group of white-colored ones; while those with light brown, brown and amber-
brown color are grouped as red-colored kernels (The International Comecon List of Descriptors..., 1984). Durum wheat kernels are mostly vitreous, therefore
the color that is defined as white, is in fact amber-yellow.

Table 3. The most frequent complexes of spike and kernel characters in durum wheat and their Latin name

Name of the complex Kernel color Glume color Awn color Kernel color Glume color Awn color

of characters

Name of the complex
of characters

retain their author’s name (Table 2). The remaining botanical ~ Results

varieties, which have additional characters, get their name by

the addition of this or that additional character to the main
abbreviated Latin name (Table 3). Such a way of describing
and quickly memorizing intraspecific diversity was proposed
for common wheat in (Zuev et al., 2019). This work has been
successfully published twice and is in great demand both
domestically and among employees of foreign genetic seed
banks.

MOJIEKYNAPHAA FTEHETUKA U TAKCOHOMMUSA PACTEHWUI / MOLECULAR GENETICS AND PLANT TAXONOMY

Basic and additional morphological characters

of durum wheat

The intraspecific description system is based on botanical
varieties, the names of which are determined by a set of
morphological characters of the ear and kernel. These sets
were distinguished by a combination of such features as
the presence or absence of glume pubescence, glume color
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Fig. 1. White glume Fig. 2. Red glume color. Fig. 3. White (a) or red (b) color of glume in combination with Fig. 4. White glume

color. black color or blue-black color (c). color in combination
with  smoked-grayish
color (glauco-).

Fig. 5. Red glume Fig. 6. White (a) or red (b) glume color in combination with Fig. 7. Glabrous Fig. 8. Pubescent glume: a — white
color in combination black along edge (triste-). glume. spike, b - black spike.

with smoked-grayish

color (glauco-).

b E! € I l
Fig. 9. Color of durum wheat kernels: white (a), red (b), purple (). Fig. 10. Awned durum wheat.
Y / ; A description of each botanical variety must include a set of main features: the
.y presence/absence of glume pubescence, the color of the glume and kernel, the pre-
\ A £ sence/absence of awns on the lemma, and the color of awns. The set of characters

revealed by a specimen is designated by the corresponding Latin name given by
the author (see Table 3).

To describe a specimen that possesses one of these sets of characters, but in
combination with an additional character, like color of the glume, different length of
Fig. 11. Awnless durum wheat. awns, their color, etc., abbreviated Latin names of these characters are used (Table 4).

In the case of durum wheat, these names are added to the name of the main set in

the case of peduncle pubescence (piloso-) or awns smoothness (/evi-), or when they
(white, red, smoky gray, or black on a  determine the names of groups or subgroups of botanical varieties, i. e., dense-eared
white or red background), the presence  (-compactus); with the crescent-shaped kernel (falcato-); with the branching ear
or absence of awns on the lemma, their  (ramoso-), non-ligulate (quasi-), with the densely pubescent leaf blade and sheath
color (matching the color of the glume,  of the leaf, and with the hard glume (villoso-). Along with the characters of the ear
or black), and the kernel shape and color  and kernel, Table 4 contains that of the ligula absence, which is the only character
(white, red or purple) (see Table 2). of the leaf taken into account when describing botanical varieties.

- ,‘
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Table 4. Additional spike and kernel characters used to describe the intraspecific diversity of durum wheat

Character Option Abbreviated
Latin designation
‘spikedensity Spike laxor medium density (Fig. 12) . -
‘Spikedense (d=>40) Fig.13) “compactus
‘Kemelshape | Round orelongated (see Fig.9) -
Falcate (elongated with a transverse deepening the middle) (Fig. 14) | facato-
‘Secondaryrachis | Presence of the secondary rachis with spikelets, or of double or triple spikelets | ramoso-
of the spike per node of the main rachis (axis) (branching spike) (Fig. 15)
Pedunce Glabrous -
PubescentFig.16)  piso-
Presenceofligule Yes(igule) -
(Fig.17) Absent(oligule) quas-
‘Roughness of theawns Rough -
(Fig. 18) ‘Weaklyrough fere-
SSmooth vi-
Pubescence | Densely pubescent blade and vagina of the leaf, coarse glume viloso-
of the leaf blade

and glume structure

Fig. 12. Lax spike of durum  Fig. 13. Dense spike of Fig. 14. Falcate kernel shape.  Fig. 15. Branching spike of  Fig. 16. Pubescent peduncle.
wheat. durum wheat. durum wheat.

Fig. 17. Non-ligulate (a) and ligulatee (b) plant of durum wheat Fig. 18. Awn: smooth (a), weakly rough (b), strongly rough (c)
(from: Flaksberger, 1935). (from: Flaksberger, 1935).
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Table 5. Character complexes found in the awnless durum wheat accessions

Latin names of character Glume color Color Botanical variety name
complexes of awndike ka ............. | .......................
projections by K.A. Flaksberger (1935) by V.F. Dorofeev et al. (1979)

Black on the white -
background

mutico-nigro-alexandrinum Black on the red Black f. quindecim-unum Flaksb. muticobscurum Dorof. et A. Filat.
background
Pubescent glume
5. White spike, white kernel
mutico-valenciae White - f. unum-quindecim Flaksb. muticovalenciae Dorof. et A. Filat
mutico-melanopus Black - muticomelanopus (A. Filat. et
Schaid.) Lyapun.
mutico-nigro-melanopus Black on the white - f. quatuor-quinque Flaksb. muticoboeufii Flaksb.
background
6. Red spike, white kernel
mutico-italicum Red - f. duo-quinque Flaksb. muticitalicum Dorof. et A. Filat.
mutico-apulicum Black - muticapulicum Lyapun.
mutico-nigro-apulicum Black on the red - f. sex-quinque Flaksb. muticocaerulescens Flaksb.
background
7. White spike, red kernel
mutico-nigro-africanum Black on the white - - muticonazilliense Gokg.
background

Unified intraspecific classification

of durum wheat (Triticum durum Desf.)

The proposed unified intraspecific classification is a simplified
analog of the durum wheat key (Dorofeev et al., 1980). The
whole diversity is arranged in the form of tables, where the
names of varieties according to K.A. Flaksberger (1935) and
V.F. Dorofeev et al. (1979) are given for comparison, which
allows a user to establish a correspondence between the form
being described and the botanical variety. The botanical va-
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rieties are presented in accordance with the main characters
in the following sequence: the awned and awnless forms are
presented in Table 5 and Supplementary?.

In the first place, these tables present botanical varieties
with non-pubescent glumes and different color combinations
of the glume and kernel, and then those with the pubescent
glumes in the same order.

2 supplementary material is available at:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Lyapunova_Engl.pdf
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Glabrous glume

1. White spike, white kernel.

2. Red spike, white kernel.

3. White spike, red kernel.

4. Red spike, red kernel.

5. White spike, purple kernel.

6. Red spike, purple kernel.
Pubescent glume

7. White spike, white kernel.

8. Red spike, white kernel.

9. White spike, red kernel.

10. Red spike, red kernel.

All of the above main characters have simple genetic control

(Mclntosh et al., 2020).

Conclusion

Acquaintance with the durum wheat intraspecific classifica-
tion, which was created at VIR and contained all the known
intraspecific taxa of the time as well as the subsequently added
ones, will make it possible to analyze all the intraspecific
diversity of the main cultivated tetraploid species Triticum
durum Desf. The proposed simplified analog version, based
on the identification of the main and additional morphological
characters of the ear and kernel, can help any user simplify
the systematization of the intraspecific diversity contained in
any collection and easily navigate it.
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Abstract. Viroids belong to a very interesting class of molecules attracting researchers in phytopathology and
molecular 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 verti-
cally 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 replication is prone to errors and infected plants contain a population of mutated
forms of the PSTVd genome. Interestingly, at 7 DAI, 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 may occur due to RNA-interference, which de-
creases the expression levels of some important cellular regulatory factors, such as, for example, potato StTCP23
from the gibberellic acid pathway with a role in tuber morphogenesis or tomato 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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AHHoOTauus. Bupongpl, Heb6onblwre KonblLeBble mMonekynbl PHK, koTopble Bbi3biBAlOT MaToreHes y pacTeHui,
OCTAlOTCSA OAHUM U3 CaMblX HEOObIYHbBIX GMONOrMYECKX 0OBEKTOB, NPUBMEKAOWNX BHUMAHNE He TONbKO ¢u-
TOMaTONOrOB, HO U CMELNannCTOB B 0651aCT MOMEKYNAPHON 3Bontouun. B cTaTbe npmBefeH 0630p nociegHmnx
NUTEPaTYpPHbIX AaHHbIX O FeHeTVKe BMPOVAA BepeTeHOBUAHOCTM KiybHeln KapTtodena (BBKK) n reHeTuueckmnx
MexaHn3max GopMMPOBaHMA MATONOrMUYECKUX COCTOAHUI Y pacTeHuii-xo3seB. BBKK cnocobeH nepepaBatbea
BEPTUKabHO (Yepe3 reHepaTMBHbIE KIIETKM 3apakeHHOro pacTeHUs), HO, B OTIYME OT HEKOTOPLIX APYrUX BU-
pounaoBs, He nepefaeTca yepes MblibLy OT 3apaeHHOro pacteHus. bonbluon nHTepec y uccneposatenen Bbl-
3blBaeT CTPYKTypa reHomHol PHK Bupownaa pazmepom 359 HyKeoTMLOB: XOPOLLO M3BECTHO, YTO OCOBEHHOCTM
3D koHpopMaLmKM onpeaenaioT OCHOBHbIE MapameTpbl B3aMOAENCTBMA C KNETOYHbIMU GpakTopaMmn Ha CTaguu
pennnKauuy, TpaHcnopTa MeXay PasnMYHbIMU TKaHAMY B NMPoLiecce CMCTEMHON HGEKLMN, a TaKXKe CTEMEHb Bbl-
paXeHHOCTM cMMNTOMOB 3aboneBaHus. MNpu pennukaumm reHomHon PHK BMpongoB yacto nponcxogat owmnoKy,
npuBOAALLME K NOABNEHUIO reTeporeHHon nonynAunn monekyn PHK B TKaHAX 3apakeHHOro pacteHus. [Npume-
yaTesibHO, YTO Yepes 7 fHel nocse NHOKYNALMK TONbKo 25 % monekyn reHomHow PHK BBKK cooTtBeTcTBOBanm
VNCXOQHOW MaTpuLe, NCNONb30BaHHON ANA MHOKYNALMM, OfHAKO 3Ta fona yBenuuunacb Ao 70 % yepes 14 gHen
1 fanee ocTaBasacb Ha TOM »e ypoBHe. [10-BMaNMOMY, NPy COXPaHEHMN Y MYTaHTHbIX BapMaHTOB reHoMHoM PHK
CNoCcoBHOCTY K pennukaumm Brupons obnagaet BbICOKAM NOTEHLMANIOM K OTOOPY 3GPEeKTUBHbBIX MHOEKLMOHHBIX
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Potato spindle
tuber viroid

¢dopm. BBKK Bbi3biBaeT y nopaKeHHbIX pacTeHUI pa3BUTNE MMMYHHOTO OTBETa, MEXaHN3Mbl NHOYKLMN KOTOPO-
ro HeJOCTaTOYHO M3yYeHbl. MI3BeCTHbI CUNbHO- 1 cnabonaToreHHble wWTammbl BBKK, Bbi3biBatowme pasHble npo-
ABNeHNA 6onesHN, GeHOTUNNYECKME NPOABNIEHNA OT KOTOPbIX Yy MOPa)KeHHbIX PaCTEHUI B 3HAUMTENbHOWN Mepe
pa3nunuHbl. Cama no cebe pennukauma BUpovaa He 06A3aTeNnbHO NPUBOANT K BblPaXKeHHbIM GeHOTUMNYECKM
npoAsneHnam, B cnyyae BBKK oHM moryT 6bITb CBA3aHbI C yyacTKaMu romonornv mexay reHomHon PHK n mPHK
HeKOTOPbIX PerynaTopHbiX reHOB, HanpuMep TPaHCKPUNLUMOHHOTO pakTopa StTCP23 KapTodens, yuacTsytoLiero
B PerynaTopHOM KOHType rmb6epennHoBON KNCIOTbl 11 B KOHTpoOse MopdoreHesa KiybHa. [ipyroi npumep —
nHayKuna PHK-nHtepdpepenumn npotns MPHK rena FRIGIDA-like protein 3 y TomaTta, YTo NpUBOAUT K paHHEMY
LBeTEHMIO. B CBA3M € 3TM 06CyKAaoTCA NoTeHUManbHble cnocobbl 60pbObl C BUPOUAOM, OCHOBaHHbIE Ha yaa-
NEeHNN 13 reHoOMa pacTeHUii TaknxX y4acTKOB FOMOJIONM, PACrONIOXKEHHbIX B HETpaHCMpyembix obnactax MPHK
1 He BbIMOMHALWMX Kaknx-1n6o GyHKLMIA. B Lienom Buponabl npeactaBnaoT coboi yH1KanbHylo Moaenb Ans
nccnefoBaHrA OCHOB OpraHn3aLuy X1BbIX CUCTEM, MHOTME U3 KOTOPbIX BO3HUKIIN Ha PaHHMX 3Tarnax 3BOoLnn

1 OCTAlOTCA A0 CUX NOP He BblABNEHHDBIMI.

KnioueBble cnoBa: reHeTnKa BUpoOnAaa; natoreHes paCTEHVII7I.

Introduction

Viroids are highly structured circular single-stranded
RNAs, which are able to replicate in infected organism
and cause diseases from symptomless to lethal. Viroid
genomes vary in size from 250 to 400 nucleotides:
for example, it is 246 nt for Avocado sunblotch viroid
(ASBVd) and Coconut cadang-cadang viroid, and 401 nt
for Chrysanthemum chlorotic mottle viroid (CchMVd)
(Srivastava, Prasad, 2020). Viroid genomes encode no
proteins and the mechanisms of their replication and
interactions with host cells are of great interest for
specialists in phytopathology, molecular biology and
molecular evolution.

Potato spindle tuber viroid (PSTVd) has been inten-
sively investigated because of the adverse effects it has
on potato yield. Solanum tuberosum is a vegetatively
propagated crop, and thus it is especially vulnerable
to viruses and viroids. PSTVd alone or in combination
with viruses can decrease the yield of susceptible po-
tato varieties from 40 to 70 % (Annenkov, 2000). The
list of symptoms commonly includes leaf deformation,
irregular tuber shape and development, slower sprout-
ing, stunted phenotype, etc. Here we review recently
published data on the PSTVd molecular genetics and
the mechanisms mediating its specific pathological
phenotypes.

PSTVd genome structure,

RNA population, and quasispecies

PSTVd strains can cause different symptoms. For in-
stance, inoculation of tomato with PSTVd-Dabhlia strain
results in mild symptoms, while PSTVd-Intermedi-
ate strain causes a severe phenotype. Their genomes
differ in nine positions, six of which are located in
structured RNA parts (the left terminal domain and the
pathogenicity domain). It was reported that mutation at

pos. 42 decreases severity and viroid synthesis and mu-
tation at pos. 64 affects stunting. In general, enrichment
of mutations in genomic RNAs revealed positions with
importance to symptom severity and viroid replication
intensity (Kitabayashi et al., 2020). The viroid genome
encodes no proteins and its replication depends on the
host cellular machinery. The 3D-structure of the viroid
RNA genome mediates its interaction with cellular
proteins, for example, loop 27 (pos. 177-182) similar
to a structural element in the 3’-UTR of animal histone
mRNAs was found to be important for PSTVd replica-
tion and transport through host tissues.

Viroids are considered appropriate models for study-
ing regulatory and catalytic RNAs as well as RNA-
mediated control of cellular processes. Interestingly,
the PSTVd genome contains 17 G/U complementary
interactions and some of them are conserved and func-
tionally important for replication and systemic spreading
throughout plant tissues (Wu J. et al., 2020). Artificial
RNA constructs derived from viroid genomes can form
circular molecules even in Saccharomyces cerevisiae,
suggesting that their processing mechanisms are highly
conservative (Friday et al., 2017).

Interestingly, viroid replication is error-prone, which
results in a population of diverse genomic RNA mole-
cules (“quasispecies”). The most frequent PSTVd ge-
nomic variants were analyzed at different time points
after inoculation of tomato plants. It was found that at
seven DAI only 25 % of the sequenced PSTVd genomes
were identical to the master copy, but its frequency grew
up to 70 % at 14 DAI and remained the same at 28 DAI
(Adkar-Purushothama et al., 2020). It is likely that viroid
replication produces a large variety of structural variants
with different effects on host defense and the severity
of disease symptoms. Viroids that replicated in plastids
had higher mutation rates (1/800-1/1000 nucleotides)
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than those that replicated in nuclei (e. g., the mutation
frequency for PSTVd varies between 1/3800 and 1/7000)
(Lopez-Carrasco et al., 2017).

Mutations in the viroid RNA genome can cause dif-
ferent effects on its replication and life cycle. Three
engineered PSTVd genomes with small deletions or
insertions were characterized (Wiesyk et al., 2017). In
two cases, the viroid lost the replication ability, while, in
one case, it was still replicating, but its genome stability
was decreased. Further analysis of inoculated tomato
plants revealed frequent cases of reversion to the master
copy and a variety of new stable genomic variants. It is
likely that viroid genomes can evolve rapidly (Wigsyk
etal., 2017).

Viroids may be transmitted both vertically (through
micro- or macrospores of infected plants) and horizon-
tally (with pollen of infected plants). PSTVd is transmit-
ted to future generations through macrospores, while
some other viroids (e. g., tomato planta macho viroid,
TPMVd) spread with pollen (Matsushita et al., 2018).
The terminal left (TL) and pathogenicity (P) domains
of the TPMVd genome were found to be responsible for
pollen-mediated transmission (Yanagisawa et al., 2019).
Interestingly, pollen grains from infected Petunia plants
could infect tomato, 1. €. viroid transmission does not
require fertilization (Yanagisawa, Matsushita, 2018).

Pathogenesis mechanisms,

plant defense mechanisms,

and RNA interference

Inoculation of potato plants with PSTVd resulted in the
accumulation of jasmonic acid in leaves, castasterone
in leaves and roots, indole-3-acetic acid in tubers and
no increase in salicylic or abscisic acids. In addition,
viroid infection induced accumulation of reactive
oxygen species (ROS) and enhanced the activity of
antioxidants (Milanovi¢ et al., 2019). A metabolomic
analysis revealed considerable changes in the content
of 79 substances associated with 23 metabolic chains
(Bagherian et al., 2016).

The molecular mechanisms associated with the se-
verity of symptoms caused by different viroid strains
remain underinvestigated. It is considered that symptoms
depend on the host genotype and plant growing condi-
tions (temperature, humidity, etc.). A comparison of the
transcriptomes of tomato leaves after inoculation with
either severe or mild PSTVd strains revealed more than
3000 DEGs; however, most of them were specific for the
severe strain. Symptom severity were likely correlated
with the expression of the genes coding for the C2C2-
GATA transcription factor and the growth regulatory
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factor (GRF) (Wigsyk et al., 2020). Similar results were
obtained for tomato roots inoculated with the mild and
severe PSTVd strains: in addition to differences in ex-
pression between the genes controlling the induction of
defense response, significant differences in expression
were found between the genes for lignin biosynthesis
and cell wall formation, and the genes of the auxin and
cytokinin transduction pathways (Goéra-Sochacka et
al., 2019). Viroids produce neither proteins nor typical
pathogen-associated molecular patterns (PAMP), and
so the mechanisms of the induction of defense response
remain unclear (Zheng et al., 2017; Nath et al., 2020).

The replication of viroids, their accumulation and
traffic between plant tissues do not necessarily result
in the development of disease symptoms. The severity
of symptoms strongly depends on the viroid strain and
host genotype. It is quite likely that some viroids infect
plants without producing visible symptoms (it is pos-
sible that there are many undiscovered symptomless
replicons persisting in the populations of host orga-
nisms). Interestingly, the disease symptoms may result
from the RNA-interference induced by highly structured
viroid genomic RNAs or replication intermediates. The
viroid-derived siRNAs may target some host mRNAs
and change the expression levels of the corresponding
genes. If these genes participate in the control of plant
development, physiological or biochemical processes,
their suppression may result in the disease phenotype.

PSTVd infection stunts potato growth, results in aber-
rations in leave and tuber morphology and decreased
yield. It was found that PSTVd induces siRNAs re-
lated to the St7TCP23 transcription factor (the teosinte
branched1/Cycloidea/Proliferating cell factor). The
StTCP23 mRNA 3’-UTR contains a 21-nucleotide-
long segment complementary to the VMR (virulence-
modulating region) of PSTVd strain RG1. Experimental
suppression of StTCP23 with artificial microRNAs
resulted in a potato phenotype similar to PSTVd disease
symptoms. The functions of this gene are related to the
gibberellic acid signal transduction pathway control-
ling plant growth and tuber development (Bao et al.,
2019).

Flores et al. (2020) demonstrated that infected plants
contain vd-sRNAs (viroid-derived small RNAs) able
to interact with Argonaute proteins. PSTVd replication
takes place in the nucleus and in this case vd-sRNAs
appear at later stages of infection when systemic de-
fense response is already a factor. Peach latent mosaic
viroid (PLMVd) replicates in plastids and in this case
vd-sRNAs appear at an early infection stage locally
(Flores et al., 2020).
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In another study (Adkar-Purushothama et al., 2018),
one of the PSTVd-induced vd-sRNAs targeted the
mRNA of tomato FRIGIDA-like protein 3. Tomato
plants infected with severe strains of PSTVd are charac-
terized by early flowering. Experimental suppression of
FRIGIDA-like protein 3 results in a similar phenotype
(Adkar-Purushothama, Perreault, 2018; Adkar-Puru-
shothama et al., 2018).

RNA-interference is the mechanism controlling host
defense against viruses and viroids. Experimental sup-
pression of the Dicer 2 and Dicer 4 genes in tomato
resulted in viroid accumulation and more severe symp-
toms. Interestingly, these proteins also take part in ROS
generation and their absence interferes with the general
defense response (Suzuki et al., 2019).

Eukaryotic mRNAs consist of the CDS and the 5'- and
3'-untranslated regions (UTRs). The 5'-UTR is respon-
sible for translation initiation, while the 3’-UTR can
influence mRNA cytoplasmic stability (Kochetov et al.,
2002, 2004a, b; Kochetov, Sarai, 2004; Volkova, Ko-
chetov, 2010; Ventoso et al., 2012). Self-complementary
double-stranded RNAs (dsRNAs) are commonly used
for engineered RNA-interference. Unlike CDS, most
3’-UTRs are not evolutionarily conserved and can be
used as regions of choice for dSSRNA-mediated selective
gene suppression. Indeed, gene editing may be applied to
remove the segment homologous to the viroid genome
from the 3’-UTR regions of the host genes related to
disease symptoms. Making viroid infection symptom-
less may strongly decrease yield loss and provides a new
way for the molecular breeding of resistant cultivars
(Kochetov et al., 2004b).

Bioinformatics methods

for viroid detection and analysis

NGS techniques have provided a way for a systemic
large-scale analysis of transcriptomes and revealed
a large variety of new viruses and viroids. Computational
methods for viroid detection are commonly similar to
those developed for viruses (Burger, Maree, 2015; Pec-
man et al., 2017).

It should be noted that the population of virus or
viroid genomic molecules in the tissues of the infected
organism may be heterogeneous because of frequent
replication errors. These genomic variants are considered
quasispecies (Brass et al., 2017). Thus, computational
identification of viroids is frequently based on a combi-
nation of mapping reads to the known viroid sequences
from databases and de novo sequence assembly. Viral
RNAs may consist of a small part of the cellular tran-
scriptome, and for that reason high coverage sequencing
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data are needed for a reliable detection of viroids — or
special methods for viral RNA enrichment should be ap-
plied (Roossinck, 2012). In other words, the search for
viruses and viroids in metatranscriptomes is relatively
expensive.

Computational analysis for viroid detection may in-
clude (Wu Q. et al., 2015):

1. Analysis of transcriptomes to reveal and describe
viral/viroid RNAs.

2. Characterization of the population of viroid RNA
molecules in tissues of an infected organism.

3. Characterization of viroid RNA genomes in a natural
or a model population of host plants.

To increase sensitivity, it seems reasonable to deplete
mRNA libraries of fractions of small or ribosomal
RNAs. A comparative analysis of these approaches on
nine transcriptomes of infected plants demonstrated that
the depletion of small RNAs in the libraries increased
the sensitivity of detection of viroids and viruses with
single-stranded DNA genomes, while the depletion of
ribosomal RNAs was efficient for viruses with RNA
genomes (Pecman et al., 2017).

The Viral Surveillance and Diagnosis (VSD) pipeline
was developed for viroid identification (Barrero et al.,
2017). Short (21-24 nt) sequencing reads are taken as
input. The pipeline consists of several modules (see
Figure). The first module (a) assembles the genomes
from short reads and performs adapter trimming, a
quality check and removal of poorly assembled RNAs.
SPAdes (Bankevich et al., 2012) and CAP3 (Huang,
Madan, 1999), genome assembly tools, are used to
select contigs longer than 40 nucleotides. The second
module (b) contains programs for identification of
transcripts corresponding to the host genome, viruses
and viroids through a comparison with nucleotide and
protein sequence databases with the aid of BLASTN and
BLASTX (Altschul et al., 1997). The third module (¢)
provides tools for prediction of new viroids. For this
purpose, RNA contigs between 200 and 460 nucleotides
are checked for the presence of 5'- and 3’-end overlaps
characteristic of circular molecules.

The method of viroid identification on the basis of
comparison with reference sequences was developed
by Brass et al. (2017). It consists of modules for execu-
ting a standard protocol: removal of adapters and
poly(A)-tails with PrinSeq (Schmieder, Edwards, 2011)
and TRIMMOMATIC (Bolger et al., 2014) followed by
quality checking and filtering with SEGEMEHL, and
alignment onto the reference database (Otto et al., 2014).
This tool supports identification of viroid quasispecies
in RNA libraries. It was used for analysis of tomato
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of known sequences
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Search for
novel viroid sequences

Sequences
[BLASTN] 200-460 nt in length
(a database
of nucleotide sequences:
RNAs and DNAs of plants, v

viruses and viroids)
Searching for

5'-and 3'-terminal

fragment overlaps
[BLASTX] l

(a database
of amino acid sequences
from plants and viruses)

Novel
viroid sequences

Sequences
of known viroids

The VSD pipeline for identification of viral and viroid sequences in plant transcriptomic data.

The pipeline consists of three modules: a, de novo sequence assembly; b, identification of the known sequences of plant viruses and
viroids; ¢, the search for novel viroid sequences. Adapted from Barrero et al. (2017) Fig. 1.

cultivar ‘Heinz 1706’ transcriptomes bearing PSTVd
strains QFA, C3 and AS1, ‘Rutgers’ transcriptomes
with PSTVd strains M and I, and transcriptomes of four
tomato cultivars infected with PSTVd strain RG. The
results obtained were useful for evaluation of viroid
evolutionary dynamics (Brass et al., 2017).
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Methodological approaches for producing doubled haploids
in sugar beet and red beet (Beta vulgaris L.)
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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 ge-
nerations to reach a sufficient 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 bio-
technological approach in sugar and red beets. Protocols for the production of doubled haploids for B. vulgaris spe-
cies 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 car-
ried outin 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 stu-
dies 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.
Key words: Beta vulgaris; haploid technology; gynogenesis; microspore culture; embryogenesis; doubled haploids.
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MeToanuecKye IOAX0Abl CO3JaHVs VIBOEHHbBIX rallJIOVIOB
caxapHOIi ’ CTOIOBOI CBeKJIbI (Beta vulgaris L.)

T.P. [puroaasa ®, A.B. Bumnskosa, A.A. Cunuupina, A.B. Boponuna, O.H. 3y6xo, O.B. 3yaosa, C.I. Monaxoc

Poccumincknin rocynapcTBeHHbIV arpapHbin yHuBepcnteT — MCXA nmenn KA. Tummnpasesa, Mocksa, Poccua
® grigolaval@gmail.com

AHHoTauus. [POU3BOACTBO YABOEHHbIX rarionAoB in vitro — akTyanbHbIi GMOTEXHONOMMYECKUiA Cnocob ycKo-
PEeHHOro co3aHuA POANUTENbCKUX IMHWIA Ana cenekummn rnbépugos F1. B otnndme oT Knaccuyeckoro MH6pranHra
Bpems CO3aH1A FOMO3UTOTHbIX IMHUIA CBEKIbI (Beta vulgaris) ¢ NOMOLLbIO TEXHONOMMI YABOEHHbIX raniougoB co-
KpallyaeTtcs ¢ NATU-LIEeCTU A0 ABYX NOKoNeHnn. lmHoreHes ABnseTcsa Hambonee pacnpocTpaHeHHbIM 6UOTEXHONO-
rMYecKUM METOLOM MPOV3BOACTBA YABOEHHbIX ranjiongoB CaxapHO 1 CTONOBOW CBeKIlbl. [1pOTOKONbI NPOU3BOA-
CTBa YABOEHHbIX ranjongos Ans BuaoB B. vulgaris HEeMHOrouMcneHHbl 1 pa3paboTaHbl B OCHOBHOM AJisi CaXxapHOW
cBeknbl (B. vulgaris convar. saccharifera Alef.). Han6onblunin ycnex JOCTUrHYT B NPOV3BOACTBE YABOEHHbIX raniou-
[IOB CaxapHOW CBeKJIbl TMHOrEHE30M B KyJbType 130/MPOBaHHbIX CEMA3aYaTKoB. [1na cTonoBow ceknbl (B. vulgaris
convar. esculenta Salisb.) npoBefieHbl eAVHNYHbBIE NCCNEAOBAHNA C MOKAa3aHHOM HI3KOM 3GpdEKTUBHOCTbIO NPOM3-
BOJCTBA ranfiovAHbIX PacTeHW aHAPO- i TMHOTeHe30M. B uTore npoToKosbl NPon3BOACTBA YABOEHHbIX ranaonaos
CTONOBOW CBEKJIbl OTCYTCTBYIOT, @ MPOTOKOJIbI, pa3paboTaHHbIe A CaxapHO CBeKIbl, HeaDPEKTHBHbI AN CTOMO-
BOWi, HECMOTPA Ha NPVHAANIEXXHOCTb K OAHOMY Buay. MiccneaoBaHysA Npovi3BOACTBA YABOEHHbIX ranjiongos nytem
aHfporeHesay npefcTaBuTeneii poaa Beta akTyBHO NpoBoAMNNCh B 70-80-X IT. NPOLUIIOro CTONETUS 1 He 3aKOHYN-
NINCb NOMyYeHneM pacTEHN-pereHePaHTOB, OfHAKO B HAcToALLee BpeMs CPeAr yUeHbIX CHOBa BO3HUK MHTEpeC K
JaHHOMY MEeTOZy 1 B Pa3HbIX CTPaHax BO30OGHOBNEHbI PaboTbl MO U3yUYeHWio aHAporeHe3a y npeacTaBuTenein poaa
Beta. CtaTba cofepmT 0630p UccnefoBaHunii, NOCBALLEHHbIX CO3AaHUI0 YABOEHHbIX ranionaos; 06CyKaeHune nog-
XOA0B PeLLEeHNsi OCHOBHbIX NPO6GeM Npw NOMYyYeHUN YABOEHHbIX rarnionaoB 1 METOLOB, NO3BOJIAIOLMNX NOBbICUTb
BbIXO[] SMOPUOUNIOB 1 PacTeHUI-PEreHepaHTOB, a TaKXe YABOEHHbIX ranionaoB y pacTeHuii Buaa B. vulgaris.
KnioueBble cnoBa: Beta vulgaris; rannonHble TEXHONOMW; TMHOTEHe3; KylbTypa MUKPOCMOP; SMOpMoreHes; yaso-
€HHble rannousi.
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Introduction

Subspecies of B. vulgaris is a valuable vegetable (red
beet), fodder (feed beet) and technical (sugar beet) crops.
Currently, the main trend in the breeding of these crops is
development of F1 hybrids, based on the crossing of two
homozygous parental lines. The traditional method to de-
velop homozygous lines is inbreeding by self-pollination
followed by selection of phenotypically uniform families
over a minimum of 4—6 generations; this procedure takes
8—12 years for biennial crops (De La Fuente et al., 2013).
The long-term development of parental lines by inbreed-
ing is one of the limiting factors and a major problem in
competitive F1 hybrids breeding. Doubled haploids (DH)
technologies offer a time-saving approach to obtaining
pure breeding lines by reducing the period to approxi-
mately 3—5 years (Zhuzhzhalova et al., 2020) and even less.
A significant advantage of the doubled haploid production
technology is the ability to achieve fully homozygous
plant genotype in one generation. Another advantage of
DH technology is the manifestation of recessive alleles in
haploid plants masked in a heterozygous state in diploid
plants, which facilitates the identification, assessment, and
selection of plants with traits of agronomic importance
(Doctrinal et al., 1989; Klimek-Chodacka, Baranski, 2013).

Doubled haploids of agricultural plants are produced
in vivo by parthenogenesis or in vitro by isolated micro-
spores culture, anthers, unfertilized ovules, etc. (Palmer,
Keller, 2005). Among available DH technologies, the
isolated unfertilized ovules culture (gynogenesis) is com-
monly used for doubled haploid production in B. vulgaris,
particularly in sugar beet.

Sugar beet isolated unfertilized ovules culture is a simple
but also a laborious technology. The frequency of embryos
formation of the most responsive genotypes could reach
15 embryos per 100 cultivated ovules (Wremerth, Levall,
2003). Besides, the forming of mother plant clones from the
somatic cells surrounding the embryo sac is not excluded.
That makes it necessary to develop reliable methods for
homo- and heterozygotes differentiation with the selection
of'the homozygotes among regenerated plants. Isolated mi-
crospores culture is a technology that avoids the culturing
of somatic cells and somatic embryo formation.

Isolated microspores culture technology and isolated an-
thers culture of beets was considered ineffective for a long
time, and researchers managed to obtain only callus or pro-
embryo structures without further regeneration, or somatic
clones (Banba, Tanabe, 1972; Goska, Rogozinska, 1981;
Van Geyt et al., 1985; Herrmann, Lux, 1988a). In 2017
Polish researchers managed to obtain embryos of red beet
in microspores and anthers culture, however, the unrooted
rosettes obtained from them died (Gorecka et al., 2017).

The purpose of this review is to collect and summarize
data by various DH production approaches in B. vulgaris
cultures, as well as outline the main problems and the ways
to solve them.
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Historical overview

of Beta DH technology development

The first haploids of sugar beet were discovered in 1945
by A. Levan (1945), later similar discoveries were re-
ported by K. Zimmermann (1953), H.E. Fischer (1956),
Th. Butterfass (1959), A. Kruse (1961) and B.L. Hammond
(1966). Haploids were obtained from four types of material:
1) progeny of plants treated with polyploidizing agents;
2) offspring obtained from seeds of diploid or anisoploid
varieties; 3) offspring obtained by vegetative propagation
of diploid, cytoplasmically male sterile plants; 4) from
anisoploid sugar beet plants.

Work on the experimental production of sugar beet hap-
loids was started by N. Bosemark (1971): after pollinating
sterile diploid beet plants with tetraploid plant pollen, he
found about 0.2 % of haploids in the offspring. Attempts
to produce haploids using distant hybridization were car-
ried out in 1983 in Czechoslovakia: I. Seman crossed
male sterile sugar beet plants with salad beets: the haploid
yield was 0.013 % (Seman, 1983). A. Buchter-Larsen
(1986) proposed an original method for the production of
haploids — he combined pollination with irradiated pollen
and the subsequent rescue of embryos, however, almost all
plants turned out to be heterozygous for one or more genes.
The obtained embryo rescue from pollination with pollen
from other Beta species resulted in a relatively high yield
of non-haploid plants (Buchter-Larsen, 1986). Since this
method provided a low yield of haploids and was extremely
laborious, the researchers abandoned attempts to produce
doubled haploids in vivo.

Androgenesis is a simple and effective way of produc-
ing haploids in vitro in many crops. In the genus Beta,
researchers have also attempted to produce haploids using
isolated anther cultures. The first attempts to produce sugar
beet haploids in vitro were undertaken by H. Banba and
H. Tanabe (1972); when cultivating isolated anthers, they
obtained one plant, the origin (somatic clone or haploid)
of which is not indicated. M. Goska and J.H. Rogozinska
(1981) continued their research on the cultivation of iso-
lated sugar beet anthers and produced plants that were not
androgenic.

D. Hosemans and D. Bossoutrot (1983) developed nutri-
ent media for the cultivation of isolated ovules and carried
out cytological studies of ovules developing on culture
media. Their results showed that ovules containing a ma-
ture 7-nuclear embryo sac are most prone to in vitro de-
velopment. The researchers obtained 17 haploid plants
from 7237 isolated sugar beet ovules from male sterile
donor plants.

Researchers have repeatedly attempted to obtain hap-
loid beet plants by cultivating anthers or isolated micro-
spores, however, they either failed to obtain full-fledged
regenerant plants (Van Geyt et al., 1985; Gorecka et al.,
2017; Gontarenko, Gerasimenko, 2018), or they were not
haploids (Herrmann, Lux, 1988a). Therefore, gynogenesis
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became the main haploids producing method in sugar and
red beets.

The bulk of research on the study of gynogenesis was
carried out on sugar beet. Researchers studied the influence
on the frequency of embryogenesis and embryo germina-
tion/regeneration into a haploid plant of such factors as the
type and concentration of growth regulators (D’Halluin,
Keimer, 1986; Herrmann, Lux, 1988b; Ferrant, Bouhar-
mont, 1994; Podvigina, 2003; Wremerth, Levall, 2003;
Pazuki et al., 2018b), cold pretreatment of buds and ovules
(Herrmann, Lux, 1988b; Svirshchevskaya, Dolezel, 2000;
Podvigina, 2003; Pazuki et al., 2018b), shock stimulation
by high temperatures of isolated ovules (Baranski, 1996;
Wremerth, Levall, 2003), the time of ovule introduction
into the culture in vitro (Lux et al., 1990; Baranski, 1996),
the arrangement of buds on the inflorescence (D’Halluin,
Keimer, 1986; Doctrinal et al., 1989; Podvigina, 2003), etc.

The gynogenesis of red beet is less studied. This topic
was studied by R. Baranski (1996), who deliberated the
effect of media growth regulators and the cultivation tem-
perature of isolated ovules on the yield of embryos and
callus, as well as the effect of the season of the year and
mother plants growing condition (greenhouse/field) on the
yield of regenerants. R. Baranski showed that the yield of
regenerants is higher from the ovules taken from donor
plants grown in the greenhouse compared to the field-grown
donor plants. However, there was no significant difference
in culturing efficiency of ovules obtained from donor plants
grown in spring and summer seasons.

Factors affecting DH production efficiency

by isolated ovules culture

The process of haploid production is determined at the
genetic level, but it is implemented depending on physi-
ological conditions and inducing factors, which directly af-
fects the frequency of haploid regenerants (Baranski, 1996;
Podvigina, 2003). Major factors are the genotype of donor
plant, the developmental stage of the female gametophyte,
the location of the bud on the inflorescence.

Exogenous factors are of high importance and they af-
fect the regenerative ability of cultivated ovules. These
factors include season and duration of growing (age) of
donor plants, cold and X-ray treatment of flower buds, the
percentage ratio of growth regulators in culture media, tem-
perature and other cultivation conditions of isolated ovules
(Van Geytetal., 1987; Lux et al., 1990; Gurel et al., 2000).

Among the factors influencing the embryogenesis effi-
ciency, genotype is considered the most significant. Re-
searchers pointed out that the most responsive to the ino-
culation of isolated ovules into the culture media are the
hybrids and inbreed lines, but the CMS lines and variety-
population have the lowest regenerative ability (Gurel et
al., 2000; Podvigina, 2003).

In the genus Beta, a study of the number of genes, which
controls the ability of genotypes in terms of forming em-
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bryos in vitro, was not carried out, probably, due to the low
responsiveness of genotypes and also the technical labori-
ousness which is conjugated with haploids production. Re-
sponsive genotypes can be identified only experimentally.
The responsive marker of sugar beet genotype may be the
presence of abnormal structures in the male gametophyte
(the presence of abnormal pollen grains and microspores)
caused by dysfunction of the spindle apparatus, irregular
formation of a callose wall, and the absence of cytokinesis
during meiosis (Podvigina, 2003).

The selected buds location on inflorescence and the
embryo sacs’ development stage are essentially important
in sugar beet haploids induction. The highest regenerative
activity is characterized by unfertilized ovules from buds 1
to 25 starting from bottom to top, the flower in the middle
part of the inflorescence. In addition, the maximum yield of
haploids is noted through the central shoot and first-order
shoots compared to second-order branches (D’Halluin,
Keimer, 1986; Doctrinal et al., 1989; Podvigina, 2003).
The embryogenesis ability of isolated ovules is saved at all
stages of the female gametophyte development; however,
the 7th and 8th nuclear embryo sacs are the most responsive
to embryogenesis and more easily pass from the gameto-
phytic developmental pathway to the sporophyte one (Van
Geytetal., 1987; Podvigina, 2003). Markers of the 7th and
8th nuclear development stages of the ovule embryo sac for
isolation and in vitro culture inoculation are the presence of
mononuclear microspores and two-to three-core pollen in
the anthers with ovules in one bud (Podvigina, 2003). Buds
containing ovules at the appropriate stage of development
can be found 1-5 days before flowering.

Donor plants growing

Donor plants preparation is one of the most fundamental
stages in doubled haploids production technology. Donor
plants must be vigorous and healthy enough to produce
high quality explants. W.E. Wremerth and M.W. Levall
(2003) recommend adding solutions of macro- and micro-
fertilizers weekly in order to grow healthy. Most research-
ers recommend growing donor plants in greenhouses or
climatic chambers to minimize the impact of unfavorable
weather factors and pest damage (Lux et al., 1990; Baran-
ski, 1996; Gurel, 2000; Wremerth, Levall, 2003). However,
in O.A. Podvigina studies (2003), the ovules which were
taken from plants in the field had the highest regenerative
capacity.

It is recommended to grow donor plants in summer; since
the ovules from such plants are more responsive to in vitro
cultivation compared to the ovules from those grown in
autumn-winter season (Lux et al., 1990; Baranski, 1996).
0.A. Podvigina (2003) made an interesting observation in
terms of the relationship between the regenerative ability of
ovules and climatic conditions during introduction period
into culture — with sharp fluctuations in day-night air tem-
perature, the yield of haploid seedlings has been increased.
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Embryogenesis induction

In B. vulgaris, heat treatment of buds and isolated ovules
is used to stimulate embryogenesis: most often, the buds
are pretreated at low temperatures 4-6 © C for up to 5 days,
followed by the cultivation of isolated ovules at 28-32 ° C
(Lux et al., 1990; Baranski, 1996; Gurel et al., 2000;
Podvigina, 2003; Wremerth, Levall, 2003). A. Pazuki et
al. (2018b) showed that treatment of inflorescences for
7 days at 4 °C can stimulate embryogenesis in ovules; then,
isolated ovules were cultivated at 27+2 °C in a climatic
chamber with an 18-hour photoperiod. O.A. Podvigina
(2003) directly cultivated isolated ovules of sugar beet at
4 °C for 5 days, which stimulated their development even
on B5 hormone-free medium, however, the highest yield
was observed on B5 medium supplemented with 2 mg/L
gibberellin.

O.A. Podvigina (2003) used ovules pretreated with
X-rays to stimulate embryogenesis. Studies showed that
the yield of haploid regenerants depended on the X-ray
dose, the maximum frequency was 5.3 % at a treatment
dose of 3000 roentgens, an increase in the radiation dose
to 5000 roentgens did not have a stimulating effect and led
to the appearance of unwanted mutations.

Many authors recommended isolated ovules cultivation
at high temperature before the embryoids appearance (Lux
et al., 1990; Baranski, 1996; Wremerth, Levall, 2003).
However, there are also studies on lower temperature
cultivation of isolated ovules (Baranski, 1996; Podvigina,
2003). O.A. Podvigina (2003) cultivated isolated sugar
beet ovules at a temperature of 21-26 °C and showed that
the optimum temperature is 23-25 °C. W.E. Wremerth
and M.W. Levall (2003) developed a protocol to produce
doubled sugar beet haploids, and according to the authors,
the optimal temperature for isolated ovules cultivation is
30+2 °C; the maximum frequency of embryo formation
in the most responsive genotypes was 15 %. R. Baranski
(1996) conducted research on the influence of the tem-
perature of isolated ovules cultivation in beet on the yield
of embryoids. It was found that the temperature of 25 °C
was the least favorable for development, and regenerant
yield from the ovules was 4 %; there were no significant
differences in regenerant yield between temperatures of 27
and 32 °C and the yield was 12.7 and 11.3 %, respectively.

The isolated ovules are usually incubated in the dark until
the appearance of embryoids/callus, after which they are
placed in separate culture vessels and cultured in the light.

Culture medium
The cultivation conditions of isolated ovules affect both
the number of regenerants (embryoids and callus) and
their quality. The correct selection of culture medium is
important for the production of haploid plants in the culture
of isolated ovules.

Researchers use different nutrient media to cultivate
isolated ovules, MS, N6, B5. The most commonly used
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solid media are MS and B5 with the addition of various
growth regulators. Ovules were cultured on liquid media
by H. Lux et al. (1990) and E.N. Vasilchenko et al. (2017).
E.N. Vasilchenko et al., studying the effect of nutrition me-
dia concentration, showed that the proliferation of nuclei
and cells of female gametophyte was activated on a liquid
media, which had an effect on the initiation of neoplasms,
and after transferring the resulting structures to solid media,
the induction of haploid regenerants was observed.

Agar, agarose, and phytagel are usually used for culture
media gelation in case of beet isolated ovules culture.
Basically, for the culture of isolated ovules, media with
the addition of agar or agarose are used (Baranski, 1996;
Podvigina, 2003; Wremerth, Levall, 2003). W.E. Wremerth
and M.W. Levall (2003) recommended using agarose as a
gelling agent for embryo induction and doubled haploids
production in sugar beet as well as agar in shoot and root
induction media. In the studies (Gurel et al., 2000; Pazuki
et al., 2017; Vasilchenko et al., 2017) was noted a positive
effect of phytagel at a concentration of 2-3 g/L on embryo-
genesis and regeneration; its advantages are low consump-
tion, low cost and impact similar to agar.

Growth regulators have the most significant influence
on the development of explants (Seman, Farago, 1990;
Gurel et al., 2000; Podvigina, 2003). During the culture,
there are five pathways of development of unfertilized
isolated ovules:

1. One embryoid is formed from the ovule (direct regene-
ration).

2. The ovule cells divide disorganized, resulting in the
formation of callus tissue, from which secondary em-
bryoids are formed.

3. Degeneration of the primary regenerant into a callus-like
structure and further secondary regeneration through the
formation of adventive shoots.

4. Formation of non-morphogenic callus.

5. Formation of amorphous structures, transformation
of the primary regenerant into a callus-like formation
without further regeneration (Seman, Farago, 1990;
Podvigina, 2003).

O.A. Podvigina (2003) and E.N. Vasilchenko et al.
(2017) indicated that adding gibberellin (2 mg/L) to the
culture medium causes embryogenesis, adding of auxins
(IBA) and cytokinins (6-BAP and kinetin) to gibberellin
stimulates the growth of callus along with embryoids and
morphogenesis through all possible pathways of develop-
ment of isolated ovules.

W.E. Wremerth and M.W. Levall (2003) recommended
using stepwise cultivation of isolated ovules on media with
various combinations and concentrations of growth regu-
lators. At the first stages of cultivation, media containing
2.4-D 0.5 mg/L and 6-BAP 0.3 mg/L are used in order to
induce embryo or callusogenesis.

Sucrose is added to the medium as a source of carbohy-
drates. However, there is no consensus on the amount of
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sucrose in the culture medium, sucrose concentration varies
within 30-100 g/L, depending on the technology. S. Gurel
and his colleagues recommended adding sucrose to the
medium for sugar beet embryogenesis at a concentration of
100 g/L (Gurel et al., 2000; Pazuki et al., 2018a, b). R. Ba-
ranski (1996) used culture media with the addition of 60 g/L
sucrose to induce gynogenesis in red beet. W.E. Wremerth
and M.W. Levall (2003) added 80 g/L sucrose to the em-
bryo-induction medium and 20 g/L to the shoot-induction
medium to produce sugar beet doubled haploids. H. Lux et
al. (1990) added sucrose 100 g/L to the embryo induction
medium and 20 g/L to the regeneration medium. The yield
of embryoids varies greatly (widely) in each study, which
makes it difficult to choose the optimal concentration of
carbohydrates in the medium. However, in all studies, a
general tendency is observed to induce embryogenesis, so
that media with an increased content of carbohydrates are
used, and for regeneration with a reduced one.

S. Gurel et al. (2000) have demonstrated that the ad-
dition of 0.5 % activated charcoal to the culture medium
significantly increases the yield of embryoids (on average
for genotypes from 3.3 to 12.8 %), and E.N. Vasilchenko
et al. (2017) have indicated that the addition of 3 g/L of
activated charcoal negatively affects the development of
sugar beet regenerant plants, which may be due to the ad-
sorption of hormones from the media. At the same time,
E.N. Vasilchenko recommends the use of activated char-
coal at the rooting stage, which can crucially increase the
yield of rooted plants due to the adsorption of phenolic
compounds that inhibit root formation.

While studying the induced embryogenesis of red beet,
R. Baranski (1996) found that the highest yield of regene-
rants was observed on N6 medium (by Chu) when using
a combination of 0.5 mg/L IAA and 0.2 mg/L 6-BAP; the
yield of regenerants amounted to a maximum of 8.3 %.

Plant regeneration

Plant regeneration from embryos and/or callus is one of the
most significant stages in doubled haploids development.
Researchers obtain regenerated plants either on the same
culture medium on which ovules are cultivated (Baranski,
1996), or using media with different concentrations and
growth regulators types (Podvigina, 2003; Wremerth,
Levall, 2003; Vasilchenko et al., 2017).

O.A. Podvigina (2003) indicated that haploid plants at
the first stages of development are characterized by poor
development and viability, due to their haploid status. The
death of plants at this stage can reach 45.5 %, depending
on the genotype of the donor plant. To increase the yield
of regenerant plants, it was proposed to introduce a stage
of stabilization of haploids, including sequential plant-
regenerants cultivation on media without the addition of
growth regulators, gibberellin, 6-BAP, and IBA. Several
passages with alternating cultivation on media with growth
regulators and without growth regulators made it possible to
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reduce the excess hormones concentration in the haploids
tissues and stimulate them for further regeneration. It was
also noted during the study that the ability of regenerated
haploids to adapt to changing environment depends on the
genetic characteristics of donor plants.

W.E. Wremerth and M.W. Levall (2003) have developed
a technology of stepwise cultivation of sugar beet regene-
rants obtained from isolated ovules to solve the problem
of viability of developing regenerant plants. For the shoot
regeneration from sugar beet embryoids, it is recommended
to use MS culture media containing kinetin (0.2 mg/L) and
IAA (0.1 mg/L), the pre-root MS medium contains kinetin
at a concentration of 0.5 mg/L, IBA at a concentration of
0.55 mg/L. For rooting it is recommended to use 1/2 MS
medium with a high concentration of IBA (5.5 mg/L).
A. Pazuki et al. (2018a) studied the effect of adding an
anti-stress agent, the amino acid proline, on shoot and root
formation in regenerated sugar beet plants obtained from
isolated ovules. The addition of 0.2 or 0.3 mM proline to
media stimulated active shoot formation and faster root-
ing of plants in comparison with the complete absence
of proline or its concentration in the medium of 0.1 and
0.4 mM.

Polyploidization

The cells of plants regenerating from ovules can be haploid,
diploid, polyploid and occur in one regenerant in different
proportions. The level of spontaneous diploidization in the
studied accessions of sugar beet varies greatly: S. Gurel
et al. (2000) recorded that only 5 % of plants underwent
spontaneous diploidization; M. Goska (1997) obtained
from 2 to 10 % of diploid sugar beet plants, and according
to M. Tomaszewska-Sowa (2010), adding kinetin to the
media gives diploid plants up to 93.8 %.

There are no reliable data on the factors that affect the
degree of spontaneous diploidization of haploids; therefore,
it is necessary to transfer the obtained haploid plants to
the diploid level. Colchicine is usually used to double the
chromosome number of haploid regenerant plants (Gurel
et al., 2000; Podvigina, 2003). Haploid plants treatment is
carried out by treating the meristematic tissues of a root
crop or inflorescences with a solution of colchicine, by im-
mersing the roots in a solution of colchicine or in a culture
medium containing an antimitotic agent in vitro (Podvi-
gina, 2003). Concentration and exposure may vary greatly:
S. Gurel et al. (2000) recommended doubling the number
of chromosomes by placing haploid plants on a medium
supplemented with colchicine at a concentration of 5 g/L.
for 5 min. O.A. Podvigina (2003) pointed out 83.3 % the
rate of diploidization when adding 0.05 % colchicine to
the medium and exposure for 2 days.

Mixoploidy is a common phenomenon for sugar beet
meristems (Kharechko-Savitskaya, 1940; Yudanova et al.,
2004; Lukaszewska, Sliwinska, 2007); this complicates
determining ploidy level of the developed plants.
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The ploidy level of plants can be determined not only
by direct counting of chromosomes number in the meri-
stematic cells under microscope, but also by an indirect
indicator — the number of chloroplasts in guard cells of the
stomata (Yudanova et al., 2004). However, the chloroplasts
number in stomatal guard cells may depend not only on the
ploidy level, but also on the mode of reproduction (self-
pollination or crossing). For example, in a diploid heterotic
hybrid of sugar beet, the average number of chloroplasts
can be 12—15 pcs. per cell, while in self-pollinated samples
the average number of chloroplasts per cell is about 18,
which makes this indirect method unreliable (Maletskiy
etal., 2013).

The problem of determining the ploidy level of regene-
rated beet plants is solved by using flow cytometry (Go-
recka et al., 2017; Vasilchenko et al., 2017) or absorption
cytometry (Yudanova et al., 2004).

Some researchers (Podvigina, 2003; Tomaszewska-
Sowa, 2010) considered it possible to distinguish haploid
plants according to their phenotype: haploid plants are very
different from diploid ones — they have small, numerous
narrow leaves and a smaller habitus compared to diploids.

Microspores and anthers culture

Compared to gynogenesis, androgenesis is a less labori-
ous method, because it does not require the isolation of
small ovules. Isolated microspores culture allows to avoid
formation of somatic clones as in the case of gynogenesis
(from tissue surrounding embryo sac). In this connection,
research in this area is promising, but in the genus Beta,
such studies were rarely carried out and were not very suc-
cessful.

Culture of isolated microspores and anthers culture
are successfully used in many plant species to produce
doubled haploids. However, haploid induction by isolated
microspores and anthers in sugar beet and beetroot leads to
the formation of proembryo structures, which sometimes
form callus and/or roots. Early attempts to produce sugar
beet haploids in anthers culture did not lead to obtaining
androgenic plants (Banba, Tanabe, 1972; Goska, Rogozin-
ska, 1981; Van Geyt et al., 1985; Herrmann, Lux, 1988a).
One of the probable reasons for the failure of all researchers
may be the presence of amyloplasts in pollen grains, which
inhibits androgenesis due to the increased starch content
in the plastids of mononuclear microspores (Sangwan,
Sangwan-Norreel, 1987). The possibility of elimination
starch grains in beetroot microspores was studied by
K. Gorecka et al. (2017), for which two processing options
were investigated. In the first case, donor plants were ir-
rigated with a solution of gibberellin at a concentration of
50 mg/L, 250 ml per plant twice a week, which led to an
increase in the yield of androgenic regenerants in only one
of the accessions, while the other genotypes did not show
any change in the yield of embryoids, and in one genotype
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there was no regeneration at all. In the second case, iso-
lated anthers were kept in a solution of alpha-amylase at
a concentration of 3 mg per 80 ml of water (from barley
malt type VIII-A, Sigma-Aldrich) for 2 minutes, and then
transferred to a medium for the induction of androgenesis,
which led to the formation of 2 embryos in two genotypes.
The researchers failed to obtain the plants, because regene-
rated rosettes turned black and died. M. Klimek-Chodacka
and R. Baranski (2013) faced the same problem in some
genotypes of beetroot in unfertilized ovules culture, which
is connected with genotype-specificity.

K. Gorecka et al. (2017) obtained callus culturing iso-
lated microspores and anthers in beetroot. The authors
found that buds 1.3—1.5 mm long contain about 80 % of
microspores of the mononuclear stage of development
and about 15 % of the binuclear stage, which is the most
optimal for the culture of isolated microspores and anthers
in most crops. The authors indicated BS with the addition
of 100 g/L sucrose and 100 mg/L 2.4-D as the best culture
medium for the cultivation of anthers and microspores.
In the cytological examination of the obtained samples of
callus and rosettes, the ploidy level was 4x, which indicates
repeated endoreduplication in the callus tissue.

S.M. Gontarenko and G.M. Gerasimenko (2018) ma-
naged to obtain embryoids in the culture of isolated anthers
in sugar beet; the embryoid yield was 0.15-0.92 %. They
determined that the optimal stage of microspore develop-
ment for the anther culture is the mononuclear stage. They
showed that pretreatment of explants using low-tempera-
ture stress (4—8 °C) for 3—15 days is a factor initiating the
transition of microspores from gametophytic to sporophytic
development pathway, while pretreatment with high tem-
peratures (30-32 °C) does not give positive effect. The
best culture medium for the anther culture turned out to
be half-concentration MS with the addition of a number of
vitamins (B1 10 mg/L, B6 1 mg/L, PP 1 mg/L, C 1 mg/L)
and amino acids (glutamic acid 250-500 mg/L, aspartic
30-50 mg/L, tyrosine 1-10 mg/L, arginine 2—10 mg/L,
hydroxyproline 2—4 mg/L).

Conclusion

The development of homozygous lines using haploid tech-
nologies remains in demand by breeders around the world.
The production of pure lines using doubled haploids has
several advantages over conventional methods: homozy-
gosity is achieved in one generation, eliminating the need
for several generations of self-pollination. The time saved
is substantial, particularly in biennial crops. The most
developed technology for DH lines production in beetroot
nowadays is the technology of isolated ovules, which has
been developed mainly on sugar beets. This technology
for developing pure lines is rather laborious in compari-
son with the technology of isolated microspores culture.
However, the latter is practically not applicable due to the
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lack of research and efficient protocol. In this regard, the
study and development of the sugar and red beets doubled
haploids technologies based on isolated microspores culture
approach should be recommended.
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Problems of mini-pig breeding
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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 reproduction 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 bio-
medical 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 pheno-
types, 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 genealogical 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; agri-
culture.
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IIpo61eMbl ceseKIIuM IabopaTOPHbIX MUHM-CBUHET
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AHHOTauuA. B cTaTbe NpefcTaBneH 0630p Npobnem pasBeaeHnsa U cenekyum nabopaTopHbIX MUHK-CBUHeR. Hanbo-
nee oueBUIHbIE U3 HUX — OTCYTCTBME LIEHTPANIM30BaHHOTO yUeTa CeneKLUMOHHbIX Py, eMHbIX CTaHAAPTOB 0THopa
ANA BOCNPOU3BOACTBA U OLEHKU NMNIEMEHHDbIX XXMBOTHbIX, @ TaKXe MUHUMKU3aLMNA HaKOMNEHNA CHMXKaloWKX npnucno-
CO6NEeHHOCTb MyTaLUii ¥ NOLAEPKaHVEe reHeTUUECKOro pasHoobpasus. Mo nocnefHM AaHHbIM, B MVPE HaCUMTbIBaOT
He MeHee 30 ceneKLNOHHbBIX FPYMn MUHU-CBUHEN, CUCTEMATNYECKM UCTIONb3YeMbIX B KauecTBe 1abopaToPHbIX XKUBOT-
HbIX. Cpefin HMX CYLLeCTBYIOT KaK NOpoAHble 06pa3oBaHus, NPeACcTaBNeHHbIE HECKONbKUMU KOSIOHUAMM, TaK U Cenek-
LIIOHHbIe rPynMbl, COCTOALLME U3 OfHOrOo cTafa. [lokasaHo, UTo OCHOBHaA cTpaTerns oTbopa BKOYaET CeNlekLIo Ha
XKMBYIO Maccy B3pocC/bix ocobeli 50-80 Kr U Nprcnoco6aeHHOCTb XUBOTHBIX K KOHKPETHOMY TUMY GMOMEeANLIMHCKIX
JKCneprMeHTOB. [inA ee peanvsauny B pa3BefeHnm 3apybexxHbIX MAHN-CBUHEN NPAKTUKYOT OTOOP MO »KM1BOI Macce
B 140- 1 154-gHeBHOM BO3pacTe. YKa3aHo, uTo B CTaflax MUHW-CBVHEN NpeAcTaBeHbl pasHble ceNnekUOHHbIe MeTo-
Abl MPOTVMBOAENCTBMA NHOPEeAHON Aenpecc 1 NOALEPKaHUA FreHeTUYeCKOro pasHoobpasus. MNpumepamu cnyxat
MaKCMU3aLms GeHOTUMOB MacTy, LMKIMYHaA cucTeMa nofbopa poanTeNibCKrX Nap U CTPYKTYprpoBaHUe CTaj Ha
cy6nonynaummn. Kpome Toro, B passefieHnm 3apyOexHbIX MUHW-CBUHEN A1 MOHUTOPUHIa reTepo3nMroTHOCTA UCMOSb-
3yI0T MONEKYNApHO-TeHeThYeckne metoabl. Konmuectso MHOpeAHbIX CKPeLnBaHUii B pa3BefeHn nabopaTopHbIxX
MWHU-CBUHEN CTapatloTcA MUHUMM3NPOBATb, YTO He BCErAa BO3MOXHO 13-3a X ManoumcieHHocTu. MoacumTaHo, uto
BO U36eXaHie TeCHOro MHOPUAMHIA YNCIIEHHOCTb CeNEeKLMOHHOM rpynmbl JOMKHA ObITb He MeHee 28 ocobeli, BKio-
YaoLWKnX XPAKOB Kak MUHUMYM YeTblpex reHeanornyeckmnx JINHNA N CBUHOMATOK U3 HE MeHee yeTblipex CEeMEeNCTB.
HakonneHue reHeTMUeCKoro rpysa B cTajax MUHU-CBMHE BO3MOXHO, HO BPeJOHOCHbI 3bdeKT ABNsAeTca ckopee
CNeACTBYIEM OLIMOOYHBIX peLleHUii cenekumMoHepoB. HecMoTpA Ha TO UTO NPU BbIBeAEHWUN PAAA MUHU-CBUHEN CToANa
LieNlb YKOMM/IEKTOBaTb CTafla UCKOUUTENBbHO GeNbIMU XKUBOTHBIMM, B GONbLIMHCTBE CENEKLMOHHbIX Fpynn Habmio-
faeTca NonuMopdr3m no GpeHoTMNy MacTu.

KnioueBble cnioBa: nabopaTopHble MUHW-CBUHBU; MHOPWAMHT; reHeTMYeckoe pasHoobpasye; peLeccMBHble MyTaLuu;
0oTOOP; IMHU; CEMECTBA; CeNTbCKOe XO3ANCTBO.
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Background

Despite the practicality of laboratory use in comparison with

primates and several morphophysiological advantages over

other laboratory animals (Tikhonov, 2010; Shatokhin et al.,

2019), mini-pigs are still not the most popular biological

model, second not only to rodents but also to dogs, cats and

monkeys (Heining, Ruysschaert, 2016). However, according
to various estimates, there are from 21 to 45 breeding groups
of mini-pigs globally (Smith, Swindle, 2006; K6hn, 2011), of
which two are bred in Russia (Stankova et al., 2017; Shatokhin
etal., 2019). Although, despite the importance of understand-
ing the breeding of any animal species, regardless of their use,
the problems of breeding laboratory mini-pigs are shown in

a fairly small number of scientific papers. The apparently in-

sufficient attention to the breeding and selection of mini-pigs

resulted in some problems and the lack of a unified concept
for their solution. The main ones are:

1) the lack of centralized accounting of the number of labora-
tory mini-pigs and the registration system of specialized
herds as breeding achievements;

2) the lack of generally accepted standards for the selection
of animals for reproduction. This also includes the lack
of regulatory documents for the evaluation of breeding
animals;

3) maximizing herds’ genetic diversity under conditions of
gene pool depletion vectors (gene drift, bottleneck effect),
optimization of monitoring and selection management
methods;

4) minimizing the accumulation of fitness-reducing mutations;

5) the creation of herds of laboratory mini-pigs, staffed exclu-
sively from animals of white coat color;

The purpose of this paper is to describe the listed problems
and suggest some ways to solve them.

The global genetic fund of laboratory mini-pigs

To date, it is difficult to estimate the number of the world’s
population of laboratory mini-pigs and the exact number of
their breeds, herds, and breeding groups. The main difficulty
lies in the absence of a single body for recording laboratory
mini-pigs as objects of breeding. For example, according to
Russian legislation, the registration of laboratory mini-pigs is
difficult due to their formal non-compliance with the criteria
for evaluating breeds and breed groups of pigs as breeding
achievements, particularly according to the uniformity of the
breeding stock (Method of testing for distinctness..., 2007). No
special standards have been developed for them. Registration
is possible on the website of the American Mini-pig Asso-
ciation (https://americanminipigassociation.com). However,
out of 14 registered breeds, only four breeding groups were
reliably used as laboratory animals.

The only available accounting tool is scientific publications,
but the number of breeding groups of laboratory mini-pigs
varies from 21 to 45 (Smith, Swindle, 2006; Tikhonov, 2010).
One of the reasons for the discrepancy in the calculation results
is the presence of more than one name for the same breed
formation. Our own count of laboratory mini-pigs indicated
31 breeding groups in the world (Table 1). Both breed forma-
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tions are represented by several colonies (Hormel, Hanford,
Gottingen, NIH, Yucatan) and breeding groups consisting of
a single herd (NIBS; mini-pigs of the Institute of Cytology
and Genetics SB RAS, ICG SB RAS; Svetlogorsk). Repre-
sentatives of the species Sus scrofa L. were taken into account
with a live weight of no more than 150 kg and an indication
of systematic use as a model object over the past 10 years.

Selection principles of breeding animals

In the breeding of laboratory mini-pigs, there are two main
selection vectors: for small size and low live weight and suit-
ability for laboratory use. However, in the breeding of mini-
pigs, there are no uniform specially developed standards for
evaluating animals by live weight at an early age, exterior, coat
color and a set of characteristics necessary for use in the most
common types of biomedical experiments (Helke et al., 2016).
Simultaneously, almost every herd has a systematic approach
to breeding with its own specific methods (Itoh et al., 2016;
Nikitin et al., 2018). Animals are often evaluated at an early
age, for example, 140-154 days (Miniature Swine Book of
Normals, 2019; Simon, 2019). Some private farms practice
selection of the smallest animals from each nest!, which in
the defunct selection group Minisibs had such consequences
as lowering the safety of piglets, sexual activity of boars and
destroying the complex of maternal qualities of sows (Nikitin
et al., 2014).

The only general principle is selecting the most robust,
healthy and proportionally developed animals with a live
weight of adults from 50 to 80 kg (Nunoya et al., 2007,
Tikhonov2010; Miniature Swine Book of Normals, 2019).
Vietnamese mini-pigs’ exterior traits such as a weak back or
early obesity are not welcomed by Russian, European and
American specialists. Russian mini-pigs and several foreign
breeding groups meet the accepted standards, but there are
deviations, both in larger and smaller directions (Table 2).
Recently, the breeding of herds of tiny pigs weighing 30—
50 kg, for example, German mini-pigs Aachen, American Pa-
nepinto and Korean Micro-Pig®, is gaining popularity (see
Table 2).

The preservation of genetic diversity

The problem of preserving genetic diversity in populations is
one of the most discussed issues in animal genetics (Peripolli et
al.,2017; Mable, 2019) and, for several reasons, is particularly
relevant for laboratory mini-pigs. The first reason is the low
population of herds. The risk of depletion of the gene pool
due to stochastic processes is significantly higher than in large
structured subpopulations communities (Mariani et al., 2020).
The second reason is the existence of several breeding groups
of laboratory mini-pigs in the singular, which deprives them
of such a powerful resource for controlling heterozygosity
as the periodic exchange of the gene pool between different
herds (Mariani et al., 2020). The third reason is that creating
new herds of laboratory mini-pigs from a small number of
progenitors (see Table 1) creates a risk of depleting the gene

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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Table 1. List of the breeding groups of laboratory mini-pigs

No. Name Origin Time and place of origin Literature source
1 Aachen Mini-Lewe x Vietnamese Rheinisch Westfélische Technische Hochschule Pawlowsky et al., 2017
potbelly pig x Schwabisch (RWTH Aachen University), Germany
Hallisch Landpig x Hormel
2 Bama Native small breed China Zhang etal., 2016
3 Banna Native small breed China Xinetal., 2013
4 B Hormel 1964, Universidade de Sao Paolo, Brasil Scheffer et al.,, 2013
5 Clawn Miniature Gottingen x Ohminy x 1978, CLAWN Institute, Kagoshima University, Koéhn, 2011
Swine Large white x Landrace Japan
6 Diannan Native small breed Yunnan Agricultural University, China Chengetal,, 2016
7 Fuji Micra Inc. Other mini-pigs 2009, Miyahara, Fujinomiya, Shizuoka, Japan Maeda et al., 2016
(not specified)
8 Gottingen Vietnamese potbelly 1960-1964, Gottingen University, Germany Simon, 2019
pigs (gray) x Hormel x
Vietnamese native spotted x
Landrace
9 Guizhou Native small breed Laboratory Animal Center of Chongqging Medical  Xia etal, 2014
University, Chongqing, China
10 Hanford Palose x Pitman-Moore 1958, Hanford laboratory, Washington, Koéhn, 2011
United States
11 Hormel (Sinclair, Piney Wood x Ras-n-Lansa x 1949, Hormel Institute, Minnesota University, Kohn, 2011;
Minnesota) Catalinax Guam United States Miniature Swine Book
of Normals, 2019
12 KCG Kogata Chinese x Clawn x 1991, National Livestock Breeding Center, Ibaraki ~ Kobayashi et al., 2012
Géttingen Station, Independent Administration Institution
of Japan, Japan
13 Lanyu Native small breed Taitung Animal Propagation Station, Livestock Chu, 2010;
Research Institute, Taiwan, China Chienetal., 2017
14 Lee-Sung Lanyux Landrace 1975, Department of Animal Science Juetal, 2019
and Technology, National Taiwan University,
Taiwan
15 MelLiM Hormel x Landrace, Large 1967-2000, Institute of Animal Physiology Horak et al., 2019
White x Cornwall x and Genetics of the Academy of Sciences
Vietnamese pigs x Gottingen of the Czech Repubilic, Libechov, Czech Republic
16 Mexican hairless mini  Feral hog from Mexico - Kobayashi et al., 2012
17 Micro-Pig® Native small breed x Yucatan x Medi Kinetics Co., Ltd., Pyeongtaek, Joetal, 2017
Vietnamese potbellied pig x Republic of Korea
Pygmy pig x Meishan
18 Micro-Yucatan Yucatan 1982, Charles River Laboratories, United States Kohn, 2011
19  Mini-Lewe Vietnamese Pot Belly Pigs x 1966, Aul3enstelle Lehnitz der Humboldt Schachler et al., 2020
(Berlin mini-pigs) Saddle Back Pigs x Landrace Universitdt, Germany
20  Mini-Pig® Native small breed Cronex Co., Ltd., Hwaseong, Republic of Korea Joetal, 2017
21 Mini-pigs Large White x 1990-1992, Institute of Cytology and Genetics Nikitin et al., 2014
of ICG SB RAS Svetlogorsk x Landrace x SB RAS (ICG SB RAS), Novosibirsk region, Russia
Vietnamese native breed
22 Munich miniature Hanford x Columbian Miniature 1993, Munich, Germany Kohn, 2011;
(Troll) Swine Bourneuf, 2017
23 NIBS Pitman-Moore x Taiwanese 1993, Nippon Institute for Biological Science, Yoshimatsu et al., 2016
small-ear pigs x Gottingen Tokyo, Japan
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No. Name Origin Time and place of origin Literature source
24 NH Feral hog from Indiana state x 1972, National Institute of Health, Bethesda, Sachs et al., 1976;
Hanford Maryland, United States Nicholls et al., 2012
25 Ossabaw Feral hog from Ossabaw island 2001-2002, Indiana University, United States McKenney-Drake
etal, 2016
26 Panepinto Yucatan xVietnamese 1990, Colorado State University, United States Kohn, 2011

1969, Pitman-Moore Pharmaceutical Company,

Indianapolis, United States

1974, Scientific Center of Biomedical Technologies,  Stankova et al,, 2017
Moscow region, Russia

1976, Commonwealth Scientific and Research Kéhn, 2011
Organization, Australia

1990, Wuzhishan pig breeding farm of Academy Songetal., 2014

of Agricultural Sciences, Hainan province, China

Table 2. Live weight of adult laboratory mini-pigs
from different breeding groups

Breeding group Live Literature source
weight, kg
AaChen45_50 .............. paW|OW5kyeta|2017 .....
Bama~50 .................. Z hanQEta|2016 ............
Br130_70 .............. M ar,an02003 ...................
C|awn~40 .................. KOhnZOH ........................
Gott,ngen25_50 .............. S ,m0n2019 .....................
Hanfordgo_gs .............. Kohnzo” ........................
Horme|55_70 .............. M ,n,aturesw,neBook .....

of Normals, 2019
30_35J0eta|2017 ....................
55_70 .............. KOhnZOH ........................
45_60 .............. S chach|ereta|2020 .......
57_64J0eta|2017 ....................
60_70 .............. S hatokh,neta|2019 ......
60_100 ............ Kohnzo” ......................

Bourneuf, 2017
Ossabaw72_”6 ............ M cKenneyDrakeeta|

2016
Panep|nt025_30 .............. KOhnZOH ........................
Pltmanmoore40_69lehono\/2010 .................
‘Svetlogorsk  35-50  Stankovaetal, 2017
Westranso_% .............. Kohn2011 ........................
Wuzhlshan35_40 .............. 5 ongeta|2014 ...............
Yucatan70_80 .............. KOhnZOH ........................

Miniature Swine Book
of Normals, 2019

pool due to the bottleneck effect (Jietal., 2011). Interestingly,
according to various estimates, the genetic diversity of labora-
tory pigs can be both greater and lower compared with similar
parameters of pigs of factory breeds and wild boar (Nikitin et
al., 2010; Heckel et al., 2015).

Several publications mentioned the existence of natural
“contr inbred” mechanisms in natural populations (Charles-
worth, Willis, 2009; Cheptou, Donohue, 2011; Mable, 2019),
which is indirectly confirmed by the existence of the short
populations of feral pigs with no signs of inbreeding depres-
sion on small islands throughout the centuries (K6hn, 2011;
McKenney-Drake et al., 2016). In the conditions of farms
for breeding of laboratory mini-pigs, the formation of the
composition of the reproductive group and the choice of pa-
rent pairs during the breeding campaign is carried out by the
breeder. Therefore, the question about the full functioning of
such mechanisms arises. Thus, there is a need to analyze the
methods available to humans to control herds” heterozygosity
of laboratory mini-pigs. The first method is monitoring genetic
diversity using molecular genetic methods, which is used to
select some of the mini-pigs (Chang et al., 2009). A limiting
factor in further implementing this method is the lack of data
on its economic feasibility in routine use.

The second way to control heterozygosity is to use breed-
ing techniques and methods, for example, to minimize inbred
crosses (Simianer, K6hn, 2010). In the breeding of mini-pigs
of the ICG SB RAS, the conservation of the maximum pos-
sible number of color phenotypes and inbreeding mainly on
the progenitors is used to preserve genetic diversity (Nikitin
et al., 2018). Given that the mammalian suit is controlled
by 120 to 350 genes (Cieslak et al., 2011; Chandramohan et
al., 2013), the number of possible genotypes can be in the
thousands. Another breeding method for maximizing gene-
tic diversity is dividing an array of animals into subpopula-
tions with a limited gene flow between them (Mariani et al.,
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Table 3. Conditional scheme of the selection
of boars and sows during one cycle

Familia Line Minimum number
..................................... of sows in each
B; B, B; 4 cycle
S | Il m v 5
S, Il | v 1 5
S3 m v 1 Il 5
S4 v o | 5
Minimum number 2 2 2 2 -

of hogs in every cycle

Note. The cells at the intersection of lines (columns) and families (rows) indi-
cate the generations of descendants.

2020). However, due to the low number of rock formations,
partial genealogical separation of lines, with rare exceptions
(Stankova et al., 2017), is practically impossible to imple-
ment. Instead, a cyclical selection system is practiced (Chu,
2010; Schachler et al., 2020) based on periodically repeated
crosses of lines and families (Table 3). According to the cal-
culations, to avoid close inbreeding, the minimum number of
the reproductive group should be at least 28 individuals, of
which boars should be represented by at least four lines and
sows — by four families. Each line should include at least one
main and one checked boar, and the family should consist of
at least 5 main and checked sows.

Accumulation of genetic cargo

In the 1970s, it was reported that in populations of less than
2,000 individuals, the probability of accumulation of fitness-
reducing mutations is quite high (Nei, Roychoudhury, 1973).
Even earlier, it was established that recessive semi-lethal muta-
tions could persist in a population for up to 99 generations even
with targeted culling of homozygotes (Dubinin, Glembotsky,
1967), which is generally not refuted by later mathematical
modelling (Johnsson et al., 2019). It is considered that the
elimination of harmful recessive mutations is a difficult task
for the breeder, even if he uses modern genotyping methods
(Derks et al., 2017). Given that the reproductive number of
individual herds of laboratory mini-pigs does not exceed 30—
40 individuals reducing sustainability, semi-lethal and lethal
recessive mutations pose a danger in breeding these animals.
At the same time, in the entire history of breeding laboratory
mini-pigs, only in the extinct breeding group Minisibs a de-
crease in the viability of young animals and the reproductive
qualities of adults was described, the alleged cause of which
was the accumulation of recessive mutations due to unilateral
selection (Nikitin et al., 2014). Thus, laboratory mini-pigs’
breeding system should include measures to purify the herd
from harmful mutations, leading to strict selection in the re-
productive group (Nikitin et al., 2018, 2020). Another method
of cleaning herds from unwanted mutations is to assess the
progeny in the inbred cross. This method was proposed for
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various farm animals’ species in the 1950s and 1970s (Robert-
son, Rendel, 1950; Serebrovsky, 1970). However, despite its
simplicity, the method has a serious drawback — it is the dura-
tion of the assessment and, accordingly, the cost of feeding
and maintaining the tested boar and its descendants.

However, there are cases where breeders have benefited
from the emergence of viability-reducing mutations in the
herd in the form of creating model objects to optimize spe-
cific medical methods or treat strictly defined pathologies.
Examples are the creation of mini-pigs by MeLiM and NIH
(Sachs etal., 1976; Horak et al., 2019). Thus, it can be argued
that the very fact of the occurrence of mutations that reduce
viability, of course, is a danger. But much more important
is breeders’ ability to prioritize the selection of animals for
reproduction and to carry out measures to clear the herds of
genetic cargo; and if necessary, to consolidate the carriers of
mutations in the form of a new selection group that is of value
as a model object.

The problem of white coat color

in the breeding of laboratory mini-pigs

It is known that when creating the first breeding groups of
laboratory mini-pigs, the task was to create white-colored
animals (Pond, Houpt, 1978), which were planned to be used
as a biological model for studying the effects of radioactive
radiation on the skin. However, despite the “influx of blood”
of factory breeds of white color, attempts to consolidate it in
herds of laboratory mini-pigs, as a rule, did not succeed. The
exceptions are the Mini-Lewe pigs (Schachler et al., 2020)
and the Bintang line (Lanyu 400) in the Lanyu mini-pig breed-
ing group (Chu, 2010), but most herds have polymorphism
by suit type (Mariano, 2003; Tikhonov, 2010; https://ameri
canminipigassociation.com). Thus, the question arises about
the factors that prevent the breeding of herds fully equipped
with white individuals. It can be assumed that this is due to
the dominant control of the most common type of white coat
color (Pielberg et al., 2002), which is why there is a regular
cleavage of pigmented piglets. Another explanation is that
white piglets are born smaller and, therefore, less viable than
colored animals (Nikitin et al., 2019). Despite this, the white
coat color was successfully consolidated in a factory breeds
series (Porter et al., 2016). It should be noted that the factory
breeds of white-colored pigs were obtained by the method of
more than 70 years of selection of white individuals in each
generation with a preference for those animals in whose off-
spring there was no splitting according to the color phenotype
(Porter et al., 2016). And this, in turn, is comparable to the
duration of the oldest breeding groups of laboratory mini-pigs
(Tikhonov, 2010). Thus, it can be assumed that the breeders
of most breeding groups of mini-pigs simply did not have
enough time to consolidate the white suit.

Molecular genetic typing of white animals would signi-
ficantly speed up the process of fixing the white suit. It is
known that the dominant white color of pigs is controlled by
allele / of the KIT gene (Pielberg et al., 2002; Wu et al., 2019).
Thus, the first step to create a breeding group complete with
all-white animals should be to cross white sows with white
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boars. All-white offspring from such crosses will need to be
genotyped according to the KIT gene with the setting of ho-
mozygotes (//) for rearing. The method of determining the
KIT gene’s alleles using real-time PCR is described in detail
in the literature (Pielberg et al., 2002).

Another way is to consolidate the recessive white suit’s
phenotype, as demonstrated by the Lanyu 400 line (Chi,
2010) and the Chinese Rongchang breed (Lai et al., 2007).
However, a rather serious restriction on using this method
may be the low frequency of cleavage of recessive white color
individuals, which in the herd of mini-pigs of the Institute of
Cytology and Genetics SB RAS, according to zootechnical
accounting, is about 1 %.

Conclusion

Over the past 10 years, facts have been discovered confirming
the existence of 31 breeding groups of mini-pigs. Despite the
lack of uniform selection standards in breeding laboratory
mini-pigs, they adhere to such general criteria as a live weight
of 50-80 kg, normal viability, and the strength of the animals’
constitution and exterior. Maintaining genetic diversity in
herds of laboratory mini-pigs is possible both with the use of
molecular genetic monitoring and purely selective methods.
The minimization of the negative effect of genetic cargo ac-
cumulation in the herds of mini-pigs should be implemented
mainly through a strict selection for fitness in the reproduc-
tive group. If necessary, due to the need for a specific type
of biomedical experiments, it is possible to fix external and
physiological characteristics in the herd, controlled by reces-
sive mutations that reduce viability. Consolidation of white
individuals is possible, which is proved by the examples of
the Bintang line and the Mini-Lewe breeding group.
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HemocTtaTok 6enka GAGA y MyTaHTOB Trl
BbI3bIBAE€T MACCOBYIO KJIETOUHVIO I'MOeJib
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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.

Onsa untuposaHusn: Joporosa H.B., 3y6koBa A.E., Degoposa E.B., bono6onosa E.Y, bapuuesa E.M. Hegoctatok 6enka
GAGA y myTaHTOB Trl Bbi3bIBa€T MacCOBYIO KJIETOUHY!IO rbesib B cnepmMaTto- 1 ooreHese apo3odusibl. Basumosckul
XKYpHas 2eHemuku u cenekyuu. 2021;25(3):292-300. DOI 10.18699/VJ21.033

Lack of GAGA protein in Trl mutants causes massive cell death
in Drosophila spermatogenesis and oogenesis

N.V. Dorogova1 ®, A.E. Zubkoval’ 2, E.V. Fedoroval, E.U. Boloboloval, E.M. Baricheval

Tnstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
® dorogova@bionet.nsc.ru

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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Hepoctatok 6enka GAGA y myTaHTOB Trl BbI3blBaeT MacCOBY10
KeTouHyto rmbenb B CnepmaTo- 1 ooreHese Apo3oduibl

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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Fig. 1. Features of cell death manifestation in the oogenesis of females mutant for Tr/ (TrIR85/Tr?6?).

a, b - Identification of autophagosomes and lysosome in dying egg chambers using LysoTracker red. a - In Oregon R females ovaries, only
few egg chambers undergo cell death (outlined), the rest develop normally and enter vitellogenesis. b — In Trl females, most egg chambers
die at stages 7-9 of oogenesis (outlined), but the LysoTracker staining pattern in mutants does not differ from that in Oregon R. ¢, d - Staining
with antibodies to the Dcp-1 effector caspase. Caspase Dcp-1 is detected in the same way in dying egg chambers of (c) Oregon R and (d) Trl.
e—k - Staining with antibodies to the Lamin Dm0 protein, allowing the assessment of the nuclear envelope integrity during cell death. e - The
nuclear envelope is clearly visible in all cells of the egg chambers that do not undergo degradation. f~h - In the degrading egg chambers of
Oregon R females, the nurse cell nuclear membrane is destroyed (g), but it is preserved and visualized in follicular cells (h). i-k — In Trl females
ovaries, the pattern of staining with antibodies to caspase Dcp-1 is the same as in Oregon R females. LysoTracker is red; caspase Dcp-1, green;
and Lamin Dm0, green. Scale bars: a, b - 15 um; c—e - 30 um; f-k — 40 ym.
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Fig. 2. Features of cell death in the spermatogenesis of Tr/ mutant males (s Tr/f/Tr?62),

a, b - Immunostaining with antibodies to the Vasa and Lamin Dm0 proteins of the testicle regions where germ tract cells are located at the early stages of sper-
matogenesis. a — In wild-type males, the entire basal region of the testis is filled with spermatocytes at early stages of spermatogenesis, which are stained with
antibodies to the Vasa protein. b — In mutants, germ cells are detected only in the apical region, and all of them are at the very beginning of spermatogenesis.
The nuclear membrane is visualized with antibodies to Lamin Dm0 even in spermatocytes that are no longer stained with antibodies to Vasa. ¢, d - The staining
pattern with antibodies to the Dcp-1 protein corresponds to the late stages of spermatogenesis, both in (c) Oregon R males and (d) mutants. In mutants, Dcp-1 is
not detected in testis regions where mass-scale cell death occurs (d). e, f - Detection of lysosome and autophagosome activity with LysoTracker. The LysoTracker
signal is much more intense in Tr/ (f) than in the wild type (e). g—i - Ultrastructure of spermatocytes at the interphase (before meiosis) in the wild type (g) and in the
mutant (h, /). g - In normal spermatogenesis, numerous mitochondria (black arrow), membranes of the endoplasmic reticulum (black arrowhead), multivesicular
bodies (white arrow), and occasional lysosomes (white arrowhead) are observed in the cells at this stage. h — Mutant cytoplasm is filled with autophagosomes
(arrow). i — Spermatocytes at the lysis stage retain the internal structure of the nucleus and the nuclear membrane (arrow). Vasa and LysoTracker are red; caspase

Dcp-1 and Lamin Dm0, green; N - nucleus. Scale bars: a, b - 20 um; ¢, d - 30 um; e, f— 20 um; g, h— 1 um; i— 3 um.

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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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
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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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Polymorphism of genes associated
with infectious lung diseases in Northern Asia

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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TLR1-TLR2 dimer
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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.
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DKCcIIpeccusi 6eIKOB-peryassToOpoB anoiTosa Bcl-2 n Bad
B KJIeTKax rieueHu Mbiuieii C57Bl/6 B yci1oBusx
CBETOMHOYIIVIPOBAHHOI (PYHKIIMOHAJIbHO
AMN@U3IKTOMUI U ITOCJIe KOPPEKIIUY MeIaTOHMHOM
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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-
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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).
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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).

CUCTEMHAA N KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS AND COMPUTATIONAL BIOLOGY

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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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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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.
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The finding and researching algorithm
for potentially oscillating enzymatic systems
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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 contractions, 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 sys-
tems. This paper presents classical mathematical models that describe oscillatory behavior in biological systems.
Methods for the search for oscillatory molecular-genetic systems are presented by the example of their special
case - oscillatory enzymatic systems. 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 diffe-
rent ways to describe gene networks for modeling oscillatory molecular-genetic systems is considered, where the
most important factor for the emergence of cyclic behavior 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 reconstruc-
tion 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 techno-
logy, 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 reactions are part of the
tryptophan biosynthesis pathway.

Key words: oscillations; feedback; cyclic processes; modelling of biological systems.
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AHHOTayua. MHoOrMe NpoLecchl B XMBbIX OpraHn3max nofBep»eHbl NeproanYeckum KonebaHnsam Ha pasnmny-
HbIX MepPapXMUeCKUX YPOBHAX UX OPraHM3auun: OT MONEKYIAPHOro-reHeTUYeCKoro A0 NoNynALUMOHHOMO 1 KO-
norunyeckoro. OcumnanpyioLime NpoLecchl OTBEYALOT 3a KNIETOUHbIE LMKIIbl KaK Y NPOKapyWoT, Tak 1 Y SyKapuoT, 3a
LUMpPKagHble PUTMbI, CUHXPOHHYIO CBA3b [ibIXaHWA C CEpAEYHbIMU COKpaLLeHnAMM 1 ap. KonebaHua uncneHHocTeln
OpPraH13mMoB B MPUPOLHBIX MONYAALMAX MOTYT ObITb 00YCNOBMIEHbI COOCTBEHHBIMM CBOMCTBAMU NMONYNALMIA, UX
BO3PaCTHOW CTPYKTYPOW, @ TakXKe IKOTIOrMYeCKMM B3aMMOOTHOLLEHMAMM C APYrMMU BUgamMmu. Hapagy ¢ akcnepu-
MEHTaNIbHbIMW MOAXOAAMY, ANA NCCNEAO0BAHNA OCLUNMPYIOLUX GUONOrMYECKUX CUCTEM WMPOKO NPUMEHAETCA

© Lakhova T.N., Kazantsev F.V., Lashin S.A., Matushkin Yu.G., 2021

This work is licensed under a Creative Commons Attribution 4.0 License



T.H. NaxoBa, ®.B. KazaHueB
C.A. NawwH, tO.I. MaTywwKkmnH

2021
253

TexHonorum noncka n nccrnefoBaHnAa
noTeHUnanbHO ocunnInpytowmnx C])epMeHTaTVIBHbIX cacTem

MaTeMaTU4YecKoe 1 KOMMbIOTEPHOe MOAenvpoBaHue. B AaHHOWM cTaTbe npefcTaBneHbl Knaccmyeckre matemMa-
TUYeCKe MOAENN, KOTOPbIE OMUCHIBAIOT OCLMIIIMPYIOLLEe MOBEAEHNE B OBUONOTMYECKNX cucTemax. MprBeaeHbl
MeTOZbl MOVCKa OCLMANNPYIOLLNX MONEKYIAPHO-TEHETNUECKUX CUCTEM Ha MPUMEPE UX YaCTHOrO CJlyyas — oCLu-
nupytowmx GepmeHTaTMBHBIX cMcTeM. PaccMoTpeHbl hakTopbl, BAMAIOLWME Ha LMKIMYECKYIO AVHAMUKY B XMBbIX
CUCTEMAX, XapaKTepHble He TOJNbKO AJIl MOJEKYNIAPHO-TEHETUYECKOTO YPOBHS, HO 1 Ans 6oee BbICOKUX YPOBHEN
opraHuzaumn. ObcyxaaeTca NpUMeHeHMe pPasnuHbIX CMocoboB OMUCAHKA FeHHbIX CeTell A MOAENMPOBaHMA
OCLMNIINPYIOLLMX MONEKYNIAPHO-TEHETUYECKNX CUCTEM, TAE BaXKHENLWNM GaKTOPOM BO3HUKHOBEHUA LIMKIINYECKO-
ro noBeAeHVA ABNAETCA Hamume obpaTHbIX cBA3e. MpefcTaBieHbl TEXHOMOMN MOUCKA MOTEHLMANIbHO OCLUAIN-
pytowmnx pepmeHTaTMBHbIX crcTeM. C MOMOLLbIO METOAA, ONMCAHHOTO B CTaTbe, MPOBOAUTCA NOSTaMNHbIN NpoLecc
NOCTPOEHNSA 1 aHanM3a CHavana CTPYKTYpHbIX Mofeneii (rpadoB) reHHbIX CeTeld, a 3aTeM PEKOHCTPYKLMMN MaTema-
TUYECKUX Mofenel U BblYNCIUTENbHbIX IKCMEPUMEHTOB C HUMK. CTPYKTYpHblE MoZen naeanbHO NOAXOAAT Afis
3aflay aBTOMATUYECKOro Moucka NoTeHLMabHbIX OCLUINPYIOLLMX KOHTYPOB (CBA3HBIX nofrpados), CTPYKTypa
KOTOPbIX MOXET COOTBETCTBOBATb MAaTEMATNUECKON MOAENN MONEKYAPHO-TEHETUYECKOW CUCTEMBI, AEMOHCTPU-
pytoLen ocuunnvpyollee noseaeHve B griHamuke. Mpu 3TOM MMEHHO YNCIIEHHOE UCCeloBaHNE MaTemaTye-
CKUX Mofenei ana oTobpaHHbIX KOHTYPOB NMO3BONSAET NOATBEPAUTL HANIMUME B HUX YCTONUYMBbLIX MPEAENbHbIX LK-
NoB. B KauecTBe Npumepa NPUMEHeHUs TEXHONOMMY NMPoaHann3npoBaHa cetb 13 300 MeTabonMUecKUx peakuuii
6akTepuu Escherichia coli ¢ ncnonb3oBaHYeM VHCTPYMEHTOB MaTeMaTUYEeCKOro 11 KOMMbIOTEPHOTO MOAENMPOoBa-
HYAA. B yacTHOCTWM, NOKa3aHo ocLuUNMpyloLlee NoBefeHVe AN KOHTYPa, peakuym KOToporo BXOAAT B MyTb 61o-
CUHTe3a TpunTodaHa.

KnioueBble crioBa: ocumniaumm; obpaTHas CBA3b; LUKIMYECKUE MPOLECCh; MOAENMPOBaHE OUONOrNYecKmnx

cncTem.

Introduction

Many processes in living organisms are subject to periodic
oscillations at different hierarchical levels of their organiza-
tion: from the molecular-genetic to the population and eco-
logical levels. For example, at the molecular-genetic level,
there are oscillations in the concentrations of p53, a protein
involved in apoptosis or cell cycle delay in DNA damage, and
its inhibitor Mdm2 (Prives, 1998; Lahav et al., 2004). There
are also fluctuations in concentrations of hormones in the
cell, such as melatonin (Boccalandro et al., 2011), prolactin,
total cholesterol (Garde et al., 2000), etc.; concentrations of
low molecular weight compounds, such as intracellular and
intercellular calcium ion concentrations, can also oscillate
(Pasti et al., 1997; Allen et al., 2000).

One well-known example of organism-wide periodic pro-
cesses is circadian rhythms, for the work on which the 2017
Nobel Prize in Physiology or Medicine was awarded (Young
etal., 1984; Siwicki et al., 1988; Hardin et al., 1990; Price et
al., 1998). Jeffrey C. Hall, Michael Rosbash, and Michael W.
Young discovered the period gene in Drosophila melano-
gaster, which is regulated through feedback by the PER pro-
tein underlying circadian rhythm.

In the article (Podkolodnyy et al., 2017), the authors con-
sidered genes located in liver and kidney cells that are over-
expressed with a certain periodicity during the 24-hour cycle.
In a subsequent paper, the authors provided an overview of
various mathematical models used to model the autonomous
circadian clock in mammalian cells (Podkolodnaya et al.,
2017).

At the cellular level, cyclic processes can include cell
cycles in both prokaryotes and eukaryotes (Cooper, 1991).
Such important cyclic processes as heartbeat (Ashkenazy et
al., 2001), respiration, as well as synchronous relationship
between respiration and heartbeat (Yasuma, Hayano, 2004),
photosynthesis (Holtum, Winter, 2003) and other similar pro-
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cesses occur at the level of an individual organ or functional
systems of an organism.

Population waves (Chetverikov, 2009) are a classic example
of cyclic processes at the population level of organization.
Fluctuations in the number of organisms in natural popula-
tions can be caused both by external environmental factors
and by the population’s own properties, its age structure,
and ecological relationships with other species. A natural
factor such as seasonal periodicity plays an important role in
the cyclic processes of the population level, influencing the
migration of birds, falling into anabiosis, the appearance and
fall of leaves, etc.

Thus, in the article (Erdakov, Moroldoev, 2017), the au-
thors considered the cyclicity in the population dynamics
of the red vole, which varies depending on the geographical
habitat and external conditions in the area. And in the paper
(Pertsev, Loginov, 2011), using a stochastic model, the authors
considered how the population size changes when harmful
food resources are consumed. The investigation of population
dynamics, often cyclical, is one of the most studied processes,
both by empirical methods and with the help of mathematical
methods, including modeling (Volterra, 1928; Bazykin, 2003;
Riznichenko, 2017).

Finally, biogeochemical cycles, i. e., processes of dynamic
exchange of chemicals between organisms from prokaryotes
to higher animals and plants and elements of the biosphere
(soil, water and air) can be classified as cyclic processes at
the ecological level (Van Cappellen, 2003; Zavarzin, 2003,
2011; Struyf et al., 2009).

Cyclical processes in biology are investigated using ex-
perimental and theoretical methods. Mathematical modeling
is one of the main methods for their investigation, particularly
in finding areas of stationary, oscillatory, and possibly chaotic
behavior (Romanovsky et al., 1975; Schnol, 1996; Becks,
Arndt, 2013).
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The first works devoted to oscillatory biochemical processes
belong to Alfred Lotka (Lotka, 1910). Lotka described the dy-
namics of biochemical processes using systems of nonlinear
ordinary differential equations. Around the same time, Vito
Volterra, independently of Lotka, developed the same models,
but in application to population-ecological problems. These
models were later called the “Lotka—Volterra models”. Further
study of oscillatory chemical processes led to the discovery
of Belousov—Zhabotinsky type systems, in which oscillations
occur not only in time but also in space, and, therefore, can
be described not only by ordinary differential equations, but
also by partial differential equations (Zhabotinsky, 1974; Field,
Burger, 1988; Mushtakova, 1997; Shnol, 2009).

This article presents a review of classical mathematical
models that describe oscillatory behavior in biological systems
and gives illustrations of methods for finding such systems
using enzymatic oscillatory systems as an example. The role
of gene networks in modeling oscillatory molecular-genetic
systems is discussed. The factors influencing the presence or
absence of oscillatory behavior in various molecular-genetic
systems are given.

Classical models and methods
for modeling oscillatory processes
Among the first mathematical approaches describing oscilla-
tory processes are models that have already become classical
in the field of mathematical biology (Riznichenko, 2002). In
one of the papers devoted to the theory of periodic reactions,
Lotka studied a chemical reaction of the form:
A—>X—>Y—B, (N
where X — Y is an autocatalytic process. Based on the law
of' mass action, Lotka described this reaction by the following
differential equations (Lotka, 1910):

dx

E kO - klxy, (2)
dy

o kxy —kyy,

where k, k,, k, are the constant parameters and x, y are the
concentrations of chemicals.

The following model, described by Lotka (Lotka, 1920) and
then independently formulated by Volterra (Volterra, 1928),
expresses two autocatalytic reactions (i.e. 4 — Xand X— Y).
The Lotka—Volterra model has the following form:

dx _ b
a0
3)
D_ o d
Yy

where a, b, ¢, d are the rates of transformation of some sub-
stances into others, x, y are the concentrations of chemicals.
This model is also known as the “predator—prey system”,
which is used in population dynamics to explain periodic
fluctuations in the abundance of individuals in populations.
In the same period a paper with the van der Pol and van
der Mark oscillator model was published (van der Pol, van
der Mark, 1928). They modeled the heart as three connected
relaxation systems: sinus, atrium and ventricle. As such a sys-
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tem, the authors chose a system consisting of a neon lamp,
a condenser, a resistance, and a battery, which is capable of
producing relaxation oscillations. However, this system si-
mulates only some modes of heart operation due to the com-
plexity of the object under study. The model is described by
an equation of the form:

d?v

L3 —a(l - )L+ wtv =0, )

where a is a positive value, which is an oscillator parameter
(responsible for non-linearity and damping of oscillations),
o — oscillation frequency, v — the value corresponding to the
heart rhythm signal.

This model is noteworthy because it has found an applica-
tion not only in biology problems, but also in physics and other
sciences. For example, the review (Kuznetsov et al., 2014)
presented a number of problems in which this oscillator was
applied; in particular, the authors gave details on modeling hu-
man body processes, such as colonic myoelectric activity and
processes of excitation and inhibition of neurons. In the paper
(Rompala et al., 2007), the authors considered three van der
Pol oscillators to study the in-phase mode, which corresponds
to the synchronized periodic behavior of circadian rhythms.
Moreover, two of them correspond to the eye models, and the
third oscillator is a model of the brain (mainly represented by
the pineal gland), through which the interconnection of the
first two is performed. They considered the periodic change
of melatonin concentration under the influence of circadian
rhythms as a possible scheme of connection between the eyes
and the pineal gland.

In 1965, an article by Brian Goodwin (Goodwin, 1965)
was published, which raised the question of the oscillatory
motion role in the organization of cellular processes over
time. For the mathematical study of oscillatory behavior in
model systems involving enzyme regulation processes, he
introduced certain concepts of thermodynamic nature. In
the article, the author cited a model of the process of genetic
control of enzyme synthesis:

%_ ai b

dt A, +kY, 7

N )
a aX;=b;,

where X, is an mRNA concentration of the ith species, Y, is
a protein (repressor) concentration of the ith species, k; — pa-
rameter, which describes the interactions between the DNA
and the repressor.

Another classic example is the Higgins model (Higgins,
1964) of oscillatory reactions in the glycolysis system, the
scheme of which is shown below:

GLU — F6P,

F6P + Ef — E - FOP,

E} - F6P — E + FDP,

FDP + E} o E}, (6)
FDP + E, — E, - FDP,

E, - FDP — E, + GAP.
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Here GLU, F6P, FDP, GAP are designations of biochemical
substances that enter into reactions, £} — the active form of
the enzyme (phosphofructokinase), E; —the inactive form of
the enzyme, £, — the enzyme that is a combination of aldolase
and triose phosphate isomerase.

Higgins considered general pathway types of enzymatic
reactions in glycolysis in which the chemical mechanism
exhibits oscillatory behavior. Therefore, in his work, he takes
into account the following conditions: (1) one of the chemicals
must activate its own production (assuming the concentration
of the second substance is constant); (2) the second substance
must tend to inactivate its own net production; (3) there must
be a cross-coupling of the interaction of substances. If an
increase in the first substance activates the production of the
second substance, then an increase in the second substance
inhibits the production of the first, and vice versa.

Sel’kov in his classic article (Sel’kov, 1968), in accordance
with the mass action law, gave a mathematical model of the
glycolytic system based on the phosphofructokinase (PFK)
transformations:

ds,

o ks ko,

ds, y

dr kX, —kyysy etk x —kys,,

dx, Y

T = Ras Tk k) thss ek, (7)
dx,

T kyysixy =k +kp)x,,

d

7‘; =—kyshe—k 3x,,

where s, — the substrate (ATP), v, — the inflow rate of the sub-
strate from some source, s, — the product (ADP), v, = k,s, — the
outflow rate of the product from the system, e — free enzyme
(phosphofructokinase), which is inactive on its own, but
becomes active when combined with product molecules as
a complex — ES}, x, — the molecule of the complex (ESD),
x, — the molecule of enzyme-substrate complex (S,ES)),
5 — product molecules that enter into a complex with the free
enzyme, y > 1 — the parameter responsible for the number of
the product molecules, k,,, k,,, k5 — rates of direct reactions,
k|, k_y —rates of reverse reactions, 7 — time.

Goldbeter and Lefever (Goldbeter, Lefever, 1972) presented
amodel of the glycolytic system, which is a generalization of
the models presented by Higgins (Higgins, 1964, 1967) and
Sel’kov (Sel’kov, 1968). The model is based on the mechanism
of positive feedback, namely, the activation of the product by
the enzyme PFK.

In the article (Boiteux et al., 1975), the authors not only
analyzed the allosteric model of the oscillatory reaction of
phosphofructokinase, but also made experimental verification
of theoretical predictions. The data obtained for the model
agreed well with the experimental data.

In 2000, a model of a yeast population consisting of a small
ensemble of individual cells was presented to describe the
phenomenon of synchronization of glycolytic oscillations. In
this case, the communication between the cells was performed
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through the exchange of acetaldehyde (Bier et al., 2000). Gly-
colytic oscillations were also studied using stochastic methods
and chaos theory in (Bashkirtseva, Ryashko, 2017); Selkov’s
minimal model was taken as the basis, and in the article
(Ryashko, 2018) a two-dimensional Higgins model was used.

In biochemistry, the processes of changing the concentration
of ions in cells, which can increase or decrease the activity
of enzymes, participate in the metabolism of carbohydrates,
lipids and proteins, as well as play an important role in signal
transduction through signaling pathways and are responsible
for cell excitability, are actively studied. One of such processes
is periodic changes in calcium ion concentrations. A number of
mathematical models have been developed to study these peri-
odic processes. A model describing calcium ion concentration
fluctuations was first proposed in (Dupont, Goldbeter, 1989):

%:vo+v1[37v2+v3fk2,
dY ®)
PRIt

where Z— the cytosolic calcium concentration, Y — the calcium
concentration in IP; (inositol-1,4,5-triphosphate) endoplasmic
reticulum, v; (i =0, ..., 3) — reaction rates.

They analyzed the conditions for the emergence of stable
fluctuations based on the mechanism of calcium-induced
calcium release (CICR). In a number of studies (Goldbeter et
al., 1990; Dupont et al., 1991; Dupont, Goldbeter, 1993), the
authors continued their researches of calcium concentration
fluctuations based on the same minimal model.

At the same time, papers (Meyer, Stryer, 1988; Meyer,
1991) in which the authors investigated fluctuations in cal-
cium concentrations by considering the mechanism of inositol
cross-coupling (ICC) IP; with extracellular, cytosolic, and
endoplasmic Ca?* have been coming out. Lavrentovich and
Hemkin (Lavrentovich, Hemkin, 2008) proposed a model
for spontaneous Ca?* oscillations in astrocytes that takes into
account the mechanisms presented above as well as IP, pro-
duction in a receptor-independent manner.

After Goldbeter and Dupont had published their results, the
authors of the article (Kraus et al., 1996) tested the hypothesis
that in unexcited cells the amplitudes of oscillatory processes
can be cell type-specific and vary with Ca?* diffusion. They
performed their study using stochastic computer modeling on
a two-dimensional Ca2* oscillation model.

Analysis of oscillatory processes in living systems shows
that the most important factor in the emergence of cyclic be-
havior is a feedback in the system (Kolchanov et al., 2000).
A distinction is made between positive and negative feedbacks,
which was once discussed by Goodwin, Walter, Cardon, Iberall
and other researchers (Goodwin, 1965; Walter, 1969, 1970;
Cardon, Iberall, 1970). Both types of these feedbacks can
influence the emergence of cyclic dynamics in the system, as
has been shown in works (Likhoshvai et al., 2001; Goldbeter,
2002; Tyson et al., 2003).

At the molecular level, the principle of feedback regulates
a huge number of enzymatic reactions simultaneously going
on in a living cell, the rate of which can be affected by such
compounds as inhibitors, activators, cofactors, allosteric ef-
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Table 1. Brief characteristics of a number of classical models with oscillatory behavior

Model name Modeled biological process

Lotka model
(Lotka, 1910)

Biochemical reaction;
population dynamics

Lotka-Volterra model
(“predator—prey”)
(Lotka, 1920; Volterra, 1928)

Heart function,

colonic myoelectric activity,
excitation and inhibition

of neurons, etc.

van der Pol oscillator
(van der Pol, van der Mark,
1928)

Goodwin oscillator Genetic control

Model class

Nonlinear inhomogeneous SODE
with constant coefficients

Nonlinear homogeneous SODE
with constant coefficients

Nonlinear homogeneous second-
order ODE - the Lienar equation,
which can be reduced to a first-
order ODE

Nonlinear inhomogeneous SODE

Type and number of feedbacks

(Goodwin, 1965) of enzyme synthesis

Linear inhomogeneous SODE
with constant coefficients

Sel’kov model
(Sel’kov, 1968)

Linear inhomogeneous SODE
with constant coefficients

Calcium concentration
oscillation

Dupont-Goldbeter model
(Dupont, Goldbeter, 1989)

Note. ODE - ordinary differential equation, SODE - system of ODEs.

fectors, etc. As early as 1913 an article (Michaelis, Menten,
1913) by biochemists Michaelis and Menten was published, in
which the scientists derived the equation for the dependence of
the reaction rates catalyzed by the enzyme on the concentra-
tion of the substrate. Later, the researchers have showed that,
using computational methods, optimizing the parameters of the
equation by approximating the model data to the experimental
data corresponds to the results, which were obtained manually
by Michaelis and Menten for their constant.

Not long ago, a review was conducted of how methods
for quantitative analysis of enzyme kinetics have emerged,
changed, and been modified over a century (Johnson, 2013).
In the same year an article (Goldbeter, 2013) examined
the influence of Michaelis—Menten kinetics on oscillatory
behavior in enzymatic systems, namely, in glycolysis from
phosphofructokinase activity and in the cell cycle from cyclin-
dependent kinases.

Novék and Tyson reviewed examples of oscillatory pro-
cesses and formulated the necessary conditions for oscilla-
tions in the system: negative feedback, time delay, sufficient
‘nonlinearity’ of the reaction kinetics and proper balancing
of the timescales of opposing chemical reactions (Novak,
Tyson, 2008).

In a recent review (Tyson et al., 2019), the authors com-
piled various approaches to modeling the dynamics of the
behavior of biochemical regulatory networks that have been
developed over the past 50 years. Models such as Boolean
(logical) ones, models consisting of piecewise-linear or fully
nonlinear ordinary differential equations, and stochastic mo-
dels (including hybrid deterministic/stochastic approaches) are
considered. The authors focused on two approaches: modeling
genetic control systems as networks of Boolean switches and
metabolic and signaling networks using systems of nonlinear

with constant coefficients

Negative (substrate inhibition),
Positive (product activation).
Negative (9), Positive (7)

ordinary differential equations. They considered only spatially
homogeneous systems. The authors showed the advantages
and disadvantages of each method depending on the type and
amount of available experimental information.

The models, which we reviewed in this section, are sum-
marized in Table 1.

Application of gene networks

in the modeling of oscillatory systems

Modeling of metabolism is often associated with modeling of
genetic regulation (Smolen et al., 2000; Hecker et al., 2009).
The concept of gene networks plays an integrative role in this
case (Kolchanov et al., 2013; Ocone et al., 2013).

The main task of the theory of gene networks is to identify
causal relationships between the structural and functional
organization of gene networks and their dynamic properties
(Chenetal., 2010; Kolchanov et al., 2013). The structural and
functional organization of gene networks is understood as a
set of molecular-genetic and biochemical processes, while the
dynamic properties are understood as the kinetics of changes
in the concentrations of end products over time.

Computer analysis and modeling of small gene networks,
especially hypothetical gene networks, provides very valuable
information for understanding the fundamental features of
the dynamics of regulatory gene networks. Likhoshvai and
his colleagues developed a theory linking the structural and
functional organization of hypothetical gene networks with
their dynamics (Likhoshvai et al., 2001, 2003, 2004; Fadeev,
Likhoshvai, 2003; Demidenko et al., 2004). Namely, the
concept of a hypothetical gene network was defined; rules
for formalizing the description and assembling mathematical
models from them are given. The (, k)-criterion for predicting
some properties of the models by the structure of the network
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Fig. 1. Relationship between the structural model (graph) of the hypothetical gene network and its dynamics: A, structure of the hypothetical gene
network of 4 genes and 8 negative feedbacks; B, dynamics of the hypothetical gene network A; C, structure of the modified gene network A — to which

an additional negative regulatory link was added -
of the modified gene network B.

inhibition of gene g, expression by the product of gene g; (marked by a blue arrow); D, dynamics

Here, green rectangles (g;) are genes, broken line is RNA corresponding to a certain gene, pink ellipse is polypeptide chain of protein, several pink ellipses are
a complex of proteins performing gene regulation (regulation is shown by a red arrow). Modified according to (Kolchanov et al., 2008).

graph is formulated; 4 classes of the hypothetical gene network
are introduced according to the types of regulatory links in the
network; and analytical and numerical studies of the models
for each class of the hypothetical gene network are given.

In particular, it was first theoretically and then numerically
demonstrated how the appearance of a new regulatory link
leads to a qualitative change in the dynamics of the gene net-
work (Fig. 1). Thus, the addition of another regulatory link
in the gene network cardinally changes the possible modes
of functioning of this network — if only one stationary state
was possible in the initial network, then after adding another
regulatory link, there are already two possible states — station-
ary (as in the previous case) and cyclic mode.

The connection between the structures of gene networks
and the presence of dynamic cycles in them has been studied

CUCTEMHAA N KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS AND COMPUTATIONAL BIOLOGY

for many years. In particular, the connection between network
structure and cyclic dynamics has been theoretically shown
(Likhoshvai et al., 2003; Demidenko et al., 2004; Novak, Ty-
son, 2008). Elowitz and Leibler designed and studied a genetic
network of a repressilator, in which the network under study
is locked into a cycle of interactions based on the principle
of negative feedbacks. The authors experimentally showed
that this type of network has an oscillatory mode of behavior
(Elowitz, Leibler, 2000).

In the Sobolev Institute of Mathematics SB RAS is studied
the qualitative theory of dynamical systems describing various
gene networks that are regulated by feedbacks. Golubyat-
nikov and his colleagues have studied in their works (Gaidov,
Golubyatnikov, 2007; Golubyatnikov et al., 2010; Akinshin,
Golubyatnikov, 2012; Golubyatnikov, Kazantsev, 2016; Golu-
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Fig. 2. Scheme of the algorithm for searching oscillatory enzymatic systems.

byatnikov, Kirillova, 2018) the existence and uniqueness of pe-
riodic solutions, existence of closed trajectories, cycle stability,
etc. in such systems. The interest in the analysis of the behavior
of such trajectories is to correspond them to the modes of
functioning of gene networks. An article (Likhoshvai et al.,
2020) showed that oscillatory trajectories are present in mo-
dels of the simplest circular gene networks and they are stable.

The method for finding

oscillating molecular-genetic systems

In this paragraph, we describe the algorithm for searching the
oscillatory molecular-genetic systems (the algorithm scheme is
shown in Fig. 2). It uses information resources both developed
by the authors and widely known in systems biology. In par-
ticular, the MAMMOTh database is a source of structural and
mathematical models of Escherichia coli metabolic reactions
(Kazantsev et al., 2018). Cytoscape (cytoscape.org) is a tool
for working with structural models and Copasi (Hoops et al.,
2006) is a tool for reconstructing and investigating mathemati-
cal models. Python (python.org) is both a data processing tool
and a link between the steps.

The input of the algorithm takes a structural model — a gene
network graph with typing of model elements and their rela-
tions. There are two types of nodes in the graph: biological
substances (molecules and their groups) and processes (or
reactions). The edges specify the following relations between
the nodes: substance is a substrate in a reaction, substance is
a product of a reaction, and substance is a regulator of a reac-
tion. This information can be obtained directly from models in
SBML (Hucka et al., 2003), SBGN (Le Novere et al., 2009),
from other tools for building structural models, or from Python
scripts. To date, any database that has information on meta-
bolic pathways and molecular-genetic systems models can be
used as a data source. The best-known databases are 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), etc.

In this article, we considered a special case of molecular-
genetic systems — the oscillatory enzymatic systems. Analysis
of'the literature (Likhoshvai et al., 2001; Novak, Tyson, 2008;
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Tyson, Novak, 2010; Wong, Huck, 2017) allows us to identify
the following key characteristics of potentially oscillating
contours: (1) the closure of the contour (oriented path from
node 4 to it, through N nodes, where N > 3); (2) the orienta-
tion of the contour in one direction, with the last node having
an edge of regulatory inhibitory influence on the first node
in the contour (as in the contour in Fig. 4, a, for example).

A graph of 300 subsystems (Fig. 3) representing models
of E. coli metabolic reactions taken from the MAMMOTh
database was taken as initial data.

The construction of a mathematical model of a potentially
oscillating contour can be performed both in general-purpose
engineering simulation environments (Matlab, Mathematica or
Scilab) or in specialized environments designed for the simu-
lation of molecular-genetic systems (Copasi, CellDesigner
(Funahashi et al., 2003), VCELL (Schaff et al., 1997; Cowan
et al., 2012), etc.). The advantage of the latter is the ready
library of tools for reconstruction, computational experiments
and model analysis.

Six potentially oscillating contours were found in the ana-
lyzed graph, and during the numerical analysis of the recon-
structed mathematical model oscillatory behavior was shown
for only one of them (Fig. 4). The mathematical model of the
contour was constructed based on the reactions related to the
metabolic pathway of tryptophan biosynthesis:

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.

Here CHOR, GLN, PYR, GLU, AN, PRPP, NPRAN, PPI,
CPADSP, IGP, SER, T3P1, TRP — before the semicolon are
the designations of the biochemical substances involved in the
reaction, and after that are regulators of reactions. Full names
of substances are given in Table 2.

The model was built in Copasi and consists of 5 differen-
tial equations.
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— Substrate
— Product
—@ Enzyme

o @) Reaction
- @ Object

Fig. 3. Structural model (graph G) constructed from 300 subsystems of E. coli metabolic pathways taken from the MAMMOTh database (Kazantsev et
al., 2018).

Here and in the Fig. 4 the following notation is used: Blue squares represent substances involved in metabolic reactions. Green hexagons indicate reactions, with
arrows in/out specifying the relations of the interacting substances: green arrows specify the reaction substrates; black arrows specify the reaction products; red
arrows specify the regulatory effects of the substances on the reactions.

a
Substrate
Product
Enzyme
Reaction
Object
b I 2.0
9
8 IGP < 16
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01.0 1.1 1.2 1.3 14 1.5
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Fig. 4. Potentially oscillating contour and its numeric analysis.

a, studied contour that is a part of the metabolic pathway of tryptophan biosynthesis; b, the plot with the results of the simulation, the
dependence of the concentration of the specified substances on time; ¢, phase trajectory plot based on simulation results, where the
abscissa and ordinate axes are the concentrations of anthranilate (AN) and L-tryptophan (TRP), respectively.
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I 1. [CPAD5P]
d([1IGP]) _ N 3.1-["Indoleglycerol phosphate synthase”] - 00012
dt | + [CPADSP] | [IGP]
L 0.0012 0.12
1.4-[TryptS]- [(1)(2’)1;] [SOEf]
_ - — (kD_IGP-[IGP)),
1+[IGP]+[T3P1] ) 1+[SER]+[TRP]
0.05 5 0.4 40
[IGP] [SER]
1.4+ [TryptS]-
d([TRP]) _ _ (kD TRP-[TRP]) + 005 04 ’
dt - | +[IGP] +[T3P1] 11 +[SER] +[TRP]
0.05 5 0.4 40
_ [CHOR] [GLN] (Mgl
dt | + [CHOR] | [PYR] [TRP] (4 +[GLN] LIGLul [TRP] TRP_power |+ Mgl
L5 150 0.6 0.2 20 TRP_denominator 1
AN_PRPP_kf*[AnthSCII]- [ﬁ” [ng]
—(kD_AN-[AN]),
1 +[AN] 11 +[PRPP]
1.1 29
[AN] [PRPP]
dINPRAND) AN_PRPP_Kf-[AnthSCIT] - === =57
dt [1 +[AN]]_[1 +[PRPP]]
1.1 2.9
J
AN_PRPP_kf-["Phosphoribosyl anthranilate isomerase”] %
_ : —(kD_NPRAN - [NPRAN]),
1+ [NPRAN] n [CPADS5P]
0.007 0.7
e . o .1 [NPRAN]
4([CPADSP]) . AN_PRPP_kf-["Phosphoribosyl anthranilate isomerase”] 0007
dt | + INPRAN] | [CPADS5P]
0.007 0.7
3.1-["Indoleglycerol phosphate synthase”]- %
_ —(kD_CPAD5P-[CPADS5P]),
| + [CPAD5P] _ [IGP]
0.0012 0.12

where kD “substance name” are degradation constants of cor-
responding substances, parameters TRP_power and TRP de-
nominator varied in the process of searching for oscillatory
behavior of the system. The given numerical parameters were
taken from the MAMMOTh database.

The mathematical model of only one of the six contours
found exhibits with oscillatory behavior. As we considered,
a network consisting of only 300 enzymatic reactions, which
had mathematical models adapted to the experimental data,
may explain such a small number of contours. In turn, there
are currently not many such mathematical models for describ-
ing the enzymatic reactions of biological systems. Thousands
of existing models presented in databases are often auto-
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matically generated, as in the Path2Models project for the
biomodels.net database, for example. Experimentally mea-
sured kinetic parameters of biochemical reactions are be-
coming increasingly scarce. Using graphs with higher dimen-
sionality (full-genome models) to study oscillatory behavior
will increase the number of variants to be tested, but this will
require additional consideration of the regulatory component
of genetic synthesis. All of these things present additional
challenges in the study of this problem.

Conclusion
The article gives an overview of a number of biological pro-
cesses of oscillatory nature, as well as mathematical models
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Table 2. List of full names of biochemical substances
used in the model

Abbreviation Full name
CHOR ..................... C honsmate ................................................................
GLN ........................ |_ g|utamme ...............................................................
P YR ........................ P yruvate .....................................................................
GLU ........................ |_ gIUta mate ...............................................................
AN .......................... A nthran I|a te ..............................................................
. Anth S ..................... A nthra n ||a te Syn thase ..............................................
. TR P ......................... |_ try ptop han .............................................................
PRPP 5-Phospho-a-D-ribose 1-diphosphate
NPRAN | N-G-phosphoribosyl-anthranilate
. P P| .......................... D I p hospha te .............................................................
Anthscl Anthranilate synthase componentl
‘cPADsP 1-{o-carboxyphenylamino)-1-deoxyribulose-
5'-phosphate
PRAI Phosphoribosyl anthranilate isomerase
. | GP ......................... | nd0| .(.e 3eg c ero|phosphate ...................................
SER ......................... |_ Serme ......................................................................
. -|-3p1 ....................... D g|ycera|d eh y d e 3ph Osphate ...............................
TryptSTryptophanSynthase ................................................

of these processes. It is noted that the most important factor
for the emergence of cyclic behavior is feedbacks in the sys-
tem. Based on the analysis of these factors, an algorithm for
finding cyclic modes of functioning of molecular-biological
systems is given.
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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
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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-
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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 %).
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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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New genetic tools for plant defense
against parasitic nematodes

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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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
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.
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AHHoTaumA. KoppeKTHoe pa3BepTbiBaHMe reHeTUYeCckux nporpamm passutua u anddepeHUMpPOBKY onmpaeTca
Ha TOHKO KOOPAUHMPOBaHHYIO PEryNALMIO SKCNpeccun crneunduyecknx Habopos reHoB. VIcKnoumnTenbHyo ponb B
ynpasieHUN 3TUM NPOLIECCOM UTPAIOT PEFYIATOPHbBIE S/IEMEHTbI FEHOMA, K KOTOPbIM OTHOCATCA MPOMOTOPbI, SHXaH-
cepbl, UHCYNATOPbI 1 caneHcepbl. HapyLweHuna B nx pabote MOryT NpuBOAUTL K Pa3BUTUIO Pa3fiyHbIX NAaTONOMNNA,
BKJ/lOYaA OHKoNornyeckne 3abonesaHus, NOPOKN PasBUTHA U ayTOMMMYHHble 3aboneBaHusA. Pa3Butrne TexHonorui
BbICOKOMPOW3BOANTENBHOrO FTeHOMHOTO aHanM3a NMo3BONUIIO 3HAUUTENIBHO YCKOPUTb HakomnieHne nidopmaumny o
cneyneUYHbIX SMUreHETUYECKMX XapaKTEPUCTMKAX PEryIATOPHbIX 371IeMEHTOB. B COBOKYMHOCTM C MOTHOF@HOMHbIMU
nccnefoBaHNAMM pacnpefeneHns SNUreHeTNYECKX METOK, PErYNATOPHbIX GEIKOB U MPOCTPAHCTBEHHOW CTPYKTY-
bl XpOMaTUHA TaKMe AaHHble 3HAUMTENIbHO PACLLMPAIOT NPeLCTaBAeHNA O MPUHLMMNAX SNUFEHETNYECKOWN pPerynaumum
reHOB 1 MO3BONAIT OCYLLECTBATb MONCK NOTEHLMANbHBIX PErYNATOPHBIX SNeMeHTOB in silico. BmecTe ¢ Tem oCHOB-
Hble 3KCMepUMeHTanbHble MOAXOAbI, UCMONb3yeMble ANIA UCCIeAOBaHMA NOKaNbHbIX XapaKTepUCTMK XPOMaTVHa,
MIMeIOT PAA TEXHNYECKMX OrPaHNYEHNIA, KOTOPble CHMXKAIOT JOCTOBEPHOCTb 61IoMHbOPMaTNUECKON naeHTndUKaLmm
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MeTogp! BbICOKOMPOV3BOANTENBHOIO
PEenopTepPHOro aHann3a sHXaHCePOB

perynaTopHbix obnacTeil reHoMa. B ¢BA3W € 3TnM, a TakkKe C yYeTom BapuabenbHOCTU GYHKLMIA SMUreHeTUYeCcKmnX
OETEPMUHAHT U MHOTOKOMIMOHEHTHOW perynsumm paboTbl 31eMeHTOB reHoMa onpefesnieHmne Ux PeryasTopHon ponmv
yacTo TpebyeT GpYHKLMOHaNbHOM NpoBepKu. Pa3paboTaHO MHOXECTBO METOAOB, MO3BOMAILLVX NPOBECTU NCCIe0-
BaHVie GyHKUMOHANbHOW PO PEryNATOPHbIX 3/1EMEHTOB B MacluTabe reHoMa. B HacToswwem o63ope KpaTKo onvca-
Hbl OCHOBHbIe 3KCMeprMeHTaslbHble NMOAXOAbl ANA NPOBeAeHUs NAeHTUGUKALMN PEerynaTOPHbIX 3N1eMEHTOB in silico
1 MpUcyLlrie UM TeXHWYECKNe orpaHuyeHuns. PaccMoTpeHbl opurMHanbHble MeTOAbl BbICOKOMPOW3BOANUTENBHOIO
penopTepHOro aHanr3a akTMBHOCTW SHXaHCEPOB, KOTOPbIE NCMONb3YIOT AN1A BanMAaLuMnN nNpeAckasaHHbIX peryns-
TOPHbIX 3NEMEHTOB 1 de novo nowvcka. OnrcaHHble METOAbI aHaNN3a AaloT BO3MOXKHOCTb OLEHUTb GYHKLMOHANbHYI0
posib HYKNEOTUAHOW MOCIef0BaTeNIbHOCTY PETYNIATOPHOrO 3/1IeMEeHTa, ONpefennTb ero TOUHbIe MPaHULbl, a TakKe
OLEHUTb BAVSHNE JIOKAJIbHOTO COCTOAAHMA XPOMATUHA Ha aKTUBHOCTb SHXaHCEPOB 1 SKCMPeccuto reHoB. MpumeHe-
HIie TaKUX METOA0NIOMNMYECKNX NOAXOA0B 06eCneunnio 3HaYnTeNbHbI BKNaA B MOHMMaHNe dyHAaMeHTanbHbIX NPYH-

LnnoB perynaynm reHHom aKCnpeccnn.

KnioueBble croBa: PErynaTopHble 3N1€MEeHTbl FTeHOMa; SHXaHCePbIl; BbICOKOMPON3BOAUTEJIbHbIE METObl aHa/ln3a.

Introduction

The progress of programs for the development and mainte-
nance of body functions is based on the expression of gene
sets specific to cells and tissues. The gene expression is
coordinated by a multilevel regulatory system that includes
genetic and epigenetic mechanisms based on the interaction
of genomic sequences, epigenetic modifications, regulatory
proteins, and specific transcription factors. Certain genomic
regions associated with the specific epigenetic determinants,
as well as serving as a site for attracting regulatory proteins,
are capable of modifying gene expression. Such regulatory
elements in the genome play a key role in the implementation
of genetic programs for development, differentiation, and
maintenance of cellular and tissue homeostasis (Phillips-
Cremins, Corces, 2013; Andersson et al., 2014; Kundaje
etal., 2015).

Dysfunction of genomic regulatory elements may lead to
the development of various pathologies, including cancer,
developmental defects and autoimmune diseases (Maurano
et al., 2012; Corradin et al., 2014; Miguel-Escalada et al.,
2015; Bradner et al., 2017; Chatterjee, Ahituv, 2017 ). The
genome wide association studies show that more than 90 %
of disease-associated single nucleotide polymorphisms are
located in non-coding genomic regions (Manolio et al., 2009;
Maurano et al., 2012). The significant part of the genomic
variants are located in regions that show epigenetic charac-
teristics of enhancers, as well as affect enhancers, specific for
the cell lines involved in the disease pathogenesis (Ernst et
al.,2011; Akhtar-Zaidi et al., 2012; Trynka et al., 2013). The
genetic variants associated with the development of type 2
diabetes (T2D), which were located in regions of putative
enhancers in pancreatic islets, can be a good example (Stitzel
et al., 2010; Pasquali et al., 2014).

Today, a lot of information is available regarding the
specific properties of the epigenetic regulatory elements
that alleviate identification of potential regulatory genomic
regions in silico (Ernst et al., 2011). However, the validation
and functional characterization of the regulatory elements
often requires direct experimental verification. The classic
methods are different modifications of reporter assays and
functional mutagenesis. With the development of massively
parallel sequencing methods, methodologies that allow

studying the activity of the regulatory elements in genome-
scale have been developed.

This review will describe the existing methodological
solutions in the high-throughput analysis of enhancers that
have significantly contributed to the understanding of the
fundamental principles of their functions.

Types of regulatory elements

Several types of genomic regulatory elements, including
promoters, enhancers, insulators, and silencers are distin-
guished.

Promoters are located near the transcription start site
and serve as a DNA site where the transcription complex
is assembled. In eukaryotes, such transcription complexes
consist of the main transcription factors, RNA polymerase,
and other regulatory proteins, including those which me-
diate the interaction with enhancers (Andersson, Sandelin,
2020).

Enhancers are nucleotide sequences in genomic DNA
that contain binding sites for transcription factors and co-
factors. As part of a protein complex, enhancers can physi-
cally interact with the promoter to activate gene expression
(Shlyueva et al., 2014). Enhancers are able to regulate target
promoters from a long distance, and regardless of mutual
spatial orientation (Pennacchio et al., 2013). For example,
the ZRS enhancer, the dominant mutation of which leads
to familial forms of polydactyly, is located approximately
1 Mb from the controlled Sonic hedgehog (Shh) gene in
the mouse genome (Lettice et al., 2014). On average, the
enhancers are mapped at 20-50 Kb from the target gene in
vertebrate genomes, and at 4-10 Kb in the genome of the
fruit fly (Furlong, Levine, 2018).

The regulatory interactions network of promoters and
enhancers can be quite complex. A separate gene can share
enhancers with other genes, might be regulated either by
several enhancers or specific enhancers in different types
of cells. The Arx gene expression, for example, is con-
trolled by four enhancers in mouse brain tissue (Dickel et
al., 2018). Regulation of a gene by specific enhancers is
also observed during the development of pathologies. For
example, the Myc proto-oncogene enhancer is located in
transcription termination sites in case of pancreatic cancer.
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In case of rectal cancer, it is detected in the 5'-region of the
gene, and in case of T-cell acute lymphoblastic leukemia, it
can be found downstream of the 3'-region of the gene (Sur,
Taipale, 2016).

Studies conducted in Drosophila melanogaster have
shown that up to 30 percent of enhancers can act as remote
regulatory elements without affecting the expression of
genes located between them and target genes (Ghavi-Helm
etal., 2014; Kvon et al., 2014). This means that there must
be fine-tuned regulatory mechanisms that address interac-
tion between the target gene promoter and specific enhancer.
Today, there are several functionally intersecting concepts
describing mechanics of the promoter-enhancer interactions,
the main of which are contact formation via protein homo-
oligomers and chromatin looping, caused by the action of
motor proteins, such as RNA polymerase Il and cohesin.

The regulatory elements — insulators — play an important
role in regulation of the chromatin spatial structure. Inter-
acting with specific proteins, insulators are able to block
enhancer-promoter interaction and prevent the distribution
of repressive chromatin marks acting as barrier elements
(Kellum, Schedl, 1991, 1992; Geyer, Corces, 1992; Cali,
Levine, 1995). With the development of modern methods
of the nuclear architecture analysis, it became apparent that
the functional impact of insulators is largely determined
by their participation in the regulation of intra- and inter-
chromosomal contacts (Yang, Corces, 2011). The insulator
proteins play a key role in the formation of topologically
associated domain (TAD) (Dixon et al., 2012). Such frag-
ments are characterized by a high frequency of internal
DNA contacts and are often flanked by the binding sites of
insulator proteins and actively transcribed genes (Phillips-
Cremins et al., 2013; Rao et al., 2014). Along with the
regulation of the nucleus spatial structure, insulators are
involved in many regulatory processes, including activation
and repression of the gene expression, alternative splicing,
and RNA polymerase pausing (Shukla et al., 2011; Paredes
et al., 2013; Phillips-Cremins, Corces, 2013).

The silencers function is to suppress the gene expression,
and such repression is mainly implemented by establishing
repressive chromatin state and competition with activating
proteins (Li et al., 2004; Srinivasan, Atchison, 2004; Har-
ris et al., 2005; Lanzuolo et al., 2007; Tiwari et al., 2008).

Identification of regulatory genomic elements
The development of modern methods of high-throughput
analysis has significantly accelerated and simplified the
search for potential regulatory elements. The assumptions
about the possible regulatory role of a genomic region are
usually based on several types of data, including: (1) DNA
accessibility for regulatory proteins, (2) presence of charac-
teristic epigenetic determinants, (3) evaluation of gene ex-
pression and (4) analysis of DNA contacts.

Active regulatory elements are associated with specific
proteins, and, hence, are free from nucleosomes. The treat-
ment of genomic DNA with DNase I (DNase-seq), micro-
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coccal nuclease (MNase-seq) and Tn5 transposase (assay
for transposase-accessible chromatin, ATAC-seq), followed
by high throughput sequencing and FAIRE-seq method, is
used to identify such nucleosome-free loci (Nagy et al.,
2003; Gaulton et al., 2010; Song, Crawford, 2010; Buen-
rostro et al., 2013). The listed methods are used for iden-
tification of putative enhancers, insulators, and silencers;
however, to determine functional class of detected regulato-
ry element, data on DNA accessibility should be combined
with other descriptive data, e. g. chromatin properties (Song
etal., 2011; Murtha et al., 2014; Huang et al., 2019).

The genomic mapping of the chromatin characteristic
factors and histone modifications is also used to identify
individual classes of regulatory elements. The basic method
for assessing the representation of such epigenetic determi-
nants in a particular genomic region is the chromatin im-
munoprecipitation followed by massive parallel sequencing
(ChIP-seq). Promoters are enriched in H3K4me3 histone
mark (Bernstein et al., 2005). Monomethylation at the same
position of the H3 histone (H3K4mel) is associated with
enhancers, and the simultaneous presence of the H3K27me3
modification indicates that the enhancer might be poised for
activation, while the H3K27ac modification indicates that the
enhancer is active (Heintzman et al., 2007; Creyghton et al.,
2010; Rada-Iglesias etal., 2011; Bonn et al., 2012; Arnold et
al.,2013). Enrichment in the p300 histone acetyltransferase
is characteristic of the enhancers (Visel et al., 2009). Map-
ping of specific transcription factors is also used to identify
enhancers. For example, DNA regions enriched by the active
enhancer histone marks, the Mediator complex proteins and
the Oct4, Sox2, Nanog, KIf4, Esrrb master regulators are
called super-enhancers and control the expression of tissue-
specific sets of genes in embryonic stem cells (Whyte et al.,
2013). To identify insulators in vertebrates, the genomic
distribution of the CTCF protein and cofactors involved in
the formation of loops, such as Rad21 and Y'Y, are analyzed
(Dixonetal.,2012,2015; Noraetal., 2017; Rao etal.,2017).
Silencers are enriched by the H3K27me3 histone modifica-
tion associated with the effect of repressive Polycomb group
proteins, as well as the H3K9me2/3 modifications related to
heterochromatin (Barski et al., 2007).

The spatial organization of the nucleus mediates the
interactions between target genomic loci and distal regula-
tory elements. The spatial chromatin structure is studied by
methods that allow to fix and analyze DNA-DNA contacts,
which originate from the 3C method (chromosome confor-
mation capture) (Dekker et al., 2002; Tolhuis et al., 2002).
The most widely used HiC method allows to build DNA
genome-wide contacts map, in contrast to earlier methods
(Gavrilov et al., 2009; Lieberman-Aiden et al., 2009).
Combinations of chromatin spatial structure analysis and
chromatin immunoprecipitation-based methods (ChIA-PET,
HiChIP, and PLAC-ChIP) make it possible to establish DNA
contacts in genomic regions which are specifically enriched
in specific chromatin proteins or histone modifications
(Fullwood, Ruan, 2009; Fang et al., 2016; Mumbach et al.,
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2016). Analysis of the DNA-DNA contacts allows identi-
fying promoter-enhancer interactions, defining borders of
the topologically associating domain and larger chromatin
compartments.

The data on the epigenetic characteristics and spatial
genomic organization of model objects are available to a
wide range of researchers in ENCODE, The Epigenome
Roadmap, FANTOM and other databases (Birney et al.,
2007; Bernstein et al., 2010; Andersson et al., 2014; For-
rest et al., 2014; Kellis et al., 2014; Kundaje et al., 2015).
These data are widely used for the prediction and research
of potential regulatory elements.

However, it must be noted that the methods of analysis
of protein-DNA and DNA-DNA interactions are capable of
detecting non-functional interaction that can result in a false
positive result. Local enrichment with characteristic epige-
netic determinants detected by ChIP-seq does not necessari-
ly indicate the presence of regulatory elements in a specific
genomic region (Kvon et al., 2012). This can be due to the
fact that implementation of the regulatory element function
might require the coordinated binding of several transcrip-
tion factors, and binding of only one of them is simply not
enough (Halfon et al., 2000; Sandmann et al., 2007).

Nonfunctional transcription factor binding events can be
transient, and caused by the general DNA-binding activity
(Hammar et al., 2012). The chromatin immunoprecipitation
method detects such transient interactions since it is based on
the fixation of chromatin with formaldehyde with the forma-
tion of covalent cross-links between DNA and associated
proteins. Modifications of the ChIP method that eliminate
the need for chromatin fixation and potentially improve
the accuracy of the method have been proposed (Skene,
Henikoff, 2017; Kaya-Okur et al., 2019). A micrococcal
nuclease fused with protein A is used in the variation of the
CUT&RUN method (Skene, Henikoff, 2017). Protein A
binds with the specific antibodies to the target protein, and
micrococcal nuclease makes DNA breaks in the region of
its binding. This allows selecting short genomic fragments,
which are rich in proteins of interest, and identifying them
with high-throughput sequencing. The Tn5 transposase is
used in the CUT&TAG method instead of nuclease, which
makes it possible to simultaneously introduce DNA adapters
for massive parallel sequencing, flanking the recognition site
of the protein of interest (Kaya-Okur et al., 2019). However,
these methods have been developed recently and have not
been widely used yet.

The false positive results in the ChIP-seq experiments may
also be due to experimental variations, such as chromatin
fragmentation mode, sequencing depth, and the threshold
values for the identification of binding sites (Rye et al., 2011;
Gomes et al., 2014; Jung et al., 2014). It is also important
to note that in the presence of high- and low-affinity protein
binding sites, the ChIP-seq method predominantly detects
high-affinity ones (Nettling et al., 2016). This feature is also a
limitation of the method, since it was shown that suboptimal
binding sites for transcription factors in enhancers are needed

2021
253

MeTogp! BbICOKOMPOV3BOANTENBHOIO
PEenopTepPHOro aHann3a sHXaHCePOB

for fine regulation of gene activity during development
(Crocker et al., 2015, 2016; Farley et al., 2015).

In addition to the technical limitations of experimental
methods, it is important to note that often functional regula-
tory elements demonstrate the presence of epigenetic deter-
minants, which is generally uncharacteristic for their class.
Functionally tested silencers in the K562 and HepG2B cell
cultures, according to the ENCODE database, in addition
to being enriched with the H3K9me3 and H3K27me3 re-
pressive histone modifications, also contained H3K36me3
and H3K79me?2 active chromatin histone marks (Pang,
Snyder, 2020). Due to the experimental limitations of the
methods, the variability of the functions of epigenetic de-
terminants, and the participation of many components in
the implementation of the functions of genomic elements,
the determination of their regulatory role often requires
functional verification.

Enhancer research methods

The functional role of genomic regulatory elements is com-
monly assessed with different modifications of reporter
analysis. Pioneer work where the functional role of the ge-
nomic regulatory elements was demonstrated was devoted
to the study of the enhancer of the early gene of the SV40
virus (Banerji et al., 1981). This work showed that a DNA
fragment from the 5'-end of the early gene of the SV40
virus, consisting of two 72 bp repeats, can cause 200-fold
activation of rabbit B-globin reporter gene expression in the
HeLa cells (Banerji et al., 1981).

The standard genetic constructs used for the analysis of
enhancer activity contain a reporter gene under the control
of'a minimal promoter, which confers minimal or no expres-
sion without additional activation. The genomic sequence of
the enhancer is cloned into the construct, either upstream of
the promoter or downstream of the coding sequence of the
reporter gene. The obtained construct is used to transform
cells and the change in the expression of the reporter gene
comparing to a control construct that does not contain a
potential enhancer is analyzed.

One of the first works aimed at in vivo functional test-
ing of enhancers in genome-wide scale was based on the
principles of classical reporter analysis (Kvon et al., 2014).
Around 8,000 of the D. melanogaster lines were used,
which contained a transgenic construct consisting of po-
tential enhancer, minimal promoter, and Gal4 protein gene
integrated in the same genomic region. The Gal4 expres-
sion was assessed at different stages of embryogenesis by
in situ hybridization, and 400 embryos at different stages
of development were analyzed for each potential regulatory
element. As a result, more than three thousand enhancers
have been identified. About a quarter were located in the
vicinity of regulated genes, and a little more than a quarter
were located at a distance of 20—-100 Kb. On average, they
were mapped around 10 Kb from the target genes (Kvon et
al., 2014). About one third of the detected enhancers were
located in the intergenic regions of regulated genes. Subse-
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quently, it was also functionally confirmed that enhancers
are able to regulate not only nearby genes, but also ones
located through one or two genes (Kvon et al., 2014). The
data obtained have significantly expanded the understanding
of the fundamental principles of the operation of enhancers;
however, the implementation of such projects requires a
colossal amount of time and resources.

High-throughput enhancer reporter assays

The methods of high-throughput reporter analysis have
evolved from classical approaches and allow simultaneous
interrogation of thousands of regulatory sequences. There
are two principal approaches in high-throughput reporter
assays (Fig. 1). Within the first, a reporter gene contains
a DNA barcode before the polyadenylation signal, and is
placed under the control of a genomic fragment — a poten-
tial enhancer and a minimal promoter (see Fig. 1, a). In
the case of activation of the reporter gene expression, such
DNA barcode will be contained at the 3"-end of its tran-
script. After the pooling of such constructs, high-through-
put sequencing is carried out, and unique DNA barcodes
corresponding to each of the studied genomic fragments
are determined (Fig. 2). After transformation using such
constructs, the presence of DNA barcodes is analyzed by
the transcriptome sequencing (RNA-seq). The expression
level of a particular DNA barcode allows to assess activating
ability of the corresponding specific regulatory element. This
approach is used in the methods of quantitative assessment
of'the activity of genomic fragments, called MPRA (massive
parallel reporter assay), different variations of which will
be covered in this review (Kwasnieski et al., 2012, 2014;
Melnikov et al., 2012; Kheradpour et al., 2013; Maricque
etal., 2017).

The second approach allows evaluating the qualitative
ability of the genomic fragment to exhibit the enhancers’
properties. At first, a pool of genetic constructs that contain
the genomic fragment of interest, a minimal promoter, and a
reporter gene encoding a fluorescent protein or luciferase is
prepared. At the next stage, the obtained pool of constructs is
used for transformation and cells expressing the fluorescent
protein are sorted using flow cytometry. The activation of the
reporter gene expression means that the genomic fragment
ofinterest demonstrates enhancer activities. The sorted cells
are subjected to DNA isolation, fragments of constructs cor-
responding to the studied genomic fragments are amplified,
and massive parallel sequencing is carried out, thus allow-
ing to identify specific genomic fragments exhibiting the
properties of enhancers. Examples of such methods include
FIREWACh and SIF-seq (Dickel et al., 2014; Murtha et al.,
2014) (see Fig. 1, b, ¢).

Combinations of the two approaches described above are
also used. In this case, at the first stage cells carrying con-
structs containing potential enhancers are selected by flow
cytometry. Then, the activating ability of specific genomic
fragments is quantified by analyzing the representation of
DNA barcodes by the RNA-seq method (Maricque et al.,
2018).
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MPRA methods are successfully used to study the ac-
tivating properties of the nucleotide sequence of enhanc-
ers, the functional influence of regulatory protein binding
motifs, and to search for and validate enhancers. Using this
methodology, the effect of single mutations in the compo-
sition of three enhancers — ALDOB, ECR11, and LTV1,
active in liver cells, was studied (Patwardhan et al., 2012).
In the course of this research, a DNA library containing
more than 100,000 mutated variants of the enhancers was
synthesized. Such DNA fragments were cloned into con-
structs containing the minimal promoter, luciferase gene
and transcribed DNA barcodes. The resulting DNA libra-
ries were injected into the liver of mice, and a day later the
transcriptome of liver cells was analyzed by RNA-seq (Kim,
Ahituv, 2013).

It was found that the majority of single mutations had
a weak effect on the activity of the studied enhancers. In
addition, it was shown that mutations disrupting the en-
hancer function affect the predicted binding sites of the
HNF4 and HNF1 transcription factors, which are active in
liver cells (Kel et al., 2003). It is important to note that the
experiment also showed significant discrepancies in theory
and practice. Thus, within the ECR11 enhancer, mutations
causing functional disorders were concentrated in the region
that did not contain predicted binding sites for transcription
factors, while mutations in the region containing most of
these predicted sites did not change the enhancer activity.
On the one hand, this clearly demonstrates that MPRA are
applicable to clarify the boundaries of enhancers, and on the
other hand, it emphasizes the importance of experimental
verification of predictive data.

MPRA are also used for de novo search and validation
of predicted enhancers. An elegant approach to search for
enhancers was implemented in the STARR-seq method
(Arnold et al., 2013) (see Fig. 1, d). The authors used the
ability of enhancers to activate expression regardless of the
position relative to the gene and promoter, and developed
reporter constructs, containing studied genomic fragments
cloned into open reading frame downstream from minimal
promoter. In case a genomic region exhibits an enhancer
function, this will lead to its transcription in cells. The
expression level of this fragment in the cell transcriptome
makes it possible to assess its activating function. This ap-
proach completely eliminates the need to use DNA barcodes,
since the fragments play that role themselves.

To seek for enhancers, a plasmid library containing
millions of random fragments of the fruit fly genome was
prepared. After transfection of the S2 cell culture, a high-
throughput RNA-seq transcription profile analysis was per-
formed. As a result, thousands of genomic fragments were
identified, which demonstrated the properties of enhancers.
The most active were located close to housekeeping genes
and developmental transcription factors. About a third of the
fragments demonstrating pronounced activating properties in
the S2 cell genome were located in areas of closed chromatin,
lacking H3K27ac mark of active enhancers. Thus, it seems
unlikely that such fragments are capable of performing the
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—
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Fig. 1. Genetic constructs used for MPRA (a—d) and TRIP method (e).

pA - the polyadenylation signal; LTR — long terminal repeat; Ub — ubiquitin promoter; HygroR — hygromycin resistance gene; Hprt exon - the Hprt gene exon.
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exhibits enhancer properties. The RNA-seq method is used to assess the expression level of unique DNA barcodes in the cell transcriptome. Normalization for
barcode representation in initial pool and defining DNA fragments corresponding to each unique barcode allows to determine enhancer activity of tested

genome region.
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role of enhancers in the genome of the studied cells, and
this finding highlights some of the limitations of episomal
MPRA, which will be discussed below.

An interesting modification of the STARR-seq method
was used in a subsequent work on the study of enhancers
in human embryonic stem cells (Barakat et al., 2018). In
the original work, DNA libraries were obtained by ultra-
sonic fragmentation of the D. melanogaster genomic DNA
and subsequent mass cloning of the obtained fragments
(Arnold et al., 2013). However, this approach is poorly
applicable to larger genomes, since a sufficient representa-
tion of regulatory elements in the resulting DNA libraries
is an extremely difficult task to achieve. Indeed, the use of
the original STARR-seq method to study the regulatory
elements of the mouse genome will require the creation
of more than 200 million unique constructs (Murtha et al.,
2014). Experimental verification showed that the use of a
plasmid library containing 1.3 million unique fragments
of the human genome made it possible to identify only six
enhancers (Murtha et al., 2014).

To overcome this limitation, the ChIP-STARR-seq
method was proposed. In the original paper, the chromatin
immunoprecipitation was used to isolate genomic fragments
enriched with the OCT4, NANOG transcription factors, as
well as the H3K4mel and H3K27ac histone modifications
(Barakat et al., 2018). Obtained DNA fragments were then
cloned into DNA libraries similar to those used in the origi-
nal method. It was found that only a part of the genomic
fragments that demonstrate enrichment by these factors in
genome exhibited enhancer activity. Only about 25 % of the
fragments bound by OCT4 showed enhancer properties. For
the fragments enriched in NANOG and the H3K4mel and
H3K27 histone modifications, the results were 15, 9, and
10 %, respectively. It has been shown that neither individual
factors nor their combinations are capable of unambiguously
predicting enhancers. In addition, a group of enhancers as-
sociated with the regulation of general cellular processes,
which had not previously been found in ESCs, were found.
It turned out that such enhancers demonstrate a rather
weak enrichment in TF OCT4 and NANOG, as well as in
the histone modification H3K4mel, and, most likely, for
this reason they were not previously detected in prospect-
ing studies based on the chromatin immunoprecipitation
method.

Data on chromatin accessibility and the genomic dis-
tribution of histone modifications and regulatory proteins
deposited in open repositories allow to predict regulatory
elements. Using MPRA, the activity of regulatory elements
in the K562 cells and the E1 human embryonic stem cells,
identified on the basis of chromatin structure analysis and
annotated in ENCODE, was studied (Kwasnieski et al.,
2014). It turned out that only about a quarter of them had an
effect on gene expression, which underlines the importance
of such experimental verification (Kwasnieski et al., 2014).
At the same time, this effect may be due to the experimental
limitations of the described MPRA. Indeed, the methods
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described above are episomal, which means that reporter
constructs are not integrated into the genome, hence the ac-
tivity of enhancers is assessed outside the chromatin context.
Significant differences in the activity of enhancers analyzed
in episomal manner and upon integration into the genome
were also confirmed experimentally (Inoue et al., 2017).

This experimental discrepancy looks logical, because
the observation of the effect of chromatin structure on
gene regulation was demonstrated in classical genetic ex-
periments long ago (Muller, 1930). The use of an original
high-throughput reporter analysis method, combined with
MPRA-approaches, made it possible to characterize the local
effects of chromatin on gene expression in mouse embryonic
stem cells (Akhtar et al., 2013) (see Fig. 1, ¢). Within the
framework of this study, using the PiggyBac transposase-
based genomic integration system, reporter constructs con-
taining unique DNA barcodes at the 3’-end of the reporter
gene were randomly inserted into the cell genome.

In the next step, such insertions were mapped and each
DNA barcode was associated with a specific genomic locus.
In total, more than 17 thousand of such inserts were received.
Then, the expression level of DNA barcodes was analyzed
using the RNA-seq method, which made it possible to as-
sess the transcriptional activity of each insertion as well as
the effect of the local chromatin structure on it. Reporter
constructs integrated into regions of compacted chromatin
and regions of domains associated with the nuclear lamina,
as expected, showed a reduced level of expression. Reporter
constructions located within 200 Kb from active genes were
more actively transcribed. It is interesting to mention that
an increased frequency of enhancers was observed within
approximately the same range. Enhancers had an activating
effect on the expression of reporter constructs at a distance
of up to 20 Kb. It is important to note that in this case a
linear distance is considered, and the spatial structure of
chromatin is not taken into account. It was assumed that the
formation of extended, actively transcribed regions is based
on the action of several enhancers. This emphasizes the
need to study regulatory elements in conditions close to na-
tive ones.

The effect of chromatin on the function of regulatory
elements is to some extent taken into account in MPRA,
which are based on the genomic integration of the reporter
construct (Dickel et al., 2014; Murtha et al., 2014; Maricque
etal.,2017,2018). These FIREWACh and SIF-seq methods
were used to identify enhancers in mouse ESCs, but did not
allow quantitative assessment of the activity of regulatory
elements (see the general description of approaches above)
(Dickel et al., 2014; Murtha et al., 2014).

The FIREWACh method is based on genomic integra-
tion of reporter constructs using lentiviral transduction
(see Fig. 1, b). This method of genomic integration ensures
the insertion of the construct into random regions of the
genome (Yang et al., 2008). Thus, an adequate comparison
of the activity of various regulatory elements seems to be
difficult, because it is highly likely that reporter constructs

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



C.E. PomaHos, [1.A. KanawHunkoBa
.M. JlakTnoHoB

will be integrated into different genomic regions, with an
unpredictable effect of the local chromatin environment.

The SIF-seq method avoided such a drawback, since
the integration of reporter constructs is carried out in the
same region of the genome located in the region of the
Hprt gene (Dickel et al., 2014) (see Fig. 1, ). However, this
might serve as a disadvantage, since the correct operation
of an enhancer is determined by a specific set of chromatin
factors, and it is highly likely that it will become non-func-
tional when transferred to a non-identical chromatin envi-
ronment.

The approaches described above did not allow answer-
ing one of the fundamental questions of understanding the
principles of enhancers’ activity, namely, to what extent is it
determined by the DNA sequence, and to what extent — by
the properties of the surrounding chromatin? A systematic
study of this issue was carried out in the research on the
influence of different chromatin environments on the com-
parative activity of enhancers (Maricque et al., 2018). Within
the framework of this study, 15 lines of the K562 cells were
prepared, containing single insertions of reporter constructs
located in different chromatin environments and contain-
ing the Cre-recombinase (/oxP) recognition sites, allowing
targeted insertion of transgenes. Such insertions contained
a DNA barcode and a polyadenylation signal outside of the
fragment flanked by /oxP-sites, with a single unique DNA
barcode corresponding to each line.

The described lines were pooled together, and Cre-me-
diated integration was used to integrate reporter constructs,
that contained a reporter gene ending with a DNA barcode
under the control of the minimal promoter and the genomic
fragment of interest. As such fragments, 300 synthesized
regulatory elements were used, which were previously
studied by episomal MPRA and ranked according to the
level of activity (Kwasnieski et al., 2014). For each genomic
fragment, the corresponding unique DNA barcodes had been
previously established. In case of successful integration, the
original loxP cassette was replaced with a reporter construct
containing the putative enhancers. Moreover, in the case of
activation of the reporter gene, two DNA barcodes will be
transcribed in its composition. Deciphering barcodes allows
to identify which fragment was analyzed in which cell line.

The analysis of the representation of combinations of
DNA barcodes in the transcriptome of cells made it pos-
sible to assess the level of activity of the studied regulatory
elements in different chromatin environments. It was found
that the chromatin environment has pronounced effect on
the activity of cis-elements. However, being placed in the
same chromatin environment, regulatory elements save their
relative activity. It was also demonstrated that the activity of
the promoter affects the expression of reporter constructs, but
at the same time does not affect the comparative activity of
regulatory elements. The results obtained support the model
according to which the nucleotide sequence of the enhancer
determines its overall activity, which is already modulated
by the structure of the chromatin environment.
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Conclusion

MPRA methods allow to perform detailed study of the
regulatory potential of the genomic fragments, and it is a
convenient tool for studying the effect of variations in the
nucleotide sequence on their function. However, it is neces-
sary to note the limitations of the methods, which should be
taken into account when interpreting the results obtained.
The common drawback of MPRA is the need to use a mini-
mal promoter that is unable to activate the expression of
the reporter gene in the absence of an enhancer, since the
presence of basal activity can significantly distort the results.
At the same time, the selected promoter can significantly
influence the activity of a particular enhancer ( Zabidi et
al., 2015; Maricque et al., 2018). In this sense, the analysis
of the activity of enhancers in combination with various
promoters seems to be an ideal experiment. However, such
work seems to be extremely difficult and time-consuming.

The synthesis of DNA fragments used as studied regula-
tory elements imposes restrictions on the total length of such
a fragment. Usually, the length of the studied fragments is
limited to about 200 bp, which often complicates the analysis
of the influence of the rest of the enhancer regions falling
outside these limits (Kwasnieski et al., 2014). MPRA me-
thods based on episomal constructs do not take into account
the possible influence of the chromatin environment on the
regulatory element; therefore, they can be used to study the
direct activating ability of a DNA sequence. MPRA based
on the genomic integration of reporter constructs make it
possible to overcome this limitation to some extent. How-
ever, random or site-specific integration still does not allow
the analysis of the activity of a regulatory element in native
genomic environment. The impossibility of studying the
enhancers function in native environment is a serious MPRA
limitation, since the function of the regulatory genomic ele-
ment depends on the structure of the surrounding chromatin
and the spatial organization of the locus.

Modern methods of high-throughput CRISPR/Cas9
mutagenesis, as well as methods of directed expression
modulation based on the use of an inactivated form of the
Cas9 endonuclease (dCas9) fused with activator or repressor
proteins, make it possible to study regulatory elements in
native genomic environment (Chavez et al., 2015; Sanjana
etal.,2016; Canveretal.,2017; Liet al., 2020). While there
are obvious advantages, such methods also have potential
drawbacks. For example, point mutations produced by
the targeted mutagenesis may not be sufficient to disrupt
enhancer function. In addition, directed mutagenesis is
associated with errors in the recognition of target genome
regions (off-targets), which can lead to the generation of
experimental noise.

It is important to note that the KRAB repressor protein,
which is widely used for the targeted inactivation of enhan-
cers, is capable of initiating the formation of heterochro-
matin regions of 1-2 Kb in length (Gasperini et al., 2019).
This feature can reduce the resolution of the method and
complicate the identification of specific functional fragments
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of the enhancer, as well as increase unwanted side effects
in the case of the presence of erroneous dCas9 recognition
sites. In addition to possible technical difficulties, in the
case of a successful disruption of the enhancer function,
phenotypic manifestations can be restored rather quickly
due to the presumable existence of duplicate enhancers
(Diao et al., 2016).

Thus, MPRA and high-performance methods based on
the CRISPR/Cas9 system are quite complementary and
make it possible to characterize in detail the regulatory
functions of the studied genomic fragments. Coupled with
vast amounts of accumulated data on the chromatin structure
and spatial organization in various cells and tissues, the use
of such methods makes it possible to significantly advance
in the understanding of the mechanisms of precise regula-
tion of gene expression during development and in various
pathologies. Altogether, this allows hoping that in the near
future modern genomics will be able to move from a de-
tailed functional description of regulatory elements to the
creation of quantitative biological models for the regulation
of gene expression.
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