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BakaeMble YUTaTeIH!

IIpennaraem BamemMy BHMMAaHHIO

YETBEPTHIN BBINTYCK «BaBHIIOBCKOrO
JKypHaJla FTeHeTHKH U CEeTeKIIMMN», KOTOPBIi
BKJIFOYAET PE3YNIBTAThI NCCIEIOBAaHUH B 00-
nacTH (GpU3NOIOTUYECKON M METUIIMHCKON
FEHETUKU, MOJIEKYJISIPHOM U KJIETOYHOU
6uoorNy, a TAKKE TCHETHIECKHUX PECYPCOB
pacTeHuil.

IlepBas crarbs pasnena «Pusnonoruye-
CKasi TEHETHKay» MOCBSAIIEHA BOIIPOCaM Ha-
CIEICTBEHHON MPEIPACIONOKEHHOCTH K
KaTaTOHUH — IICUXONATOJIOTHYECKOMY CHH-
JpOMY, JJIsI KOTOPOTO XapaKTEpHBI pac-
cTpoiicTBa ABUraTeNbHbIX (hyHKIMH. Ha Mo-
JIeJIM KPbIC C T€HETUYECKOW KaTaTOHUEH
OBUTM BBISIBICHBI aCCOIMAINN KAaTaTOHH-
YECKUX PEAKIIMI CO CHUYKEHHEM PETIPOTyK-
TUBHBIX 1aPaMETPOB ¥ yMEHbIIIEHUEM (ep-
TUIBHOCTH B3POCHBIX caMmuoB. Hensmen-
HBIIl HHTEpEC BBI3BIBAIOT PAOOTHI MO TPOO-
neMe oxupeHus. MoJekynspHble Mexa-
HHU3MBI, OOCPEAYIOIIUE BIMSHAE MaTEPUH-
CKOTO O)KMPEHHUSI Ha MeTabonnueckuii ¢e-
HOTHII TOTOMCTBA, OITHUCAHbI BO BTOPOH CTa-
The paszena.

Paznen «MomnekysipHast 1 KJIeToqdHast O1o-
JIOTHSD» OTKPBIBAET 0030, MOCBSIICHHBIH
MIPUOHAM, MX MATOJIOTUYECKUM M MH(]EK-
LUOHHBIM CBOMCTBaM M ponau MukpoPHK
B IIaTOTeHE3€ NMPUOHHBIX Oose3Hel. Yuya-
ctue PHK B perymsiuum sxkcnpeccun reHos,
OTBETCTBEHHBIX 32 MATOJIOIMYECKHE MPO-
I[eCChl B OPTaHMU3ME YeloBeKa, paccMmar-
pHUBaeTCs B AByX IPYTUX CTaThAX paszena.
B ongHOI U3 HUX C MCHOIB30BAHUEM B Ka-
YEeCTBE HKCIIEPUMEHTAIILHON MOAETH JIH-
JIEPMAJIbHBIX KEPATHHOLIUTOB YEII0BEKA HC-
CII€JOBaH yPOBEHb DKCIIPECCUH MaTPHKC-
HBIX METAJUIONPOTEHHA3. YCTaHOBJIEHO, YTO
PHK-nnTepdhepennns MeTamionpoTenHas
o0JiagaeT MOTECHINAIBHBIM TEPaNeBTHYC-
cKUM 3 HEeKTOM, KOTOPBII MOXKET OBbITh HUC-
MOJIb30BaH IIPH JIEYEHNH TIcopuasza. B apy-
TOH CTaThe MOKA3aHbl MEXAHU3MBI PEryJs-
uuu ¢ nomoisio MukpoPHK rena-kanau-
nmara ZFHX3, y9acTBYIOIIETo B IpoIieccax
pa3BUTHsI UHCYJbTA, aTEPOCKIIEPO3a U JIPY-
T'UX CEpPIeYHO-COCYAUCTHIX 3a00IeBaHUH.

B pasnpene «MeauuuHckas reHETHKa
00CYy>K/1at0TCs aKTyalIbHBIE TPOOJIEMBI ITPO-

OT PEOAKTOPA / FROM THE EDITOR

(DUIIAKTHKY 1 JIeUeHHsI KIIeIEBOT0 SHIIe(aIuTa — BUPYCHOTO
3a00JIeBaHNUs, TPUBOAIIETO K HEBPOJIOTHUECKUM M MICUXH-
aTpUYECKUM OCIIOKHEeHusM. Ha mpumepe rpymmsr 100po-
BOJIBIIEB, paHCC HEC MPOXOAUBIINUX BaKIWHALOWUIO MNPOTUB
KJIETIIEBOTO 3HIE(aTNTa, KOJUIEKTHBOM HCCIIEN0BaTeIeh 13
HoBocubupcka ObLT TpoaHATM3UPOBAH IMTOIMMOP(PH3M pery-
JISITOPHBIX 00JIacTel FeHOB, (POPMHUPYIOLIMX UMMYHHBIN OTBET.
Eme omHa crarhs mocssAmieHa pa3padoTKe MpenapaToB HOBOTO
TIOKOJICHHS] HAa OCHOBE XMMEPHBIX aHTUTEIN 1S 3D (HEKTHBHOM
npoUIIaKTHKK U TEpalvyi BUpYyca KIEIEBOTro SHIehaInTa.

W3BecTHO, 4TO ITpH MOJCTUPOBAHNH 3a00JICBaHUN 3HAYH-
TEJIBHYIO POJIb UTPAIOT TEeHETHYECKHE MOjenu. B aTom ke
pasnene NpUBENCHBI Pe3yJbraTbl U3YYEHUS JIUHUU KPBIC C
TEHETUYECKOM KaTaTOHMEH, NPOIIEAIINX JIUTEIbHbIN Mpo-
necc ceneknnu. «KararoHndeckas» CTPyKTypa MOBEICHUS
oco0eii ObL1a MOATBEPIKICHA HA OCHOBAHUH HACIICICTBEHHBIX
peaKIuK KaTajJercuy B ITOKOE ¥ MPHU CTpecce.

Tpaguunonnast pyopuka «l'eHodoHT M cenekuus pac-
TEHUI» BKJIIOYAET TPH MyONMKanuu. ABTOPBI JBYX MEPBBIX
cTareil paccMaTpUBalOT BOIPOCH MHTPOIPECCUBHOU T'H-
Opuau3anyy y TONOJIS M XpHU3aHTeMBbl. [IpoBeneHa omeHka
SHJIOI€HHOM, MEXKIIOIYJISIIMOHHON U BHY TPUIIONYJISILIUOHHON
W3MEHUYNUBOCTHU MO (D)EHOTHNHUUYECKUM MpPHU3HAKaM B 30HE
€CTECTBEHHON THOPUAN3AINN TOTIOJIEH, PaCIPOCTPAHCHHBIX
B 3aMaJHOCUOMPCKOM PEruoHe. Y BCEX M3YyYCHHBIX BHUJIOB
YPOBEHb BHYTPUIIOMYISIIMOHHOTO Pa3HOOOpa3ms oKa3ascs
3HAYMTEIILHO BBIIIE MEXITOMYIISIIHOHHOTO. [ToydenHble pe-
3YJbTaTbl CBUACTCIBCTBYIOT TAKIKE O PE3KOM CHUKCHUN MEK-
TIOMYJISAIIHOHHOW M3MEHYMBOCTH MO/ BIUSTHUEM €CTECTBEH-
HOTro 0TOOpa Ha PAaHHMX CTAAMSAX OHTOreHesa. B pabore mo
CO3/IaHUIO HOBOTO CEJICKI[MIOHHOTO Marepualia XpHU3aHTEeMbI
Ca/IoBOIl C MCIOIB30BAaHUEM TIPHPOAHOTO TEHOPOHAA poaa
Chrysanthemum npeniaoXxeHa CTPaTETUsI MOJTYUYCHUS OTe-
YCCTBCHHBIX aJalITUBHBbIX FI/I6pI/l,HOB 1 COPTOB XPU3aHTEMbIL
CaJI0BOM C TIOMOIIIBIO0 MEKXBUIOBOH rHOpuan3anyn. Pyopuxy
3aBEpIIACT CTaThsl, KOTOPasi 3HAKOMUT C TEHETHYECKUM pas-
HOOOpa3reM MECTHBIX YKOTUIIOB poja Aegilops, pactpoctpa-
HEHHbIX Ha Teppuropun Kaszaxcrana. ITpoBeneH CkpuHUHT
Ka3aXCTAHCKUX MECTHBIX TMOMYJISIIUI ¥ HICHTU(QHUIIUPOBAHBI
00pa3ibl, KOTOPhIE MOTYT OBITh HCIIOJH30BAHBI B KAYCCTBE
HCTOYHHUKOB CKOPOCHEIOCTH U YCTOWYNBOCTH K OONE3HSIM.

B 2018 romy BaBmitoBckuii >kypHas FeHETUKH U CEJICKIAN/
Vavilovskii Zhurnal Genetiki i Selektsii ObL1 BKIIIOUEH B UeT-
BepTyto 6a3y WoS Core Collection — Emerging Sources Cita-
tion Index (ESCI). IMnakr-akrop Juist crareil, BKIFOYEHHBIX
B 0a3y ESCI, He paccuntbiBaercs. HaxoxaeHnue xypHaia B
MEKIyHApOIHbBIX 0a3ax AaHHBIX MOBBIIIAET €TO BUANMOCTD
U IUTHPYeMOCTh. TakuM 00pa3oMm, NMpH YCIOBHH XOPOILCH
LUTUPYEMOCTH JKYPHAJI CTAHOBHUTCSI KaHJMIATOM JUIs 0TOO-
pa B mepByto 0a3y manasix WoS Core Collection — Science
Citation Index Expanded.

Axaodemux B.K. [LlymHuvii
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CrnepmaToreHHast GyHKIISI CEMEHHUKOB
V KpbIC C HacJIeACTBEHHO MpeapacIioloKeHHOCThIO
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KaTaToHUA — NcMXonaTonornyecknin CUHLPOM, NPOABAALWNIACA KaK
[BUraTesibHble paccTpoicTBa. KataToHNYeCcknii CUHAPOM COMyTCTBYET
MHOTVM MCUXUYECKM 3a60N1eBaHUAM, B YaCTHOCTU W30bpeHn 1
Jenpeccum, KoTopble WPOKO PacnpoCcTpaHeHbl B MOMyAALUN Yeno-
BeKa. JInHmA Kpbic MK (reHeTMYecKan KaTaTOHMA) NonyYeHa n3 MUHUK
Buctap nytem gnutenbHom (78 NOKoNeHWI) cenekuymm Ha KaTaToHnYe-
CKWI TUM pearmpoBaHnaA 1 CY>KUT MOZENbIO LWN30PPEHHbIX U Aenpec-
CUBHbIX COCTOAHWI Y YeroBeKa. MI3BeCcTHO, UTo ceneKkuma no noBeAeHuto,
B TOM YKMCJ1e MO BbIPaXXeHHOCTY KaTaTOHNYeCKO peakLmn, NpUBOANT K
HENPO3HAOKPUHHBIM, PENPOAYKTUBHBIM U MOPPONOTrNYECKM N3Me-
HEeHWAM Y XMBOTHbIX. OfHaKO BIMAHME 0TOOPa NO BbIpaXKeHHOCTH
KaTaTOHMYECKOW peakuumn Ha CnepMaToreHHyio GYyHKLMI0 CEMEHHNKOB
y CaMLOB KpbIC He 13yyvanoch. Llenblo HacToswwen paboTbl 66710 Npo-
BECTU CPaBHUTENbHOE UCC/Ie[0BAHME CEPMATOreHHON GyHKLMK
CEMEHHMKOB Y KpbIC nHUK MK 1 nivHum Buctap B nepuoa nonosoro
co3peBaHuA (50-1 eHb XN3HM) 1 Y B3POCbIX XMBOTHbIX (90-11 AeHb
K13HK). Onpenenanu KoNMYecTBO SNUANAMMANIbHBIX CMEPMATO30U0B,
[10110 MOJIOBbIX KNETOK C NMPOrpPeccrBHbIM ABMXXEHMEM, [0 MOPHO-
NOrNYeCKM aHOMasbHbIX CNEePMaTO30U0B, @ TaKKe MacCy pPenpoayK-
TUBHbIX OPraHOB 1 pa3mep nomeTa. Y B3pocCibix KpblC nnHum K Konu-
YeCTBO CMepMaTO30MA0B 1 UX MOABUKHOCTb, Macca Tena, CEMeHHVKOB
1 KayAanbHbIX SNMANAMMUCOB, KONIMYECTBO POXKAEHHbIX MOTOMKOB
OblNIV CHMXKEHDBI MO CPABHEHWIO C Kpblcamu MHUK BucTap. B nepriog
NoJSIOBOro CO3peBaHNA KpblCbl MHMK [K xapakTepusoBanucb 66mb-
UMM KONIMYECTBOM CNepMaTo30MA0B Mo CPaBHEHUIO C IMHKeRN BucTap.
MeXXnnHemHbIX pa3nnunin no gosne Mopdonornyecknx aHomanmmn
CnepmaTo30MA0B Y CaMLIOB KpbIC He oTMeueHo. Mpegnonaraetca, 4to
MN3MeHeHWA CrnepmaToreHHbIX NokasaTenern npu cenekuum Kpbic Ha
BbIPA’KEHHOCTb KaTaTOHUYECKON peaKkLuy 06ycnoBaeHbl HapyLUeHN-
€M OHTOreHeTUYECKOro NaTTepHa CeKpeLMmn TeCToCTepoHa. Taknm
06pa3om, HacnefCTBEHHAA NPeLPacnoNOXKEHHOCTb K MPOABEHMIO
KaTaTOHMYECKMX peaKkLuii MOXKET ObITb aCCOLMMPOBAHA C YXyALUEHNEM
cnepMaToreHHbIX NapameTpPOB MOMOBO3PENbIX CaMLOB KpbIC. JINHKA
KpbIC [K MOXeT ABNATbCA NepCneKTUBHON MOAENbIo ANsA NcCiefoBa-
HWA B3aVIMOCBA3N MeXAY HaceCTBEHHOW NPeapacnoNOKEeHHOCTbIO
K KaTaTOHUW 1 CNepMaToreHe3oMm.

KntoyeBble cnoBa: KaTaTOHSA; CeNeKLMOHHaA MOAENb; KPbICbI;
KOJIMYeCTBO CNepMaTo30UA0B; MOABUXKHOCTb CNIEPMaTO30UA0B;
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Sperm quality in rats
predisposed to the manifestation
of catatonic reactions

M.A. Kleshchev®, T.A. Alekhina, L.V. Osadchuk

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

Catatonia is a psychopathological syndrome displayed
as a motor disorder. Catatonia is a sign of many men-
thal disorders, particularly schizophrenia and depres-
sion, with a wide disrtibution in the human popula-
tion. The GC (“genetic” and “catatonia”) rat strain was
obtained from the Wistar rat strain by a long selection
(78 generations) for the catatonic type of reaction and
is a model of schizophrenic and depressive disorders
in humans. It is known that selection for behavior in-
cluding catatonic reactions results in neuroendocrine,
reproductive and morphological changes in animals.
However, the influence of selection for a catatonic
reaction on the spermatogenic function of testes had
not been studied. The aim of this study was to conduct
a comparative investigation of sperm quality in rats

of the GC and the Wistar strain. The epididymal sperm
parameters (sperm count, sperm motility, sperm mor-
phology) were measured, and body, testes and epi-
didymal weight were determined at puberty (50 day
of life) and at adulthood (90 day of life). The litter size
of the GC and Wistar rats was determined. It was found
that adult GC rats had a lower sperm count, sperm mo-
tility, testis weight, epydidymal weight and litter size
compared to adult Wistar rats. However, at puberty,
GCrats had a higher sperm count than the Wistar
strain. Interstrain differences in sperm morphology
were not found. It has been assumed that the changes
of spermatogenic parameters in response to selection
for catatonia are caused by changing the ontogenic
pattern of testosterone secretion. In conclusion, the
hereditary predisposition to catatonic reaction is as-
sociated with impaired sperm parameters in adult rats
that reduces their chance to reproduction. The GC rat
strain can be a perspective model for investigation of
the relationship between the hereditary predisposition
to catatonia and spermatogenesis.

Key words: catatonia; selection model; sperm count;
sperm motility; sperm morphology; fertility; light
microsropy; puberty; rat.



aTaTOHMUSI — PacIpOCTPAHEHHBIN [ICUXONATOIOTHYECKUI

CHHZPOM, K OCHOBHBIM HPOSIBICHUSIM KOTOPOTO OTHOCSIT-

Csl IBUTATENbHBIC PACCTPOMCTBA: CTYIOpP, KaTaJlercus,
crepeorunus 1 Hekotopbie npyrue (Wilcox, Duffy, 2015). Ha
CETONHSAIIHUH JIEHb CINTACTCSI, YTO KATATOHUUECKHE PEAKIINH
XapaxkTepHbl Ut ah(HEeKTUBHBIX PacCTPOWCTB, MHU30(peH-
HBIX TICHX030B M MOCTTpaBMaTHueckux cocrosiHuii (Daniels,
2009). B nagamne 1980-X rT. U3 TOMyIAINH KPBIC ayTOPETHON
nuHUU Bucrap Obina cenekunonmpoBana juHUS kpeic ['K
(renetnueckas karatonusi). Cenexius Benach Ha 4YacTOTY, BbI-
PaXEHHOCTb U ITTUTEIBHOCTD KaTaJlIeITHIECKOTO 3aCThIBAHMS,
KOTOPOE BBI3BIBAIIN, IPMKAMAst KPBICY C TOMOIIBIO MATOYKH
CIMHOM K yriTy KieTku. B nanbHelimem nunus kpoic 'K crana
Mozensio mm3ohpenssx (Kolpakov et al., 1986), nenpeccus-
ueIx (Kulikov et al., 2006) n HeBpoTnueckux cumnToMoB (Psi-
3aHOBa U Jp., 2012), HabmonaeMbIX y YeIoBeKa.

W3BecTHO, UTO TTOCHE JUIUTEIHLHON CEJICKIIMHU T10 TTOBE/IC-
HUIO HACJIeAyeTcss OTOMpaeMblii MPU3HAK U KOPPEISTHBHO
M3MEHSIOTCS Hecneuduieckne GyHKIMU — CTPECCOpHAs 1
nosoBas (benseB, 1962). Ha ocHOBaHWM MHOTOYHCIIEHHBIX
9KCTIEPUMEHTAIIBHBIX TAHHBIX, TIOJTyYSHHBIX IIPH JIOMECTHKA-
UK )KUBOTHBIX, JI. K. BernsieBbIM ObLiia BBIIBHHYTA KOHIICIIIIHS
JIeCTaOMITN3UPYIOIIETO 0TOOPA, COTIIACHO KOTOPOH CENeKIINs
Ha [TOBE/ICHYECKHE TIPU3HAKH COTIPsHKEHA C U3MEHEHUEM Hel-
POrOPMOHAIIBHBIX CUCTEM, PETYJIUPYIOLIMX OHTOTEHE3 0COOU
(benses, 1981). B psine nccnenoBanmii yCTaHOBICHO, YTO IPH
CEJIeKIINH KPBIC Ha BEIPAKEHHOCTh KaTaTOHUIECKOH peakIyy,
TaK K€ KaK U IpU IJOMECTUKAINU KUBOTHBIX, IIPOUCXONIIA
JiecTaOMITH3aIHs PEryIATOPHBIX CHCTEM OHTOTE€HE3a, KOTOpast
BBIPA)KAJIACh B TIOSIBIICHUH HOBBIX MOP(]OJIOTMUECKHX MTPU3HA-
KOB U U3MEHEHUH HEUPOIHJOKPUHHBIX CUCTEM, KOHTPOJIUPY-
OIINX B TOM YHUCIIE PETIPOAYKTHBHYIO (DyHKINIO (AJEXHHA U
Ip., 2016). Y KpbIc 0OTMEHanoch CHIYKEHHE COJICPIKaHMS B TH-
MOTaJaMyCe BKHEHIINX HEUPOTPAHCMUTTEPOB — A0 aMHHa,
HOpapeHaliiHa U cepoToHnHa (AnexuHa u ap., 2006). Kpome
TOTO0, yCTAaHOBJICHO 00OJIee HU3KOE COZIEpKAHKIE TECTOCTEpOHa
B IIJIa3Me KPOBH y B3POCIIBIX KPBIC KATATOHUYECKOH JINHUY B
20-M u1 50-M ITOKOJICHHSIX CENEKIIH IT0 CPAaBHEHHUIO C TICPBBIM
MIOKOJICHHEM M MaTtepuHckoii mnaueit Bucrap (Ilynsra u ap.,
1996). ¥V camoxk kpsic nuHnu ['K Obu10 00HapykeHO yMEHb-
TIeHue 00IIero Yrca (GOTHKYIIOB B IIPOACTPYCE U IUICTPyCe
B 3-MECSIYHOM BO3pacTe, Oojiee HU3Kasi 4acToTa 3CTPYCOB U
JIMACTPYCOB B Bo3pacte 6—12 mecsies, a TakKe MOBBIIICH-
HBIM yPOBEHb CHHXPOHH3AIIHN 3CTPATbHON IIMKINIHOCTH IIPH
TPYIITIOBOM COAEPXAHHH T10 CPABHEHHIO C KPHICAMH MCXOTHOM
nunaun Bucrap (Anexuna u np., 2015).

Br13BanHbIe 0TOOPOM Ha BBIPAKEHHOCTH KaTATOHUIECKON
peaxkuy M3MEHEHHUS B THIIOTAJIaMO-THIIO(QHU3apHO-TOHA -
HOM ocH MOT'YT OKa3bIBaTh BJIMAHHUE U HAa CIEPMATOTCHHYIO
(hyHKIIMIO CEMEHHHUKOB CaMIIOB KpbIC. OCOOCHHO BayKeH ISt
OHTOT€HETHYECKOTO CTAHOBJICHHS M PETYIIALNH KaK CriepMa-
TOTeHe3a, TaK U IO0Be/IeH sl TecTocTepoH. CeKpelus TecTocTe-
POHA OTHOCHUTENBHO BBICOKA B TIEPBBIE CYTKHU IOCIIE POIOB, HO
3aTeM CHIDKAETCsI 1 HAYMHACT BHOBB YBEIIMUMBATHCS B HAaUasIe
nosioBoro co3peBanus (Chen et al., 2015). VBenuuenue ce-
KpELUH TECTOCTEPOHA B IIEPHHATAIBHBIN MEPHOJ U BO Bpe-
M3l TTOJIOBOTO CO3PEBAHMS OKa3bIBACT ITPOrPaMMHPYIOIIHH 3(-
(beKT Ha pa3BUTHE MO3TOBBIX CTPYKTYpP, KOHTPOJUPYIOLUIHX
nosenenue (Trainor et al., 2009), a Takxe HEOOXOIUMO IS
pa3BuTHs KineTok CepToiy 1 CTAaHOBJIICHUS CIIepMaroreHes3a
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(Hazraetal., 2013). Panee ObU10 yCTaHOBJICHO CMEILICHHUE T1e-
PHHATAIBHOTO MTUKa TeCToCTepoHa y Kpbic miHuH [ K Ha 6omee
T03/THAE CPOKH OHTOTE€HE3A 110 CPAaBHEHHMIO C KpbicamMu Bucrap
(Ocamguyk, Anexuna, 2018). DTo MOXXeT OKa3aTh BIHMSHUE
Ha mponudepanuio u auddepernmanuio kirerok Cepronn
U, CJICJIOBAaTENIbHO, PUBECTH K M3MEHEHUSIM B KadecTBE W
KOJIMYECTBE criepMaro3ouaoB. OHaKo, HECMOTPS Ha 3HAYH-
TEJIbHBIN 00BEM TOYYECHHBIX JAHHBIX O MOP(OTOTHUECKHX,
HEWPOIHIOKPHHHBIX U PETIPOAYKTUBHBIX I3MEHEHHSIX Y KPBIC
muaun 'K, BusHue oT60pa 1o BEIPaXKEHHOCTH KaTaTOHUYe-
CKOM peakIuy Ha KOJIWYECTBO M Ka4E€CTBO CHEPMATO30HMI0B
y CaMIIOB KpBIC HE N3y4aloch.

HccnenoBanue criepMaToreHHOW (DyHKIIMM CEMEHHUKOB Y
kpbic muHAN 'K MOXeT MoMo4b B TOHUMaHUU MEXaHU3MOB
B3aMMOCBS3M HACJICJICTBEHHON MPEIPACIIONIOKEHHOCTH K
MPOSIBIICHUIO KaTaTOHWYECKUX PEaKUid ¥ CIepMaroreHesa.
W3ydenne 3THX MEXaHN3MOB SIBIISICTCS aKTyaIbHOH mpobiie-
MOH, TTOCKOJIBKY KOJMYECTBO W Kau€CTBO CIIEPMaTO30HJI0B
BO MHOTOM IIPEONPEIEIISIOT AaHChl CAMIIOB Ha BOCIIPOU3-
BOZICTBO IoToMcTBa. [103TOMY BO3MOXKHOE yXyAIIIEHHUE CIIep-
MaTOTr€HHBIX ITAPaMETPOB y CaMIIOB, TeHETHYECKH IpeIpac-
IMOJIOKCHHBIX K PA3BUTHUIO MATOJIOI'MYECKUX MMOBCACHYCCKUX
peakxIuii, B YaCTHOCTH KaTaTOHUH, MOXKET OBITh Ba)KHBIM
MEXaHH3MOM, YCTPAHSIONINM TaKUX CAMIIOB M3 Pa3MHOKCHUS
B €CTECTBCHHOM nonyiaauruu XUBOTHBIX, U TaKUM o6pa30M
BHOCHTB BKJIa]l B CTAOMIM3UPYIONINI OTOOP IO TTOBECHHIO.
Kpome Toro, nannble Mcciael0BaHNUS MUMEIOT MPUKIATHOE
3HaueHUE, MOCKOJIbKY MIN30(PEHUS U JICHPECCHSI, MOJIEIIBIO
KOTOPBIX CITy>KUT JIHUS KpbIc 'K, mmpoxo pacrpocTpaneHbl
B 4EJIOBEUECKOH romyisiiyu. B psine nccneoBannii ycraHoB-
JICHO CHMIKCHUE PETTPOAYKTHUBHOTI'O TOTCHIIMAJIA U YXYAILICHUE
KauecTBa SIKYJSITa Y MYKUHMH, CTPAJAIOIINX JETPECCUEH U
mm3odpenueii (Worly, Gur, 2015). Mexauu3msl 3Toro heHo-
MCHa Ha LlaHHblﬁ MOMCHT HCU3BECTHBI, BEPOATHO, OHHU MOT'YT
BKJIFOYATh HACJICJCTBCHHBIN KOMIOHEHT.

[enbro HACTOSIIIIETO NCCIIEI0BAHMS OBIIIO U3yYHThH BIMSHHC
JUIMTEJIbHOU CEJIEKLUU 10 BBIPA>KEHHOCTU KaTaTOHUYECKOU
peaKnuy Ha CIIEPMaTOTCHHYIO (PyHKIIMIO CEMEHHHUKOB y CaM-
IIOB KPBIC BO B3POCIIOM BO3pacTe M B MEPHOJ MTOJIOBOTO CO-
3pe€BaHus, KOTOpI:Iﬂ ABJISICTCA KPUTUYCCKUM I OHTOI'CHE-
THYECKOTO CTAHOBJICHHs cliepMaroreHesa. st 3Toro OblIo
MPOBE/ICHO CPABHUTEILHOE HCCIIEI0BAaHUE KOJTMYECTBA SHIN-
JAUMAaJIbHBIX CIICPMATO30U 0B, TOABUKHOCTU U MOpq)OJ'IOFI/II/I
TIOJIOBBIX KJIIETOK y caMioB Kpbic uHnH 'K (78-e moxonenne
CEJICKIINN) W UCXOJHOM JMHUM BucTtap y monoBo3penbix u
myOepTaTHbIX )KUBOTHBIX. UTOOBI OoJiee 1MoJTHO oXapaKTepu-
30BaTh BIUAHIE HEHPOIHIOKPHUHHBIX I3MEHEHNH, BBI3BAHHBIX
CEJICKIMEH 110 MOBE/ICHHUIO Ha PAa3BHUTHE IOJIOBOM CHCTEMBI
CaMIIOB U (l)epTI/I.HI)HOCTI) KUBOTHBIX, MbI OLICHHUBAJIU TAaKXC
Maccy Telna, PeNpOAYKTUBHBIX OPIaHOB M pa3Mep MOMeTa y
kpbic nunuit I'K u Bucrap.

MaTepman n metoabl

7KupoTtHble. B paboTre 1cnonb30Baay KpbIC HHOPEHOM JH-
Huu ['K 1 ucxonnoit ayropenHoi muaun Bucrap. JKUBoTHBIX
cofiep Kaji TPYTMIaMH Mo 5—6 0co0el B YCIOBUSIX KOHBCH-
[IMOHAJILHOTO BUBapusi MHCTUTYyTa HUTONOTHH W TEHETHUKH
CO PAH B cTraHgapTHBIX TUIACTUKOBBIX KJIETKaX pazMepoM
60x40x20 cM ¢ KPBIIIKOH W3 METAJUIMYECKUX MPYTHEB,
IIpU ecTecTBEHHOM (oTornepuozae. Bona n nmma (rpanynu-
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POBaHHBIN IOJHOPALMOHHBIN alaToreHHbl KopM «Hapay,
Poccust) mpenocTaBisuIuCh )KUBOTHBIM Oe3 orpanndeHus. [Tpu
POXXIECHUH TIOTOMCTBA 3aITUCHIBAIH KOJIMUYECTBO POXKICHHBIX
KPBICAT B KXKA0M IoMeTe. 3200 )KUBOTHBIX MPOU3BOIUIICS
B (eBpane. s cHATHS 3(D(HEKTOB TPYIIIIOBOTO COACPIKAHUS
3a YeTBEPO CYTOK 10 320051 KPBIC PACCAYKMBAIH B MHIMUBHIY-
aJIbHBIE KJIETKH, aHAJIOTUYHBIE TEM, B KOTOPBIX UX COJEPIKaIIN
panee.

[TpunsTO CUMTATH, YTO Y KPBIC TIOJIOBOE CO3pPEBAHKE Ha-
yuHaetcs ¢ 3035 JHs )KU3HU, a 3aKAHYUBAETCSI B BO3PACTE
55-60 gHei, KoTja MOSBIETCS CTIOCOOHOCTD K (DePTHIEHBIM
cnapusanusM (Ojeda, Urbanski, 1994). Mccnenosanue mpo-
BOJMJIN Ha KpbIcax B Bo3pacte 50 nHel (mepuop mojaoBoro
co3pesanus) 1 90 gHel (B3pocibie ;KUBOTHBIE). B 06enx Bo3-
PacTHBIX TOYKaX McCieaoBaIH Mo 10 KpbIC KaXIO0H JIMHUH.
Bce skcniepuMeHTabHbIE MPOLEAYPbI BHITIOIHEHBI ¢ COOITIO-
JICHUEM TIPaBUII, U3JIOKCHHBIX B IMPEKTUBaxX EBporeiickoro
coobmecta (86/669/EEC)  XenbCHHKCKOH JCKIapaiiui 1o
3alIMTe TT03BOHOYHBIX )KUBOTHBIX, HCIIOJIBb3YyEeMBbIX JUIs J1a0o-
PATOPHBIX LIETEH.

HccnenoBanue 3MUANANMAIBHBIX CIIEPMATO30U/I0B.
Kpsbic ipeBapuTenbHO 00padaThiBaIn AUITUIIOBBIM d(PHPOM
B T€UEHHUE 5 MUH, B3BELLIMBAJIH, a 3aTeM JieKanuTuposanu. He-
MEJUICHHO IT0CIE 320051 BBIICIISIN 1 B3BEIIMBAJIN CEMECHHUKHI
1 KaylaJibHbIC SIMTUIUAUMUCHL Y KpbIC B Bo3pacTe 50 aHeit 00a
KayaJbHBIX SMUAMAMMHUCA TIoMemmany B 1 mi gocarHoro
Oyhepa u1s1 nanpHEHIIEH OIEHKN KOJTMYeCTBa ST IMAITb-
HBIX CIIEPMAaTO30MI0B M UX Mopdoorun. V3-3a oueHb HU3-
KOTO YHCIa SMUIUIUMAIBHBIX CIEPMATO30MI0B U, COOTBET-
CTBEHHO, HU3KOHM WX KOHIICHTPAIMU B CYCIICH3UH Y KDBIC B
Bo3pacte 50 AHEel NOABMKHOCTh CIIEPMATO30U10B HE OLIEHH-
BaJIH. Y B3POCIHBIX KPBIC OTUH SMUANANMHUC TIOMEIIAIH B 3 M
(hocdarroro Oydepa 15 OLIEHKH KOIMYECTBA U MOP(OIOTUH
CHEepMaTo301/10B, @ BTOPOH — B 1 MJI KyJIBTypabHON Cpe/ibl
DMEM (Gibco, CIIIA) myis mocnenyionei OneHKH T0Jn
MIO/IBM)KHBIX CIIEPMAaTO30M/I0B. DIUIUINMHCH BHIOMPAINCH
Clly4aiHbIM 00pa3oM. DNUANANMAILHYIO TKAHb U3METbYaITH
HOXKHHUIIaMH, BCTPSIXUBAJIM Ha IIeiikepe B TeueHne 10 MuH 1
(uapTpOBaNM Yepes IIIACTHKOBEIC QIbTphl Falcon (ama-
metp cetku 70 mxm). Micrionb3yst ananuzarop pepTuiibHOCTH
cnepmbl SFA-500 (HI1® «buonay, Poccns), onieHuBanm 1010
CIIEpMaTO30MI0B C IIPOTPECCUBHBIM JBIKEHIEM. V3mepenust
MIPOBOJIMJIN TIPH MOCTOSIHHOW TeMIeparype KyJbTypallbHOM
cpexst (37 °C). KonmuecTBO criepMaTo30MA0B MTOJCYUTHIBA-
1 B kamepe [opsieBa 1Mo cBETOBBIM MHUKPOCKOIIOM TIPH
yBennuenun %200, mocie okpacku | % BOAHBIM pacTBOPOM
503MHA. Pe3ynbTaThl mepecunThIBaNIN Ha 00a KayJaJlbHBIX
snuauauMuca. st nogcuera Mop(hoornuecki aHOMaTbHBIX
CIIEPMaTO30M/I0B AJIMKBOTY CYCIEH3UHU CHIEPMAaTO30HM10B MO~
MEIIATH Ha MPEIMETHOE CTEKIIO M AENaIN Ma3oK. Ma3ku (uk-
CHPOBAJIN METAHOJIOM B T€YEHHE | MUH 1 OKpPAIIUBAJIH C TO-
Mol Habopa kpacureneit Diff-Quick («Adpuct+», Poccust).
KonnaecTBo aHOMaNbHBIX CHEPMATO30MI0B MOICYUTHIBAIN
O/l CBETOBBIM MUKpOCKonoM npu yBenndeHuu x400. Crep-
MaTo30U/J] CUUTAIN MOP(OJIOTHUECKA aHOMAJIBHBIM, €CIIH
XOT OBI OflHA M3 €ro 4yacTeil (TOJ0BKa, CPeIHsS Y9acTh WIH
XBOCT) MMeJIa BUJMMBIC B CBETOBOM MUKPOCKOIT HAPYyIICHUS
CTpOEHHUsI, TAKKE KaK aMop(dHasi roJI0BKa, aHOMAJIMH CTPOCHUS
KPIOYKa, 3aKPyUYEHHBIN WM IIMHIBKOOOPa3HbIA XBOCT U He-
koTopsle npyrue (Seed et al., 1996).

402

Vavilov Journal of Genetics and Breeding - 2018 -22 -4

M.A. Kleshchev, T.A. Alekhina
L.V. Osadchuk

CrarucTHyecKuil aHAJIM3 JAaHHBIX BBIIOTHSIIN C UCTIONb-
30BaHMEM MaKeTa KOMITBIOTEPHBIX Mporpamm Statistica 6.0.
JInist TaHHBIX, HMEIOLIMX HOPMAaJbHOE paclpeseneHne (Bec
TCJIa U CCMCHHUKOB, 0JIA IMOABUYKHBIX cnepMaTo301/1)1013),
MIPOBOANIIH IBYX(DaKTOPHBIH 1 OMHO(DAKTOPHBIH AUCTIEPCHOH-
HBII aHanu3 (1aBHbIE (PAKTOPBI — TEHOTHIT U Bo3pact). s
CpaBHEHHS TPYINN B paMKax JUCIEPCHOHHOIO aHajIu3a HC-
nosib3oBau TecT [lyHkana. /[ qaHHBIX, UMEIOIIMX pac-
IIpe/ieNieHre, OTINYAIOIIeecs] 0T HOPMAJIBHOTO (BeC AIUAN-
JAUMUCOB, KOJMYCCTBO SMUANIUMAJIBHBIX CIIEPMAaTO30UI0B
1 JI0JIS1 aHOMAJIBHBIX CTIEPMATO301I0B), TPYIITbI CPABHUBAIN
C HCHOJB30BaHUEM HEMapaMeTpHUecKoro kpurepus Man-
Ha—YUTHU. J[aHHbIE IIPEICTABICHBL B CTaTbe KaK CPEAHSA
BBIOOpOYHAs U e OIHOKa. Pa3mianst cauTaiy CTaTUCTUIECKH
3HaYMMbIMU Tipu p < 0.05.

Pesynbratbl

3a mepuon uccienoBaHus oTrciexeH 81 ciydail pokaeHus
KpbICAT 00eux JIMHKMI. B pacuere Ha OIUH MOMET pOAMIOCH
Gompire ocobeit B momymsiuu Bucrap, wem B nuauu ['K
(10.2+0.3,n=43;8.6£0.3,n=38; p <0.05 COOTBETCTBEHHO).

JIByX(pakTOpHBIN JUCIIEPCUOHHBIN aHAIM3 MO3BOJIMI yC-
TaHOBHMTh J0CTOBEpHOE BiMsaHMe Bospacta (F, 5, = 115.77,
p<0.01) urenoruna (F, ,,=106.49, p <0.01) na maccy Tena
caMIIOB KpbIC (pUCYHOK, a). KpoMe Toro, HaOmo0Aa10¢h J10-
croBepHoe B3aumozeiicTaue daxropos (F, 5, =9.50, p <0.05).
Macca tena kpbic muHn# ['K Obl1a 10cTOBEpHO MEHBIIIE, YeM
y KpbIC TMHUY BucTap, Kak B Ha4yaje MoJIoBOr0 CO3PEBaHMS,
Tak u B Bo3pacte 90 mueit (p < 0.01, rect lynkana). Macca
TeJIa CaMIIOB KPbIC 00CHX JIMHUH JIOCTOBEPHO yBEIMYHBA-
nack ¢ Bo3pacToM (p <0.01, Tect [lyHkana), HO KpPbICHI INHUU
Bucrap OsicTpee HaOnpam Maccy Mo CpaBHEHUIO C KPbICAMU
muaun K.

JIByx(akTOpHBIi AUCTIEPCUOHHBII aHAIN3 BBISIBUII JIOCTO-
BepHoe BiusiHue Bospacta (F, 5, =84.07, p <0.01) u renoruna
(F, 54=15.49,p<0.01) na MacCy CeMEHHHUKOB KPEIC (CM. PH-
CYHOK, 0). YCTaHOBIIEHO TaKKe JIOCTOBEPHOE B3aUMoieiicTBIE
(akropos renoruna u Bospacra (F, 5. =9.38, p <0.05). Macca
CEMEHHHKOB JIOCTOBEPHO YBEJIMUNBAJIACH C BO3PACTOM KaK y
kpsic muHMK Bucrap (p <0.01, Tect lyHkaHa), Tak U y KpbIC
muann T'K (p < 0.01, tect ynkana). B Bo3pacte 90 mueit
Macca CEMEHHHMKOB KpbIC JIMHUU Bucrap Obu1a 10CTOBEPHO
BhIIIIe, yeM Kpbic uHuu 'K Toro ke Bozpacrta (p <0.01, Tect
Jynkana). B mepron momoBoro cospeBanns (50-i JeHb KH-
3HM) MEXJIMHEHHBIX Pa3UYMi 10 Macce CEMEHHHMKOB He
HaOJII0/1aJIOCh.

Macca kayanbHbIX STHANANMHICOB (CM. PUCYHOK, 6) KPBIC
00enx JMHHUI JOCTOBEPHO YBEINYMBAIACh C BO3PACTOM
(p <0.01, Tect Manna—Yutau). B Bozpacte 90 nueii macca
KaylaJbHBIX 3MUIUANMUCOB Yy KpbIC JIMHUK Buctap no-
CTOBEPHO TIPEBbINIANA 3TOT MOKa3aTedb y Kpbic uHUKA ['K
(p <0.01, Tect Manna—Yutan). Ha 50-i1 neHb ®KU3HE MeX-
JIMHEIHBIX pa3induii o Macce KaylalbHbIX STHIUIIMHUCOB
HE OTMEYCHO.

Ha 50-i1 nensp ®U3HU CrIepMaTO30UbI B KayJaJIbHBIX JITH-
JUIIMHCAX OTMEYAINCh Y BCEX KpbIC. HHCIIO criepMaro3on-
JIOB JIOCTOBEPHO YBEIMYMBAIOCH ¢ Bo3zpacToM (p < 0.01,
TecT MaHHa—YUTHH) y KpbIc 00enx JIMHUK (CM. TabmuIy).
B nepuox moiaoBOro co3peBaHHs YMCIO AMUAUIMMAIBHBIX
criepMaro3omn 108 y kpbic inHuK 'K 1ocToBepHO NpeBbImano

Physiological genetics
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Weights of (a) body, (b) testes, and (c) caudal epididymides in GC and Wistar rats at the ages of 50 and 90 days.
** Interlinear differences significant at p < 0.01.
Populations of epididymal spermatozoa and percentages of abnormal spermatozoa
in GC and Wistar male rats with age

Parameter Day 50 of life Day 90 of life

GC Wistar GC Wistar

Number of spermatozoa in both caudal 5.14+2.25 0.04+0.01%* 71.46+5.14 110.73 £4.34**

epididymides x 10°

Percentage of abnormal spermatozoa 57.35+12.39 77.85+7.48 3.87+0.45 4.11+0.62

**Interlinear differences between males of the same age significant at p < 0.01.

9TOT MMOKa3aTesb y Kpbic TuHnU Bucrap (p <0.01, tect Man-
Ha—YutHu). Ha 90-i1 neHb ®U3HU YUCTIO CTIEPMATO30U 0B Y
kpbIc TuHAN 'K OBLIO 10CTOBEPHO HUKE, YEM Y KPBIC JIMHUHU
Bucrap (p <0.01, rect Manna—YuTHn).

Jloist aHOMaJIbHBIX CIIEPMATO30M/10B (CM. TaONIHUILY) y caM-
II0B KPBIC 00€HX JINHUH JJOCTOBEPHO CHIKAJIACh C BO3PACTOM
(p<0.01, Tecr Manna—YurtHn). JlocTOBEpHBIX MEXITMHEHHBIX
pa3nuuuii Mo JAHHOMY ITOKa3aTeNi0 He YCTaHOBJIEHO Kak B
MIEPHO] TIOJIOBOTO CO3PEBAHMS, TAK U Y B3POCIIBIX )KUBOTHBIX.

OnHO(aKTOPHBII JUCIepCHOHHbINA aHAIN3 TIO3BOJIMIT yCTa-
HOBHTB BIMSIHHE TeHOTHIIA Ha JIOJIO TIOJIBHXKHBIX CIIEPMATO30-
UJIOB Y B3POCIIBIX caMLoB KpbIC (F, ¢ =4.52, p <0.05). Hons
MPOTPECCUBHO MOBMKHBIX CIIEPMATO30HM/I0B Y KPBIC JIMHUHI
Bucrap (58.07+8.09 %) 6buta moctoBepHo (p < 0.05, Tect
Jynxkana) Beimre, yeM y kpoic simann ['K (37.36+5.41 %).

O6cyxpeHue

B pesynbrare mpoBeAEHHOTO MCCIIEAOBAHUS yCTAHOBIICHO,
4TO B3pocible camipl TuHUK 'K 001a1a10T 110 cpaBHEHUIO ©
caMIlaMH UCXOJTHOM TMHUM BucTap CHUKEHHOM Maccoii Tena,
CEMEHHMKOB M Kay[aJbHBIX SMHUIUINMUCOB, OOJIee HU3KUM
KOJMYECTBOM CHEPMAaTO30UI0B M YMEHBIIEHHON 10Jel mo-
JIBIDKHBIX criepMaTto3onioB. Kpome Toro, y kpeic muauu 'K
OTMEYaJI0Ch YMEHBIICHNE Pa3Mepa IIOMETa 0 CPABHEHHUIO C
KpbIcaMu HcXoaHoW ymHun Bucrap. Takum oOGpasom, umm-
TEJBHBIN (B TeUCHHUE 78 MOKOJICHUI ) 0TOOP KPBIC HA MIPOSIBIIC-
HHE KaTaTOHNYECKON PEAKIMY IIPUBEI K KOOPIUHUPOBAHHOMY
CHIKEHUIO 1EJIOr0 KOMIUIEKCA PENPOAYKTUBHBIX TAPAMETPOB
y B3pOCJIBIX CAMIIOB ¥ YMEHBUICHUIO (PEPTHILHOCTH KpBIC.
B HexoTopsIx paboTax oTMEYaeTcs, 94To y JIOICH, CTpagaro-
MIMX ICUXWTYECKUMH OTKJIOHEHUSIMH, B YaCTHOCTH IH30(pe-

Ddusnonormyeckas reHeTuka

HUEH n eripeccueid, ociaadnenst ciepmarorennas (Worly, Gur,
2015) u ropmonansHas (Markham, 2012) ¢yHkumu cemeH-
HHUKOB, a TaK)Ke CHIDKEHa JAeMorpaduyeckas GepTHILHOCT
(Terzian et al., 2006). DT 3()(eKTHI aBTOPHI CBSI3BIBAIOT C HE-
TaTUBHBIM BIIMAHUEM COI.lPIaJ'l]:HOﬁ Cpeabl NI BO3ﬂeﬁCTBHeM
MPEnapaToB, UCIIOIb3yEMBIX JUII KOPPEKIMH 1oBeaeHus. Pe-
3yJIBTaThI HAIIETO KccsieioBanus Ha Mozienu 'K nokasbpIBaior,
YTO FeHeTHYECKasl [TPEIPacIIOIOKEHHOCTh K KAaTaTOHMYECKUM
peaknusaM cama 1o cebe MOXKET OBITh acCOIMMPOBAHA CO
CHIDKEHHEM KOJIMYECTBA U MOJBIKHOCTH CIIEPMATO30UI0B,
a TaKK€ YMCHBIICHUCM IIJIOAOBUTOCTHU, OAHAKO MEXaHU3MbI
JTAaHHOM aCCOIMAIINK B HACTOAIIEE BPEMs HE SICHBI.

Hamu ycTaHOBIICHO, YTO CHM)KEHHOE KOJIMYECTBO STHIN-
JAUMAJIbHBIX CIEPMATO30UA0B Yy B3POCJIbIX CaMIIOB KPBIC JIM-
uun ['K accormmpoBano ¢ 6oree HU3K0M Maccoil CEMEHHHKOB.
Macca ceMeHHHKOB U ITPOIYKIIHSI CIIEPMaTO30H/I0B Y B3pOC-
JIBIX )KMBOTHBIX BO MHOI'OM OIIPCACIIAIOTCA YUCIOM KJICTOK
Ceprony — COMaTHYECKHUX KJIETOK CEMEHHMKA, KaXJas U3
KOTOPBIX CITOCOOHA 00ECTIEYNTh Pa3BUTHE CTPOTO ONpe/IeIICH-
HOTO YHCJIa MOJIOBBIX KJIeToK (Sharpe et al., 2003). [TosTomy
MO>KHO HPE/IIONIOKNTb, YTO CHIYKEHHOE KOJIMYECTBO CIIEpMa-
TO30MI0B Y B3pocibix camuoB UK [ K cBsi3aHO ¢ MEHBIINM
KOJMYECTBOM KJIeToK CepToiiu y caMIOB 3TOW JIMHHUHU IO
CPaBHEHHIO C CaMIlaMu JIMHUH Buctap.

VY kpbic nepUHUTHBHAS (B3pOCIas) MOMYISLIUS KIETOK
Ceprounu hopmupyetcst 10 15-nHeBHOTO Bo3pacta (Sharpe et
al., 2003). 3arem knetkn CepTonu TepsIoT PO epaTHBHYIO
AKTUBHOCTS, TU((epeHINpyIOTCs 1 HAYMHAIOT ()OPMHUPOBATH
reMaToTeCTUKYJSIPHBII Oapbep, HEOOXOMUMBIH JUIs MozIep-
JKaHUs criepmaroreHesa. [Iponmdepanusi, co3peBaHne KIETOK
Ceprony ¥ MHUIMAINS CTIEPMATOTeHe3a HaXOIATCsI O] KOHT-
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poJieM psijia IUTOKWHOB, POCTOBBIX (PAKTOPOB U TOPMOHOB, B
gactHOCTH TectocTepoHa (Escott et al., 2014).

B HOpME ypOBEHB TECTOCTEPOHA y CAMIIOB KPBIC OTHOCH-
TEIIbHO BBICOKHH Cpazy MOCIIE POXK/ICHHS YKUBOTHOTO, HO PE3KO
yMeHbIITaeTcs B TeueHue nepBrix cyTok (Chen et al., 2015), a
3aTeM CHOBA YBEIMUYHMBACTCS YK€ B IIEPHOJ TIOJIOBOTO CO3pe-
BaHusi. C Apyroit CTOPOHBI, SKCIIPECCHS TEHOB aHJIPOT€HOBOTO
penentopa (AR) nHa knerkax CepToiay HAYMHAETCS TOIBKO
¢ 5-ro HS KHU3HU U JOCTHUTACT AS(HUHUTHBHOTO YPOBHS Ha
21-it nenn (You, Sar, 1998). Ilpenmonaratot, 4T0 BpeMeH-
Hasl pa300IIEHHOCTh IEPHHATAIBHOTO MHKA TECTOCTEPOHA
n skcrpeccnu AR BakHa Juist 3amuThl Kietok Cepronn oT
MPEX/ICBPEMEHHOIO CO3pPEBaHMsI U OCTaHOBKH npoiudepa-
IIUH, KOTOpast HHTEHCUBHO HUAET B TIEPBbIE HECKOIBKO CyTOK
TI0CIIe POJIOB. DTO CBSA3AHO C TEM, YTO TECTOCTEPOH TOPMO3UT
nponudepanuio kierok Ceprosu, crumyaupyer ux audde-
PEHIPOBKY, GOpMUpOBaHUE OUTECTUKYISPHOTO Oaphepa
Havaino cnepmarorenesa (Escott et al., 2014). MyTanTHbIe
Mmbimu TgSCAR, /U1 KOTOPBIX XapaKkTepHa MpeKIeBpEeMEH-
Hasi OOMJIBHAST HKCIIPECCHSI aHJPOTEHOBOTO pEIenTopa Ha
kierkax CepToinm, XapakTepu3yIoTcs 6ojiee paHHUM HAadajloM
CIiepMaroreHe3a, Ho ¥ MEHBIIMM Pa3MepOM CEMEHHHKOB BO
B3pOCIJIOM BO3PACTE 110 CPABHEHUIO C MBIIIAMH JUKOTO THIIA
(Hazra et al., 2013).

Y4uThIBask 3TH JIaHHbIE, MOYKHO TPE/IIOIOKUTh, YTO CME-
IIEHHE TIEPUHATAIFHOTO KA TECTOCTEPOHA Ha OoJee 1mo3/1-
Hue cpoku (7—10-i neHb KU3HN), HAOIIOaeMoe Y KpbIC JIn-
Huu 'K (Ocaguyk, Anexuna, 2018), MoxkeT NpUBOIUTH K
BO3JICHCTBHIO TECTOCTEPOHA HA aHAPOTEHOBBIE PELIEITOPHI,
KOTOpbIE K 3TOMY BPEMEHH YK€ HAYMHAIOT SKCIPECCHPOBATHCS
Ha kneTkax Ceproiu. ITo B CBOIO 04epe/ib CITYKHUT MPUIMHON
Gonee paHHEH OCTaHOBKH Mponudeparn kietok Cepromm,
Ooslee paHHEro MX CO3peBaHMSA W OOYCIIOBIMBAET OTHOCH-
TEJILHO paHHEee HayaJlo criepmaroreHesa y kpsic iuanu ['K o
CpPaBHEHHIO C KphICAMHU MCXOAHOW nmHIH Buctap. O6 3Tom
MOXKET CBHJIETEJIILCTBOBATH OOJIbIIIEE KOIMUYECTBO ITH/IN/IN-
MaJlbHBIX CIIEPMaTo30K10B y Kpbic auHuu 'K 1o cpaBHeHUIO
C KpbIcaM¥ JIMHUH BucTap B meproj mojoBoro co3peBaHusl.
Opnnako uncno knerok Cepronu y kpeic tuHun I'K mensle,
4eM Y KpbIC JIMHUYU Bucrap, BCiaencTBre MIpeKIeBPEMEHHON
OCTaHOBKH HX Mposndepannu, 1, COOTBETCTBEHHO, KOJINYe-
CTBO CIIEpPMAaTO30M/10B Y B3pocibIX Kpbic 'K Takxke cHIkEHO.
be3syciioBHO, JaHHOE ITPEATIONIOKEHHE HYKAAETCsl B IalIbHEH-
LIEH 9KCIIEPUMEHTAIBHOM ITPOBEPKE.

Kpome Toro, ymeHbIIeHHE MMOIBIKHOCTH M KOJIMYECTBA
criepMaro3ou10B y Kpbic inHnu 'K MoxkeT ObITh 00ycioBIie-
HO OTHOCHUTEJIBHO BBHICOKHM YPOBHEM KOPTUKOCTEPOHA B MX
KpoBH (AnexuHa u 1p., 2016). MOXKHO MPEAIONIOKUTH, YTO
MOBBIIICHHAS PEAKTUBHOCTH HEPBHOM CUCTEMBI, XapaKTepHast
Jutst kpblc mnHnn 'K Ha TaHHOM 3Tare cenekiuu, 00y ClIoBIn-
BacT BBIPAXKEHHYIO PEaKINIO CTPEeCcca Ha MOBCETHEBHBIE ITPO-
LEeyphl 110 YXOY 32 YXMBOTHBIMH B BUBAPHH, YTO BbI3BIBAET
MOBBIIICHNE CEKPEINH KOPTUKOCTEPOHA. [I0CTOSHHO BBICOKAsT
AKTUBHOCTH THIIOTAJIAMO-THNO()N3apHO-HAATTOYEYHHKOBOK
0CH MOXKET MOJIaBJISITh TECTUKYISIPHYO (yHKIMIO (Ren et al.,
2010; Toufexis et al., 2014) 1 TPUBOANTH K CHUKEHHUIO KOJIH-
YecTBa U MOABWKHOCTHU CIIEPMaTO30M10B Y KpbIc auHuK I'K.

B Hamem ucciieioBaHiM yCTaHOBJICHO, UTO JI0JIsl aHOMAaJIb-
HBIX CIIEpMaTo301A0B y Kpbic nuHuM I'K He ommuanacek ot
TAKOBOH y KPBIC NCXOHOM IrHUM Buctap B 006a H3y4eHHBIX
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Hepuozia OHTOreHe3a. [1oyueHHbIe pe3ynbTraThl IOKa3bIBAIOT,
YTO CEJIEKINUS KPbIC Ha MPEIPACIIONOKEHHOCTh K KaTaTOHH-
YECKHM PEaKIHsIM, BEPOSITHO, HE 3aTParuBacT PeryisiTOPHbIC
CHCTEMBbI, KOHTPOJIMPYIOLINE MOJIEKYJISIPHBIE TIPOIIECChI, KOTO-
PpBIE IPEIOIPEIENIOT (hOPMUPOBAHIE MOP(OIOTHYESCKH HOP-
MaslbHOTO criepmaroszona. ConeprkaHue MOP(OIOTHIECKI
HOPMaJIBHBIX CHIEPMATO30MIOB B CIIEPME SIBIISIETCS] BayKHEH-
MM TTOKa3aTeieM, OMPEACNSIONINM €€ OIIOJ0TBOPSIOIIYTO
cnocobnocts (Cooper et al., 2010), Tak KaK TOJIBKO Takue
IOJIOBBIE KJIETKH CHOCOOHBI K OILIONOTBOpeHHIo. Iloatomy
HOPMaJIbHOE TIPOTEKAHHE MPOIIECCOB MOP(HOTOTHIECKOH T -
(epeHIIMPOBKHY criepMaTha y caMIoB Kpbic uHuH [ K MokeTt
BHOCHUTb CYIIECTBEHHBII BKJIaJl B COXpaHEHHE CIIOCOOHOCTH
K Pa3MHOKEHUIO CaMIIOB 3TOH JTMHUH.

Takum 00pa3om, reHeTHYecKast MPEIPaACIIOIOKEHHOCTD K
MIPOSIBICHUIO KaTaTOHUYECKUX peakiuil y kpbic JtuHnu ['K
ACCOIMUPOBAHA C YXYAIIEHUEM CIIEPMAaTOT€HHbIX MapaMeT-
POB, TIPHYEM JIaHHAsI B3aUMOCBSI3b MOJYIMpPOBaHA BO3pac-
TOM KMBOTHBIX. [ToaToMy nunumst kpbic 'K MoxeT citykuth
MIEPCTIEKTUBHON MOJIENBIO JUIS MCCIIEAOBAHUS B3aUMOCBSI3H
MEK/ly KaTaTOHMYECKUM ITOBEJICHUEM CaMI[a U CTAHOBJICHHEM
€ro TECTUKYJISIPHON (DYHKIIMM B OHTOT'€HE3E.
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OXupeHue maTepeln B nepnop 6epemMeHHOCTU MOBbILWAET PUCK BO3-
HWKHOBEHUA OXMPEHUA y NoToMcTBa. [Ansa pa3paboTku MeToAoB
KOPPEeKLMN pa3BUTMA MOTOMCTBA Y MaTepEeN, CTpagatoLwnx MetTabonu-
YeCKMMKM PaccTponcTBaMmn, HEO6XOAMMO M3yUeHNe MOSEKYNAPHbBIX
MEeXaHN3MOB, ONOCPEAYIOLMX BUAHMNE MaTEPUHCKOW cpefbl Ha OHTO-
reHes NOTOMCTBa. YPOBEHb NeNTUHa MOBbILLAETCA NPU OXKUPEHNUN.

Y mbiwewt nnHun C57B1 myTauma A’ Bbi3biBaeT NOBbILLEHVE YPOBHA
NenTMHa B KPOBY CAMOK BO Bpems 6epeMeHHOCTU 11 OKa3blBAET reH-
Lep-cneumdnyeckoe BIUSAHME Ha METABONNYECKNI GEHOTIMN NMOTOM-
cTBa B 3penocty. Llenbio paboTbl Obino M3yunTb BAMAHUE MyTauum AY
Ha CKNOHHOCTb K Pa3BUTMIO ANETAPHOTO OXKMPEHNA Y MY>KCKOTO 1
»KEHCKOro NOTOMCTBA, Ha MaccCy MI0A0B Y MNaLEHT 1 dKCNpeccuio
reHoB B NJlaLeHTax nnogoB pasHoro nona. OueHrBanm Maccy Tena u
noTpebneHne NULLK Y MY>KCKOTO 1 XeHcKoro notomctsa AY/a v a/a
(KOHTPONb) CAMOK NPV COAEPKAaHUM Ha CTaHAAPTHON AneTe 1 gueTe,
VNHAYLMPYIOLLEN OXNPeHne, Maccy NIoAoB 1 niaueHT Ha 13- u 18-
LHU 6EPEMEHHOCTM 1 SKCMPECCUIO FEHOB TPAHCMOPTEPOB MTHOKO3bI
(GLUT1, GLUT3), HelTpanbHbix amnHokucnoT (SNATT, SNAT2, SNAT4),
NHCynHonogobHoro ¢akTopa pocTa 2 IGF2 u ero peuentopa IGF2R B
nnaueHTax NNofoB MYXKCKOro 1 XeHcKoro nona. Mytauyua A Bnuana
Ha Maccy Tena ToNbKO Y My>KCKOro MOTOMCTBA NPY COAEPKaHUN Ha
CTaHOapTHOW AneTe 1 He OKa3biBana BIMAHNA Ha pa3BUTUE OXUPEHMA
y noTomcTBa oboero nona. Macca nnogos 1 nnaueHT y AY/a no cpas-
HEHWIO C a/a camKamu Obifla CHUXKeHa Ha 13-11 aeHb 6epemMeHHOCTN U
He pasnunyanachb Ha 18- feHb. Ha 13- feHb 6epeMeHHOCTM YPOBEHD
MPHK nccnepoBaHHbIX reHOB B MiaLeHTaX My>KCKUX U XKeHCKUX NI0A0B
He pasnunuancay a/a camok. Y AY/a camok sKcnpeccus reHoB, KOanpy-
towmx GLUT1, GLUT3, SNAT1 n SNATA4, 6bina CHUXKeHa B niaLeHTax
NSI0AOB KEHCKOTO MoJia Mo CPaBHEHUIO C MaLeHTaMU NIOL0B MyX-
cKoro nona. MonyyeHHble pe3ynbTaTbl NO3BONAIOT NPeAnonaraTb, YTo
3aBUCALLMIA OT NONa NIOAO0B TPAHCKPUMNLMOHHBIN OTBET NNALEHT Ha
MOBbILLEHHbIV YPOBEHD IeNnTrHa Y 6epemeHHbIx AY/a camoKk MOXeT
onocpenoBath reHgep-cneunduyeckoe BnuaHre mytauum A’ Ha meTa-
60N13M NOTOMCTBA B NMOCTHATAJIbHOW >KMU3HM.

KntoueBble cnosa: MyTauma A’; nentux; nnauyeHTa; NnoA; MblLlln;
SKCnpeccna reHos.
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Gender-specific influence
of AY mutation on progeny
metabolic phenotype,
fetal growth and placental
gene expression in mice

E.N. Makarova®, E.I. Denisova, V.V. Kozhevnikova,
A.E. Kuleshova

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

Obesity during pregnancy increases the risk of obesity
in offspring. To correct the offspring development in
obese mothers, it is necessary to reveal the molecular
mechanisms that mediate the influence of the mater-
nal environment on the offspring ontogenesis. Leptin
levels increase with obesity. In C57BI mice, the AY mu-
tation is associated with elevated blood levels of leptin
in pregnant females and exerts a gender-specific effect
on the metabolic phenotype of mature offspring. Aim:
to study the influence of AY mutation on sensitivity

to diet-induced obesity in male and female offspring,
on fetal and placental weight and on the expression

of genes in the placentas of the fetuses of different
sexes. Body weight and food intake on a standard and
an obesogenic diet, fetal and placental weights on
pregnancy days 13 and 18, and gene expression of
glucose transporters (GLUT1, GLUT3), neutral amino
acid transporters (SNAT1, SNAT2, SNAT4), insulin-like
growth factor 2 IGF2 and its receptor IGF2R were mea-
sured in male and female offspring of a/a (control) and
AY/a mothers. Ay mutation influenced the body weight
only in male offspring, which consumed a standard
diet, and did not influence obesity development in
both male and female offspring. The weight of fetuses
and placentas in AY/a as compared to a/a females was
reduced on day 13 of pregnancy and was not different
on day 18. On day 13 of pregnancy, the mRNA levels of
the examined genes did not differ in placentas of male
and female fetuses in a/a females. In AY/a females, the
gene expression of GLUT1, GLUT3, SNAT1 and SNAT4
was reduced in female placentas compared to male
placentas. The results suggest that the sex-specific
transcription response of placentas to elevated leptin
levels in pregnant AY/a females can mediate the gen-
der-specific impact of AY mutation on the offspring
metabolism in postnatal life.

Key words: AY mutation; leptin; placenta; fetus; mice;
gene expression.



ornacHo runoreze DOHaD (Developmental Origins of

Health and Disease), mpuauHbI, OMIPEAEISIONINE CKIIOH-

HOCTb K Pa3BUTHIO XPOHUYECKHX 3a00JICBAHHH, JIE)KAT B
YCIIOBHSIX ITPEHATAIBHOTO U PAHHETO IIOCTHATAILHOTO IIEPUO-
na sxxu3an ocobeit (Wadhwa et al., 2009; Hoffman et al., 2017).
[TokazaHo, 4TO HETOCTATOYHOE ¥ N30BITOYHOE MTUTAHNE, OXKH-
penue, quader B iepuos 6epeMEeHHOCTH aCCOLMUPOBAHBI C 110~
BBIIICHHBIM PHCKOM BO3HUKHOBEHUSI O’KUPEHUS U CBSI3aHHOTO
¢ HuM juabdera 2-ro tuna y notomcrsa (Vickers, 2014). Oto
JIMKTYeT HEOOXOAMMOCTh KOPPEKIMH Pa3BUTHUSI IIOTOMCTBA
Ha PaHHUX dTalax )KU3HHU Y MaTepei, CTpaJaromnx MeTabo-
JMYECKUMH paccTpoiicTBamMu. /1 pa3pabOTKH MOAXOI0B K
TaKoW KOPPEKIMH HEOOXOAMMO U3YyYEHHE MOJICKYJISPHBIX
MEXaHH3MOB, OTIOCPEYIOLINX BIUSHAE MaTEPUHCKOH Cpeibl
Ha METa0OJIMUECKUH (PeHOTHUIT TOTOMCTBA.

OCHOBHYO pOJIb B ()OPMHPOBAHUN MAaTEPUHCKON BHYTPH-
yTpoOHOM cpensl urpaet mianeHTa (Sferruzzi-Perri, Camm,
2016). OHa mocTaBisieT NUTATEIBHBIC BEMIECTBA U (PAKTOPEI
pocTa pa3BUBAIOIIMMCS IUI0J]aM, @ TPAHCIIOPTHASI M CUT'HAJIb-
Has QYHKINY IUTALEHT ONPeessIoT CKOPOCTh POCTa IIOI0B
u Maccy Tena 'y HoBopoxaeHHsix (Grillo et al., 2008; Coan
et al., 2010; Sferruzzi-Perri, Camm, 2016). B cBoro ouepens
Macca HOBOPOXICHHBIX SIBISCTCS MapKepoM HX JalibHEH-
IIETO 3/I0POBbsI, TOCKOJIBbKY KaK CIMIIKOM HHU3Kas, TaK M
CIMIIKOM OoJIblias Macca NpU POXKJICHUU acCOLUHPOBAHBI
C TIOBBIICHHBIM PUCKOM Pa3BHTHS KapAHOMeTab0IHYeCKHUX
3abonesanuii B 3penoctu (Vickers, 2014). [Ipenmnonaraercs,
4YTO METa0OJIIMUECKUE HApyIICHHs y Marepeil ConpoBOK/1a-
I0TCS U3MEHEHHSAMH B OMOXMMHYECKOM COCTaBe KPOBH, a
TAKKe B CTPYKType W (YHKLUUH IUIALCHT, YTO MPUBOIUT K
AMUTEHETUYECKUM MOJU(PUKALUSAM Y TUIO/A, BIUSIONIUM
Ha JKCIIPECCUI0 TeHOB M AanbHeimnee passutue (McKay,
Mathers, 2011; Vickers, 2014; Bale, 2015; Desai et al., 2015).
O/1HaKO MOJIEKYJISIPHBIE MEXaHM3MbI IIPOTPaMMHUPOBAHHS
pa3BuTHi Mao nccienoBansl (Bale, 2015) u Tpebyrot mans-
HEWIIero N3y4eHus Kak y JIoAeH, Tak M Ha JIaDOpaTOpPHBIX
MOJIEJISIX.

Kax npaBmito, I3MEHEHHUS B COCTaBe KPOBH, COITPOBOXK /A~
IOIMEe O)KUPEHUE, BKITFOYAIOT B ceOsl MOBBILICHHE YPOBHEH
rOpMOHA JKMPOBOW TKaHM JICNITHHA, MHCYJIMHA U TJIIOKO3bI,
n3MeHenue munuaHoro npod st (baxan u np., 2005). Brian
Ka)KJIOr0 M3 3THX (PaKTOPOB B NPOTPAMMHUPYIOIIECE BIHSIHUE
MaTepUHCKOr0 OXKMPEHUsI Ha METa0OJIM3M IMOTOMCTBA MaJIo
n3ydeH. Ha 1abopaTOpHBIX MOZENSAX ITOKa3aHO, YTO ITOBBI-
IICHHBIH ypOBEHb JICTITHHA Y MaTepel BO BpeMsi OepeMeH-
HOCTHM OKa3bIBaeT BIIMSHHE Ha YIJIEBOJHO-)XKUPOBOH OOMEH
y IOTOMCTBA B 3pPEJIOCTH, U 9TO BIUSIHHE MOXKET I10-PA3HOMY
MPOSIBIIAITECS y 0co0eit pasnoro nona (Pennington et al., 2012;
Makarova et al., 2013). MexaHu3Mbl, [IOCPEIACTBOM KOTOPBIX
MAaTEepUHCKUI JISITHH BIMSET HAa Pa3BUTHE IUIONOB, HE HC-
cyieoBaHbl. BO3MOXHO, OH IeficTBYeT Ha (PyHKIIMOHAIBHYTO
AKTHBHOCTbH IUIALIEHT, TOCKOJIBbKY B IUIAIIEHTaX OOHapyKeHa
BBICOKAs IIOTHOCTH penenTopoB k nentuny (Hoggard et al.,
1997). V mbrueit mytamus yellow B nokyce arytu (A4”) BbI-
3BIBAET IKTOINYECKYIO IKCIPECCHIO Oelika aryTH, 4To MpH-
BOAUT K ()OPMHUPOBAHHIO HKEJITOH OKPACKH, MOBBIILICHHOMY
MOTPEOJICHNIO UMY ¥ Pa3BUTHIO OKUPEHHS C BO3PACTOM
(Bultman et al., 1992). Panee MbI 1oka3aiiu, 4TO CAMKH MbI-
et muann C57BI ¢ myTtamueit 4” (renotun AY/a), KOTOpbIe
BCTYIIAIOT B pa3MHOKEHHE HA HAYaJIbHBIX CTa/IUsIX Pa3BUTHUS
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OXKUPEHUSI, OTJMYAOTCS OT CAMOK 3TOU JTMHUH (TCHOTHIT a/a)
MOBBIIICHHBIM TOTPEOICHNEM IHIIN B TIEPBYIO HENEIIo0 Oe-
PEMEHHOCTH, HEMHOTO OOJbIIeH Maccoi Teaa U MPUMEPHO
BJIBOE OOJIee BHICOKMM YPOBHEM JICTITHHA B KPOBU B IEPHO]]
06epeMEHHOCTH ¥ HUYeM He OTIINYA0TCS [0 METa00INIeCKUM
mokasarelsiM B niepuoy nakraruu (Makarova et al., 2010).
DT0 MO3BOJISIET paccMarpuBarh A MbIILICH KaK MOAEIb JJIs
M3Y9IEHUsI IPOrPAMMHPYIOMIETO BIUSHUS THIICPICITHHEMUH
Marepei, XapakTepHOH Uit ocoOel ¢ M30BITOYHON Maccoit
xwupa (Frederich et al., 1995), na Mmerabonnueckue npu3HaKu
y MOTOMCTBA IPH OTCYTCTBUHM y OEPEMEHHBIX CAMOK BBIpa-
JKEHHOTO O)KUpEHMs. B 3Tolf Mojenn Mbl OOHAPYKHUITH, YTO
MIPH COACPIKAHMY HA CTaHIAPTHOM JTUETE MY)KCKOE TOTOMCTBO
A¥/a caMOK OTAMYAETCS IO HEKOTOPHIM METa0OIIMYeCKUM
Npu3HaKaM (Macce Teja, YyBCTBUTEIBHOCTHU K JICIITHHY) OT
MY KCKOTO MTOTOMCTBA ¢/a CaMOK, TOI/Ia KaK Ha )KEHCKOE TOo-
TOMCTBO T€HOTHII MaTe€pH He oKa3biBaeT BiusiHus (Makarova
etal., 2013). ITomy4eHHbIE TaHHBIC TO3BOJISIIOT IPEATIONATATH,
YTO THIEPJEITUHEMUS Y OEpEeMEHHBIX CAMOK MOXET I10-
pa3HOMY BIIMSITH HAa Pa3BUTUE MYKCKOTO H )KEHCKOTO OTOM-
CTBA, M NCTIONIb30BATH 3Ty MOJIEIIb JUTS U3YUEHHSI MEXaHH3MOB
TeHJIep-CIeU(PUUECKOro IPOrpaMMUPOBAHUSI Pa3BUTHS B
MpeHaTaIbHbBIN TEPHOJ JKU3HH.

lennep-crenuduyueckoe BINSHAE MaTEPUHCKOM Cpeabl
MOXKET OBITh OITOCPEIOBAHO TEM, UTO IJIALIEHTHI IJI0/I0B pa3-
HOTO T0JIa TT0-Pa3HOMY PearupyroT Ha N3MEHEHHS B COCTaBe
marepuHckoit kpoH (Gallou-Kabani et al., 2010; Mao et al.,
2010; Gabory et al., 2012). Bo3M0OXHO, TOBBIIICHHBIH BO
BpeMs OEpeMEHHOCTH YPOBEHb JIENTHHA y A” CAaMOK BIHSACT
Ha (YHKIIMOHAIBGHYIO aKTUBHOCTD IUIALIEHT, M 3TO BIIMSHHUE
3aBHCHT OT IOJIA TIO/IOB.

Lenpto naHHOW PabOTHI OBLIO M3yUCHHE BIUSHUS MyTa-
11N A”, BBI3BIBAIOIIEH TOBBIIICHNE YPOBHSI JICTITHHA B IEPHO]
OEpEeMEHHOCTH, Ha CKJIOHHOCTh K Pa3BUTHIO JMETAPHOTO
OXHMPEHUS y MMOTOMCTBA PA3HOTO I0JIa, & TAKKe HAa Maccy
TUTOJIOB M TUTALIEHT M DKCIIPECCUIO TEHOB TPAHCIIOPTEPOB
rroko3sl (GLUTI, GLUT3), HeliTpaabHBIX aMHHOKHUCIOT
(SNAT1, SNAT2 u SNAT4) 11 pocTOBBIX (haKTOPOB (MHCYITH-
HOMOOOHbIH (aktop pocta 2 IGF2 u ero penenitop IGF2R)
B TUIALIEHTAX UIOZ0B MYXKCKOTO U JKEHCKOT'O 0.

MaTtepwuanbi n metopbl
JKcnepuMeHTATbHbIE ;KHBOTHBIE. DKCIICPUMEHTHI TPOBO-
JIVJIMCH B COOTBETCTBUHM C MEXIyHapoHbIMU EBponielickiuMu
6nostnueckumu crangapramu (86/609-EEC) u Poccuiicknmu
TUYECKUMH CTaHJapTaMH MO COACPIKAaHHIO U 0OpaIlEeHHIO ¢
71a00paTOPHBIMH )KUBOTHBIMHU.

B skcniepumeHTax ncnonb30Baiy Mblei tuanm C57B1/6J
CTaHAAPTHOI'O aryTH I'eHOTHIIA (¢/a) U MbILIEH 3TOH JIMHKY,
HEeCymmx MyTanuio yellow B nokyce arytu (4/a reHotumn),
u3 BuBapus Mucturyra nuronorun u remerukun CO PAH
(HoBocubupck). Meliieit copepskaiy IpH CBETOBOM PEXHUME
12 9 cer: 12 4 TeMHOTa 1 CBOOOTHOM JIOCTYTIE K BOZIE H TPa-
HYJIMPOBaHHOMY KOPMY JAJIsl KOHBEHIIHOHATIBHOTO COJAEPIKaHUs
u pazseneHus (3AO «AccoptumeHT-Arpoy, Ceprues Ilocan,
Poccus).

B Bo3pacre 8-9 Henmenb caMOK cmapHBald C caMIaMH B
PCLUIIPOKHBIX CKPELIMBAHUSX a/a X A¥/a v A¥/a X a/a, naromumx
a/awn A¥/a motomcTBO B oTHOIIeHNH |: 1. [TokpeITHE perucTpu-
POBaJIH 10 BarnHAJIBHON IPOOKeE, JICHb 00OHAPYKEHHSI TPOOKH
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Influence of AY mutation on progeny metabolic phenotype,
fetal growth and placental gene expression in mice

CUUTAJIM HYJIEBBIM JIHEM OepeMeHHOCTH. [locie mokpeITHst
CaMOK TEePEBOANIN HAa MHIUBUAYAIBHOE COIEPKAHUE.

Jlnst i3aMepenust Macchl INTALCHT U IUT0/I0B a/a n A¥/a camok
YMEPILBJIUIN CMEIIEHHEM IIeHHBIX MO3BOHKOB Ha 13- 1160
Ha 18- meHp OepeMeHHOCTH, U3BIEKAIN MaTKy C TUIOAMH,
MIOMEIAIIH €€ Ha OXJIAXKJCHHYIO I1aT(opMy, BEICBOOOXK 1Al
TUTOJIBI M TUIALICHTHI M B3BEIIMBAIM IUIALEHTHI U IJIONbI HA
13-#1 meHp GepeMEHHOCTH Ha TOPCHOHHBIX Becax (pa3mep-
HOCTh mmKaibel 10 0.5 Mr), a mioxsl Ha 18-i neHb OepeMeH-
HOCTH Ha JJIEKTPUYECKHX Becax (pPa3MepHOCTh ILKAJbI J10
10 mr). Iox mromoB Ha 18-t 1eHs GepeMEeHHOCTH OTIPe eI
BU3YaJIBHO 110 HAJTMYHMIO CEMEHHHUKOB MIIM MaTKH, Ha 13- 1eHb
OepeMEeHHOCTH Y TUI0/10B 3a0Mpalii 00pa3iibl TKAHH [EYSHH 1
MOMEIIANTN UX B )KUAKUH a30T VIS TaJTbHEHIIIET0 ONIpeIeNICHUsT
mona metonoM [11P. Ha 13-i1 neHs OepeMeHHOCTH 3a0Hpaiu
00pasIbl TKaHEeH MIaleHT AJIs ONpeAeTIeHUs KCIIPECCUH Te-
HOB ¥ ITOMEIAJN UX B XKUAKUH a30T. Maccy IUI00B U TIALEHT
TIOZICYUTHIBAIIH JIISI CAMOK C KOJIMYECTBOM ILTOOB ILIECTh HITH
cemb (12 a/a n 13 4¥/a camok Ha 13-ii 1eHb OEpEeMEHHOCTH
13 a/a n 18 A¥/a camox Ha 18- 1eHb OEpEeMEHHOCTH).

Jln1st OLleHKHM BIMSIHMS aryTH-TEHOTHIIA CaMOK Ha MeTa0o-
JIr4yeckuid GEeHOTHI TOTOMCTBA PETUCTPUPOBAIIH JIaTy POIOB
U pa3Mep rnomeTa. JleHb poioB CYMTANN MIEPBBIM JTHEM IIOCT-
HaTaJILHOM JKU3HH, Y CAMOK C IIOMETOM U3 IECTH WM CEMH
Jerenbimel (Bcero 12 camok a/a u 15 camok A¥/a reHOTHIIOB)
B3BEIINBAJIM MBIIIAT B 1eHb 1, 7, 14, 21, 28 mocrHaTaIbHOK
J)KM3HM, T€HOTHUI JI€TEHbIIEH ompeaessan Ha 7-i eHb,
non — Ha 14-i1. Ha 28-i1 neHp nmocine poskaeHus AeTeHbIIIeH
OTCaKUBAJIH, TIO OJHOM CaMKe U OTHOMY CaMILy a/a TEHOTUIIA
13 Ka)XXJJ0Tr0 IIOMEeTa COJECP)KaIN NHIMBHIYaIbHO B TCUCHUE
12 nenens (¢ 4 mo 16 Heneno MOCTHATAJIBHOW JKU3HHU) Ha
CTaHZAPTHOM KOpPMeE, €KEHE/IENIbHO U3MEPSUTH Maccy Tena U
KOJIMYECTBO MoTpediaeHHoro kopma. Haunnas ¢ 16-it nenenu
MIOJIOBUHY KMBOTHBIX COZIEP)KaJIM HAa CTAHAAPTHOW JHeTe,
JIPYTYIO TIOJIOBUHY TIEPEBOAMIN HA CIIAJKO-)KUPHYIO JTHETY,
JUISL 4EeTO K CTAHJIAQPTHOMY KOPMY JI00aBIISIH CeMsI TIOJICOI-
HEYHHUKa B KOXKYPe, CIOOHOE CJIaIKOe IeYSHbE U CBUHOE CaJIo,
MIPOJIOJIKAs €KEHEIEIbHO U3MEPSTh MACCy M KOJIMIECTBO MO~
TpeOIeHHOTO CTaHJapTHOTO KopMma. Uepes 8 Henens conepika-
Hus Ha auete (¢ 16 mo 24 Henento KU3HU) KUBOTHBIX MOJI-
BEprajy JeKauTaIu|, COOMPaIi 00pasIibl KPOBH B TPOOHPKH
¢ OJITA, onileHNBaIM KOIMYECTBO BHY TPUOPIOITMHHOTO KUPA.
B o0pa3uax mia3mMbl KpOBHM H3MEPSUIN KOHIIEHTPALMH JIEITHHA
U TITFOKO3BI.

KoHueHTparuio senTuHa B mia3Me KpOBU H3MEPSUTH HMMY-
HO()EPMEHTHBIM METOJIOM C TIOMOI[LI0 KOMMEPYECKOTO Ha-
6opa (R&D Systems, Munneanomc, CLLIA), KOHIIEHTpannio
ITIOKO3bI — KoMMepueckuM HabopoMm Fluitest GLU (Analyticon
Biotechnologies AG, JIuxtendensc, ['epmanus), cienys uH-
CTPYKLHUSIM POU3BOJHUTEIS.

Omnpenesienne mosia 10108 Ha 13-ii 1eHb OepeMEeHHOCTH.
[Ton mnonoB onpeaensum ¢ momonisio [P ¢ renomuoit JTHK
C ZIeTeKIMel IPOAYKTa B arapoO3HOM TeJI€ C UCTIONb30BaHUEM
npaiimepoB SX_F, 5'-GATGATTTGAGTGGAAATGTGAG
GTA-3'; SX R, 5'-CTTATGTTTATAGGCATGCACCATG
TA-3' (McFarlane et al., 2013). B xoxe peakunu amrmaduim-
POBAJINCH (hparMeHTHI IICEBI0AYTOCOMHBIX T'eHOB SIy (cueriieH
¢ Y-xpomocoMoH, naet onuH ¢pparmMeHT pazmepom 280 1. H.)
u Xlr (cuerieH ¢ X-XpoMOCOMOH, TaeT /Ba (pparmenTa aim-
HoOW 685 m 480 m.H.) (puc. 1). IHK BeImemsim U3 ne4eHH
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No DNA

700 bp
—>

—>
500 bp

N XX XY XX Xy XY
Marker

Fig. 1. Electrophoresis of amplification products of Sly and XIr gene
fragments.

IUIOZIOB COJIEBBIM METOJOM IO ITPOTOKOIY, TPEIIOKEHHOMY
B (Aljanabi, Martinez, 1997).

J1J1s1 OLIEHKH SKCIIPECCUH T'€HOB B IUIALICHTaX BHIOPAJIH 110
IIECTh CAMOK Ka)KJ0TO TEHOTHIIA C TPUMEPHO PABHBIM eI
CTaBHUTEIILCTBOM IIJIO/IOB MY)KCKOTO M JKEHCKOTO Tosa. Jlist
K10l U3 0TOOpaHHBIX caMOK (popMHUpOBaIM 1B MPOOBI
PHK, o0benHEHHBIE 10 MOy TTOIOB, /IS Y€TO 00BEANHSITN
o otaenbHocT PHK 13 ruranenT rmiooB My»KcKoro u »KeH-
CKOT0 T10J1a TaK, 4To0bI peacTaButeibcTBo PHK u3 kaxmoro
00pasia OBUT0 OTMHAKOBBIM.

YpoBens MPHK renoB B miiameHTax onpenessiyiai METO-
JIOM OTHOCHTEJILHON OLIEHKH C TIOMOII[bIO OOpaTHOM TpaHCc-
KPHITIIHN 1 TOTMMEPa3HO-LEMHON PEakny B PEaIbHOM Bpe-
menn (Relative quantitation real-time PCR). U3 o6pa3uos
rutateHT Boiiessii PHK ¢ ncrnonb3oBanneM peareHTa 1is Bbl-
nenerns cymmapaoit PHK ExtractRNA («Esporen», Mockaa,
Poccust), cormacHo HHCTpYKIMH nponsBoauTestsi. OOpaTHyro
TPaHCKPHUIMIHIO TIPOBOAMIN C UcTonb30BaHHeM MMLV 06-
partHoii TpaHckpunTassl («KEBporen») u omuro-dT mpaiimepa
TI0 TIPOTOKOJTY TIPOU3BOUTEIIS.

[P npoBoawiu Ha npudope Applied Biosystems®,
ViiA™ 7 corracHO MHCTPYKITHH C TIOMOIIBIO TOTOBOW peak-
mmonHoit cmecn qPCRmix-HS LowROX («EBporen») u
pearentoB ¢upmbl Applied Biosystems: TagMan Gene Ex-
pression Assay ans reroB Mbeimu (Igf2, Mm00439564 ml;
Igf2R, MmO00439576 _ml; Slc2al (Glutl), Mm00441480 ml;
Slc2a3 (Glut3), Mm00441483 ml; Slc38al (SNAT1),
MmO00506391 ml; Slc38a2 (SNAT2), Mm00628416 ml;
Slc38a4 (SNAT4), Mm00459056 m1; ObRb-LepR,
Mm00440181 m1) ¢ ucnonb3oBaHueM -akTHHA B Ka4eCTBE
sunoreHHoro koHTpons (TagMan endogenous controls with
FAM dye label and MGB mouse B-actin (ACTB)). OtHOCH-
TEJILHYIO 3KCIIPECCHUIO TTIOJICYUTHIBAIIH 110 [IOPOTOBOMY LIUKITY
amrunukanmn (oTHOcuTenbHBIN CT-MeTox).

Crarucrtuyeckasi o0padorka. [[j1si OLeHKH BIUSHUS Te-
HOTHIIA CAMOK MbIIIEH Ha MOTPEOICHUE MU U U3MEHEHUSI
MacChl Tela y MOTOMCTBA C BO3PACTOM HCIOIb30BAIIH JHC-
nepcuoHHbIi ananmn3 (ANOVA) ¢ rpagauusmu pakTopos:
«reHorun marepw» (a/a, A/a), «10JD TOTOMCTBA, «BO3PACT
(5-16 Hemenp), ¢ MOCTIEIYIOMISH OIIEHKOH MEKTPYTIITOBBIX pa3-
Tuui ¢ momouisio post-hoc xpurtepus lynkana. lanee mc-
M0JIb30BANIN ABYX(AKTOPHBIM TMCIIEPCUOHHBIA aHAIU3 OT-
JIETIBHO JJTs CAMIIOB 1 CAMOK MBIIIIEH € TpafaiusimMu (JaKTopoB
«TEHOTHIT MaTepW» U «BO3pacT». BimsHME reHOTHIIa cCaMOK
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Fig. 2. Effect of the agouti phenotype on body weight and food consumption in the male and female progeny after weaning.

Hereafter data are shown as M+ SEM.

MBIIICH Ha Pa3BUTHE OKUPEHHS Y ITOTOMCTBA OIIEHHBAJIH C
MOMOIIBIO JAMCIIEPCUOHHOTO aHAJIM3a C IpaJjalisiMu (PaKTOpOB
«TEHOTHII MAaTEPH», KII0JD, «IUETa» I HapaMeTPOB KPOBHU U
JIOJIN YKUPA; «TEHOTHIT MaTEPH», «BPEMSI COZICpIKaHHS Ha JTHC-
Tey (16—24 Henenn) u «aAUETa» 1O OTIAEIBHOCTH Y MYXKCKOTO
M JKEHCKOTO MOTOMCTBA Ul Macchl Tena. Maccy IUIOJ0B U
TUTAIICHT U SKCIPECCHIO TEHOB B IUIALICHTAX aHAIM3UPOBAIN
¢ nomorubsio ANOVA ¢ rpazanusmu (pakTopoB «TEHOTHIT Ma-
TEpU» U «I10M». JIJIsl BBIBICHHUS MEXIPYIIIOBBIX pa3iIndnii
M0 HEOOXOJMMOCTH HCIIONB30BANIN {-KpuTepuid CThIO/ICHTA.
Pesynbrarel Ha rpadukax MpeacTaBlieHbl B BUE 3HAYCHUH
CpeIHEero + omuoKa CpeHero.

Pe3ynbratbl

BnuAHue aryTu reHoTMMNa camoK Ha pocT AeTeHbiLwen
B Nepriog MaTepuHCKON oneku, maccy Tena 1 notpebneHne
nuLM Nocsie oTbema ot Matepen € 4 no 16 Hepgento XN3Hn
1 pa3BuTue ANET-NHAYLMPOBaHHOIO OXXNPEHUA
FCHOTI/IH CaMOK H€ OKa3bIBAJI BJIHUSHHUS HA pOCT IIOTOMCTBA B
MEPHO MaTePUHCKON ONeKu. JIeTeHbIIN, POXKACHHbBIE CaM-
KaMU a/a u A¥/a TCHOTHIIOB, HE Pa3IHYaIACh TI0 Macce Tela
¢ 1-ro 1o 28-i neHb KU3HU.

leHOTHIT cCaMOK He OKa3bIBaJT BIUSHUS Ha TOTPEOJICHHE
UL HA Y MY»CKOT0, HH Y )KEHCKOTO IIOTOMCTBA (pHC. 2, 8, 2),
HO OKa3bIBaJ OTCPOYECHHOE, 3aBUCHINEE OT MoJia BIUSHUE
Ha Maccy Tena Mociie oTbeMa OT Marepeil. Y JKEHCKOro Mo-
TOMCTBA, ITOJYYCHHOTO OT a/a U AY/a caMOK, Macca Tea He
paznuyanach (CM. puc. 2, @). Y My»KCKOTO TOTOMCTBA T€HOTHUIT
MaTepH OKasbIBaJl JOCTOBEPHOE BIMSHUE HA MACCy TeJa ¢ 5 10
16 nenemu xu3uu (p < 0.001, F, 550 = 13.3, 2-way ANOVA)

Ddusnonormyeckas reHeTuka

(cMm. puc. 2, 6): moTOMCTBO 4¥/a Marepeit 001anano MeHbIICH
Maccoil Teia, 4eM MOTOMCTBO a/a Marepeil. OTHOIIeHHe To-
TpeOIeHNUS MUIN K Macce Tela ObIIO TOBBIIEHHBIM Y MYX-
CKOTO TIOTOMCTBa A*/a Marepeil 1o CPpaBHEHHUIO C MYKXCKUM
notoMcTBOM a/a Marepeil (p < 0.01, F, ;s = 9.97, 2-way
ANOVA).

Crnanko-KUpHas MUIIA BBI3bIBAJIa PAa3BUTHE OXKHPEHUS
KaK y camuos (p < 0.000*, F, ,;, = 55.85), Tak u y camok
(p <0.000%, F, 445 = 53.5, 3-way ANOVA) (puc. 3). Kpome
TOTO, Y CaMIIOB BBISIBIIEHO JIOCTOBEPHOE B3aMMOJEHCTBUE
(akTOpoB MarepuHCKOro reHorumna u auersl (p < 0.05,
F, 534 = 4.25), 4T0O CBUJETENLCTBYET O PA3JIUYHOM BIMAHUH
MaTepHUHCKOTO TeHOTHIA Ha Maccy Tella CaMI[OB MPH cojiep-
JKAHWM Ha Pa3HBIX JMeTax: TeHOTUI MaTepH OKa3bIBaj JI0-
CTOBEPHOE BIIMSTHHE HA MAacCy TeJa TOJIBKO IPH COAEPKAHUH
Ha cTanpaptHoi auete (p < 0.05, F, |, =4.7) (cM. puc. 3) u
HE OKa3bIBaJI BIVSHUS MPH COACPIKAHUY HA CIAJIKO-)KUPHOM
numie. Y )KeHCKOTO IIOTOMCTBA TEHOTHIT MaTepH HE OKa3bIBaJ
JIOCTOBEPHOT'O BIIMSIHMSI HA MacCy Tejla HU Ha CTaHIAApTHON
JIMeTe, HU Ha CJIJIKO-)KUPHOH MUILE.

Conepxaane BHYTPUOPIOIIMHHOTO XKUPA, KOHIICHT PN
JIeTITUHA W TIIOKO3BI B KPOBH BO3PAcTAIM TPH OXKHPEHUH
(» <0.01 nna Beex, F, 5, =16.7,F, ,,=7.7,F, ;3= 22.8 nna
JKHPA, JIETITHHA U TIIFOKO3bI COOTBETCTBEHHO). DTN TIOKA3aTENN
HE 3aBUCEJIM OT TeHOTHUIIAa MaTepH U mosa (Tadm. 1).

[TonyueHHBbIE pe3yNbTaThl CBUACTEIBCTBYIOT O TOM, YTO Y
MBIIIEH MyTanys 4”, BBI3bIBAIONIAs XPOHHUECKYIO THIIEPIICTI-
THHEMHIO IPH OEPEeMEHHOCTH, OKA3bIBACT 3aBHCSIIEE OT I10J1a
MPOTrPAMMHUPYIOIIEE BIUSHIE HA META0OIUICCKUN (DCHOTHIT
MOTOMCTBA U HE IMPEAPACHONATaeT MOTOMCTBO K PA3BUTHIO
AIMMEHTApHOTO OXKUPEHHUSL.
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Fig 3. Effect of the agouti phenotype on the development of diet-induced obesity in the male and female progeny in maturity.

Table 1. Effect of sugar-fat diet on the amount of visceral fat and concentrations of leptin and glucose
in blood plasma of the male and female progeny of a/a and AY/a female mice

Parameter Female progeny Male progeny
‘Standard diet | High sugar-fat diet ! Standard diet | High sugar-fat diet
a/aAY/a ................... C.'. /a .................... Ay/aa/aAy/aa/a .................... Ay/a .................
Fattg  03%00(7) 0301(5) 11+02(8) 18+08(6) 04x01(7) 0301(5) 12+05(6) 1.1+04()
Rat% 14501(7) 15%03(5) 42+08(8) 53%20(6) 16£04(7) 13:02(5 37%12(6) 35+06(8)
Leptinng/mL  29+07(6) 18+03(5 7.4%23(8) 152¢63(6) 29+09(6) 20+07(5) 46+18(5 58+07(7)
Glucose, M 89+02(7) 85:09(5 118+07(8) 105:08(6) 85:07(6) 9.9+08(5) 120£17(5 128+09(7)

The results are shown as M + SEM, numbers of cases are shown in parentheses.

Table 2. Effect of the AY mutation of the weights of female mice, fetuses, and placentas of days 13 and 18 of gestation

Weight ala

¥ p < 0.05 (post-hoc Duncan test), AY/a as compared to a/a; " p < 0.05 (post-hoc Duncan test), males compared to females.

The results are shown as M + SEM, numbers of cases are shown in parentheses.

pemennoctu (p <0.01,F, ,g=7.4Ha 13-ii nenp; F, 4, =10.8
Ha 18-ii nenp 6epemenHocTH) (cM. Tadm. 2).

BnuaHue mytauyun AY Ha maccy NnofoB 1 NaLeHT
Camku a/a 1 A¥/a TEHOTUIIOB HE pa3INYaliuch M0 Macce Tea
1 Ha 13-i, Hu Ha 18-# nenp GepemenHoctu. OHU HE OT-

JIUYAJIMCh TAKXKE IPYT OT APyra [0 Macce IIOA0B M IUIALCHT
Ha 18-i nenr Gepemennoctu. Ha 13-if menr GepemMeHHOCTH
Macca IJI0I0B 000X ITOJIOB U WX IIAICHT Y 4”/a caMOK ObLIa
HMKE, Y€MY KOHTPOIBHBIX camok (p = 0.001, F, ,,, = 11.2
s monos; p < 0.05, F, |,y = 4.2 qna nnanenr) (tabmn. 2).
YV AY/a 1o cpaBHEHUIO C a/a CaMKaMH Macca MY»KCKHX TUTOJIOB
Obl1a cHIbKEeHa Ha 9.6 %, macca ux mranedT —Ha 10 %, macca
JKEHCKHMX IUIOA0B — Ha 6 %, Macca ux IianedT — Ha 4.6 %.
[T10BI MY>KCKOTO H YKEHCKOT'O IT0J1a HE Pa3iIMJaliuch IO Macce,
TOT/Ia KaK MUIAIICHTBI IJI0I0B MY>KCKOT'0 I10J1a BECHITH OOJIBIIIE
IJTALIEHT IUIOIOB KEHCKOTO 1oj1a 1 Ha 13-, u Ha 18- 1eHs Oe-
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JKcnpeccna reHoOB B NlaLeHTax

ITockonmbKy r€é HOTHII CAMKH OKa3bIBaJI BEIPA)KEHHOE BIMSIHUAE
Ha Maccy IUIOJIOB TOJbKO Ha 13-if 1eHb OepeMEeHHOCTH, MbI
PEILININ OLEHUTB SKCIPECCHIO TEHOB B ITALIEHTAaX IMEHHO Ha
9TOM CpoKe. POCT 107108 3aBUCUT OT UHTEHCUBHOCTH TPAHC-
MOpTa MUTATEIbHBIX BEIIECTB Yepe3 MIIALEHTY U OT CUTHAJb-
HBIX ()aKTOPOB, CEKPETUPYEMBIX IUIALIEHTAMH B KPOBB IIJIOJIOB.
[ToaTomy B mnanenTax Mel oneHnBanu yposuu MPHK renos,
Kogupylomux nepeHocuuku rmoxo3sl (GLUTI, GLUT3),
MIEPEHOCYNKH HEHTpaTbHBIX aMHHOKUCITOT (SNAT1, SNAT2,
SNAT4), a taxxe yposau MPHK renos, kogupyronux IGF2,
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Fig. 4. Effect of the AY mutation in mice on the expression of genes for transport and signaling proteins in placentas of male and

female embryos on day 13 of gestation.

* p < 0.05 between male and female placentas in A/a mothers (post-hoc Duncan test); # p < 0.05 between female placentas in A”/a and a/a
mothers (post-hoc Duncan test); A p < 0.05 (Student’s t test) between male and female placentas in A/a mothers for GLUT3 and between

male placentas in in A’/a and a/a mothers for IFG2R.

KOTOPBIN yCHJINBAET MPOLIECCHI POCTA B IIJIALIEHTE U Y MJI0/1a,
n IGF2R — penenropa x IGF2, npu cBsi3pIBaHHH ¢ KOTOPBIM
KOMITJIEKC JIMTaH -PELENITOp HHTEPHATIU3YETCA U pa3pylIaeTcs
BHYTPH KJIETKH, BCIEICTBHE YETO CHMKACTCS aKTHBHOCTD
IGF2. Pe3ynbraTsl npencTaBleHsl Ha pUc. 4.

JucnepcroHHbIN aHAINU3 BBISIBUII JOCTOBEPHOE B3AUMO/IEH-
cTBHE (JPAKTOPOB MAaTEPUHCKOTO TEHOTHIIA U TOJIA TIJI0I0B Ha
skcnpeccHro reHoB, konupyromux GLUT1, SNAT1 u SNAT4
(p <0.05 nna Beex, Fy ,,=6.56 nnua GLUTL, F, ,, =4.9 mna
SNATI, F, ,, = 4.36 ansa SNAT4). Ecii y KOHTPOJIBHBIX Ca-
Mok yposeHb MPHK 3TuX reHoB He pa3nuyancs B IIaleHTax
IUIOJZIOB MYIKCKOTO M JKEHCKOro mnosa, To y A¥/a caMok 3Kc-
MPEeccHs 3TUX T€HOB ObLIA JTOCTOBEPHO HIDKE B IUTAIIEHTAX
IJIOJI0B KEHCKOTO 110J1a I10 CPAaBHEHUIO C IIAllEHTAMU II0JI0B
My’KcKoro mnoja. Kpome Toro, cpaBHeHHE MEXIPYNIOBBIX
cpemaux mo Kpurepuro CThIONEHTa OKa3ajo, uTo y AY/a ca-
Mok akcrnpeccuss GLUT3 B muanieHTax MiofoB *KEHCKOTO
nosa OblIa HUYKE, YeM B TUIALIEHTAaX IUI0J0B MY)KCKOTIO T10J1a,
a sKcmpeccus reHa perenrropa k IGF2 B mmarieHTax miozoB
MY’KCKOTO I10J1a ObIJIa BhINIE Y 4”/a CaMOK TI0 CPaBHEHHIO C
a/a camkami. [1omrydeHHbIe pe3yJibTaThl IOKa3bIBAIOT, YTO MY-
Tarms A” OKa3bIBAET BIMSIHUE Ha SKCIIPECCHIO IUTAIICHTAPHBIX
TEHOB, PEryIUPYIOLIUX POCT IUIOJ0B, U 9TO BIUSIHUE 3aBUCHUT
OT TI0J1a TUIOJIOB.

O6cyxpaeHune

JlarHO€ nccienoBanue ObLIO MPEIIPUHSATO ISl TOTO, YTOOBI
OIICHUTH BIHSIHAE MyTallud AY y MBIIIEH Ha CKIOHHOCTBH K
Pa3BUTHIO OXKUPEHISI y TOTOMCTBA PAa3HOTO TOJIA U IS TIPO-
BepKI/I Hpe[lHOJ'lO)KeHI/IH, 41O reHuep—cneuH(quecxoe BIIUSIHUEC
MyTaIllui Ha MeTaboMuIecKuil (DEHOTHI ITOTOMCTBA MOXKET
OBITH CBSI3aHO C pa3UYAIONICICS B 3aBUCUMOCTH OT II0JIa
IJIOJIOB PEaKIMeil IIaleHT HAa M3MCHEHUS MATCPUHCKON
CpeJibl, BbI3BaHHBIE 3TONH MYyTalUEH.

Pesynbrarel MONTBEpAMIN MTOMYyYCHHBIC paHee JaHHBIC O
TOM, YTO MyTAaIlHsl OKa3bIBACT FeHAeP-CHeIU(UICCKOE OTCPO-
YEHHOE BIIMSHIE HAa METa0O0IM3M ITOTOMCTBA: CHIYKAET MacCy
TeJa TOIBKO y MYXKCKOTO ITOTOMCTBA IIPU COJACPIKAHUH B

Ddusnonormyeckas reHeTuka

cTaHIapTHBIX ycnoBusax (Makarova et al., 2013). ITockonmbsky B
neproj 0epeMeHHOCTH AY/a CaMKH OTIIMYAIOTCS OT a/a CaMOK
TMOBBIIIECHHBIM YPOBHEM JICTITUHA U HE PA3JINYAIOTCH 110 APY-
UM OMOXMMHYECKUM TOKa3aTelisiM KpOBH (KOPTHKOCTEPOH,
rIroko3a, nHeynmuH) (Makarova et al., 2010), Mbl ipearnonara-
€M, YTO OTCPOUYCHHBIC MATCPHUHCKUEC BOSHCﬁCTBHH CBSA3aHBI C
BJIMSTHUEM MMEHHO JISTITHHA Ha Pa3BHBAIOIIEeCs] TOTOMCTBO.
Panee HaMu yCTaHOBIICHO, UTO OJHOKPATHOE BBEJICHHUE JICTITH-
Ha B KOHIIE OEPEMEHHOCTH CHI)KAET Maccy TeJia y MOTOMCTBA
Ha crapaaptHoit quete (Makarova et al., 2013). B nccnenosa-
HUSX APYTHX aBTOPOB TOKE OOHAPYKEHO, M B TCHETHYECKON
MOJCIIN, U MPHU BBCACHUU JICTITUHA, YTO TUIICPICHTHUHEMUA
npu 6EPEeMEHHOCTH COTPOBOXKAACTCS MEHBIIEH Maccou y
MOTOMCTBA, PUYEM Y KPbIC Macca ObLia CHUKEHA TOIBKO Y
senckoro noromersa (Nilsson et al., 2003), a y Mblieii — BHe
3aBucumoctr ot mona (Pollock et al., 2015). Menbras macca
TeJla Y MYKCKOTO MOTOMCcTBa A*/a CaMOK IO CPaBHEHHIO C
MOTOMCTBOM /@ CaMOK HaOJIoajiach Mpy OJMHAKOBOM I10-
TPeOJCHUH TMHUIIHK, YTO TMperoiaraetT 0ojiee NHTEHCHBHBIN
pacxojl PHEPTUHU Y ITHX KUBOTHBIX. B paboTe Ha MbIIIax
nokaszano (Pollock et al., 2015), uro runepnentiuHeMus Oe-
PEMEHHOCTH aCCOLMMPOBAHA C ITOBBIILIEHHOW IBUraTEIbHON
AKTHBHOCTBIO y IOTOMCTBA. BO3MOXKHO, y MY’KCKOTO ITOTOM-
cTBa A”/a caMOK TOKe MOBBIIIEHA ABUTaTeIbHAS AKTUBHOCTD,
3TOT BOMPOC TPeOyeT AanbHEHIIIero H3yueHusl.
lunepnenTuHEMHs y CAMOK C MyTaluei 4” He MOoBIusIIa
Ha UCCJIeI0BaHHbIC HAMU METa0O0INYEeCKUE XapaKTePHUCTUKH
y MOTOMCTBA TIPH Pa3BUTHH OXKHPEHUSI HA CIIAJKO-KUPHOM
mUeTe. DTH pe3yiabTaThl OTIIMYAOTCS OT JAHHBIX, ITONyUYCH-
HBIX APYIr'UMH aBTOpaMHU B 3KCIIEPUMCHTAX Ha MbIIIaxX U
KpbIcax. Y KpbIC BBEJCHHUE JICTITHHA B KOHIIE OEPEMEHHOCTH
U B MEPUOJ JIAKTAIIUH TTOJABIISLIO PA3BUTUE OXKHUPEHUSI, HH-
JyLIHPOBAHHOTO TUETOH, Y MOTOMCTBa 000uX 10J10B (Stocker
et al., 2007). YV MblIieil MOBBIICHHBIH YPOBEHb JICITHHA Y
OepeMeHHBIX db/+ caMOK MBIIICH W BBEJCHHE JICNITHHA B
TEUCHHE BCEHl OCPEMEHHOCTH M IMEPBBIX JHEH MOCie POjOB
CHIKAJIM MacCy Tejla y MOTOMCTBA Ha JHeTe, UHIYIHPYIO-
et oxupenne (Pollock et al., 2015), He H3MEHsI IpH 3TOM
BaBuWNOBCKNI XKYpHan reHeTUKN 1 cenekuyumn - 2018 - 22 « 4
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mporeHTHOTO conepykanus xwupa (Talton et al., 2016), aro
TOBOPUT O BJIMSIHUM MaT€PUHCKOTO JICHTHHA Ha JIMHEHHBIH
POCT ITOTOMCTBA, a HE Ha PAa3BUTHE OKUPEHHUS KaK TAKOBOTO.
HecoBnasienne pe3ynbraToB MO peakIuy TOTOMCTBA Ha JTHETY,
WHJIyIUPYIONIYIO OKMPEHUE, B HAILICH MOJIENIN U B MOJICIISIX,
MCHONb30BaHHbIX apyrumu aBropamu (Pollock et al., 2015),
MOXXET OBITH 00YCIIOBIEHO 0COOEHHOCTSAMHU ITPOBEICHNUS IKC-
MEPUMEHTOB, TAKUMH KaK COCTaB JIMEThI MJIM KOHIIEHTPAIIUH
JIEITHHA B KPOBM CAMOK Ha Pa3HbIX CPOKAX OEPEMEHHOCTH U
JaKTayy. B 1e7I0M pe3ynbTaTsl MOATBEPKIAIOT TOJI0KEHHE
0 TOM, YTO MOBBIIICHHBIH YPOBEHb JIENITHHA B KPOBH y Oepe-
MEHHBIX CAMOK HE ITPEAPACIIONaraeT IOTOMCTBO K Pa3BUTHIO
OXXHMPEHUSI, NHIyIIUPOBAHHOTO JIMETOH, N yKa3bIBaIOT Ha TO,
YTO MaTEPUHCKHH JICTITHH MOXKET TI0-Pa3HOMY BO3/ICHCTBOBATh
Ha Pa3BUTHE MY>KCKOTO M KEHCKOTO II0TOMCTBA.

MexaHU3MBI TPOTPAMMHPYIOIIETO ICHCTBHS JISTITHHA TIPaK-
THUYECKH He H3y4eHbl. [I0CKoNbKy CKOpOCTh POCTa IUIOA0B OT-
pakaeT MHOXXECTBCHHBIE BIMSIHUSI MAaTEPUHCKON CPEIbl, MbI
OLICHMJTN Maccy IUIOAOB Y a/a 1 A¥/a caMOK Ha Pa3HBIX CTA/IUSIX
6epemenHocTH. OKa3aaoch, YTO MyTalHsl MEHSIET JUHAMHKY
pocTa IIIOAOB: 3aMEUISIET CKOPOCTh POCTA IJIO/I0B B IIEPBBIE
JiBe TpeTn OepeMeHHocTH (Ha 13-if eHs Macca IIogoB Oblia
CHIDKEHA), a 3aTeM, I0-BUANMOMY, TUIOZBI JIEMOHCTPUPYIOT
JIOTOHSIFOIINN POCT (B KOHIIE OEpEMEHHOCTH Macca IUIOIOB
yKe He pazindanack). [Io HeMHOTOUHMCICHHBIM JINTEPATyp-
HBIM JIaHHBIM, MAaTEPUHCKHH JISITUH MOXKET CHIKATh Maccy
IUIOZIOB: BBE/ICHME JICTITHHA BO BTOPO MOJIOBUHE OepeMeH-
HOCTH CHIXKAJI0 MacCy TUTofoB y MeImei (Yamashita et al.,
2001) n Maccy HOBOpOXKIeHHBIX KpbIcsT (Stocker et al., 2007).

[IponoprroHanbHOE CHIKEHNE MACCHI IUIALIEHT U TUIOZ0B
yKa3bIBaeT HAa TO, YTO YMEHbIICHNE (PU3UUECKUX Pa3MEpOB
IUTAIIEHT MOKET OBITh OCHOBHOW NMPHYMHOW 3aMeJICHHS
pocta ionos. K 13-my qHIO OEpeMEHHOCTH Y MBIIIEH 30HA
TaOMpHHTA, T OCYIIECTBISIETCS TPAHCIIOPT MUTATECIBHBIX
BEILECTB M3 KPOBH Marepu B KPOBb IUIOJA, COCTABISIET yKe
3HAYUTENIbHYIO YacTh TUIAleHThI (mpuMepHo TpeTh) (Coan et
al., 2004), u yMeHBIIIEHUE ITOH 30HBI MOKET CYIIIECTBEHHBIM
00pa3oM cKazaThCsi Ha IIOCTaBKE HyTPUEHTOB Pa3BHBAIOIIMM-
cst tofaM. MexaHu3Mbl BIUSIHUS JIENTHHA HA (PU3HYIECKOE CO-
CTOSTHME TIJTALICHT TPeOyIOT NabHeHIIero nsyuenus. Boamox-
HO, JIETITHH TIO/IaBJIsIeT aHTUOT€HE3 B IUIAIIEHTAaX, TIOCKOJIBKY B
9KCHEPUMEHTAX i1 Vitro ObIIO MOKa3aHO, YTO JIENTUH CHUKAET
CEKPEIHIO SHIIOTeHaIbHOTO (pakTopa pocta cocynos (VEGF)
kierkamu rurorpodoodnacra (Islami et al., 2003).

OTBeT cO CTOPOHBI IVIOJOB HA N3MEHEHNE YPOBHS JIETHHA
B MaT€pPUHCKOHW KPOBH MOXET 3aBHCETh OT YyBCTBHTEIHHO-
CTH IUTALICHT K JieficTBUIO JienTuHa. B pabore (Yamashita et
al., 2001) nmoka3zaHo, 4TO BBEACHHE JICITHHA CHIDKAET Maccy
TUTOZIOB M TUTAIIEHT TOJIBKO Y MBIIIEH JUKOTO THIIA ¥ HE BIUSCT
HA TCTEPO3UIOT MO0 MyTAlUHU db, HECYIIUX OMHY J03y I'CHa
penenTopa k nentuHy. Ha 13-if nenp OepeMeHHOCTH Macca
TUTalleHT Y A”/a camok Oblia CHIDKEHaA, a Ha 18-1 meHp — He
pasnMyanach, XOTs MOBBIICHHBIN YPOBEHB JIeNTHHA y AY/a ca-
MOK HaOIromaeTcst Ha 000MX Cpokax OepeMeHHOCTH. MOKHO
MIPEATIONOXKHUTE, YTO C POCTOM YPOBHS JIENTHHA B KPOBH y
AY/a caMOK pa3BHBAeTCsl PE3UCTEHTHOCTH K €T0 JICHCTBHIO B
u1areHTax. ist mpoBepKH 3TOTO MPEATOI0KEHUS] HEOOX0AU-
MBI JIOTIOJTHUTEIBHBIC HCCIICIOBAHMS.

Kpome BiusHust Ha (pU3UUECKUE pa3Mepbl IJIaleHT, Mo-
BBILICHUE YPOBHS JIENTHHA y AY/a caMOK COIPOBOXKIAIOCH
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HU3MCHCHUEM SKCIIPECCHUU I'CHOB TPAHCIIOPTEPOB MUTATCIIBHBIX
BEIIIECTB M CUTHAJBHBIX ()aKTOPOB B IIAllEHTax. BBenenue
JICTITHHA B IIEPBOH ITOJIOBUHE OEPEMEHHOCTH CaMKaM MBIIIEH,
OTpaHUYCHHBIM B ITOTPEOJICHUH OEJIKOB, BBI3BIBAIIO H3MEHE-
HUS TpaHCKpuIToMa B TutanienTax (Schulz et al., 2012), grto
YKa3bIBacT Ha BO3MOKHOCTH HEMOCPEIICTBEHHOTO BIIMSHUS
MAaTEPHUHCKOTO JICIITUHA HAa TPAHCKPUIIIMOHHBIC MPOLICCCHI
B IJIAICHTaX. | eHmep-crenuduaeckoe BO3aecTBHE MyTa-
n A” Ha MeTaboIMYECKUE TIPU3HAKN Y TOTOMCTBA MOXKET
6I)ITI> CBsA3aHO C pa3HbIM TPAHCKPUIIIIMOHHBIM OTBETOM ILjIa-
LIEHT y IIOJIOB MY>KCKOTO M >K€HCKOTO MOJIa Ha M3MEHEHUS
YPOBHS JICITHHA B MATEPUHCKON KPOBH.

Hamu oOHapy»KeHb! spKue MPOosIBICHHS IOJIOBOTO JAUMOP-
(hm3Ma 1Mo Macce MJIAeHT Yy CaMOK 00OWX TeHOTHIIOB W TIO
9KCTIPECCUH TeHOB B IUIAlleHTax y 4”/a camok. Mytanust A
quddepeHIrpyeT IIaleHTs UI0JJ0B Pa3Horo IMoJja 1o JKC-
MIPECCUN HEKOTOPBIX T'EHOB, B OCHOBHOM 3a CUET CHIDKCHUS
9KCIIPECCHH B IUTANIEHTaX IUIOA0B KEHCKOTO nosia. CHIKeHne
9KCHIPECCUU I'CHOB, KOAUPYIOHNIUX NMEPEHOCUYUKU ITIHOKO3bI U
AMHMHOKHCIIOT, MOXKET OBITh OJTHOH M3 MPHYMH yMEHbBIICHUS
Macchl IJI0/10B )KEHCKOTOo mona. OHaKo Macca II0/I0B MYK-
CKOT0 ToJia Takxke Obuia cHikeHa. [Ipu 9ToM B 1utaneHTax
TUTONTOB MY’KCKOTO TIona y A¥/a caMOK ObIjia TIOBBIIIIEHA HKC-
npeccus rexa, konupyromero IGF2R. OtoT penenrtop cBsA3bI-
Baercs ¢ IGF2 u TpancnopTipyer ero B JIM30COMbI, TAKUM 00-
paszom cHmkast ypoBeHb IGF2 Bo BHEKIIETOYHOM ITPOCTPAHCTBE
(Wutz et al., 2001). I[Toseimenue sxcripeccun IGF2R moxer
MIPUBOANTH K CHIKEHUIO ypoBH: IGF2 B mtanieHTax My>kKCKUX
IUIOJIOB, YTO MOXKET OBITH TPHUMHON CHUYKEHNST MAaCcChI MYK-
CKHX IMJI0A0B, nockonbky IGF2 crumynupyer pocTt miuoaos
(DeChiara et al., 1990). Kpome Toro, oTcyTCTBHE pa3inyiuii B
Macce II0I0B PAa3HOTO T0J1a, BO3MOXHO, CBSI3aHO C Pa3BUTHEM
KOMITEHCATOPHBIX MEXaHU3MOB. Hannune Taknx MexaHH3MOB
IPOZEMOHCTPUPOBAHO B PabOTaxX, B KOTOPBIX HCCIEI0BANIOChH
n3MeHeHne skcnpeccnn IGF2 u TpaHCiopTepOB TITIOKO3HI U
AMHMHOKHCIIOT B IUTaneHTax. [TokazaHo, 4To B OTBET HA CHHU-
JkeHHe ypoBHs 3kcrpeccuu reHa IGF2 B mianenTax mpouc-
XOJHUT KOMIIEHCAaTOPHOE YCHJICHHE BTOPHYHOTO TPaHCIOPTa
AMHMHOKHCIIOT, OIIOCPEOBAHHOTO OEIKaMU-TIepEeHOCUNMKAMHU
cucrembl A (Constancia et al., 2005), 1 Ha000pOT — B OTBET
Ha ycueHne skcrpeccrn IGF2 mponcxoauT CHIDKEHHIE KC-
npeccun TpaHcnoprepa moko3sl GLUT3 u tpancnoprepa
HelTpaibHbiX aMuHOKUCIOT SNAT4 (Angiolini et al., 2011).

I'ernep-cnennduyecKuii OTBET cO CTOPOHBI IUTANICHT Ha
MaTepUHCKNE BO3/ICHCTBUS SIBISIETCSI XOPOIIO YCTaHOBJICH-
HBIM (peHOMEHOM. Y MBIIIeH IIaleHThI II0I0B Pa3HOTO 10j1a
o-pa3HOMY OTBeUaln Ha MarepruHckoe oxxuperne (Kim et al.,
2014), nuety marepeii (Gallou-Kabani et al., 2010; Mao et
al.,2010; Gabory et al., 2012), runokcuto (Cuffe et al., 2014),
n3MeHeHne ropmoHansHoro ¢gona (Cuffe et al., 2011, 2012).
OnHaKo BOMPOC O MOJIEKYJSIPHBIX MEXaHU3MaX, JIEeKAIINX B
OCHOBE 3TOTO SBJICHUS, JO HACTOAIIETO0 BPEMEHH HE UCCIIe-
JIOBaH U JKJIET CBOETO Pa3pEIICHUs.

HecmoTpst Ha TO 4TO Macca IIIaleHT U IUTOA0B y A¥/a caMoK
ObLJIa CHIDKEHA He3aBUCUMO OT 110712 II0J0B U 3KCIIPECCHs Ire-
HOB ObIJ1a U3MEHEHA TAK)KE B IUIAIIEHTAX IUIOA0B 000€ro mosna,
OTCPOYCHHBIC BIIMSTHNS TCHOTHIIA MAaTEPH Ha META0OJIMIECKUE
MPU3HAKHU ObUT OOHAPYKEHBI TOJIBKO Y MY>KCKOTO ITOTOMCTBA.
Cxopee BCero, 3To CBSI3aHO C BEIOOPOM H3yUeHHBIX TPU3HAKOB.
Jlist camok HanOosee 3HAYMMBIM [TPU3HAKOM C HBOJIFOLIMOHHON
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Bnunaxne mytaumm AY y mbileit Ha MeTabonuuecknin deHoTun
NMOTOMCTBA, POCT MJIOAOB U SKCMPECCHIO FeHOB B MiaLeHTax

TOYKHU 3pCHUSA ABJIACTCA IMJIOAOBUTOCTD. BO3MO)KHO, arytu
TE€HOTHUII CAMOK BJIMSCT Ha ITapaMETPLI IIJIOJOBUTOCTH Y )KCH-
CKOT'0 IMOTOMCTBA, HO 3TOT BOIPOC A0 CUX IOP HEC U3y4daJICA.

3aknioyeHune

VY wmblmielt MyTanus A4”, BBI3bIBAIOILIAS THIICPICITHHEMHIO B
neproJi OepeMEeHHOCTH, OKa3bIBAET 3aBUCSILEE OT 110J1a BIIU-
SHUE Ha METa0ONMMYEeCKUI ()eHOTUIT TOTOMCTBA B 3PEIOCTH,
BIIMSIET Ha MAacCy MUIALCHT U IUHAMHKY POCTA IUIOOB, a TaK-
7K€ BBI3BIBACT pa3/inius MO IKCOPECCUN I'CHOB CUT'HAJIbHBIX
U TPAHCIIOPTHBIX OEJKOB B IUIAIIEHTAX IUIOIOB MY>KCKOTO H
JKEHCKOTO T0JTa B cepeinHe OepeMeHHOCTH. MOYKHO MPEeAro-
JIOKUTB, YTO TeHAEp-CcriennpruecKkoe BIusiHue 4*/a reHoTuma
CaMOK MBIIIeH Ha MeTaboINYecKre IPU3HAKH y TIOTOMCTBA
CBSI3aHO C TE€M, YTO Pa3BUBAIOIIASCS y TAKUX CAMOK THIIEP-
JICITUHEMHS [10-PAa3HOMY BIIMSET Ha KCIPECCUIO TEHOB CUT-
HaJIbHBIX U TPAHCIIOPTHBIX OEJIKOB B IUTAIIEHTAX IUIOIOB pa3-
HOTO ToJ1a.
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Prions are alternative infectious conformations for some cellular
proteins. For the protein PrP(PrP - prion protein, C - common),

a prion conformation, called PrP><(S - scrapie), is pathological.
For example, in mammals the PrP>¢ prion causes transmissible
spongiform encephalopathies accumulating in the brain tissues
of PrP>caggregates that have amyloid properties. MicroRNAs and
long non-coding RNAs can be translated into functional peptides.
These peptides can have a regulatory effect on genes from which
their non-coding RNAs are transcribed. It has been assumed that
prions, like peptides, due to the presence of specific domains,
can also activate certain non-coding RNAs. Some of the activated
non-coding RNAs can catalyze the formation of new prions from
normal protein, playing their role in the pathogenesis of prion
diseases. Confirmation of this assumption is the presence of the
association of alleles of microRNA with the development of the
disease, which indicates the role of the specific sequences of non-
coding RNAs in the catalysis of prion formation. In the brain tissues
of patients with prion diseases, as well as in exosomes containing
an abnormal PrP5¢ isoform, changes in the levels of microRNA
have been observed. A possible cause is the interaction of the
spatial domains of PrP*¢ with the sequences of the non-coding
RNA genes, which causes a change in their expression. MicroR-
NAs, in turn, affect the synthesis of long non-coding RNAs. We
hypothesize that long noncoding RNAs and possibly microRNAs
can interact with PrPC catalyzing its transformation into PrP>¢. As
a result, the number of PrP>¢ increases exponentially. In the brain
of animals and humans, transposon activity has been observed,
which has a regulatory effect on the differentiation of neuronal
stem cells. Transposons form the basis of domain structures of
long non-coding RNAs. In addition, they are important sources of
microRNA. Since prion diseases can arise as sporadic and he-
reditary cases, and hereditary predisposition is important for the
development of pathology, we hypothesize the role of individual
features of activation of transposons in the pathogenesis of prion
diseases. The activation of transposons in the brain at certain
stages of development, as well as under the influence of stress, is
reflected in the peculiarities of expression of specific non-coding
RNAs that are capable of catalyzing the transition of the PrP¢
protein to PrP5¢, Research in this direction can be the basis for
targeted anti-microRNA therapy of prion diseases.

Keywords: brain; long noncoding RNA; methylation; microRNA;
prions; regulation; stem cells; transmissible spongiform
encephalopathies.
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B3anMoOCBs13b IIPMOHOB
¢ Hekonupyoumumu PHK

PH. Mycrapun! @, 3.K. Xycnyrannonal’ 2

! BalwKunpcknin rocynapcTBeHHbIn yHuBepcuTeT, Yoa, Poccnsa
2 YIHCTUTYT BUOXMIAN 1 FeHeTUKI YHIMCKOTO HayuHOro LieHTpa
Poccuiickon akapemun Hayk, Yéda, Poccua

MPYOHBI — 3TO anbTepHaTVBHbIE NHPEKLMOHHbIE KOHGOP-
MaLmMn pAfa KNeToUYHbIX 6eN1koB. B OTHOLEHMM NpoTerHa
PrP<(PrP - ot aHrn. prion protein, C - common, 06bluy-

HbI) NPUOHHaA KOHPpOPMaLUs, NONYUYNBLLAA HAa3BaHKE
PrP5¢ (Sc - scrapie, ckpelnu unm noyecyxa oBeLy), oKasa-
nacb natonornyeckon. Y mnekonutatowmx PrPSc apnaetca
3TMONOrMYECKMM GaKTOPOM TPAHCMUCCUBHDBIX Iy6UaTbiX
3HUedanonaTuii, xapakTepusyoLMXCa HakonieHmem B
rofIoBHOM MO3re arperaTos PrP>¢, koTopble obnaaaloT amu-
novigHbiMm cBoncTBamu. MukpoPHK v anvHHble Hekogu-
pytowne PHK MoryT TpaHCAMpoBaTbCA B PYHKLMOHaNbHble
nenTuabl, OKasbiBalLLe pPerynaTtopHoe BO3AeNcTBMe

Ha reHbl, NPOAYKTaMM KOTOPbIX OHU ciyaT. CaenaHo
NpeAnonoXeHne o PoONY akTMBALMK cneunduyeckmnx
Hekogupyowmx PHK nog sanaHnem npuoHoB B KauecTse
OAHOrO 13 MeXaHU3MOB MaToreHe3a NPUOHHbIX 6one3HeN.
O6HapyXeHbl M3MEHEHNA YpOoBHEN MUKPOPHK B TKaHsAX
rofIOBHOIO MO3ra, a TakXe B 9K30COMaXx, CofepKaLlmx
aHOMarbHyto n30popmy PrP3¢y 60MbHbIX TPAHCMUCCUBHDI-
MU rybuaTtbiMm SHUedanonatuamu. BoiaBneHbl accoymaumm
annenei mmkpoPHK ¢ pa3sutrem 6onesHu, 4To roBOPUT O
BO3MOXHOW ponu cneymouyeckx nocnefoBaTenbHOCTeN
Hekoaupytowmx PHK B katanunse o6pa3oBaHis NPUOHOB U3
HopMmarnbHoro 6enka. NpeanonaraeTcs, YTO UIMEHEHHbIE
N-KOHLieBble MPOCTPaHCTBEHHbIE AOMEHbI PrP3°cnocobHbI
CBA3bIBATbCA C PEryNATOPHbIMU NOCIe[0BATENIbHOCTAMMN
cneundunyecknx reHos Hekogupytowx PHK. B pesynbtate
aKTMBUPYETCA SKCMpeccuns faHHbIX Hekogupytowmx PHK,
KOTOpble, B CBOIO oyepeib, MOryT B3aUMOAENCTBOBaTb

c PrP<, katanusunpys nx npeobpasosaHue B PrP>c, Mpo-
NCXOAUT SKCMOHEHUMANbHbIN POCT KonnyecTsa PrPsc,

B ronoBHOM Mo3re XM1BOTHbIX 1 YesloBeKa HabntogaeTca
AKTUBHOCTb MOOUJIbHBIX /1IEMEHTOB, OKa3blBaloLLMe pery-
NATOPHOE BNUAHME Ha AnddepeHUPOBKY HENPOHabHbIX
CTBOJIOBbIX KNETOK. TPaHCMNO30Hbl COCTABAAIOT OCHOBY [0-
MEHHbIX CTPYKTYP AJIMHHbIX Hekoaupytowmx PHK, ciyxat
Ba)KHbIMM NCTOYHMKamn MUKPOPHK. Tak Kak NprvoHHble
60ne3HM MOryT BO3HMKaTb B BUAE CNOPaaNYecKknx 1
HacnefCcTBEHHbIX CJlyYyaeBs, @ Ha BOCMPUMMUYMBOCTD K 3a-
6oneBaHuto BAMAeT NonnMopdrsm B 6€N0K-KOANPYOLLNX
reHax u reHax MUKpoPHK, MO>KHO npeanonoxmTb ponb
ponb cneundmnyeckoro coctaBa v 0CO6eHHOCTEN GYHKLN-
OHVPOBaHMA TPAHCMO30HOB B VX NaToreHese. AKTMBaLnA
TPaHCMO30HOB B rOJIOBHOM MO3re Ha onpefesieHHbIX
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infectious particles (hence prions) that are able to

cause prion diseases a.k.a. transmissible spongi-
form encephalopathies (TSEs) in mammals. The PrPSe
protein (PrP stands for prion protein S — for scrapie)
is an example of such a prion with multiple B-layers
that is a product of conformation transformation of the
common PrP¢ protein (C — for common). However, PrP
is not the only protein forming prions, as not all prions
are pathogenic.

In the literature, the term has been used to mark self-
propagating alternative protein conformations, so this
definition can be referred to many amyloid proteins
as well. On the other hand, ‘prion’ also means that a
protein’s transmissibility has been proved (Harbi, Har-
rison, 2014).

The term ‘amyloid’ was first coined in 1838 by Ger-
man botanist M. Shleiden to describe the starch (amy-
lum is starch in Latin) component of plants. In 1854,
P. Virkhov used this term to refer to the specific reaction
of nerve-cell deposits to iodine falsely assuming that
these substances are similar to starches. As it turned out
later, the deposits were proteins, but they still have been
known as amyloids (Kyle, 2001).

Amyloid fibrils are threadlike self-organizing peptide
or protein aggregates that contain cross-link B-structures.
Ribbon-like B-layers spread along the fibrils in which
B-threads go perpendicular to fibril growth direction
and are cross-linked by h-bonding. Typical amyloid
fibrils have two or more B-layers laying one over the
other. The presence of such structures has been proven
with x-ray and electron diffraction spectroscopy and
solid-state NMR.

Amyloid fibrils are a structural state taken by poly-
peptides in relatively high concentrations in case they
are not able to form more complex structures such as
folds for a globular ferment structure or participate in
a functional supramolecular complex (Tycko, 2014).

Formation of amyloids presents certain interest for
medical studies, because the tissues contaminated by

Q term ‘prion’ was coined to mark proteinaceous
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such amyloid diseases as T2D, neurodegenerative dis-
eases (AD, PD and TSE), accumulate amyloid fibrils
(Tycko, 2014). For instance, TSEs are characterized by
the infectious properties of the amyloid proteins caus-
ing the disease, while the encephalopathies themselves
are described as a group of neurodegenerative diseases
affecting the nervous system of humans and animals
(Saba et al., 2012). In humans TSE causes such condi-
tions as Creutzfeldt — Jacob disease (CJD), Gerstmann—
Straussler—Scheinker syndrome (GSS), and fatal familial
insomnia (FFI); in sheep — scrapie and trembling disease;
and in cattle — bovine spongiform encephalopathy. Effec-
tive diagnostics and treatment of TSEs are complicated
by the absence of intravital diagnostic techniques to
detect the pre-existing disease (Bellingham et al., 2012).
TSEs may also have genetic etiology, occur sporadically
without any known factors and gene mutations or can
infect through food or contaminated medical tools (see
Table) (Saba et al., 2012; Mabbott, 2017).

The cellular prion protein with common three —dimen-
sional structure (PrP°) is a sialoglycoprotein with gly-
cophosphatidylinositol anchor characterized by its high
level of expression in a central nervous system (CNS),
especially in neuron synapses (Rubenstein et al., 2018).
Its molecular mass is 30-35 kDa and it is encoded by the
PRNP gene. After its synthesis PrP¢ is first processed in
the Golgi until its expression into a plasmatic membrane.
The secondary structure of its C-end domain contains
three a-spirals and a short double-stranded B-folded
layer (Mabbott, 2017). The glycine-rich N-end domain
contains an octapeptide repeat composed of four tandem
copies of highly conserved sequence PHGGGWGQ. It is
assumed that the N-end domain plays an important role
in modulating the prion protein’s physiological function
as well as in the pathological reactions in case of prion
diseases. Multiple studies have demonstrated that the N-
end domain can interact with a wide spectrum of ligands
such as B-layer rich conformers (in particular PrPS¢ in
TSE, and the AB42 peptide in AD); metal ions (Cu?* and
Zn2"); lipids; glycosaminoglycans (give different, some-

Molecular and cell biology
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Prion diseases in humans and animals (Mabbott, 2017)

P.H. MyctadpuH
3.K. XycHyTamHoBa

2018
22-4

Disease Infected species Path of infection
Drug-induced CJD Humans Accidental medical contamination
Sporadic CJD Humans Somatic mutations or spontaneous conversions
of PrP¢ into Prp*
Variant CJD Humans Eating contaminated food or transfusion
of contaminated blood
Familial CJD Humans Germline mutations of the PRNP gene
CSS Humans »
Trembling disease Humans Ritual cannibalism
FFI Humans Germline mutations of the PRNP gene
Mad-cow disease Bovine Eating contaminated food
cattle
Scrapie Sheep, goats, Eating contaminated food, horizontal
moufflons and vertical infection
Chronic wasting disease Mooses,
deers
Mink TSE Minks Eating contaminated food
Feline spongiform encephalopathy Cats »
Spongiform encephalopathy Antelopes, »

of exotic animals Grater kudus

times opposite activity properties to the protein includ-
ing protection from oxidative stress and PrPSe toxicity
mediation); and nucleic acids (Eigenbrod et al., 2017).
It also can be assumed that the changed conformation
of PrPS¢ results in N-end domain disorder modulating
its physiological function and enabling it to affect the
genes of noncoding RNAs (ncRNA) by interaction with
regulatory sequences or their gene regulators activating
them in the way the peptides formed while ncRNA trans-
lation do. In rare cases, the activated ncRNAs can be a
cofactor for the conformational transformation of PrP¢
into PrPSc, and if it happens, it causes a chain reaction
with the exponential growth of PrPS¢, which is typical
for prion diseases. However, the probability of such
activation is negligibly small due to the long incubation
period typical for prion diseases.

In a CNS, the physiological development of PrPC
supports myelin homeostasis by interaction with G
protein-coupled receptor Gprl126 (a.k.a. Adgrg6) in the

MoneKynanan 1 KNleTo4YHasA 6uonorus

Schwann cells. It has also been reported about many
other PrP€ functions in a CNS including a circadian
rhythm, synaptic transmission, cognition, signal trans-
duction, apoptosis regulation and protection from oxida-
tive stress. Moreover, PrPC is expressed in many cellular
populations of an immune system and secondary lym-
phoid organs. Although in mice PrPC depletion does not
lead to apparent immunodeficiency, it can play its role
in cellular activation, T-cell differentiation, intercellular
interaction and phagocytosis (Mabbott, 2017). PrP¢is a
calpain substrate (calcium-sensing cysteine phosphatase
that can be subjected to controlled activation) and may
become neurotoxic in pathological processing and ac-
cumulate in cytosol (Rubenstein et al., 2018). It has also
been found that the cellular prion protein of PrP¢ works
as a receptor for the amyloid fibrils of a-synuclein easing
their internalization and endocytosis. Such reactions oc-
cur by direct interaction between a-synuclein fibrils and
the N-end domain of PrP¢ In the cellular lines express-
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ing PrPS¢, binding of PrP¢ and the fibrils prevents the
formation and accumulation of PrPS¢, as PrP€ becomes
inaccessible as the substrate for the pathological trans-
formation (De Cecco, Legname, 2018).

In TSE one detects changes in the secondary, tertiary
and quaternary structures of the PrP molecule that lead to
increase in the number of B-folded layers. These changes
have a strong effect on the physical, chemical and bio-
logical characteristics of PrP because the specific patho-
genic isoform of PrPS¢ is neurotoxic, relatively stable to
protease cleavage and accumulates in infected tissues as
insoluble aggregates. While particular mechanisms of
these conformational and biological changes have been
unknown, it has been demonstrated that they require
additional chaperone molecules such as lipids, proteo-
glycans and RNAs (Mabbott, 2017). TSE progressing is
related to the exponential growth of PrP¢ transformation
into its abnormal isoform PrPS¢ (Saba et al., 2012), which
is characterized by the changed tertiary structure of the
molecule, where the a-spirals have transformed to make
a new conformation with the p-layers (Simoneau et al.,
2015). The characteristic histopathologic CNS changes
in TSE include brain vacuolation, neurodegeneration,
microgliosis, astrocytosis and pathological accumulation
of PrPS¢(Mabbott, 2017).

Similar to other neurodegenerative processes, TSE
activates brain-resident immune cells, microglia cells
and increases the number of astroglia cells. In many
cases, these manifestations of TSE can be detected before
the clinical symptoms of the disease or such signs of
neurodegeneration as spongiosis and neuron death (Saba
etal., 2012). Apart from PrPS¢, there are other elements
that can either affect TSE development or determine the
clinical phenotype of the disease and susceptibility to a
prion infection, e.g. it has been found that PrP¢-coding
allelic PRNP can participate in TSE pathogenesis. It has
also been found that the polymorphism of the ZBTB38
gene RASA2 (RAS p21 protein activator 2) is associated
with susceptibility to CJD in the UK, while in China an
expressed association has been confirmed between SNP
rs57095329 in miR-146a and susceptibility to FFI (Gao
et al., 2018). Studying TSE microRNAs as infection
diagnostic markers in animals consumed as food has
been considered as a perspective direction of research,
e.g. in recent studies they used quantitative PCR with
inverse transcription to analyze the levels of candidate
microRNAs in the blood plasma of scrapie-infected
sheep. In this study, a significant association between the
disease and the high levels of miR-342-3p u miR-21-5p
has been indicated (Sanz Rubio et al., 2017).

Role of microRNAs in prion disease pathogenesis

TSE causes deregulation of certain microRNAS in prion-
infected brain tissues(Bellingham et al., 2012). A set of
experimental studies was designed and carried out to
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determine the role of microRNAs in prion disease patho-
genesis. The studies detected deregulation of 15 microR-
NAs in the brain of prion-infected mice. The expression
increased more than 2.5 times for miR-342-3p, miR-320,
let-7b, miR-328, miR-128, miR-139-5p, miR-146a, and
reduced more than 2.5 times for miR-338-3p and miR-
337-3p. In this set of microRNAs neurodegenerative
deregulation had been determined only for miR-128,
which is a confirmation of the conservative, prion-
specific pattern of the microRNA differential expression
associated with prion-induced neurodegeneration. For
this dataset a lot of potential targets were predicted,
including 119 genes whose regulation was disrupted in
scrapie-infected mice (Saba et al., 2008).

The hyperexpression of miR-146a occurred simultane-
ously with prion deposits formation and microglia cells
activation. In response to that, the transcription changed
significantly including the proinflammatory transcription
factors such as nuclear factor kappa-B (NF-kB) and
signal pathways JAK-STAT. Microchip analysis made
it possible to predict the role of miR-146a in regulation
of the morphological changes in presence of activated
microglia cells and phagocytosis mediators of oxidation
bursts such as CYBA and NOS3.

Based on the results obtained miR-146a was indi-
cated as a powerful modulator of a microglia cells that
regulates their activation during prion-induced neurode-
generation (Saba et al., 2012). Increased expression of
has-miR-342-3p and has-miR-494 was also detected in
the brain of prion-infected macaques and human CJD
models when compared to control groups. Increased
expression of has-miR-342-3p was detected in the brain
of sporadic CJD-infected humans. This microRNA is
supposed to be used TSE diagnostic marker (Montag
et al., 2009).

In TSE the early changes observed in brain tissues
include reduction of the number of synapses and den-
drite spikes followed by reduction of axon length and
arborization. These pathological conditions are observed
in the preclinical stages of the disease and are followed
by changes in expression of the transcripts that include
microRNAs. It was discovered that at the early stages
of TSE expression of miR-16 increases in hippocam-
pal neurons CA1l. Modulation of miR-16 expression
in mature hippocampal neurons by expression from
a lentivirus imitated the reduction of axon length and
arborization observed in vivo. An assumption was made
that the increased expression of miR-16 causing changes
in the regulation of the MAPK/ERK pathways took part
in prion disease pathogenesis (Burak et al., 2018). The
main molecular mechanisms resulting in a reduction of
neural sinuses of the hippocampus and brain cortex in
TSE have not yet been detected. However, it has turned
out that many microRNAs, many of those enrich syn-
apses, also regulate the local synthesis of protein in case

Molecular and cell biology



B3aumocBsa3b nproHoB
¢ Hekoanpytowymu PHK

of rapid response to prion stressors. The study analyzing
the processing properties of the microRNAs isolated
from synaptoneurosomes at the preclinical and clinical
stages of TSE development demonstrated that at the
preclinical stage miR-124a-3p, miR-136-5p, miR-376a-
3p were enriched. At the following stage, the levels of
the microRNAs that were considered deregulated in the
brain of TSE-infected mice increased, as well as those
in AD models. These were miR-146a-5p, miR-142-3p,
miR-143-3p, miR-145a-5p, miR-451a, miR-let-7b,
miR-320, miR-150-5p. At the clinical stage of TSE a
number of microRNAs decreased their level, including
those in relation to the miR-200 family (miR-200a-3p,
miR-200b-3p, miR-200c-3p, miR-141-3p, miR-429-3p)
and cluster 182 (miR-182-5p, miR-183-5p) (Boese et
al., 2016).

In cells PrP€ and PrPS¢ associate with exosomes, small
(50-130 nm) vesicles released from the cells. The exo-
somes also contain microRNAs used for identification
of microRNA signatures in TSE diagnostics. MicroRNA
profiles were studied in the exosomes extracted from
prion-infected nerve cells, and the study showed the
increased levels of let-7b, let-71, miR-128a, miR-21,
miR-222, miR-29b, miR-343-3p, miR-424. It has con-
firmed there is a strong connection with microRNA in
the neuron exosomes of prion-infected animals and this
connection can be used both for TSE diagnostics and
finding explanation for possible pathogenic mechanisms
of the disease (Bellingham et al., 2012). Apart from
studying the expression levels, analysis of the SNP genes
participating in disregulation of hippocampal neurons
CA1 in mice with early preclinical TSE stage. The study
has shown an expressed association of SNP microRNAs
blocking the binding sites of microRNAs and the 3’-
UTR genes coding GABA receptor subunits (Saba et al.,
2014). The obtained results allow one to assume that in
TSE development a special role is given to the ncRNA
sequences, which has its effect on their spatial configura-
tion and possible interaction with PrP¢ domains and their
conformation transformation into PrPS¢. A number of
studies have also demonstrated that this transformation
requires additional chaperon molecules such as RNAs
(Mabbott, 2017). Changing the ncRNA sequences may
also be important for a possible interaction with the
PrPS¢ isoforms that cause the effect similar to that one
of peptides produced by translation of ncRNAs (Lv et
al., 2016). This interaction with the ncRNA genes may
and their regulators may also involve the PrP¢ N-end
domain. Disruption of its sequence (e.g. during confor-
mation transformation into PrPS¢) becomes important for
modulation of the physiological functions of PrP. This
assumption is based on a supposition that the PrP¢ N-end
domain may interact with a wide spectrum of ligands in-
cluding nucleic-acid sequences (Eigenbrod et al., 2017).
However, conformation transformation of the globular
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PrP¢ domain from a-spirals into PrPS¢ B-layers may lead
to significant modifications of the N-end domain and
affect its capability to interact with the regulatory gene
sequences of specific ncRNAs, whose transcription prod-
ucts can serve as catalysts for the transformation of PrP¢
into PrPSe. The result is a chain reaction, since the PrPSc
N-end domains, in their turn, activate ncRNA expression
being a catalyst for their transformation.

Regulation of noncoding RNAs

by their own translation products

Despite their name, ncRNAs can be translated, and the
peptides formed this way have an ability to regulate
protein-coding genes (Lv et al., 2016). More than 10%
of all the genomes of living organisms are composed of
functional genes that contain small open reading frames
(smORFs) encoding bioactive peptides (Saghatelian,
Couso, 2015). Pre-microRNAs contain smORFs and are
capable of both processing into mature microRNAs and
of translation into mitochondrial intermediate peptidase
(miPEP) that can enhance the transcription of the
microRNAs they are binded with (Couzigou et al., 2015).
In Arabidopsis thaliana each 50-th microRNA contains
smORF to translate a pre-microRNA into a peptide.
In Medicago truncatula miPEP171b is synthesized
from pri-miR171b, while in Arabidopsis thaliana
miPEP165a — from pri-miR165a (Lauressergues et al.,
2015), so the biological activity of miPEP has been
proven experimentally. Moreover, these peptides are
successfully used to optimize the agronomical properties
of agricultural plants, e.g. synthetic peptide miPEP172¢c
that activates expression of miR172c¢ stimulating
radicle — knob formation in soy plants and increasing
its crop yield through symbiotic interaction with nodule
bacteria (Couzigou et al., 2016).

Though long noncoding RNAs (IncRNAs) do not
contain conservative and long ORFs, they may also
interact with ribosomes and translate into functional
peptides (Ruiz et al., 2014), e.g. in animals IncRNAs
translates into mioregulin, a peptide that controls the
effectiveness of muscle contraction and relaxation. The
peptide binds with the calcium ATPase of a smooth
endoplasmic reticulum (SER) and has a regulatory
effect on calcium engulfment (Anderson et al., 2015).
In animals, the IncRNA produces the DWORF peptide
that also works in SER (Nelson et al., 2016). In plants,
the IncRNA produces different peptides such as IPS1
regulating phosphate engulfment; ENOD40 engaging
in symbiosis with bacteria; COLDAIR and COOLAIR
controlling flowering time (Zhang et al., 2013).

Transposon and noncoding RNA activity in brain

Noncoding RNAs play a vital role in controlling brain
development and functioning of mature differentiated
nerve cells. Neurogenesis in hippocampus is controlled
by gene regulatory networks, transcription factors,
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IncRNA and microRNA, while IncRNA play a pivotal
role in these processes (Deng et al., 2017). Experimental
studies on mouse brain revealed the expression of 849
different IncRNAs, many of those overlapped with the
protein-coding genes participating in the nerve function.
At the same time these IncRNAs were not the so-called
‘transcription noise’ or the artifacts of chromatin remod-
eling (Mercer et al., 2008). Most of the IncRNAs had
the expression pattern similar to the one of neurogenesis
genes, which tells much about the role of IncRNA in
regulation of corticogenesis by adjusting the expression
of the determinants of neighboring genome regions in
neurons (Aprea et al., 2013).

A strong interrelation has been observed between
ncRNAs and transposable elements (TE or transposons)
in regulation of stem cells differentiation including
neurogenesis. Activation of certain TEs is necessary
as for pluripotency support as for sequential stem-cell
differentiation. In this case, depletion of certain specific
IncRNAs may lead to TE disregulation and fetal devel-
opment arrest, e.g. depletion of the LincGET IncRNA
causes a total arrest of the late G2-phase of bicellular
stage in mice. This effect is determined by LincGET in-
ability to bind the ILF2, FUBPland hnRNP-U proteins
and form a complex necessary for the cis-regulatory
activity of LTR-containing retro-TE GLN, MERVL,
ERVK (Wang et al., 2016). TEs can also be used as
IncRNA genes, e.g. to support the identity of fetal
stem cells retro-TE HERVH transcribes to become
a nuclear IncRNA (Lu et al., 2014). In evolution TEs
are used to form the functional domains of IncRNA
and become a part of 83 % of them (Johnson, Guigo,
2014). TE activity in brain is observed not only in a
fetal period but also in mature humans (Faulkner, 2011),
animals and Drosophila (Richardson et al., 2014). This
activity is assumed to be a source of neuron genetic
heterogeneity in developing brain structures (Upton et
al., 2015), as TEs have a regulatory function forming
transcripts of functional ncRNAs (Gim et al., 2014).

Another role of TEs is to be an important source of
microRNAs in animals (Borchert et al., 2011; Gim et
al., 2014) and plants (Li et al., 2011; Lorenzetti et al.,
2016), which is a confirmation of the universality and
conservation of transposons evolution. At the same time,
up to 40 % of all the microRNAs that have a regulatory
effect on the nerve-cell function are expressed in the
brain. Many microRNAs affect neurotransmitter sys-
tems. Certain pre-microRNAs are even expressed at in
neuron dendrites, where they are locally processed into
the mature microRNAs regulating mRNA translation.
These are miR-200¢c, miR-339, miR-332, miR-318,
miR-29a, miR-7 u miR-137 enriched in synapses. Other
microRNAs as miR-16, miR-221, miR-204, miR-15b
are expressed at higher levels in presynaptic axons
(Dwivedi, 2014). Another important source of micro-
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RNAs is nonautonomous DNA TEs of medium reitera-
tion frequency repeats (MER). On the 14-th day mouse
fetuses demonstrate expressed activation of TE MER130
leading to neocortex formation. The nonautonomous TE
MER130 that belong to the most important brain genes
function as enhancers (Notwell et al., 2015). The close
relation of TE and ncRNA can be a confirmation of
TE activity in neural stem cells, since microRNAs and
IncRNAs regulate gene expression while cellular differ-
entiation. In neurogenesis somatic TE retrotransposition
is a potential source of the genotypic neuron variations
necessary for brain formation. The highest TE activity
in this respect has been detected in the hippocampus, a
center of neurogenesis, e.g. a sequence analysis of its
cells gave in average 13.7 of the LINE-1 somatic inser-
tions per a single neuron (Upton et al., 2015).

It has also been demonstrated that in TSE hippocam-
pal neurons suffer microRNA deregulation (Burak et
al., 2018), and this is a structure with the highest TE
activity (Deng et al., 2017), which is assumed to be the
basis of neural heterogeneity that plays the pivotal role
in brain formation. This may lead to a conclusion that the
peculiarities of the certain RNAs related to TEs through
their brain regulation function can play their role in TSE
development. Such a peculiarity can be accessibility of
the certain genome sections containing TE sequences
and microRNA genes that allow the PrPS¢ domains to
interact with them. The result can be enhancement of the
specific RNAs, a cascade of interacted processes devel-
oping in geometric progression that affects the expres-
sion of the certain IncRNAs, which, in their turn, may
interact with the PrP¢ isoform catalyzing its transition
into PrPS¢. It is not unlikely that microRNAs themselves
can interact with prions as cofactors causing their con-
formation transformation. It is apparent that the prob-
ability of such events is extremely low, but if it occurs,
the pathological process will be exponential, which is
confirmed by both prion-disease epidemiology and their
development pattern (long incubation period followed
by fast development). Since every animal species has
its own TE composition and positioning in the genome
with its unique effect on the epigenetic properties of
its functioning (Mustafin, Khusnutdinova, 2017), the
described mechanism of TSE pathogenesis corresponds
to the species-specific prion infection pattern.

Role long noncoding RNAs

in protein conformation catalysis

The brain may be assumed to be the area where a
prion disease develops due to the peculiarities of
nerve-cell regulation reflected in expression of the
specific microRNAs and IncRNAs affected by TEs.
Long ncRNAs take an active part in expression control
of the genes necessary for brain development. For
example, IncRNA2393 facilitates the differentiation
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and proliferation of neural stem cells in the fascia
dentata hippocampi (Deng et al., 2017), where high TE
activity can be observed. Long ncRNAs interact with
microRNAs hybridizing with partial complementary
sequence and acting as molecular sponges that bind
microRNAs and reduce their effect on target mRNAs
(Fitzgerald, Caffrey, 2014). Long ncRNAs can catalyze
different molecular processes on their own, serving
as ribozymes or, which is more often, being a part of
ribonucleoproteins (RNPs). Like proteins, IncRNAs
have modular spatial organization and contain the
discrete domains formed with TE participation (Johnson,
Guigo, 2014).

To describe a possible mechanism of how a IncRNA
can catalyze the conformation transformation of a com-
mon protein into a prion one should consider the similar
mechanisms of prion-like domains (PLDs). PLDs enable
for the ‘functional reaction’ of a protein that forms com-
plexes of higher order and microscopic RNP granules.
It is considered that protein and RNP concentration in
confined space make gene regulation more effective.
The biophysical properties of PLD-mediated interactions
may explain the liquid-like properties of the RNP gran-
ules, as the PLDs expressed in vitro form hydrogels, so
a PLD is the sequences with a low degree of complexity
found the RNA-binding proteins associated with neuro-
degenerative amyotrophic lateral sclerosis (ALS). PLDs
are rich in polar amino acids and glycines and in many
ways are similar to the prion yeast protein that can be de-
tected using the hidden Markov models (Hennig, 2015).
In many-celled animals PLDs play a very important role
in the subcellular cytoplasmic organization, especially
in case of RNA homeostasis. In a study to investigate
20 000 protein-coding human genes with Prion-Like
Amino Acid Composition (PLAAC) 240 genes (1.2 %)
turned out to contain the domains, whose structure was
similar to the one of annotated prion yeast domains.
From the 240 genes 72 (30%) occurred to be RNA-
binding ones, while 79 (33 %) — DNA-binding. Some
of RNA-binding and PLD-containing proteins includ-
ing ataxin 1, ataxin 2, TDP-43, FUS, TAF15, EWSRI1,
hnRNPAT1, hnRNPA2, are important for the pathogenesis
of a number of fatal neurodegenerative diseases such
as ALS, frontoparietal dementia, and spinocerebellar
ataxia (March et al., 2016). PLDs have also turned out
to be important regulators of bacteriophage-prokaryote
interaction and can be detected in all the bacteriophages
of different bacterial groups and archaeons. These PLDs
participate in phage attachment and penetration into
a cell as well as in its reproduction (Tetz G., Tetz V.,
2017), which is another confirmation of PLD natural
universalism.

Low-complexity regions (LCRs) in their relation to
proteins are sequences with low diversity of amino-
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acid residues if compared to high-complexity regions.
LCRs can differ by their recapitulation degree (periodic
or aperiodic motifs) and by their composition (homo-
geneous or heterogeneous). LCRs commonly include
micro- and minisatellites, simple repeated sequences, ho-
mopolymers, genome heteropolymers, and amino-acid
repeated sequences in proteins (Battistuzzi et al., 2016),
e.g. glutamine/asparagines (Q/N)-rich domains. For the
first time, the relation between LCRs and prion proteins
was demonstrated by M.D. Michelitsch u J.S. Weissman
(2000), who found that Q/N-rich domains were highly
likely to form self-propagating amyloid fibrils. They ana-
lyzed complete proteomic sequences of 31 species and a
number of incomplete proteomic sequences to detect the
Q/N-rich domains to find out that such domains occur
in greater numbers in eukaryotic proteins that evolved
as modular domains for the protein-protein interaction
of ‘polar-lightning’ type. So, it has been demonstrated
that the prion-like regulation in eukaryotic proteins can
be a normal process of their multifunctional regulation
(Michelitsch, Weissman, 2000). Here it should be re-
minded that prions are infectious proteins and it is their
main property, while a prion-like domain has nothing to
do with this infectious property, it just reflects the simi-
larity of the amino-acid sequences and their propensity
for aggregation, which allows one to consider PLD as
a possible model of the effect ncRNAs have on prion
conformation transformations, as TSE can occur as an
infection, but in a number of cases it has genetic etiol-
ogy (Saba et al., 2012; Mabbott, 2017). In addition, a
study has confirmed the role PLDs play in the etiology
of AA-amyloidosis in animals, which, as prion diseases,
can be transmissive (Murakami et al., 2014).

PLDs are involved in liquid-phase transformation —
mediated gene regulation that leads to formation of RNP
granules. Many PLDs in proteins are binded with para-
speckles, subnuclear bodies formed around IncRNAs.
Protein RBM 14 binds the key paraspeckle subcomplexes
via their mediated PLDs. It takes PLD proteins RBM 14
u FUS to form paraspeckles in a cell, where their en-
dogenous copies have been knocked down. They form
hydrogel with amyloid-like properties. PLDs launch
the liquid-phase transformations, which underlines the
importance of this body as a model for understanding
of neurodegeneration (Hennig et al., 2015).

Commonly PLDs enable proteins to ‘functionally ag-
gregate’ forming complexes of higher order and micro-
scopic RNP granules. Proteins and RNAs concentrated
in a confined space result in more effective processes
of gene regulation, while the biophysical properties
of PLD-mediated interactions may explain the lig-
uid — phase properties of the granules since the PLDs
expressed in vitro form loop-like networks that arrear
as hydrogels. The hydrogels are functional amyloids,
which has been confirmed by a study of RNA-binding
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protein FUS (Fused in Sarcoma) containing a PLD with
multiple repeats [G/S]Y[G/S]. The central tyrosine is
necessary to form hydrogel and stress-granules in cyto-
plasm. As cytoplasmic RNP granules, nuclear bodies can
also form complexes without membrane participation
using protein-protein and RNA-protein interactions.
Therefore, paraspeckles are nuclear bodies formed based
on IncRNA NEAT1 (Nuclear Paraspeckle Assembly
Transcript 1/MEN¢/B). Around 40 protein paraspeckles
are known today and most of them are RNA-binding
proteins enriched by RNA-recognizing motifs, a zinc
finger and a K-homological domain. Paraspeckle occur-
rence is initiated by NEAT1 transcription followed by
enrichment with the different proteins that coordinate
paraspeckle accumulation. The genes encoding para-
speckle protein are FUS, TDP-43, SSI8L1, HNRNPAI,
TAF15, EWSRI. Paraspeckles are sensitive to the stress
caused by the structures induced by viral infections; by
proteasomes and differentiation. They affect gene ex-
pression via keeping RNA in a nucleus through inverted
repeats and sequestration of certain transcription factors
(Hennig et al., 2015).

Experiments in vitro have also demonstrated there is
a synergism between RNA effects and PrPSc amplifica-
tion. In this study, these were ultrasound-formed small
RNA fragments that most easily converted into prions
(Gonzalez-Montalban et al., 2011), which allows one
to assume that microRNAs may serve as catalysts for
PrP¢ transformation into PrPS¢. Another study has also
demonstrated that RNAs act as cofactors for formation of
high-level de novo infectious prions facilitating PrP re-
folding into a pathogenic isoform (Timmes et al., 2013).

Research in vitro studied the role of RNAs as the
strain-specific components of infectious prions. They
demonstrated that depending on a kind of strains the
effect of ribonuclease reduced the activity of PrPSe
conversion via protein misfolding cyclic amplification
(PMCA) while adding RNA restored the effectiveness
of the PMCA conversion. These results have made it
possible to assume that RNA molecules can serve as
catalysts of prion replication, while the variability of
particular prion strains can explain the strain-specific
RNA dependencies (Saa et al., 2012).

Searching for the factor facilitating PrPS¢ infectivity
was carried out in (Simoneau et al., 2015). The experi-
ments showed that initially nonpathogenic recPrP similar
to PrP¢ could initiate a prion disease in hamsters via its
prion-like conformation (rich in B-layers) in presence
of the RNAs purified of their scrapie-associated fibrils.
Analysis of the infectious recPrP-RNA mixture detected
two populations of small RNAs of 27and 55 nucleotides
in size, demonstrating a clear relation between the spe-
cific RNAs and the infectious properties of the prion
amyloid (Simoneau et al., 2015).

Thus, there have been growing amount of proves
of the role specific ncRNAs play in the pathogenesis
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of prion diseases. Since TEs is an important source of
IncRNAs and micro RNAs, an assumption can be made
that the individual composition and specific changes of
transposons in ontogenesis may be the element triggering
the development of TSE and other cerebral proteinopa-
thies including AD, PD and HD all characterized by a
structural transformation of specific host proteins into
new P-layer-rich conformations.

Conclusion

It has been assumed that interaction of a prion tertiary
structure with certain gene sequences of IncRNAs may
be one of the mechanisms of prion disease pathogenesis.
Such interaction can be similar to the self-regulation
of ncRNA by the products of its own translation. It
has been found that ncRNAs can be translated, while
the peptides formed has a regulatory effect on ncRNA
genes. Association of microRNA polymorphism with
prion disease development as well as changes in the
expression of certain ncRNAs in TSE allow one to
assume that specific ncRNAs are able to catalyze PrP¢
transformation into a PrPS¢ isoform. Therefore, optimal
interactions of PrPS¢ with the genes of certain RNAs
may cause the exponential growth of their amount, if the
formed ncRNAs or the subproducts of their interaction
are able to catalyze the transformation. MicroRNA
activation by prion domains most likely potentiates
the formation of microRNAs, whose regulation of the
expression of certain genes may also stimulate the
conformation transformation. It can also explain the
species-specific character of prion infections as well
as TSE long incubation period and fast progression. In
TSE pathogenesis an important role is given to TEs to
be the basis for the neural stem cell differentiation in the
hippocampus triggered by TE ncRNAs.
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metalloproteinase 1 in epidermal keratinocytes
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Matrix metalloproteinases (MMPs) are important for the
pathogenesis of psoriasis and other autoimmune disorders. In the
extracellular matrix, accumulation of proinflammatory cytokines,
such as interleukin 17A (IL-17A), leads to induction of several
MMPs, including MMP1. MMPs change the composition and other
properties of the extracellular matrix. These changes facilitate
tissue remodeling and promote the development of psoriatic
plaques. The aim of this study was to explore how MMPT silencing
might influence the biological effects of IL-17A on migration

and proliferation of human epidermal keratinocytes and the
expression of genes involved in their division and differentiation.
The experiments were performed with MMP1-deficient and
control epidermal keratinocytes, HaCaT-MMP1 and HaCaT-KTR,
respectively. Cell proliferation and migration were assessed by
comparative analysis of the growth curves and scratch assay,
respectively. To quantify cell migration, representative areas of
cell cultures were photographed at the indicated time points

and compared to each other. Changes in gene expression were
analyzed by real-time PCR. The obtained results demonstrated
that MMP1 silencing in the cells treated with IL-17A resulted

in downregulation of MMP9 and -12, FOSL1, CCNA2, IVL, KRT14
and -17 as well as upregulation of MMP2, CCND1T and LOR.
Moreover, MMP1 silencing led to a decrease in cell proliferation
and an impairment of cell migration. Thus, MMP1-deficiency in
epidermal keratinocytes can be beneficial for psoriasis patients
that experience an accumulation of IL-17 in lesional skin. Knocking
MMP1 down could influence migration and proliferation of
epidermal keratinocytes in vivo, as well as help to control the
expression of MMP1,-2,-9 n-12, CCNA2, CCND1, KRT14 and -17 that
are crucial for the pathogenesis of psoriasis.

Key words: matrix metalloproteinase 1; psoriasis; interleukin 17;
small hairpin RNA; gene silencing.
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Ocob6eHHOCTU IPOTEeKaHUS
PHK-uHTepdepeHLI MaTPUKCHO
MeTaJZIONIpoTerHassI 1

B SMMepMaJlbHBIX
KepaTMHOIIUTax, 00paboTaHHbIX
MHTEepJIeIKMHOM 17A

I0.A. Moryaesiesal, A.B. Mesenies” ®, C.A. Bpyckun?®

" Poccuiicknin rocyAapCTBeHHbIN arpapHbi yHuBepcuteT — MCXA
mm. KA. Tummnpssesa, Mocksa, Poccna

2 NHCTUTYT 0bLwein reHeTukn um. H.U. BaBunosa Poccuiickon
aKkagemun Hayk, Mocksa, Poccua

MaTpuKkcHble meTannonpoTerHasbl (MMI) nrpatot Bax-
HYI0 POfib B NaTOreHes3e Ncoprasa, a Takke paga apyrux
ayTOUMMYHHbIX 3aboneBaHuii. HakonneHne nHtepnenkmnHa
17A (UN1-17A) v ppyrux NPOBOCMANNTENbHbIX LUTOKAHOB

B MEXXKJ/IEeTOYHOM MaTpUKCe NPUBOANT K MHAYKLW FeHOB
HEKOTOPbIX MaTPUKCHbBIX MeTaNIoNPOTENHa3, B YHaCTHOCTA
MMP1. POCT NpOTEONNTUYECKON aKTUBHOCTIN B MEXKIe-
TOYHOM MaTPUKCE MEHAET ero COCTaB 1 CBONCTBA, a TakKe
CMOCOBCTBYET CTPYKTYPHOW peopraHu3aLuy opaKeHHoro
6onesHblo yyacTka Koxu. CTpyKTypHasa peopraHusauus, B
CBOIO oYepefb, MPUBOAUT K M3MEHEHUIO BHELLHEro 0bnnKa
KOXXHbIX MOKPOBOB 1 06Pa30BaHMIo0 MCOpUATUYECKKX Os-
wek. Llenbto gaHHol paboTbl 6bi0 MccnefoBaTb BANAHME
PHK-nHTepdepeHunn MMPT Ha 6uonornyeckmne sdpdek-
Tbl JT-17A, Takmne Kak CnocoGHOCTb AaHHOMO LIMTOKMHA
CTUMYNNPOBATb MUTPaLio 1 Nponudepauuio snuaep-
MasbHbIX KEPaTMHOLIMTOB YeNTOBEKa, a TakXKe perynmpo-
BaTb SKCMPECCUIO reHOB, KOTOPbIE UTPatoT BaXHYIO POJib

B npouecce anddepeHLMPOBKY faHHOTO THMa KNETOK.

B paboTe ncnonb3oBanu MMopTanu3oBaHHble anuaep-
MasbHbl€ KEPATUHOLUTBI C «<HOKZayHoM» MMPT 1 6e3

Hero — HaCaT-MMI1 n HaCaT-KTP cooTBeTCcTBEHHO. [Ana
oueHKu nponudepauunn KNeTok CONoCTaBAANn KprBble

nx pocta. Murpaumio KNeTok oLeHnBanu nyTem cpaBHe-
HUA penpe3eHTaTUBHbIX GoTorpadrUecKnx N3o6pakeHnn,
KOTOpble ObINM MOoMyYeHbl Yepes paBHble MPOMEXYTKU
BpemeHW. VI3meHeHnA B SKCNpeccnn reHoB aHanmnsu-
poBanu metogom lNLP B pexkmme peasnibHOro BpemeHMU.
CornacHo nonyyeHHbIM pe3ysbTaTaM, B KneTkax, obpabo-
TaHHbIX UT-17A, PHK-nHTepdepeHuna MMPT npruBogut K
yMeHbLueHuto skcnpeccu MMP9 n MMP12, FOSL1, CCNA2,
IVL, KRT14 v KRT17, a TakXe K yBeIMYEHWIO SKCMpeccunn
MMP2, CCND1 v LOR. «HokgayH» MMP1 3amepnaeT npo-
LlecC MUrpaLun KNeTok 1 NpUBOANT K CHUMKEHMIO CKOPOCTH
nx nponudepaumm. Takum obpasom, NpPoBeLeHHOE HaMK



abundant chronic non-infectious skin conditions

(Greb et al., 2016). According to the World Health
Organization, the prevalence of psoriasis worldwide is ~3%
(Michalek et al., 2017). In mainland Russia, the prevalence
of psoriasis is ~1.9 % (Khamaganova et al., 2015). The most
distinctive hallmark of psoriasis is the appearance of thick
scaly plaques on the patient’s skin. In 21.1% and 5.7%
of cases, respectively, the disease targets nails and joints
(Rukavishnikova, 2009; Mishina et al., 2013). Moreover,
psoriasis is often accompanied by comorbidities, such as
cardiovascular disease, type II diabetes and atherosclerosis
(Batyrshina, Sadykova, 2014).

At the molecular level, the development of psoriatic
plaques leads to differential expression of thousands of genes
(Zolotarenko et al., 2016), including the genes involved in
proliferation and the terminal differentiation of epidermal
keratinocytes. In lesional skin, KRT1, KRT5 and KRT10 are
downregulated (Rao et al., 1996; Jin, Wang, 2014), whereas
KRTI14, KRT16, and KRT17 are upregulated (Al Robaee, 2010;
Jin, Wang, 2014). The late differentiation markers loricrin
(LOR) and filaggrin (FLG) are expressed there at a lower level.
In contrast, the expression level of the early differentiation
marker involucrin (/VL) is higher (Soboleva et al., 2014a). The
proliferation marker MKI67 (Yazici et al., 2005) and cyclin
A2 (Manczinger, Kemény, 2013) are upregulated, while cyclin
D1 is downregulated (Reischl et al., 2007).

The proinflammatory cytokine interleukin 17A (IL-17A)
plays a key role in the pathogenesis of psoriasis. Specifically,
IL-17A contributes to the inflammatory response by inducing
the chemokines CCL20, CXCL1, CXCL2, and CXCLS. Their
secretion to the extracellular matrix promotes the migration
of activated immune cells to lesional epidermis. In turn, the
accumulation of immune cells in lesional skin stabilizes there
the inflammatory process (Seo et al., 2017).

This concept fits well with emerging results from clinical
trials with IL-17A-specific antibodies (Canavan et al., 2016).
According to the clinical data, ~85-90% of patients with
moderate and severe psoriasis achieve PASI_ after completion
of'the therapy. Moreover, the tested IL-17A-specific antibodies
exhibit low immunogenicity. On the other hand, these
medicines affect the patients’ ability to respond to pathogens.
In addition, people who experience allergic reactions or were
diagnosed with Chron’s disease and ulcerative colitis are
advised from taking injections of IL-17A-specific antibodies.
In this respect, an approval of IL-17A-specific antibodies for
use in clinical practice does not diminish further efforts to find

Plaque psoriasis (psoriasis vulgaris) is one of the most
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nccnefoBaHne nokasano, uto B npucytctsmm UI-17A
PHK-nHTepdepeHuna MMP1 obnagaet noTeHUManbHbIM
TepaneBTUYeCKNM 3PHEKTOM, KOTOPbIVE MOXKET ObITb UC-
nonb30BaH Npu feyeHnmn ncoprasa. «<HokaayH» MMI1 no-
3BONIAET BO3AENCTBOBATb Ha Nponudepauuio 1 Murpalmio
K/NeTOK, @ TakKe KOHTPONMNPOBATb SKCMPECCUIO BaXKHbIX
InA natoreHesa 6onesxu reHos (MMP1, MMP2, MMP9 v
MMP12,CCNA2, CCND1,KRT14 n KRT17).

KntoueBble cfioBa: MaTpyKCHaA MeTanionpoTenHasa 1;
rcopuas; HTepnelriknH 17; manas uHrnoupyouas PHK;
PHK-nHTepdepeHuus.

safer and even more efficient treatment options for psoriasis,
such as a modulation of gene expression with specific sShRNA.

In the lab, our research is focused on matrix metallo-
proteinases, such as matrix metalloproteinase 1 (MMP1),
and their role in psoriasis. Previously, we demonstrated that
changes of MMPI, MMP9 and MMPI12 expression levels
coincide with flaring of the disease and correlate with the
disease severity (Starodubtseva et al., 2011). In this paper,
we are exploring how MMP1 silencing with specific ShRNA
might influence migration and proliferation of epidermal
keratinocytes treated with IL-17A. We also wanted to reveal
whether knocking MMP1 down affected the expression of
genes involved in the pathogenesis of psoriasis.

Materials and methods

Cell culturing. The experiments were performed with MMP1-
deficient and control immortalized epidermal keratinocytes,
HaCaT-MMP1 and HaCaT-KTR, respectively. The mentioned
cell lines were obtained as described previously (Mogulevtseva,
Mezentsev, 2017). The cells were cultured in DMEM medium,
supplemented with 5% embryonic calf serum, L-glutamine
(PanEco, Russia) and antibiotic-antimycotic (ThermoFisher
Scientific, USA). The medium was replaced every other day.
Once the cells reached 70-75 % confluence, they were seeded
into new dishes at a ratio of 1:5. The cells were counted with
a hemocytometer.

Preparation of total RNA. The total RNA was purified
with TRIZOL (ThermoFisher Scientific) as described
previously (Chomczynski, Mackey, 1995). Purity and integrity
of the obtained RNA were verified using non-denaturing
1.5 % agarose gel electrophoresis. A Qubit RNA BR Assay
Kit (ThermoFisher Scientific) was used to quantify RNA
according to the manufacturer’s protocol.

Real-time PCR. Before the experiment, RNA was
converted to cDNA using an MMLV RT kit (Evrogen, Russia).
The experiments were carried out in the Eco real-time PCR
system (Illumina, USA) according to the instructions supplied
by the manufacturer. The primers used in this study were
taken from the NCBI Probe database (NCBI Probe, 2015).
The ACTB assay was used as an endogenous control. The
results were analyzed using preinstalled software supplied by
the manufacturer. Each probe was run in triplicates. Overall,
three independent experiments were performed.

Proliferation assay. To assess the cell proliferation rate,
cells were plated at 40,000 cells/well in 6-well plates. To
obtain cell suspensions, randomly chosen samples were treated
with 0.25 % trypsin-EDTA (PanEco) on a daily basis. The cell

Molecular and cell biology
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suspensions were stained with 0.2 % trypan blue and counted
with a hemocytometer. Then, the cell counts were plotted
against the incubation time to generate the growth curves
in linear coordinates. To assess changes in cell proliferation
rates, the data were represented in semilogarithmic coordinates
and subjected to linear regression analysis. Slops of these
lines served us as the estimates of the cell proliferation rates.
Overall, three independent experiments were performed.

Scratch assay. To assess cell migration, the designated
cell lines were cultured until confluence. The cell monolayer
was scratched with a pipette tip to form a 1.25 mm-wide cell-
free area across the center of the well. Then, the remaining
cells were cultured for 5—6 days and the most representative
cell-free areas were photographed on a daily basis. These
areas were quantified using the “Frechand selection” tool of
“ImageJ” freeware (Schindelin et al., 2015).

Statistical analysis. The data obtained were represented as
the mean =+ standard error (m =+ SE). The statistical differences
between the means were assessed by a one-way analysis of
variances. If p values were less than 0.05, the means were
considered to be significantly different.

Results

Influence of MMP1 silencing

on gene expression

Culturing HaCaT-KTR and HaCaT-MMP1 cells in the
presence of IL-17A resulted in a differential expression
of matrix metalloproteinases, cytokeratins, proliferation
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markers and terminal differentiation markers of epidermal
keratinocytes (Fig. 1).

Particularly, the exposure of HaCaT-KTR cells to IL-17A
led to upregulation of MMP9 and MMP12 (11.15 + 1.67 and
7.58 £ 1.14, respectively) and downregulation of MMP2
(0.37 £ 0.05). In the same time, their expression levels
in HaCaT-MMP1 cells were 2.29 + 0.34, 2.44 + 0.37 and
0.98 £ 0.15, respectively (Fig. 1, a). Moreover, MMP1
expression in MMP1-deficient cells remained relatively
low (0.28 £ 0.04), despite the cells were exposed to a high
concentration of IL-17A.

The expression of the cell proliferation marker MKI67 was
increased in both cell lines (3.80 = 0.57 in HaCaT-KTR cells
and 5.66 = 0.85 in HaCaT-MMP1 cells, p = 0.36). In contrast,
cyclins CCNA2 and CCND1 were downregulated (Fig. 1, b).
Particularly, CCNA2 expression levels were 0.32 + 0.05
in HaCaT-KTR cells and 0.13 £ 0.02 in HaCaT-MMP1
cells, while CCND1 expression levels were 0.13 = 0.02 and
0.71 £ 0.11, respectively.

Moreover, we observed slight changes in the expression
levels of the terminal differentiation markers in HaCaT-
KTR cells. Particularly, the expression levels of /VL, LOR
and FLG were 1.44 £ 0.13, 1.15 £ 0.11 and 1.26 + 0.27,
respectively (Fig. 1, ¢), whereas the expression levels of the
mentioned genes in HaCaT-MMP1 cells were 1.01 + 0.11
(IVL), 1.79 £ 0.17 (LOR) and 1.89 + 0.14 (FLG). In
HaCaT-KTR cells, the expression levels of cytokeratins did
not exceed 1.5 compared to the negative control, except
KRT14 and KRT17, which were upregulated (1.86 + 0.14

- b - HaCaT-KTR
6.0 B HaCaT-MMP1
4.5 T T % 4
3.0
1.5
0 . - P T -_
MMP12 MKI67 FOSL1 CCNA2 CCND1
* %

KRT1 KRT10 KRT14 KRT5 KRT16 KRT17 KRT18

Fig. 1. qPCR analysis of gene expression in human epidermal keratinocytes HaCaT-MMP1 and HaCaT-KTR treated with IL-17A.
The data presented in the figure describe changes in the expression of matrix metalloproteinases (a), proliferation markers (b),
terminal differentiation markers of epidermal keratinocytes (c) and cytokeratins (d).

The cells were treated with 50 ng/mL IL-17A. In the probes, the measurements were normalized to the level of ACTB. The gene expression
levels in untreated HaCaT-KTR cells were considered equal to 1. The symbols ‘4" and * were used to mark the genes those expression
levels were significantly higher and lower, respectively, in HaCaT-MMP1 than in HaCaT-KTR (p < 0.05, n = 3).
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Fig. 2. Influence of MMP1 silencing on the proliferation of HaCaT-KTR and HaCaT-MMP1 cells treated with IL-17A. Experimental
curves that reflected the cell growth in real time were plotted in linear (a) and semilogarithmic (b) coordinates. HaCaT-MMP1 and

HaCaT-KTR cells were treated with 50 ng/mL IL-17A for the indicated periods of time.

Details on cell culturing are provided in the section “Materials and methods”.
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Fig. 3. Influence of MMP1 silencing on migration of human epidermal keratinocytes treated with IL-17A. In the figure, the obtained experimental data

were represented in linear (a) and semilogarithmic (b) coordinates.

The cells were exposed to IL-17A (50 ng/mL) for the indicated periods of time, as described in the section “Materials and methods”.

and 1.64 + 1.15, respectively). In contrast, KRT17 was
significantly downregulated in HaCaT-MMP1 (0.19 + 0.02)
compared to HaCaT-KTR cells.

Influence of MMP1 silencing on cell proliferation
Comparative analysis of the growth curves revealed that
HaCaT-MMP1 and HaCaT-KTR cells remained in the active
growth phase for the time of the experiment (Fig. 2). The time-
dependences of cell growth in linear coordinates (Fig. 2, a)
suggested that the cells grew monotonously, i.e. for the time
of observation, the growth curves did not reach saturation.
At the same time, a semilog transformation of the growth
curves (Fig. 2, b) revealed a high correlation between time
and cell numbers (> 0.99; p < 0.001). Furthermore, MMP1
silencing caused a delay in cell growth (Fig. 2, a). According
to the results of linear regression, the proliferation rates of
HaCaT-KTR and HaCaT-MMP1 cells were 0.0090 + 0.0003
and 0.0078 £+ 0.0003, respectively.

Influence of MMP1 silencing on cell migration
Analysis of cell migration showed that the motility of HaCaT-
MMP1 was significantly impaired compared to HaCaT-KTR

428 VavilovJournal of Genetics and Breeding - 201822 - 4

cells (Fig. 3, a). In contrast, exposure of both cell lines to
IL-17A stimulated cell migration. In this respect, MMPI-
deficiency resulted in an 11.48-fold decrease of the migration
constant, whereas exposure of HaCaT-KTR and HaCaT-
MMP1 cells to IL-17A caused 1.43- and 3.63-fold increases
of the corresponding migration constants (Fig. 3, b).

Discussion

IL-17A is one of proinflammatory cytokines that are
implicated in the pathogenesis of various autoimmune
diseases including psoriasis (Korotaeva, 2016). In psoriasis,
IL-17A is accumulated in lesional skin. After secretion by
T-helper 17 (T),,;) immune cells into the extracellular matrix,
IL-17A activates the IL-17RA receptor, which is located in
the plasma membrane of immunocytes, such as macrophages,
and resident skin cells primarily keratinocytes, dendritic cells
and fibroblasts. The interaction of IL-17A with IL-17RA
results in the induction of various proinflammatory cytokines
(TNF, IL-1B, and IL-6, etc.) and chemokines (IL-8, CXCLI,
CXCL2 and CCL20) (Mills, 2008; Seo et al., 2017). The
induced cytokines influence proliferation and differentiation
of epidermal keratinocytes, whereas chemokines promote the
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migration of immune cells, such as neutrophils and monocytes
to the skin. The former causes the development of psoriatic
plaques. The latter stabilizes the inflammatory response in
psoriatic plaques.

The concentration of IL-17A in the blood serum of healthy
volunteers usually does not exceed 10 pg/mL (Shilova et al.,
2015). In contrast, the biological effects of IL-17A in cultured
epidermal keratinocytes and fibroblasts, such as activation
of protein kinases (Peric et al., 2008, 2009), induction of
proinflammatory cytokines (Tohyama et al., 2009; Cho et al.,
2012) or influencing cell proliferation (Ma, Jia, 2016) require
an incubation of cells in the presence of 10-100 ng/mL
IL17-A. Presumably, this difference can be explained by the
fact that in psoriasis, T, . cells, which are the main source of
IL17-Ain the body, are predominantly located in the inflamed
tissue where they are needed to stabilize the inflammatory
response. For this reason, we treated epidermal keratinocytes
with 50 ng/mL IL-17A (Starodubtseva et al., 2011).

Culturing HaCaT-KTR and HaCaT-MMP1 cells in the
presence of IL-17A, we anticipated that the genes involved
in the terminal differentiation and proliferation of epidermal
keratinocytes would be differentially expressed. Primarily, we
expected to see changes in gene expression similar to ones
that occur during the development of psoriatic plaques. In this
respect, changes in the expression of /VL, MK167, KRT14 and
KRTI17 that we observed in HaCaT-KTR cells, i.e. the cell
line that expressed scrambled shRNA, did not surprise us (see
Fig. 1). We also wanted to explore how MMP] silencing could
influence the expression of genes that were implicated in the
pathogenesis of psoriasis. Notably, upregulation of MKI67,
MMP9 and MMP 12 as well as downregulation of CCNA2 and
CCNDI occur in both cell lines, i.e. it is unlikely that they
are caused by MMP]-silencing (see Fig. 1, a and b). In the
same time, lower expression levels of MMP9 and MMP12 as
well as a higher expression level of MMP2 in HaCaT-MMP1
suggest that the expression of MMP[-specific sShRNA could
help to control MMPs expression in lesional psoriatic skin
(Nair et al., 2009). Moreover, changes in the expression of
the terminal differentiation markers, such as downregulation
of IVL (p = 0.05) and upregulation of LOR (p = 0.03) in
HaCaT-MMP1 cells (see Fig. 1, ¢) are also opposite to ones
that occur in lesional psoriatic skin. However, we did not
discover significant differences in FLG expression between
HaCaT-MMP1 and HaCaT-KTR (p = 0.29).

Notably, exposure of both cell lines to IL-17A does
not cause significant changes in the expression of many
cytokeratins (see Fig. 1, d). This can be explained by the
fact that HaCaT cells, i.e. the cell line that was used to
generate HaCaT-KTR and HaCaT-MMP1 cells, and primary
epidermal keratinocytes react differentially to treatment
with IL-17A. Particularly, culturing the primary cells in the
presence of 50 ng/mL IL-17A results in downregulation
of KRT10, FLG, LOR and IVL (Noh et al., 2010), whereas
treatment of HaCaT with the same concentration of IL-17A
does not cause any significant changes in the expression of
the named genes (Seo et al., 2012). In contrast, we report
here that the incubation of HaCaT-KTR cells with IL-17A
results in upregulation of KR714 and KRT17. These changes
in gene expression are similar to ones that occur in lesional
psoriatic skin (Nair et al., 2009). However, it is even more
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important that MMP] silencing downregulates both genes.
For instance, it results in more than a 10-fold downregulation
of KRT17. In the published papers, KRT7 is often referred
to as a “key gene” of psoriasis (Al Robaee, 2010; Jin, Wang,
2014). Suppression of KRT17 in the skin of lab animals
prevents hyperplasia, i.e. thickening of the epidermis due
to more intensive cell division and lowering the intensity of
the inflammatory process. In contrast, induction of KR717
stimulates the secretion of T, chemokines, such as CXCLS5,
CXCL9, CXCL10 and CXCL11 (Al Robaee, 2010). In this
respect, we assume that MMP] silencing could be beneficial
for psoriasis patients to attenuate the inflammatory response
and suppress hyperplasia in lesional psoriatic skin.

Comparative analysis of gene expression in HaCaT-MMP1
and HaCaT-KTR cells treated with IL-17A reveals that
HaCaT-MMPI cells express less CCNA2 and more CCND1
(see Fig. 1, b). However, differences in the expression of the
proliferation marker MK/767 between these two cell lines are
insignificant (p = 0.36). According to the previously published
data, CCNDI is required for the transition from G -phase
of the cell cycle to S-phase, whereas CCNA2 is needed for
the transition from G,-phase to M-phase (Matsushime et al.,
1992; Pagano et al., 1992). Furthermore, the changes in the
expression of CCNDI and CCNA2 that the others observe
in psoriatic lesional skin are opposite to the ones we see in
MMPI-deficient cells. Particularly, comparative analysis of
skin samples obtained from lesional and uninvolved skin
reveals a two-fold decrease for CCND1 (Reischl et al., 2007)
and an 8.7-fold increase for CCNA2 (Manczinger, Kemény,
2013) in lesional skin. This shift in the cytokine balance is
also in line with the results of our cell proliferation assay (see
Fig. 2). According to the obtained data, HaCaT-MMP1 cells
exhibit a 1.15-fold decrease in the constant of proliferation
compared to HaCaT-KTR cells. At the same time, IL-17A does
not stimulate proliferation of HaCaT cells in vitro (Soboleva
etal., 2014b). Hence, we propose that MMP] silencing could
also exert an antiproliferative effect in lesional psoriatic skin
that accumulates IL-17A.

Moreover, culturing HaCaT-KTR cells in the presence
of IL-17A results in differential expression of the matrix
metalloproteinases (see Fig. 1, a) MMP2 (0.37 + 0.05),
MMP9 (11.15 + 1.67) and MMPI12 (7.58 + 1.14). To the
reference, similar changes in the expression of the named
metalloproteinases occur in lesional psoriatic skin. For
instance, one of the previous studies performed in our
lab revealed that in lesional psoriatic skin, MMP2 was
downregulated (0.77+0.23), whereas MMP9 and MMP12 were
upregulated (4.2+0.65-fold and 17.25+5.80-fold, respectively)
compared to uninvolved skin (Starodubtseva et al., 2011).
In this study, we show that MMP2, MMP9 and MMPI2
expression levels in MMP1-deficient cells (0.98 + 0.15,
2.29 £0.34 and 2.44 + 0.37, respectively) are comparable to
the negative control, i.e. HaCaT-KTR, untreated with IL-17A.
In this respect, the obtained results suggest that MMPI
silencing could be used in vivo to control the expression of
the mentioned matrix metalloproteinases, primarily MMP9
and MMP]I2.

In this paper, we also report that IL-17A stimulates
migration of both HaCaT-KTR and HaCaT-MMP1 cells (see
Fig. 3). According to the published data, IL-17A promotes the
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p115RhoGEF SRC K*-

channel

Changes in cell shape, adhesion,
migration, proliferation,
gene transcription and protein secretion

Fig. 4. The proposed intracellular signalling mechanisms underlying
MMP1-induced activation of the PAR1 receptor.

The following molecules participating in MMP1-induced activation of PAR1
are located downstream of G-coupled proteins. The proteins: p115RhoGEF,
RHO guanine nucleotide exchange factor 1; AC, adenylyl cyclase; PLCR,
B isoform of phospholipase C; PI3K, phosphoinositide 3-kinase; RAC1, ras-
related C3 botulinum toxin substrate 1; GRK, G protein-coupled receptor
kinase; SRC, proto-oncogene c-SRC; RHOA, RAS homologue gene family,
member A; PKC, protein kinase C; AKT, AKT kinase or protein kinase B; and
MAPKs, mitogen-activated protein kinases. The selected products of their
catalytic activity: DAG, diacylglycerol; IP3, inositol trisphosphate; and cAMP,
cyclic adenosine monophosphate.

migration of fibroblasts (Wu et al., 2014) and blood vessel
endothelial cells (Vegfors et al., 2016). However, the influence
of IL-17A on migration of epidermal keratinocytes was not
previously reported. As it was previously discussed, the
mobility of epidermal keratinocytes depends on the expression
levels of matrix metalloproteinases, primarily MMP1, MMP3,
MMP9, and MMP13 (Mezentsev et al., 2014). Moreover, it
can be increased by treatment of the cells with tumor necrosis
factor (TNF) due to the ability of TNF to induce MMP9
(Scott et al., 2004). The authors of the cited paper report that
TNF induces cell migration in a dose-dependent manner.
Moreover, treatment of the cells with antibodies specific to
either MMP9 or TNF significantly slows the migration down.
In turn, we report that culturing the cells in the presence of
IL-17A induces MMP9 and MMP12. According to our data,
HaCaT-KTR cells where MMP9 is induced gain a higher
motility, compared to HaCaT-MMP1 cells where MMP9 is
downregulated (see Fig. 1, a).

In conclusion, we would like to acknowledge that the
results of this study suggest reconsidering the traditional role
of MMP1 as a proteolytic enzyme. Obviously, the influence of
MMP1I silencing on the expression of cyclins and cytokeratins
as well as the negative effect on cells proliferation can
be explained by the direct participation of this enzyme in
intracellular signalling pathways. First, this is possible due
to some products of the MMP1-catalyzed reaction known as
matrikins mediate the signalling mechanisms (Wells et al.,
2015). Secondly, some matrix metalloproteinases, such as
MMP1, directly interact with PAR receptors (Boire et al.,
2005). Following the binding to the G-protein coupled PAR1
receptor (Fig. 4), MMP1 cuts N-terminal peptide. Then, this
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peptide binds to the receptor as a ligand and they form an
active ligand-receptor complex. On the cytoplasmic side of the
cell membrane, the complex interacts with one of G-proteins
(Gayy)15, Goy, Gog, m GPy). Each of these proteins activates
a unique pattern of signalling pathways that may result in
a different outcome for the cell. Although the factors that
influence the interaction of PAR receptors with particular
G-proteins still need to be studied, activation of the same
receptor in different physiological conditions may cause a
shape change, changes in cell behavior, induction of certain
genes or activation of protein secretion. Importantly, similar
changes are also observed in the pathogenesis of psoriasis. As
we believe, the key findings of this paper open an opportunity
for the creation of a new therapeutic approach that can be
used for psoriasis. In this respect, we would like to mention
that new recombinant viruses were proposed to deliver the
desired genes to the diseased organs and tissues and several
therapeutic approaches were proposed to treat human genetic
disorders (Hacein-Bey-Abina et al., 2002; Bainbridge et al.,
2008). Moreover, viral transfection was successfully used to
treat psoriasis in humanized animals (Jakobsen et al., 2009).
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TUIIOTepMIUYeCcKoli KOHcepBalliil Ha YPOBeHb HaTPUS
B KJIeTKax SHJOTeNNS TpaHCIUIaHTaTa POTOBUIIbI
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T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LIMTONOTUM 1 reHeTuKi CUBUPCKOTo oTAeNeHs Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccua
2 KOHCTPYKTOPCKO-TEXHONOTMUYECKNI VHCTUTYT HayYHOTO NPr60POCTpoeHra CUBUPCKOro oTaeneHns Poccuiickoin akagemnn Hayk, HoBocn6upck, Poccus
3 HoBOCMBMPCKMIT HALMOHANBHBIN UCCIEAOBATENbCKUI FOCYAAPCTBEHHDBIN yHIBEpcUTeT, HoBOCHBUPCK, Poccns

4 HoBocrbrpcKmii rocyaapCTBEHHDIN TEXHUYECKMA yHuBepcuTeT, HoBocnbrpck, Poccns

5 MexoTpacneBoi HayuyHO-TeXHNYECKMIn Komnekc «MrKpoxmnpyprus rmasa» um. akagemvika C.H. ®egoposa MuHsgpasa Poccvn, HoBocmbupckuin dunvan,

HoBocnbunpck, Poccus

TpaHcnopT BOAbl M MOHOB KNeTKaMu SHAOTENNA POroBMILbI
onpenenaeT ee }KN3HeCnoCO6HOCTb U OMTUYECKME CBONCTBA.
Wccnenosanu BnAHME rnoTepMmyeckoit KoHcepBaLmm poro-
BULbl FN1a3a Ha KOHLIEHTPaLMIo HaTpyA B KNIeTKax SHAoTeNnA
porosuubl. C 3TOW LieNbio onpefenanm BHyTPUKIETOUHYIO
KOHLIEHTpaLuio HaTpuA B KNeTKax SHAOTENNA POroBuLibl rnasa
CBVIHbM MOC/Ie r’MnoTepmmnyeckon KoHcepaauum npu 4 °C B Te-
yeHue 1 1 10 CyTOK 1 TPaHCMIaHTaTOB POroBULibl YeNloBeKa
nocne 10 cyTok KoHcepBaL . KOHLeHTpaumio BHyTPUKNeTou-
HOro HaTpwuaA onpeaenany GayopuMeTpuyYeckMm MeTOA0M

c nomoLubto dpriyopecLeHTHoro Kpacutena SodiumGreen B
npenapaTax KneTok sHaoTenna. AHanms GayopecueHTHbIX U30-
6pa)I(EHMVI KNeToK npoBoauiv C NpUMeHeHnem OpI/IFI/IHaJ'IbHOI7I
nporpammbl CytoDynamics. PacueT KoHLeHTpaLun HaTpuA B
KeTKaxX SHAOTENNA POroBuLbl CBUHbM BbIABW 3HaUMTENIbHOE
NOBblLLEHNE YPOBHA BHYTPUKIETOYHOrO HaTpuA nocne runo-
TepMMYeCKo KoHcepBaLmm. [lokaszaHoO CTaTUCTUYECKMN 3HaUm-
MO€e CHUKeHMWe MPOHNLLAeMOCTI ANA HaTPMA NiasmaTuyeckmx
MeMb6paH KNeTOK SHAOTeNNA Nocse KoHcepBaLyu. YpoBeHb
BHYTPUKJIETOYHOrO HaTPMA B KNIeTKax SHAOTeNVA npenapaTos
POroBuLbl YeNloBeKa Nocsie rMnoTepPMMYecKon KOHCepBaLmm
6bIN BbILLE, YEM B aHANOMMYHbIX 06pa3Lax SHAOTENNSA POro-
BULIbl CBMHbW. KOHLleHTpaLWIFI BHYTPUKIIETOYHOIO HaTpUA —
NnepcneKTVBHbIN UHTErpanbHbIi NoKa3aTenb GyHKLUMOHaNbHOM
KOMMETEHTHOCTM KNEeTOK SHAOTENUA nccnegyemoro obpasua
porosuupbl.

Kntouesble cnosa: rmnoTepmmnyeckan KOHcepBauua;
TPaHCM/1IaHTAaT POroBULbl rMasa; BHyTpVIKJ'IeTO‘-IHbIVI HanVIl7I;
3HL|OTEJ'II/II;I porosuubl rnasa.
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Endothelial keratoplasty has become the treatment of choice
for corneal endothelial dysfunction. Advancements in the
surgical treatment of corneal endothelial diseases depend on
progress in graft conservation and its related advantages in as-
sessing the suitability of grafts for transplantation. Transport of
water and ions by cornea endothelium is important for the op-
tic properties of cornea. In this work, we study the intracellular
sodium concentration in cornea endothelial cells in samples
of pig cornea that underwent hypothermic conservation for 1
and 10 days and endothelial cells of human cornea grafts after
10-day conservation. The concentration of intracellular sodium
in preparations of endothelial cells was assayed using fluores-
cent dye SodiumGreen. The fluorescent images were analyzed
with the custom-made computer program CytoDynamics. An
increased level of intracellular sodium was shown in the endo-
thelium after 10-day conservation in comparison with one-day
conservation (pig samples). Sodium permeability of pig endo-
thelial cell plasma membranes significantly decreased in these
samples. Assessment of intracellular sodium in human cornea
endothelium showed a higher level - as was in analogues pig
samples of the corneal endothelium. The assay of the intracel-
lular sodium balance concentration established in endothelial
cells after hypothermic conservation in mediums L-15 and
Optisol-GS showed a significant advantage of specialized
medium Optisol-GS. The balanced intracellular concentration
after 10 days of hypothermic conservation was significantly
lower in cells incubated at 4 °C in Optisol-GS (L-15, 128 £ 14,
n=15; Optisol-GS, 108 £ 14, n = 11; mM, p < 0.001). Intracel-
lular sodium concentration could be a useful parameter for
assessing cornea endothelium cell viability.

Key words: hypothermic conservation; corneal transplants;
intracellular sodium; corneal endothelium.



ITHA U3 MPOOJIEM KepaTOINIaCTHKHU — MPEAyIpexkIe-

HHUC OTEKa TpaHCIUTaHTaTra. DPQPEKTUBHOCTH BOCCTA-

HOBJICHUSI POTOBHYHOTO TPAHCIUIAHTATa 3aBHUCHUT OT
WHTCHCUBHOCTH TPAHCIIOPTA AIIEKTPOIUTOB W BOMBI Yepe3
SHJIOTEJIUH POTOBHIIBI, BAXKHON (DYHKIMEH KOTOPOTO SIBIISI-
©TCs OAJICPKAHNE OCMOTHYECKOTO PABHOBECHSI POTOBHIIBL.
YenenrHoCTh CKBO3HOM KePaTOTUIACTHKH BO MHOTOM 3aBUCHT
0T (D)YHKLIMOHAJIBHOTO COCTOSTHUS dHpoTenus. Hapymienue
ATOTO KJIETOYHOTO CIJIOS BeleT K OONe3HM TpaHCIUIAHTATa.
DHIOTENNH TPECTABISACT COOON KICTOYHBIH MOHOCIOH,
LEJIOCTHOCTh KOTOPOTro HeoOxonuma Jutst ero (pyHKIIMOHHPO-
BaHUS KaK HACOCA, PEryIUPYIOMIET0 OCMOTHIECKHII OaIaHc
MaTpUKCa POTOBHIIBI. BOIHO-3IEKTOPONINTHOE paBHOBECHE
MaTpUKca POroBHUIIbI ONPEIEISeTCs HHTEHCUBHOCTBIO TPaHC-
MOPTa OCMOJIMTOB U BOJIBI KJIETKAMH POTOBHYHOTO YHIOTEIIHS.
CHMmXEHHUE TPAHCTIOPTA BOIBI M HOHOB STUMH KIISTKAMH TTPH-
BOJIMT K OTEKY POTOBMIIBI M CHIDKCHHUIO €€ MPO3PayHOCTH.
OmnpeneneHue >KU3HECTIOCOOHBIX YHIOTEIHAIBHBIX KIETOK
C IPUMEHEHNEM KPACUTEIS TPETTAHOBBIH CHHHUH C IIOMOIIBI0
tecta Ha pparmenrtanuto JJHK (TUNELassay) ne mo3sosnser
OIIEHUBATh COCTOSTHHE COOCTBEHHO TPAHCIIOPTHBIX MEXaHM3-
MOB KJICTOK PHIIOTENHS. B TO jke Bpems He CyIecTBYeT 001I1e-
MPUHSITOTO METO/a NMPSMOW OLIEHKH TPAaHCIIOPTHON (yHK-
MW PHAOTEIUS M HAMPaBICHHOTO B MEPEIHIOI KaMmepy
m1a3a MoToKa BoJel M HoHOB (Bonanno, 2012; Schmedt et al.,
2012). B MonexynsipHbI MEXaHHW3M 3TOTO TPAHCHOPTa Ha
0azanpHOH, 0OpaIeHHOW K MaTPUKCY POTOBHUIIBI, TTOBEPX-
HocTH SHAoTenus BxomsT: Na/K-ATdaza, smeKTporeHHBIN
Harpuii-6uxapoonar korpancnoprep (INa*:2HCO,, SLC4A4,
NBCel), Nat:K*:2CI~ (NKCC), HOHOOOMEHHUKH: XJIOPHU/I-
ouxapoonar (CI/HCO;, SLC4A2, AE2) n HaTpuii-IPOTOHHBIH
(Na*/H*, SLC946, NHE1) (Riley et al., 1995; Kuang et al.,
2004). Ha anuka/ibHOM MOBEPXHOCTH HACHTH(QHUIIMPOBAHBI
xnopuanbie kaHanbl CFTR (Cystic Fibrosis Transmembrane
conductance Regulator) u CaCC (Calcium activated Chlo-
ride Channel (CLCAL1)), koTopble, 0-BUANMOMY, HE BHOCSIT
3HAUYUTETHHOTO BKIIA/1a B OOIIHI TPAHCIIOPT M AKTHBUPYIOTCS
TOJIBKO B CTpecCcOBBIX cuTyanusix (Bonanno, 2003). Kanast
HpoHMIaeMbl U s OukapOonar nona kak 4/1 CI/HCO;.
B sHIOTENMMANBHBIX KIIETKaX POTOBUITBI OTMEYAIOT BBICOKYIO
IIOTHOCTh MUTOXOHAPHH. [TponsBonumslit umu AT® ciyxut
He Tojbko cybcrparom st Na/K-ATda3zel, HO ¥ CHUTHAIB-
HBIM (paKTOpOM, KaKk W BHYTPUKIICTOUHBIN KaJbIIUH, Yepe3
IIypUHEPTUYECKUE PEIeNTOPBI CIOCOOEH MOBBIIIATH ITPOBO-
JIHMMOCTb anuKaabHoM nosepxnoctu i HCO5, akruBupys
CaCC (Bonanno, 1999). B MmexaHN3Me TPaHCIMUTETHNATHHOTO
MepeHoca MOHOB M BOJbl OCHOBHBIM MCTOYHUKOM SHEPTUH
JUTsE BEKTOpHOTO TpaHcmopra sBiasiercss Na/K-AT®aza. Ha-
Py € OPYrHM BIIEKTPOreHHbIM TpaHcmoprepoM, NBCel,
Na/K-AT®a3a cozgaer rpalieHT EKTPOXUMHYECKOTO I10-
TEHIIMAaja HaTPHs Ha TIa3MaTHIeCKO MeMOpaHe SHAO0TEIH-
AJBHBIX KJIETOK, YTO CITY)KUT BTOPUIHBIM UCTOUHIKOM dHEP-
THU JUTSL BBITTOJHEHHS ATUMH KIIETKaMH (DYHKIMH «HAcOCay.
Takum 006pa3oM, ECTECTBEHHO PacCMaTPHBATh KOHIIEHTPAIIHIO
BHYTPHUKJICTOYHOTO HATPHS KaK Pe3ysbTaT OalaHca aKTHB-
HOCTH HaTPHI-KaJIMEeBOTO HACOCA M IOTOKOB Yepe3 KaHaJIbl 1
MOHOOMEHHHKH TIa3MaTHIEeCKON MeMOpaHbl KIETKH.

B nacrosmieit paboTe MpoBEICHO MCCIEeOBAHIC BIMSTHUS
THITIOTEPMHUYECKON MHKYOAlMy Ha pPAaBHOBECHYIO KOHIICH-
TpaIyio BHYTPUKJICTOYHOTO HATPUS B KJIETKAX DHIOTEIHS
434
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POTOBHIIBI, YCTAHABIUBAIOLIYIOCS B KIIETKAX MOCIE IIPEKpa-
IIEHHsI KOHCEPBALUK, U 3aBHCUMOCTH 3TOTO MapaMmeTpa OT
Cpe/ibl, B KOTOPOH TKaHb POTOBHIIBI COXPAHSIIACH B YCIIOBHAX
TUIIOTEPMUH.

Matepwuanbl n metogbl

KynsTrypa kiieTok m Mukpockonusi. McciienoBanu Biusinie
THIOTEPMHUYECKONH KOHCEPBALMH POTOBUIIBI CBUHBU M UEIIO-
BEKa Ha CIOCOOHOCTH SHAOTEIMOLUTOB BOCCTAHABIMBATH
BHYTPUKIIETOUHYIO KOHIIeHTpauuto Hatpus ([Na*],) mocine
MpeKpaIieHus TunoTepMun. @parMeHThl POrOBUIIBI YENIOBE-
Ka B BHJIE TPETIAaHWPOBAHHBIX JUCKOB TTOJIYYaJH B IIPOLECcCe
BBITIOJHEHHSI CKBO3HOW KEepaTOIJIACTHKU y MAIUEHTOB C
KepaTokoHycoM. [Ipenaparsl poroBUIBI CBUHBH ITOMEIATT
B yaniku [leTpu, 3anonHeHHbIe KynbTypanbHOM cpenoit L-15
Leibovitz (Sigma, CILA). [Ipenaparsl poroBuis! yenoBeka
nHKyOmnpoBanu B cpene L-15 n Optisol-GS. Ilpenapatst poro-
BHUIIbI CBUHBY — B TeueHue 1 u 10 cyTok, uenoseka — 10 cyTok
nHkyouposaiu npu 4 °C. [lepexrBarolyro KyabTypy KIETOK
SHJIOTEIHS POTOBHIIBI IOMYYaIN TIEPEHOCOM KIJIETOK Ha TO-
KpoBHOE cTekI10. C 3TOH 11eTbio (hparMeHT pOroBHIbI HHKYOH-
poBau B pactBope kosutarenassl (1 mr/mi Collagenase, Sigma
(CIIA) 8 PBS ipu 37 °C, 30 MuH), 3aTeM AeJaiu OTIIEYaTOK
9H/IOTEINUS HAa TOKPOBHOE CTEKJIO, TIOKPHITOE MOJTHIN3HHOM
(Poly-L-lysine solution 0.1 % (w/v) H,O, Sigma, CILA).
TakuM METOJOM MOJydYalu Mpernapar KIETOK YHAOTEIHs,
o0paIeHHbIX 6a3aIbHON CTOPOHOH B CTOPOHY OMBIBAIOIIETO
pacTBopa. DKCHepUMeHTa bHas YCTaHOBKA IPEACTaBIsIa
c000if POTOUHYIO Kamepy, pa3paboTaHHYIO JJIS WCIIOJNb-
30BaHMs C (uryopecueHTHbIM MuUKpockornom Observer-Z1
(o0bextuB Fluar 20x/0.75 M27, Zeiss, I'epmanust). O0bem
KaMepbl COCTaBIJIAN OKoJO 50 MKJ, CKOPOCTh NMPOTEKaHHS
pacTBOpa — 25 MJI/MHH, CMEHA OMBIBAIOIIETO PacTBOPA Mpo-
ucxonuna B reuenue 100 Mc, moaepkuBaeMast TeMieparypa
36.8+£0.2 °C. ®dnyopeceHTHBIE H300paKeHHUS KJIETOK 3a-
MUCHIBAJIN ¢ roMonibio kamepsl AxioCam HSm, ncrons3yst
Habop GUIBTPOB M nuXpouueckoe 3epkaino #009 (Zeiss,
I'epmanns). Perucrpanmnio n306paskeHui MPON3BOIMIH C IT0-
Morbtio MoHoXpoMHO# [13C-kamepst AxioCam HSm (Zeiss,
I'epmanus) ¢ uaTepBasioM 30 ¢ Ha MPOTSKEHUU BCETO IKC-
MEPUMEHTA NPU HU3KOH MHTEHCHBHOCTH BO30YX/AIOIIETo
CBETa, YTO MO3BOJISLIO M30eraTh BeIropanus quryopodopa Bo
Bpemst okcriepuMenTa. Cepruu nnppoBbIX N300pasKeHUI peru-
CTPUPOBAIIHN C AUTHTATU3AIMEH 12 OUT B pesknMe THHEHHOTO
peoOpa3oBaHMs aIA0MICH HTHTEHCUBHOCTH M COXPAHSIIN Ha
KomrbtoTepe B popmare <.tif>. lI3mMepeHuss ”HTEHCHBHOCTH
GiryopecieHINN MTPOBOAMIM C TIOMOIIBIO aHATUTHYECKON
nporpammbl CytoDinamics ¢ 3annchbio pe3yssTaToB H3Mepe-
HUSI TUHAMHUKH HHTEHCUBHOCTEH MHIMBHIYyaIbHBIX KIIETOK B
¢dopmare Tabmw Excel.

H3mepenne KOHIEHTPALNH BHYTPHKJIETOYHOIO HAT-
pusi. KonnenTpamuio Hatpus B knetkax [Na*]. onpenensnu
(hITyOpUMETPUIECKIM METOIOM C TIOMOIIBI0 (DITyOpecIeHT-
Horo kpacutenst SodiumGreen (MolecularProbes, CIIA)
cornacHo npoTtokoiy (Solenov, 2008). Curaain kaauOpoBaI,
ToMeIias KIeTKH B hocdarueiii coneBoit Oydep (PBS) ¢ pas-
nuyHOM KoHeHTpanueit Nat (138 u 10 MM B mpucyTCTBUH
104 M Na* uonogopa Nystatin (AppliChem, T'epmanus)).
l'umonarpuessiii pacteop (10 MM NaCl) roroBrim Ha OCHOBE
n3otoHnyeckoro PBS, B koTopom wacTe Harpust 3amenianu

Molecular and cell biology



BnmaHue runotepmmnyeckon KOHCepBaL MM Ha ypoBeHb HaTpuA
B K/leTKax SHAOTeNNsA TPaHCMIaHTaTa POroBuLibl

Ha n-methyl-D-glucamine (NMDG)
(ICNBiomedicals, CHIA). J{st m3mepe-
HUSI TIOKPOBHOE CTEKJIO C KIIETKaMH JH-
JIOTeNHs MepeHocunIn B pactsop PBS
(138 MM NaCl, 4.7 MM Na,HPO,,
2.7MM KCl, 1.5 MM KH,PO,, 0.5 MM
MgCl,, 5.5 MM rmoxo3a, 0.1 MM CaCl,).
Knetkn 3arpyxanu (uryopecrieHTHbIM
kpacutenem SodiumGreen TA (10°M,
40 min 37 °C, MolecularProbes, CI1IA).
Crekiia ¢ KJIeTKaM¥ ITOMEIIANH B KaMepy
(ryopecrienTHOrO MUKpocKkora. B xozne
9KCIIEPUMEHTA KJIeTKU nepBbie 10 MuH
(mepuox 1) HaxXoaWIHMCh TIpU TEMIIepa-
type 10 °C, 3atem 10 mun — ipu 37 °C
(mepuog II) u nocnenyromue 10 Mun
(mepmop IIT) — B cpene PBS, comepixa-
meit 10 MM Na*, a yacts Hatpust Obuia
3aMellleHa OPraHnYeCKUM KaTHOHOM
(10 MM marpwus, 128 MM NMDG) npu
temneparype 37 °C u 10 MuH B npu-
cyrcrBuu 100 ex./min Hucraruna (Sig-
ma, CIIIA). J[ns1 orieHKH IpOHUIIaeMO-
CTH TUIa3MaTHYECKOH MeMOpaHbl s
MOHOB HATPUSI CO3/1aBaJIM CTYIIEHYAThIN
TrpaJlueHT CMEHOU Cpeibl, CoepIKaleil
138 u 10 MM HaTpus. DkcrnepumeH-
TaJIbHBIE 3aIMCH U3MeHeHHs (uryopec-
LEHIIUY HOPMUPOBAJIH 110 aMILUTUTYZE U
OTIPEACISIIM CKOPOCTh M3MEHEHHS Kak
BHYTPUKJIETOUHOTO HAaTPHsl, TAK U KJle-
TOYHOTO 00beMa, HaXOAWIH KO3 hHIIn-
SHT JIMHEHHOH perpeccuu HadaIbHOTO
yyacTka KpUBOH (uryopecueHimu, Kak
sto ommcano Hamu panee (Ilyaskin et
al., 2014).

AHanu3 3KCIepUMEHTAIbHBIX JIaH-
HBIX 110 AWHAMMKE BHYTPHKJIETOYHON
KOHIIEHTPAIMU HATPHUs C LEbI0 MOITy-
YEHUS KOJIMYECTBEHHBIX OILEHOK IpO-
HUI[AEMOCTH MEMOpaHbI KIETOK IS
MOHOB HATpPUsl MPOM3BOAMIN C ITOMO-
IIBI0 MaTEMaTHYECKON MOJIEIH IIaBHBIX
KIIETOK COOMPATETHHBIX TPYOOK ITOYKH,
pazpaborannoii Hamu panee (Unsickun
u np., 2011). Ucxonsa u3 cpeaHux 3Ha-
YEHHI HHTEHCUBHOCTH ()TyOpECLICHIINN
Ha CTAllMOHAPHBIX YYacTKaxX MpoQuirs,
COOTBETCTBYIOIUX BHYTPHKJIETOUHOU
KOHIICHTpAINX HaTpus, paBHOH 138 MM
npu temneparype 10 °C u 10 MM B ipu-
cyrcrBuu 100 en./ma HUCTaTHHa, pac-
CUHMTBIBAIIY CTAIIMOHAPHYTO KOHIIEHTPa-
o Hatpus B knetkax mnpu 37 °C.

AHaJIu3 MUKPOU300paskeHuii ¢ mo-
Mo1ibio mporpammsl CytoDynamics.
Jnst peannzanyy KOMIBIOTEPHOH (uty-
opuMeTpHUH Hamu ObLI paspaboTaH
CIIELUAJIM3UPOBAHHBII TPOrpaMMHBIN
naket CytoDynamics (Ne rocperucrpa-
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Fig. 1. Processed digital image of the preparation with outlined areas of interest.

un 2016612766). J{nst MaTemaTtnaeckoit 00paboTKH OepyTcs (aifiisl, TorydaeMble
HETIOCPE/ICTBEHHO ¢ Kamepsl, nakeT CytoDynamics onpeesnsieT KOHTYPbI TPy 1
UHINBUAYAJIBHBIX KJI€TOK (00mactu uHTepeca (ON)) Ha HadaIbHOM Kaipe CEpUH U
YACPKUBAET KOHTYP N300pakeHHsI Ha TIOCIIEAYIONINX BO BPEeMEHH CHIMKaX (puc. 1).
Ha m3o0paxennn kaxgoir OU mporpamma orpeaesnsieT NepuMerp, Iiomaib u
UHTETPaIbHYI0 HHTEHCUBHOCTH (DIIyOpECIIEHIINH, KOTOpast TPOIOPIIMOHANIbHA BHY-
TPHUKJIETOUHON KoHIeHTparuu Hatpust (Winslow et al., 2002; Kones, [TansankoBa,
2015; IMamsaukoBa u np., 2015). OcpenrHeHrEe MHTEHCHBHOCTH BBITIOHSACTCS 10
BCEM H300pa’KeHUSIM OJJHOTO KaJIpa.

Craructuka. /11 MHTEHCUBHOCTH (MIyOpPECICHIINM PACCUUTHIBAIIN CpPEIHEE
3HAUCHNE, TUCIIEPCHIO M CTaHAAPTHYIO OMHMOKY cpexHero. [ mpoduiel, mo-
CTPOCHHBIX Ha OCHOBaHWH CPEJHHUX 3HAUYCHHU ()IyOpECLEHIINH, B Ka)KI0W TOYKE
paccUnTHIBAIIN CpeTHEE 3HAUYCHNE U CTaHIapTHYIO omoKy cpeanero (M+SD). lo-
CTOBEPHOCTH Pa3IH4Mii onpeaenany ¢ npumeHeHneM nakera ANOVA u --kpurepust.

PesynbraTbl
Ha puc. 2 nmpueneHsl mpoduian cpegHeld MHTErpalbHON HHTEHCHBHOCTH (hiryo-
PECLEHIINH KJIETOK YHIOTENIHS POTOBUIIBI CBUHBH.

B skcnepumenTe no u3ydeHuio 3¢ ¢pexra runoTepMUIECKO KOHCEpBaIUH
Ha OajaHC HaTPUs B KJICTKAX HAOTENNS POTOBHUIIBI CBUHBH KPUBAas WHTECHCHB-
HOCTH (UIyOpECLEHIIMN UMEET TPU XapaKTEPHBIX KBa3UCTALMOHAPHBIX Y4acTKa,
Ha KOTOPBIX MHTEHCHBHOCTH (DIyOPECIEHIIMH N3MEHSETCS HE3HAYNTEIbHO. JTO
OTpakaeT CTAOMIM3ALMIO BHYTPUKIIETOYHON KOHIICHTPAI[MN HATPHSI B 3TH HHTEP-
Bauibl. lHTeHCHMBHOCTD (ityopecuieHiinu B neprojie 11 coorBercTByeT BemMmunHam
PaBHOBECHOM BHYTPHKIIETOYHOM KOHLIEHTPALIUHY HATPH I, KOTOPasi yCTAHABINBAETCS
B KJIETKE TIOCJIC BXO/Ia HATPHUs Yepe3 TPAHCIIOPTEPHI IIa3MaTn4ecKoil MeMOpaHsbl
U BBIX0J1a, orpeelisieMoro akTuBHOCThI0 Na/K-ATda3sl. [1pu temneparype 10 °C
aktuBHOCTH Na/K-AT®a3b1 monaBieHa, u B KJIETKaX yCTAHABIMBACTCS KOHIICHT-
paus HaTpusi, paBHOBECHas co cpenoii (138 MM), mpH MOBBIIIICHUHT TEMITEPATY PBI
1o 37 °C B pesynbrare aKTHBAIIMM HATPUN-KaJIUEBOTO HACOCA YCTAHABIMBAETCS
Oonee HHU3Kas PaBHOBECHAs! KOHLEHTPALMSI BHYTPUKIETOUHOTO HATpPUs, KOTOpPas
3aBUCHUT OT BpeMeHHU koHcepBauuu (1 cyrku: 27.3+1.9 MM, n = 110; 10 cyTok:
69.2+4.7 MM, n = 70). B TpeTbeii (haze skcriepuMeHTa B IPUCYTCTBUU HOHO(Opa
B KJIETKE YCTAHABINBAETCA KOHLEHTPALM HATPHsl, COOTBETCTBYIOIIAS €TI0 KOHIIEH-
Tpauy B KanmopoBounoM pactope (10 MM). 13 ananmn3a pe3yasTaToB U3MEpeHHH
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Effects of hypothermic conservation on intracellular
sodium in the endothelium of corneal transplants
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Fig. 2. Sodium Green fluorescence profiles in endothelial cells of porcine cornea after incubation
at 4 °C for (a) one day, (b) ten days.

Intracellular sodium concentration: (a) 27.3 = 1.9 mM, n=110; (b) 69.2 + 4.7 mM, n = 70. The experimental
design is described in Methods.

[Na*]; ciemyer, 4To B KJIETKAX, IO/IBEPTaBIINXCS THIIOTEPMIYIECKOH HHKyOau B
Teuenue 10 cyTOK, MPOUCXONUT 3HAYUTENBHOE MoBhIeHne [Na*], mo cpaHeHnIO
C OJHOJHEBHON KoHcepBauueil. OnpeseneHyre NPOHUIAEMOCTH Ia3MaTHYeCKON
MeMOpaHBbl KJIETOK JUI HaTPHs IO CKOPOCTH BXO/a MOHA B 3KCHEPHMEHTAX CO
CTYNEHYAThIM I'PaJINCHTOM 3TOTO HOHA B M30TOHMYECKOH cpeJie TIOKa3bIBaeT, 4TO
runoTepMuyeckas KoHcepBanus B TedeHue 10 CyTok nmpuBena K CHUXKEHHUIO MPo-
HHUIIAEMOCTH [UTa3MaTHYEeCKOM MeMOpaHs! k1eTok (oxuu cyTku: 1.8+0.021, n=10;
10 cytok: 1.2£0.015 (x10°%) cm/c, n =8, p <0.01) (puc. 3).

B aTOM IpoTOKOIIE TPOBE/ICH AKCIIEPUMEHT T10 BIIMSIHUIO COCTaBa Cpe/ibl Ha OaiaHe
BHYTPHKJICTOYHOTO HATPHUS B KJIETKAX HIOTEJINS POTOBUIIBI YETIOBEKA MOC JIE THITO-
TepMHYecKoi KoHcepBaluK B cpefax L-15 u Optisol-GS. J{nst sxcriepumenTa Kax-
JIbIH ()parMeHT POTOBUIIBI OB pa3/ielieH Ha JIBE 4acTH, 1 00€ YacTH MOJBepPrajiuch
THITOTEPMHUH B COOTBETCTBYIOIINX cpenax. Kak mokasanm u3mMepeHus paBHOBECHOM
BHYTPHKJIECTOUYHON KOHIICHTpaLK HaTpus ocie |1 0-cyrounoit naky6arm npu 4 °C,
TPaHCIOPTHAsI AKTUBHOCTH KJIETOK 3HJOTENHUS 3HAYUTEIBHO JIyUIlle COXPaHMIaCh
B crienuanu3upoBanHoi cpene (128+14, n=15; 108+ 14, n=11; MM, p <0.001,
L-15 n Optisol-GS coorBercTBeHHO). BBIYy Maoro KonmuecTsa Marepuasa npo-
HUIIAEMOCTbH JUISI HATPUSA B SHJOTEJINU POTOBUILIBI UeIOBEKa He onpeaensiu. B akc-
MEPUMEHTAX C POTOBUIIEH CBUHBH OBIIIH YCTAHOBIICHBI 3HAYEHHS IIPOHUIIAEMOCTH
JUIsl HATPUS ¥ €70 paBHOBECHAsI KOHIICHTPAIHS B KJIETKaX MOCJIE THIIOTEPMHUYECKOH
koHcepaaluy. CorIacHo MONy4YeHHBIM JaHHBIM, THIIOTEPMUYEcKast KOHCepBalUs
B cpeae L-15, koTopast 6pu1a KOHTPOJIEM IO OTHOIICHHIO K CIIEIHATH3UPOBAHHON
KOHCepBalMoHHOM cpene Optisol-GS, npuBoania K 3HAYUTEIEHOMY TTOBBIILICHHUIO
PaBHOBECHOM KOHIIEHTPALMU HATPHUsl. MOXKHO NIPEITOI0KHTb, YTO 3TO 00YCIIOBICHO
CHIDKEHHEM TpaHCTopTHOH akTuBHOCTH Na/K-AT®da3br1.

O6cyxpeHue

Knetkn sHIOTENHS pOTOBHIIE (POPMHPYIOT KIICTOUHBII MOHOCIIOH, OT IIETIOCTHOCTH
KOTOPOTO 3aBUCUT CIIOCOOHOCTB SHOTEIHS BBITTOIHATE €r0 TPAHCTIOPTHYIO (PyHK-
LU0 1, COOTBETCTBEHHO, PETyJIMPOBATh OCMOTHYECKHUI OaIaHC CTPOMBI POTOBHIIBI.
Tak Kak KJIETKH SHIOTENHUs] OCTAaHOBIEHHI B (pa3e kiueroqHoro mukiaa G1, onn He
poXosIT MUTOTHUECKOE Jlenenne (Maycock, Marshall, 2014). C Bo3pacTtom gacts
KJIETOK THOHET M LIEJIOCTHOCTH KJIETOYHOTO CJIOSI COXPaHSIETCs 32 CYET OCTABIIMXCS
KHBBIX KIETOK, KOTOpPBIE Takke (POPMHUPYIOT CIIIONIHON KJIETOUHBIN CIIOH, HO C
MEHBIINM KOJIMYECTBOM KJICTOK. B CBSI31M 3THM /10 HACTOSIIIETO BPEMEHH OJTHAM U3
OCHOBHBIX KPUTEPUEB (DYHKIIMOHAIBHOCTH DHJIOTENNS U IIPUTOTHOCTH TIperapara
POTOBHIIBI JJIs TPAHCIUIAHTALIMH SBIISETCS INIOTHOCTH KiIeToK supotenus (ECD),
KOTOpasi CHIDKaeTcs ¢ Bo3pacToM JoHopa (Vianna et al., 2016). B paznuunbix
IJIa3HBIX OaHKax MPUHSITHI MUHUMAaJbHBIE Toporoseie 3HaueHuss ECD: ot 2500 1o
2000 (mm2). (Whitcher et al., 2001; Boynton, Woodward, 2014). DToT mokaszareinsb
JIaeT NPUHIUIHAIBLHOE PECTABICHNE O PUTOJHOCTH POTOBUIIBI JUIsI TPAHCTIIIAaHTA-
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Fig. 3. Plasma membrane permeability to
sodium in endothelial cells of porcine cornea
after incubation at 4 °C: for one day, 1.8+£0.021,
n = 10; for ten days, 1.2+0.015 (x107%) cm/s,
n=8.

*p < 0.01. Y-Axis: permeability coefficient for
sodium (x1 0 cm/s).

II1H, HO HE TTO3BOJISIET OL[EHUBATD (DYHK-
LUOHAIBHOCTD PHJIOTEIHUS KaK Pery-
JISITOpAa OCMOTHUYECKOTro OajiaHca mart-
pukca. B To jxe BpeMs BO3MOXXHOCTb
OTIpE/ICIICHNS] TPAHCIIOPTHOTO MOTEH-
1uana KJIeToK dHA0Tenus OyeT UMETh
3HAUEHUE KaK JJIs1 yCTAHOBIICHUS TPH-
TOJHOCTH TPAHCIIIAHTA TIOCIIE TIEPHO-
Jla KOHCEpBallMU, TaK U B HCCIIEJOBa-
TEIBCKUX MENSX pH n3ydeHnn 3 dek-
TUBHOCTH CO3/1aBaEMBIX PEILETYp HO-
BBIX cpef Juisl koHcepBauuu. [Ipenna-
raeMblil B HACTOSIIEH paboTe MOIXoxn
OCHOBaH Ha aHaiM3e OanaHca IMOTO-
KOB HaTpusad MHAUBHUAYAJIbHBIX KJIETOK
sHpoTenus. TpaHcMeMOpaHHBIN 3TEKT-
POXMMHYECKHI TPAJANCHT HATPHUS CO3-
naetcs HaTpuil-kanueBod ATdazoi
U CIy)KUT 3HAYMMBbIM BTOPUYHBIM HC-
TOYHUKOM SHEPTUH JJISl TPAHCIIOPTHBIX
nporeccoB B kierke. Takum oOpaszom,
MIOCKOJIbKY BHEKJIETOYHAS! KOHIIEHTpa-
LIUsT HATPUS B OPraHU3Me — TOMEOCTaTH-
4€CKasd BeJIMYMHa, MOXKHO CUUTATb BHYT-
PHKIIETOUHYIO aKTHBHOCTh MOHOB HaT-
pUsl aJleKBaTHBIM MOKa3aTteneM (yHK-
LMOHAJIBHON BO3MOYKHOCTH TPAHCIIOPT-
HOTO MEXaHM3Ma KJIETKH.

DTOT MOAXOJ OTKPHIBAET BO3MOXK-
HOCTB HCCJIe0BaTh (DYHKIMOHAIBHOE
COCTOSTHHE TPAHCIOPTHBIX CHCTEM KJIe-
TOK 3HOTENHNS POTOBUIIBI IIPU UCTIONb-
30BaHUU HC3HAYUTCIIBHOI'O KOJIMYCCTBA
nccienyemMon tkanu. IIpunstoe B Ha-
cTosIIee BpeMs ONTMcaHKe (YHKINH SH-
JoTenus mocpeacTsom pump-leak mo-
JIENU pasfiessieT MOTOKW aKTHBHOTO U
OCMOTHYECKOTO repeHoca. [TockombKy
WHTCHCUBHOCTDb AKTUBHBIX TPAaHCIIOPT-
HBIX MIPOLIECCOB B KIIETKE ONPEAEIISAETCS
¢ynxumeit Na/K-AT®Da3pl, ananus 6a-
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BnmaHue runotepmmnyeckon KOHCepBaL MM Ha ypoBeHb HaTpuA
B K/leTKax SHAOTeNNsA TPaHCMIaHTaTa POroBuLibl

JIaHCA MOTOKOB HATPHsI HA YPOBHE KJICTKH MOXKET OTpaXKarh
«HACOCHYIO» (PyHKIHIO 3HA0Tenus. CrIocOOHOCTE moIep-
JKUBATh TPAINEHT JIEKTPOXUMUIECKOTO ITOTEHITNAa HaTPUs
Ha IJIa3MaTHYCCKON MEMOpPaHEe MOXKET CIIYKUTh JOCTATOYHO
HAJIC)KHBIM KpUTEpHEM (QYHKIIHOHAIEHOTO COCTOSIHUS TPAHC-
MTOPTHBIX CHCTEM KIICTKH B LIEJIOM.

CyMMapHbIe IOTOKH HAaTpHsl uepe3 IIa3MaTuuecKyro MeMO-
paHy 3aBHCST OT COOTHOIICHHS ITOTOKOB HATPHS U3 KICTKH,
4TO0 onpenensercs akTuBHOCTBIO Na/K-AT®as3b1 1 MoTOK HAT-
pHsl B KJIIETKY Uepe3 TPAHCIIOPTEPhI, HAXOIAIINECs B MeMOpa-
He. CyMMapHast aKTHBHOCTb OTIPEIEIIACTCS MIPOHUIIAEMOCTHIO
MeMOpansl ans Hatpus (Bachmann et al., 1999; Féraille,
Doucet, 2001; Solenov 2008). IToBbllieHHe CTAl[IOHAPHON
KOHIICHTPAIIUN MOHOB HATPHs B KIIETKAX SHAOTEIHS yKa-
3bIBAET HA MOBPEXKAAOIIEE BO3AEHCTBUE IMIIOTEPMUYECKON
KOHCEPBAIIMH HA TPAHCIIOPTHBIC MEXaHH3MBbI. DTO MOXKET 00b-
SICHSITh BEICOKUE KOHIICHTPALIUH HATPHSI B KIIETKAX SHIOTCITHS
POTOBHIIBI YeTIOBEKa, OOHapyKeHHBIE HaMH. [10CKONIBKY B
OKCHNEPUMCHTAX THIIOTCPMUYCCKOMY BOSHeﬂCTBHm noaBsep-
TaJIUCH MIPETapaThl POTOBHUIIBI YCIOBEKA, CTPAIABIIECTO Kepa-
TOKOHYCOM, UX YHIOTEIHH MCXOTHO MOT HMETh CHIDKEHHYIO
(DYHKIIMOHAIIbHYIO aKTUBHOCTB, C Y€M M MOT'YT OBITh CBSI3aHBI
Ooiee BBICOKHE YPOBHH KOHIICHTPAIIMH BHYTPHKJICTOYHOTO
HaTpYs, BEISIBJICHHBIE B 9HIOTEITMOIMTaX POTOBHIIBI YETIOBEKA.
OTtHOCHUTENBHO 3¢ deKTa Cpelibl KOHCEPBALIUU, CCTECTBEHHO
MIPEIIOJIOKHUTD, YTO OH CBSI3aH C MIPOTEKTOPHBIM JICHCTBHEM
COBOKYITHOCTH €€ KOMITOHEHTOB, TIOBBIIIIAIOIINM COXPAaHHOCTh
U MOCJIEAYIONIee BOCCTAHOBICHHE aKTHBHOCTU TPAHCIIOP-
TepoB. [lomydeHHBIC pe3yNbTaThl TOATBEPIKAAIOT UCXOTHOE
TIPEATIONIOKEHHUE O TOM, UTO CTETIEHh BOCCTAHOBJICHHUS TPAHC-
MOPTHBIX (PYHKIUH B KJIETKAX SHIOTEIIHSI POTOBHUIIBI 3aBHCUT
OT TIPOJOJKUTEIIEHOCTH THIIOTEPMHUYCECKOTO BO3ICHCTBHS.
Bompoc, B kakoit Mepe criocOOHOCTh MHIUBUIYATbHBIX KIIe-
TOK 3HAOTEIUA PETryInpoBaThb Gaﬂch BHYTPHUKIIETOYHOI'O
HATPU CBsA3aHA ¢ PYHKIIUCH PETYISAIIUN OCMOTHIECKOTO Oa-
JIaHCa TPAHCIUIAHTATA, HY)KJA€TCS B TATbHEHIIIEM H3yIeHUH.

BaxHpim BbIBOZIOM BBIIIOJIHEHHOI'O UCCJICJOBAHUS ABJIACTCS
3aKITFOYCHUE O TOM, YTO KOHIICHTPAIUIO BHYTPHKJICTOYHOTO
HATPHUsI MOXKHO PAacCMaTPHUBATh KaK MEPCIEKTUBHBIA MHTE-
rpasibHBIN TOKa3arenb (PyHKIMOHAILHOW KOMIIETEHTHOCTH
KIICTOK DHJIOTEIUS HCCIIEAYEeMOro o0pasiia poroBHIIbL.

Acknowledgments

This work was supported by State Budgeted Project 0324-
2018-0016 and by the Russian Foundation for Basic Research,
project 17-04-00328.

Conflict of interest
The authors declare no conflict of interest.

References

Bachmann S., Bostanjoglo M., Schmitt R., Ellison D.H. Sodium trans-
port-related proteins in the mammalian distal nephron — distribu-
tion, ontogeny and functional aspects. Anat. Embryol. (Berl.). 1999;
200(5):447-468.

MoneKynanan 1 KNleTo4YHasA 6uonorus

2018
22-4

I.C. batypuHa, W.I. Manbunkosa, A.A. KoHes
E.C. CmnpHoB, J1.E. KatkoBa, E.N. ConeHos, V.A. ickakos

Bonanno J.A. Identity and regulation of ion transport mechanisms in
the corneal endothelium. Prog. Retin Eye Res. 2003;22(1):69-94.
Bonanno J.A. Molecular mechanisms underlying the corneal endothe-

lial pump. Exp. Eye Res. 2012;95:2-7.

Boynton G.E., Woodward M.A. Eye-bank preparation of endothelial
tissue. Curr. Opin. Ophthalmol. 2014;25(4):319-324.

Féraille E., Doucet A. Sodium-potassium-adenosinetriphosphatase-de-
pendent sodium transport in the kidney: hormonal control. Physiol.
Rev. 2001;81(1):345-418.

Ilyaskin A.V., Baturina G.S., Medvedev D.A., Ershov A.P., Solenov E.I.
A mathematical model of the response of principal cells of collecting
ducts to hypotonic shock. Biofizika = Biophysics. 2011;56(3):550-
560. (in Russian)

Ilyaskin A.V., Karpov D.I., Medvedev D.A., Ershov A.P., Baturi-
na G.S., Katkova L.E., Solenov E.I. Quantitative estimation of trans-
membrane ion transport in rat renal collecting duct principal cells.
Gen. Physiol. Biophys. 2014;33(1):13-28.

Konev A.A., Palchikova 1.G. The OPENCYV library and its use on cy-
tophotometry tasks. The panel “Remote Sensing of the Earth, pho-
togrammetry, environmental monitoring, and geoecology”. The 11%
International congress “Interexpo Geo-Siberia-2015”, in two vol-
umes. Novosibirsk: SSUGT, 2015;2:71-76. (in Russian)

Kuang K., Li Y., Yiming M., Sanchez J.M., Iserovich P., Cragoe E.J.,
Diecke F.P., Fischbarg J. Intracellular [Na+], Na+ pathways, and
fluid transport in cultured bovine corneal endothelial cells. Exp. Eye
Res. 2004;79(1):93-103.

Maycock N.J., Marshall J. Genomics of corneal wound healing: a re-
view of the literature. Acta Ophthalmol. 2014;92(3):e170-¢184.

Otsu N.A. Threshold Selection method from gray-level histograms.
IEEE Trans. Syst. Man Cyber. 1979;9(1):62-66.

Palchikova I.G., Konev A.A., Smirnov E.S. Image segmentation in the
computer cytophotometry. The panel “Remote Sensing of the Earth,
photogrammetry, environmental monitoring, and geoecology”. The
11t International congress “Interexpo Geo-Siberia-2015”, in two
volumes. Novosibirsk: SSUGT, 2015;2:49-55. (in Russian)

Riley M., Winkler B., Czajkowski C., Peters M. The roles of bicar-
bonate and CO, in transendothelial fluid movement and control of
corneal thickness. Invest. Ophthalmol. Vis. Sci. 1995;36:103-112.

Schmedt T., Silva M.M., Ziaei A., Jurkunas U. Molecular bases of cor-
neal endothelial dystrophies. Exp. Eye Res. 2012;95:24-34.

Solenov E.I. Cell volume and sodium content in rat kidney collect-
ing duct principal cells during hypotonic shock. J. Biophys. 2008;
2008:420963.

Vianna L.M., Li H.D., Holiman J.D., Stoeger C., Belfort R. Jr., Jun A.S.
Characterization of cryopreserved primary human corneal endothe-
lial cells cultured in human serum-supplemented media. Arq. Bras.
Oftalmol. 2016;79(1):37-41.

Whitcher J.P., Srinivasan M., Upadhyay M.P. Corneal blindness: a
global perspective. Bull. World Health Organ. 2001;79(3):214-221.

Winslow J.L., Cooper R.L., Atwood H.L. Intracellular ionic concen-
tration by calibration from fluorescence indicator emission spectra,
its relationship to the K(d), F(min), F(max) formula, and use with
Na-Green for presynaptic sodium. J. Neurosci. Methods. 2002;
118(2):163-175.

BaBuWNOBCKNI XKYpHan reHeTUKN 1 cenekuyumn - 2018 - 22 « 4

437



ﬂ MoneKynﬂpHan M KneTouyHasa 6uonorus
B OPUTUHAJIbHOE NCCNEOOBAHME / ORIGINAL ARTICLE

BaBunoBCKUi KypHan reHeTnky 1 cenekumn. 2018;22(4):438-444
DOI 10.18699/V]18.380

The characteristics of miRNA binding sites
in mRNA of ZFHX3 gene and its orthologs
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Transcription factor gene ZFHX3 is one of the candidate genes
involved in stroke development. The ZFHX3 protein contains
oligopeptides encoded by trinucleotide repeats (TNRs). TNR
variability is considered to be one of the causes of the disease,
but their biological function has not yet been established. We
assume that TNRs are the binding sites of miRNA to mRNA
and are involved in regulation of ZFHX3 gene expression. The
characteristics of miRNA-mRNA interaction were determined
using MirTarget software. It has been shown that the first

TNR in mRNA of the human ZFHX3 gene consists of the seven
consecutive miR-12-32603-3p binding encoding polyGlu. The
ZFHX3 protein of human polyGlu contains 30 Glu. In the or-
thologous proteins of 36 animal species the length of polyGlu
varied from 27 Glu to 33 Glu. Negatively charged polyGlu of
the ZFHX3 transcription factor probably interacted with posi-
tive DNA-binding proteins. The following mRNA region of the
ZFHX3 gene contained the binding sites for miR-17-39416-3p,
miR-5-15733-3p, miR-9-20317-3 encoding polyAla by 15 Ala
lengths. In the 33 ZFHX3 orthologous proteins polyAla had the
same length. The mRNA region of the human ZFHX3 gene with
binding polysite of miR-1322-3p encoded polyGIn consisting
of 19 GIn. In the 41 orthologs of the ZFHX3 protein the length
of polyGIn varied from seven GIn to 23 GIn. The binding sites
of miR-2-6184-3p, miR-5-14114-5p and miR-19-43437-5p were
located with overlapping nucleotides sequences, and encode
polyPro. In ZFHX3 human polyPro consisted of 12 Pro. In the
orthologs, polyPro contained from 10 Pro to 14 Pro. The bind-
ing sites of miR-17-39416-3p, miR-9-20317-3p, miR-1-1819-3p,
miR-5-15733-3p, miR-6-17815-3p, miR-18-39953-5p, miR-2-
6862-5p, miR-1260b and miR-X-48174-3p in human ZFHX3 en-
coded polyGly by 22 Gly length. In the 28 orthologs of ZFHX3
the length of polyGly decreased to 11 Gly. The TNR regions
could simultaneously bind several miRNAs, which increased
the dependence of gene expression on miRNA. The oligopep-
tides encoded by the binding polysites of miRNA in mRNA in
the orthologous ZFHX3 proteins were flanked by conserved
oligopeptides.

Keywords: miRNA; mRNA; ZFHX3 gene; ZFHX3 oligopeptides;
stroke.
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XapaKTepUCTUKU ITOJINCATOB
cBaspiBaHa MUPHK ¢ MPHK
reHa ZFHX3 1 ero OpTOJIOrOB

A.M. Konapibaepal, A.T. AkumunszosaZ, C.Y. Kamenosal,

A.T. ViBamenko? @

1 Kazaxckui HaLMOHaNbHbIN MeANLVHCKNA yHUBEpCUTET
nm. C.0. AcpeHansapoBa, Anmarbl, KazaxctaH

2 Ka3axcKuii HaLMoHanbHblil yHuBepcuteT um. anb-Dapaby,
Anmatbl, KasaxctaH

eH TpaHcKpunumnoHHoro gpaktopa ZFHX3 oTHOCUTCA K uncy
KaHAMAATHBIX FeHOB, YYaCTBYIOLMX B PAa3BUTUM MHCYJIbTA.

B 6enke ZFHX3 umetotca onuronentugpl, KOMPYeMble MOBTO-
pamu TpuHykneotuaos (MTH). ismerumsocTb MTH cunTatoT
OLHOW 13 NPUYMH 3a60N1EBAHWI, OfHAKO MX Gronormyeckas
byHKLMA He ycTaHOBReHa. Mbl npeanonaraem, yto NTH asna-
toTCA cantamm ceasbiBaHnA MMPHK ¢ MPHK 1 yyacTsyioT B pe-
rynaunm skcnpeccum reda ZFHX3. Xapaktepuctuku B3ammo-
fencteua MnPHK ¢ MPHK Haxoamnnu no nporpamme MirTarget.
MokasaHo, uto nepsbii [MTH B MPHK reHa ZFHX3 uenoBeka
COCTOUT 13 CEMU NOCNeA0BaTENbHO PACMONOXKEHHbIX CaliTOB
cBA3bIBaHNA MiR-12-32603-3p, kogupytowmx nonuGlu. B 6enke
ZFHX3 yenoseka nonuGlu copepxunTt 30 Glu. B opTOnornyHbix
6enkax 36 BUAOB XMBOTHbIX AnvHa nonnGlu n3meHanacb ot
27 po 33 Glu. OTpuaTenbHo 3apsKeHHbIN NnonuGlu TpaHc-
KpunuunoHHoro ¢aktopa ZFHX3, BepoATHO, B3avmoaencTsyet
C NMONOXMNTENBHO 3apsXKeHHbIMK 6enikamu, cBsizaHHbIMK ¢ [AHK.
Cnepytrowmin yyactok MPHK reHa ZFHX3 cogepunT canTbl CBA-
3blBaHMA MiR-17-39416-3p, miR-5-15733-3p, miR-9-20317-3p,
KoTopble KoanpytoT nonunAla gnuHow 15 Ala. B 33 optonoruu-
HbIx 6enkax ZFHX3 nonvAla umen oguHakoByto AnnMHy. Yyac-
Tok MUPHK reHa ZFHX3 yenoseka c nonmcanToM CBA3biBa-

HKA MiR-1322-3p koampyeT nonunGln, coctoAwmia ns 19 Gin.

B 41 optonore 6enka ZFHX3 gnvHa nonuGln nsmeHanace ot 7
A0 23 GIn. CaiiTbl cBA3bIBaHMA MiR-2-6184-3p, miR-5-14114-5p
1 miR-19-43437-5p pacnonoxeHbl C HAIOXKEHNEM HYKNeoTua-
HbIX NocnefoBaTenbHocTen 1 KoampytoT nonnPro. B ZFHX3 ve-
noeka nonunPro coctoan 13 12 Pro. Y opTonioros oH copep»an
o1 10 po 14 Pro. Cantbl cBA3bIBaHMA MiR-17-39416-3p, miR-9-
20317-3p, miR-1-1819-3p, miR-5-15733-3p, miR-6-17815-3p,
miR-18-39953-5p, miR-2-6862-5p, miR-1260b 1 miR-X-48174-3p
kogupoann y ZFHX3 uenoseka nonuGly gnvHoin 22 Gly.

B 28 optonorax ZFHX3 gnvHa nonnGly ymeHbLuanack go 11 Gly.
YuacTtkn MTH MmoryT ogHOBpEeMEeHHO CBA3bIBaTb HECKONIbKO
MUPHK, uTo yBennumnsaeT 3aBUCMMOCTb SKCMPECCMU reHOB OT
MUPHK. Onvronentunabl, Kognpyemble nonncantamy CBA3blBa-
HuA MUPHK B MPHK, B opTonornuHbix 6enkax ZFHX3 ¢naHku-
pOBaHbl KOHCEPBATVBHbLIMW OAMrONenTUAAMM.

Kntouesble cnoa: MMPHK; MPHK; ren ZFHX3; onuronenTtunabl
ZFHX3; nHcynbT.



considered as candidates to determine various subtypes

of stroke (Mineharu et al., 2006; Kurzepa et al., 2014;
Inose etal., 2015; Wu etal., 2017). These include the ZFHX3
gene encoding the transcription factor involved in the regula-
tion of expression of many genes. Disruption in ZFHX3 gene
expression was identified in stroke, atherosclerosis and other
cardiovascular diseases (Liu et al., 2014; Martin et al., 2014,
Chauhan et al., 2016; Hauer etal., 2017). Gene ZFHX3, being
a transcription factor, can manifest its function in a variety of
ways, and be a cause of different stroke subtypes. The gene
contains trinucleotide repeats that can participate in expression
of its function (Sobczak et al., 2010). It has been shown that
changes in the expression of ZFHX3 gene and other candidate
stroke genes correlate with miRNA level variation (Dhiraj et
al., 2013; Ji et al., 2016; Liang, Lou, 2016; Qingfeng et al.,
2016; Chen etal., 2017). MicroRNAs are effective regulators
of gene expression, so it is required to establish which miRNA
can regulate the expression of the ZFHX3 gene. MicroRNA
interaction with mRNA is determined by the physicochemical
properties of these molecules. Unfortunately, in the publica-
tions related to the subject only a few substantiated assump-
tions were made that led to significant errors in determining
the binding sites of miRNA in mRNA and interpreting of the
obtained results. Existing programs for detecting miRNA bind-
ing sites in the mRNA of target genes, unfortunately, predict
many false-positive sites (Peterson et al., 2014). To search for
the binding sites, we used the MirTarget program, determining
the characteristics of miRNA-mRNA interaction, including
the detection of multiple miRNA binding sites (Ivashchenko
et al., 2014). To improve the binding sites identification their
presence in the mRNA of orthologous genes was verified
(Ivashchenko et al., 2013; Atambayeva et al., 2017). The iden-
tification was necessary to be aware which organisms can be
selected as model organisms in the study of stroke and other
cardiovascular diseases. The conducted research will help
determine the effect of miRNA on the expression of ZFHX3
and other candidate genes involved in stroke development.

E ; ome genes have been identified in stroke and they are

Materials and methods

The nucleotide mRNA sequences of the ZFHX3 gene and its
orthologs were taken from GenBank (http://www.ncbi.nlm.
nih.gov). The following abbreviations of species names were
used: Acinonyx jubatus — Aju, Ailuropoda melanoleuca — Ame,
Alligator mississippiensis — Ami, Anasplatyrhynchos — Apl,
etc. (Supplementary table 1)!. miRNAs were taken from miR-
Base Release 21 (http://mirbase.org) and the article (Londin
et al., 2015) (Supplementary table 2).

The search for miRNA target genes was carried out in the
MirTarget program (Ivashchenko et al., 2014). The program
defines the origin of miRNA binding sites with mRNA, the
location of sites in the 5’-untranslated region (5'UTR), the
protein-coding region (CDS) and the 3'-untranslated region
(3'UTR) of mRNA, the free energy of hybridization (AG,
kJ/mole) and schemes of miRNA nucleotides interaction
with mRNA. The AG/AGm (%) ratio was calculated for each
site, where AGm is the free miRNA binding energy of a fully
complementary nucleotide sequence. The miRNA binding

1 Supplementary tables 1-16 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx7.pdf
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sites were selected to have the AG/AGm ratio of more than
85 %, taking into account the miRNA length and AG value.
The position of binding sites was indicated from the first nucle-
otide of 5'UTR in mRNAs. The MirTarget program took into
account the interactions of miRNA nucleotides with mRNA
target genes not only between adenine (A) and uracil (U),
guanine (G) and cytosine (C), but also between A and C, G
and U, via a single hydrogen bond. The distance between A
and C was equal to the G-C, A-U, and G-U distances. The
numbers of hydrogen bonds in the G-C, A-U, G-U and A-C
interactions were found to be 3, 2, 1 and 1, respectively. The
free binding energies of these nucleotide pairs were accepted
as the same values (3:2:1:1). The program determines the
interaction of mRNA with miRNA over its entire length and
allows one unpaired nucleotide in mRNA, but not in miRNA,
since it is bound in the RISC complex.

Results and discussion
The miRNA binding sites in the mRNA of the ZFHX3 gene
were detected in 5’UTR, CDS, 3'UTR (Supplementary tables 3
and 4) and the vast majority of miRNA binding sites are lo-
cated in the CDS. Table presents the characteristics of miRNA
interaction with the mRNAs of the human ZFHX3 gene. Some
miRNAs had a single binding site in mRNA that was located
separately from the binding site of the same miRNA or to-
gether with the binding sites of other miRNAs. Some miRNAs
had two or more sequential binding sites, overlapped with
their nucleotide sequences, we called polysites (sequentially
located binding sites of the same miRNA). When polysites
were located in the CDS, they encoded a sequence of one
amino acid, for example, polyGln in HTT, ATXNI, ATXN7,
TBP, AR genes, polyGly in EVX, HOX, HOXD13, GATA genes,
polyGlu in FXN gene, polyPro in ALG13, DIAPHI, FMNL2,
PCLO, SRPK2, ZFHX4 genes (http://www.ncbi.nlm.nih.gov)
etc. If the binding sites of two or more different miRNAs were
located with overlapping nucleotide sequences, this mRNA
site was called a multiple site. Messenger RNAs of the ZFHX3
gene contain both poly- and multiple sites.

None of the known programs for search of miRNA binding
site has been able to search for such sites. Each of the sites
included in multiple miRNA binding sites can have the same
miRNA interaction characteristics with mRNA. However,
there are polysites and multiple miRNA binding sites includ-
ing a binding site with higher mRNA-miRNA interaction
characteristics. This causes a longer residence time for the
RISC complex in this binding site. The remaining sites in-
crease the probability of catching the RISC complex. With a
large number of binding sites in polysites and multiple sites,
mRNA can bind two or more RISC complexes including
miRNA. The identification of all miRNAs that bind to mRNA
of ZFHX3 gene is necessary to evaluate their effect on the
expression of ZFFHX3 gene and to determine the dependence
of its expression on the expression of other genes that are
targets for these miRNAs.

The simplistic understanding of the relationship between
miRNA and a target gene is widely spread and states that if
the binding of miRNA to the gene mRNA is established, the
problem is regarded as solved. However, for this miRNA,
there may be other target genes with stronger interaction, or
the mRNA of one gene can interact with several miRNAs.
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The beginning of site, nt

miRNA

Note: The number of miRNAs binding sites is indicated in parentheses.

Therefore, it is necessary, at least computationally, to know
which miRNAs can bind to the genomic mRNA genes. This
task can be successfully solved using our program that predicts
miRNA - mRNA binding sites and determines the quantitative
characteristics of this interaction.

In the mRNA protein-coding region of the ZFHX3 gene, the
miR-2-8257-5p binding site is located first and encodes the
PSARPPPP octapeptide (Supplementary table 5). This binding
site is present in the mRNA orthologs of the ZFHX3 gene and
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AG, kJ/mole

AG/AGm, % The length, nt

encodes an identical peptide or it is different by one or more
amino acids. The QTYMEHHC peptide in front of it and the
LREESASD peptide behind it are absolutely conserved in the
ZFHX3 protein of 23 animals.

The binding site of miR-20-23817-3p was located at the be-
ginning of mRNA nucleotide sequence and encoded the PAG-
SAAGP octapeptide in the orthologous proteins of 20 animal
species (Supplementary table 6). In the orthologous proteins
of other animal species, the miR-20-23817-3p binding site
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included nucleotide substitutions and encoded octapeptides
different from PAGSAAGP. However, the characteristics of
miR-20-23817-3p interaction with mRNA of ZFHX3 gene
of these species were comparable to those for the first group
of animals, which indicated the functional ability of miR-
20-23817 to regulate the ZFHX3 gene expression in these
animal species. Notably, the oligopeptides MEGEEAL and
EQPQAGLL adjoining to the oligopeptide encoded by the
miR-20-23817-3p binding sites are absolutely conserved in
the ZFHX3 protein of studied animal species.

For miR-12-32603-3p seven binding sites were identified
in the mRNA of the ZFHX3 gene (see Table). They encoded
polyGlu replacing two Glu positions with Ala (Supplementary
table 7). The presence of polysite for miRNA binding site
promoted capture of the RISC complex and its further advanta-
geous finding in the position of the site with the maximum free
energy of mRNA-miRNA interactions. The site for miR-12-
32603-3p was located in the region from 2080 nt for which
AG and AG/AGm values were maximum: —115 kJ/mole and
92 %, respectively. MicroR-6891-3p binding site encodes the
EEEEDE hexapeptide. It should be noted that in the 2D struc-
ture of the encoding polyGlu sites there was no intramolecular
interaction of nucleotides and the entire polysite nucleotide
sequence was capable of binding several RISC complexes.
The mRNA region adjacent to the miRNA binding polysites
from the 3’-end encoded D(E)EGCKGLF oligopeptide, and
the region from the 5'-end encoded FSEKA(V)EPA oligo-
peptide (see Supplementary table 7). MicroR-12-32603-3p
binding sites encodes from 27 to 33 amino acids in the ZFHX3
orthologous proteins. The functional role of polyGlu in the
ZFHX3 protein has not been described in the literature. It is
possible that hydrophilic polyGlu imparts high solubility to
the transcription factor ZFHX3 and ensures its interaction
with positively charged DNA-binding proteins, freeing up
DNA for transcription. It means that the region of miR-12-
32603-3p binding sites performs two functions: a) provides
suppression of the synthesis of the transcription factor ZFHX3
by miRNA and as a result blocks the expression of ZFHX3-
dependent genes, b) without or with a lower concentration
of miR-12-32603-3p, compared to the concentration of the
mRNA of ZFHX3 gene, the polysite encodes a polyGlu neces-
sarily for the functioning of the transcription factor. The syn-
onymic codons of miR-12-32603-3p binding sites in mRNA
of Hsa, Mmu and Hgl are used in the GAG,,GAAGCG,,
GAG ;GAA,GCG,GCA,| and GAG,,GAA,GCG,GCA, ra-
tios, respectively. In the third position of the codons for Glu
and Ala, guanine is used.

The next region of mRNA gene containing the binding
sites of miR-17-39416-3p, miR-5-15733-3p, miR-9-20317-
3p, was located in the region from 2978 nt to 3027 nt (see
Table). From the 5'-end to the multiple binding sites adjoins
the site of mMRNA region, encoding the absolutely conservative
GGEQVFSH octapeptide (Supplementary table 8). From the
3’-end of the binding sites, a less homologous oligopeptide was
encoded. The binding sites of miR-17-39416-3p encoded the
TAGAAAAA, GAAAAAVA,AAAAVAAA and AAVAAAAA
oligopeptides. The binding sites of miR-5-15733-3p encoded
the AAAAAVAA, AAAVAAAA and AAAAAAAN octa-
peptides. The binding sites of miR-9-20317-3p encoded the
AAAAAVAA, AAAVAAA, AVAAAAA and VAAAAAAA
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oligopeptides. Therefore, the mRNA region of ZFHX3 gene,
with overlapping multiple sites, was a compact target for three
miRNAs that competed with each other for the binding site.
The highest value of free binding energy (AG =-129 kJ/mole)
was in miR-5-15733-3p and miR-9-20317-3p, which indicates
a significant effect on the mRNA translation of the ZFHX3
gene with an equal concentration of miRNA and mRNA.
The ZFHX3 protein regions encoded by the binding sites of
miRNAs studied above were identical in mice and rats and dif-
fered a little from those in humans (see Supplementary table 8).
While the functional role of polyAla in the ZFHX3 protein
remains unknown, the 2D structure of the encoding polynucle-
otide in mRNA makes it easy to bind miRNA due to the small
number of intramolecular interactions of the nucleotides of this
mRNA region. Synonymic codons miR-12-32603-3p binding
sites in mRNA of Cca are GCG(GCA,GCC,GCT,, Hsa —
GCG,GCA,GCC,GCT,, Mmu — GCG,GCA,GCC,GCT,,
Ppa—GCG,,GCA,GCC,GCT,, Rno—-GCG,GCA,GCC,GCT,.

Another mRNA region with the miR-1322 binding polysite
encoded polyGln (Supplementary table 9). The first binding
site encoded the RQQQQQ hexapeptide. In humans polyGln
consisted of 19 Gln, and in rats and mice — from 14 and 13 Gln,
respectively, which could affect the expression degree of the
polyGln function. The miR-1322 binding sites in the mRNA
ofthe ZFHX3 gene of all studied animal species were located
between the nucleotide sequences encoding the conservative
LADMIAS (from the 5-end) and AQTLAQAQ (from the
3’-end) oligopeptides. Only in Xtr polyGln Gln changed to
Leu. The function of polyGln remains unknown. We assume
that the polysite binds to miR-1322, so the encoded polyGIn
of ZFHX3 transcription factor can interact with negatively
charged regions of DNA-binding proteins. Another our as-
sumption is that the polyGlIn variability of ZFHX3 protein is
associated with the development of several diseases, but the
way it happens remains unknown (Liu et al., 2014; Martin et
al., 2014; Chauhan et al., 2016; Hauer et al., 2017). Synonymic
codons miR-12-32603-3p binding sites in mRNA of Cfa are
CAACAG,,, Cfe— CAA,CAG,,, Hsa— CAA;CAG, Phu—
CAA,CAG,, Ssc — CAA,CAG,,, Tch— CAA,CAG,,.

The binding site of miR-11-29856-3p encoded the abso-
lutely conservative heptapeptide TETLLQL, presented in the
protein of 55 species of animals (Supplementary table 10).
Absolutely conservative heptapeptide LLPHFPMT adjoined
the N-terminus of the heptapeptide, and the variable region of
the ZFHX3 protein — the C-terminus. The high conservation
of miR-11-29856-3p binding site suggested the important role
of this miRNA in regulating the expression of ZFHX3 gene
even in the early stages of animal evolution since its binding
site is present in Xzr.

Supplementary table 11 presents the variability data of
multiple binding sites miR-2-6184-3p, miR-5-14114-5p
and miR-19-43437-5p encoding the PPPPPPP heptapeptide
for an equal length. While the 5’-end of the multiple sites
encoded absolutely conserved octapeptide PLRPQTPE, the
LPAAPPQP octapeptide was located at the 3’-end. As far as
stroke markers are concerned, it is possible to assume there is
an association between miR-5-14114-5p and miR-2-6184-3p
with the target gene ZFFHX3 whose binding sites have the AG
values of —123 kJ/mole and —117 kJ/mole, respectively. The
functional value of polyPro is unknown. Synonymic codons
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of miR-2-6184-3p, miR-5-14114-5p and miR-19-43437-5p
binding sites in mRNA of Hsa were CCA ,CCU,CCC,, Mmu —
CCA,CCU,CCC,CCGy, Rno — CCA,CCU,CCC,CCG, Xtr—
CCA,CCUCCC,.

The absolute conservativeness of the SNPLLASQ octapep-
tide encoded the miR-3692-5p binding site in the mRNA of
ZFHX3 gene of 57 animal species (Supplementary table 12).
The 5'-end of the binding site encoded the absolutely con-
served PLRPQTPE octapeptide. From the 3'-end of the
SNPLLASQ octapeptide, the highly conserved octapeptide
LLSGAIPQ was located in most animal species. With
AG =-119 kJ/mole and the AG/AGm value of 90 %, the as-
sociation of miR-3692-5p with the target gene ZFHX3 could
serve as a stroke marker. MicroR-3692-5p was co-expressed
with the gene of the ZDHHC14 transcription factor, which is
expressed in many tissues as an oncosupressor (Yeste-Velasco
etal., 2014).

In the region from 10798 nt to 10890 nt, three binding sites
of miR-1322-3p separated by codons into a RQL tripeptide
and a KV dipeptide were located in the human gene mRNA
(Supplementary table 13). In ZFHX3 gene mRNA of other
animal species, these miR-1322-3p binding sites differed sig-
nificantly in the number of codons and in the number of en-
coded Gln, accordingly. For example, in the rat ZFHX3 gene
the first polysite encoded 15 Gln, the second polysite encoded
8 Gln and the third polysite — again 15 Gln. Therefore, the
rat could not be an adequate model for studying diseases in
which polyGiln is involved in the ZFHX3 protein. The longest
polypeptide of 33 Gln was encoded by the second binding site
in the ZFHX3 Pma mRNA.

The miR-6779-5p and miR-671-5p binding sites of the
human ZFHX3 gene mRNA overlapped with nucleotide se-
quences encoding the QTPVPP and PVPPGAP, oligopeptides,
respectively (Supplementary table 14). Substitution of Pro for
Ser, Gln, Thr or Ala in different animal species was a reflection
of changes in one nucleotide in the binding site. However, the
energy of miR-6779-5p and miR-671-5p interaction with the
ZFHX3 gene mRNA varied insignificantly. QTPVPPGAP-
bound oligopeptides QQPKAS and SPDKDPAK were highly
conserved in the vast majority of species, so they probably
perform a highly significant function in the ZFHX3 protein.

Supplementary table 15 shows the variability of the amino
acids encoded by the binding sites of nine miRNAs in the
theorthologous ZFHX3 gene mRNA. The mRNA region
located from 11193 nt to 11264 nt overlapping of the nucleo-
tide sequences of the nine miRNA binding sites encoded
polyGly with one substitution of Gly by Ser. The twelve
miR-17-39416-3p binding sites encoded the GGGGGGSG,
GGGGSGGG, GGSGGGGEG, GSGGGGGGE, SGGGGGGG
octapeptides and the seven GGGGGGGG octapeptides. The
binding sites in positions between 11223 nt and 11232 nt had
the greatest free binding energy AG equal to—121 kJ/mole and
the AG/AGm value of 92 %. Nine miR-9-20317-3p binding
sites in the mRNA of the human ZFHX3 gene encoded the
GGGSGGGG oligopeptide, seven GGGGGGGG oligopep-
tides and a GGGGGGGS oligopeptide. The two miR-1-1819-
3p binding sites and one miR-6-17815-3p binding site encoded
GGGGGGG. The miR-18-39953-5p and miR-2-6862-5p
binding sites encoded one of the GGGGGGG heptapeptide.
MicroR-1260b had six binding sites, encoding one GGSGGG
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and five GGGGGG hexapeptides. miR-5-15733-3p binding
sites encodes GGGGGGGS and GGGGGSYH. Two binding
sites of miR-X-48174-3p encoded oligopeptides GSGGGGGG
and GGGGGGGG. Synonymic codons of miRNA binding
sites in MRNA of Cca, Nga and Lve were used in the ratios
GGC,,GGU;,, GGC,,GGU, and GGC,;GGU;,, respectively.
In the third position of synonymous codons, only pyrimidines
were used.

As it has been mentioned above, the miR-9-20317-3p
binding site encoded the AAAAAAA oligopeptide (see
Supplementary table 8). In the mRNA region from 11193 nt
to 11264 nt the miR-9-20317-3p binding site encoded the
GGGGGGGG oligopeptide (see Supplementary table 15).
This explains why, for example, the nucleotide sequence
geggeggeggeggeggeggeg can be translated into three read-
ing frames, where the first reading frame corresponds to the
AAAAAAA oligopeptide, the second reading frame — to
the RRRRRR oligopeptide and the third reading frame — to
the GGGGGG oligopeptide. For this reason, the miR-5-
15733-3p and miR-17-39416-3p binding sites in the region
encoded polyAla, and in the mRNA region from 11193 nt to
11264 nt — polyGly. The assumption that a single nucleotide
sequence of binding polysites can encode the oligopeptide
in the three reading frames has been confirmed in the study
of miR-1322-3p binding with the mRNA of 48 human genes
that demonstrated the way of polyGln, polySer and polyAla
were encoded by miR-1322-3p (Niyazova et al., 2015;
Atambayeva et al., 2017). Synonymic codons of the miRNA
binding sites in the mRNAs of Hsa, Csa and Pab were used
in the ratios GGC,,GGU,AGU,, GGC,;GGU;AGU, and
GGC,,GGU,AGU,, respectively. In the third position of
binding sites synonymic codons only pyrimidines were used.
In Cca, Nga and Lve mRNAs were no Ser among polyGly,
and synonymic codons kept the advantageous use of GGC co-
dons: GGC,,GGU;, GGC,,GGU,, GGC,;GGU;. In the third
position of synonymous codons, only pyrimidines are used.

From 11461 nt to 11503 nt seven miRNA had one to five
mRNA binding sites (see Table). Supplementary table 16
shows the variability of the amino acids encoded by the bind-
ing sites of these miRNAs. Two miR-19-21199-3p binding
sites encoded the PPPPSAAAP and PPSAAAPSS nonapep-
tides. The miR-1-2121-3p and miR-19-33623-3p binding sites
encoded the same PPPPSA AAP nonapeptide. One binding site
of miR-5-14114-5p encoded the PPPPSAAA octapeptide. The
miR-1-2770-3p and miR-2-6184-3p binding sites encoded the
PPPPSAAA and AAPSSASP octapeptides. Three miR-3960
binding sites encoded heptapeptides PPPPSAA, PPPSAAA
and PPSAAAP. The binding sites of seven miRNAs in rat and
mouse mRNAs were not different from those in humans; only
an Ala codon was converted into a Ser one, which had little ef-
fect on the energy of miRNA interaction with mRNA in this re-
gion, so rats and mice can serve as adequate models for study-
ing the effect of these miRNAs on the ZFHX3 gene expression.

The transcription factor ZFHX3 gene is unique for several
reasons. Its mRNA contains binding sites for 26 miRNAs,
so its expression depends on several host genes that are co-
expressed with their miRNA (Hoeppner et al., 2009; Ma et
al., 2011; He et al., 2012; Li et al., 2015), or are dependent
on the expression of miRNA genes that are located between
protein-coding genes.
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For some miRNAs in mRNA there are polysites encoding
oligopeptides: polyGlu, polyAla, polyPro, polyGly, polyGln.

A mRNA contains several regions that include multiple
binding sites for several miRNAs with overlapped nucleo-
tide sequences. Most of the studied binding sites are located
in the protein-coding region, which allows us to assume the
function of the encoded oligopeptides. Changes in codon us-
age frequencies and their location in binding sites encoding
oligopeptides do not significantly affect the energy of miRNA
interaction with the ZFHX3 gene mRNA. For three miRNAs
there are two homologous sites separated by 8215 nt, contain-
ing miRNA binding sites. These regions encoded oligopeptides
in two different reading frames corresponding to the binding
sites of these miRNAs. These duplicating regions of miRNA
binding sites increase the control of these miRNAs for the
ZFHX3 gene expression, which indicates that miRNA binding
sites are “indifferent” to what they encode. In some cases, the
encoded oligopeptides can perform the necessary function
for the ZFHX3 protein. For example, polyGlu oligopeptide
can interact with positively charged DNA-binding proteins.

When selecting miRNA and mRNA associations as a
marker of the disease one should meet the folowing con-
ditions: (1) high binding energy of miRNA with mRNA;
(2) high AG/AGm value; (3) the presence of multiple binding
sites in mRNA for miRNA; (4) certain degree of conserva-
tism of miRNA binding sites in orthologous gene mRNAs.
On these grounds, it is proposed to use the miR-20-23817,
miR-9-20317-3p, miR-19-21199-3p, miR-19-33623-3p and
miR-1-2121-3p associations with the ZFHX3 gene mRNAs
as markers for the diagnosis of stroke and other diseases for
which ZFHX3 gene is the candidate gene causing their devel-
opment. These miRNAs were associated with mRNA of gene
with a free energy AG value equal to —130 kJ/mole and more.

In the experiments establishing the role of miRNA in the
regulation of gene expression, it is necessary to consider the
following circumstances, which in many publications are not
taken into account. MicroRNAs in a complex with RISC bind
to mRNA and manifest themselves as inhibitors of translation,
therefore the description of their action used in biochemistry
is applicable.

The miRNA interaction mRNA is determined by the physi-
cochemical properties of these molecules. Unfortunately, in
the study of this interaction, little-grounded assumptions were
made that led to significant errors in the determination of
miRNA binding sites in mRNA and interpretation of the ob-
tained results. Existing programs for identification of miRNA
binding sites in mRNA of target genes, unfortunately, predict
many false-positive sites (Peterson et al., 2014). To increase
the reliability of the predicted binding sites, we have studied
orthologous genes of different animal species (Atambayeva
etal., 2017).

Conclusion

The mRNA of the ZFHX3 gene contains binding sites for
26 miRNAs. This fact indicates a strong dependence of the
ZFHX3 gene expression on miRNA. The binding sites of these
miRNAs are found in the protein-coding region of the ZFHX3
gene mRNA and encode the oligopeptides located between the
conservative flanking ZFHX3 protein oligopeptides. Identical
nucleotide sequences of binding sites of one miRNA located
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in different locations of mRNA encode different oligopeptides
in different reading frames. The mRNA of the ZFHX3 gene
contains consecutively located binding sites for one or more
miRNAs that encode oligopeptides.

The identified miRNAs can be used as a marker of disease
development involving ZFHX3 gene. The impact effectiveness
of each miRNA on the expression of ZFHX3 gene depends on
the free energy of their interaction and on the ratio of miRNA
concentrations, since the miRNA binding sites (RISC) coin-
cide or overlap. In addition, the ratio of miRNA and mRNA
of ZFHX3 gene concentrations is very important. The pro-
longing length of the miRNA binding polysites increases the
probability of the interaction of one or more miRNAs with
mRNA of ZFHX3. The detection of miRNA binding sites in
mRNA of paralogous genes allows to determine the adequacy
of experimental animals for studying the diseases caused by
the effect of miRNA.
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Vaccination forms active immunity and represents an
effective way of preventing tick-borne encephalitis

(TBE). However, excessive vaccination is unjustified

in terms of economics and medical ethics. One of the
individualized approaches to vaccines is the selection

of vaccine doses depending on the expected levels

of immune response. Therefore, there is a need for

new methods for assessing potential human immune
responses prior to vaccination. The aim of this study

was to determine possible association between single
nucleotide polymorphisms (SNPs) located within OAS2
and OAS3 genes, which have been previously associated
with the development of severe forms of TBE, and the
formation of antibodies and cytokines upon vaccination
against TBE. The study involved 97 volunteers of both
sexes who had not previously been vaccinated against
TBE and had no contact with ticks. Venous blood samples
were collected one month after vaccination against TBE
using the EnceVir vaccine. Levels of specific IgG antibodies
against tick-borne encephalitis virus and interleukin 4 (IL-4)
were analyzed. Genomic DNA samples were genotyped
for the SNPs rs2285932, rs2072136, rs1293762, rs15895
and rs1732778 in genes encoding 2'-5'-oligoadenylate
synthetases OAS2 and OAS3. Antibody production in
response to vaccine administration was significantly
associated with SNP rs1732778 in the regulatory region

of the OAS2 gene. This indicator was significantly higher in
people with heterozygous genotypes G/A as compared to
people with homozygous genotypes G/G and A/A. Carriers
of the A allele (G/A or A/A genotypes) of the same SNP
had reduced IL-4 levels as compared to the homozygous
G/Gindividuals. Thus, the data obtained indicate that

SNP rs1732778 in the regulatory region of the OAS2 gene
correlates with the formation of antiviral IgG antibodies
and changes in IL-4 levels upon vaccination. Evidently, the
genetic polymorphism in OAS2 gene should be considered
when performing individualized TBE vaccinations.

Key words: tick-borne encephalitis; vaccination; IgG
antibodies; gene; OAS2; OAS3; single nucleotide
polymorphism; association.
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> [oCyapCTBEHHbII HayUHbIN LIEHTP BUPYCONOTNN 1 BUOTEXHONOMAN
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BakumHaums asnaetca 3dPeKTMBHbIM CPeACTBOM NPODUIAKTUKM
KneleBoro sHuedanvTa, opmM1pyoLLUM aKTUBHBIA UMMYHUTET.
OpHako M36bITOYHAA MMMYHM3aLMA NPY BaKUMHaLMW HeoMnpaB-
[aHHa C TOYKM 3peHVA SKOHOMUKM 1 MeAULIMHCKON 3TUKK. OfHM
13 NOAXOA0B K MHANBUAYaNM3aLMN BaKLMHALMK MOXET 6bITb
noabop 03 BaKLVHbI B 3aBUCMMOCTM OT OXKMAAEMOTO YPOBHA UM-
MyHHOFO OTBeTa nauueHTa. [103ToMy BO3HMKaeT HeO6X0ANMOCTb
pa3paboTKy METOLO0B OLIeHKM MOTEHLMaJIbHOTO YPOBHA UMMY-
HOMOrMYECKNX peakumin Yenoseka Ao NPOBEAEHNA BaKLMHALMN.
Llenb paboTbl — NOMCK BO3MOXHbIX acCOLMaLNA OQHOHYKNeoTU -
HbIX nonMmopdHbIx Mapkepos (OHIM) B reHax OAS2 n OAS3, pna
KOTOpPbIX paHee Obina HaAeHa Koppenauna C pa3BUTUEM TAXKESbIX
dopm KneweBoro sHUedannTa, a TakxKe C 06pa3oBaHNEM aHTUTEN
1 LMTOKNHOB MOC/e BakyMHaLMN NPOTUB KeLleBoro sHuedanuta.
B nccneposaHmm npuHanu yyactre 97 gobposonbles ob6oero
nona, paHee He BaKLMHWPOBAHHbIX N HE UMEBLUMX KOHTaKTOB

C Knewamm. Yepes oanH MecAL, Nocsie MMMYHU3aLUy BakLMHOW
«3HUeBnp» y HUX 6panv Npob6bl BEHO3HOW KPOBU. AHaNM3npoBanmu
ypoBHU crnieuyunduryecknx aHtTnTen IgG npoTrB BUpYCa Knelle-

BOro 3HUedanuTa n uHtepnenknHa 4 (U1-4). leHotnuposanu
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OHIM rs2285932, rs2072136, rs1293762, rs15895 n rs1732778 B
reHax 2'-5"-onuroageHunatcuHrtetas OAS2 n OAS3. BbipaboTka
aHTUTeN B OTBET Ha BBefeHMe BaKLMHbI Oblla OCTOBEPHO acco-
uumnpoBaHa ¢ OHIM rs1732778 B perynatopHom paioHe reHa OAS2.
TOT NoKa3aTenb OKa3ancA CyLeCTBEHHO BblLUe Yy NOAeN C rete-
PO3UroTHbIM reHoTUNoM G/A , ueM y Cy6beKTOB C FOMO3UMOTHBIMM
reHoTunammn G/G n A/A. lHgnBuabl-HoCcUTenn annens A B cocTaBe
reHoTunoB G/A n A/A 31oro e OHI umenn CHUXKEeHHBbIN ypo-
BeHb /J1-4 no cpaBHeHMIO C rOMO3UrOTHbIMU HAUBKUAaAMU G/G.
[onyyeHHble Hamy pe3ynbTaTbl CBUAETENLCTBYIOT O TOM, 4To OHI1
rs1732778 B perynatopHoii obnactu reHa OAS2 accoummpoBaH ¢
06pasoBaHVeEM NPOTUBOBUPYCHbIX aHTUTeN IgG 1 ypoBHem UJT-4
nocse BakuyHauuu. Mo-Bnanmomy, reHeTyeckmin nonumopdusm
B reHe OAS2 cnepyeT NprHUMaTb BO BHUMaHMe Npu UHAMBKAYa-
Nn3aunn BakLUMHONPOOUNaKTUKIM KnelleBoro sHuedanuTa.

KntoueBble cnosa: Kneweson sHUedanuT; BakumHaumsa; IgG
aHTuTena; reH; OAS2; OAS3; OfHOHYKNEOTUAHBIN Nnonumopdrm;
accoumauyms.
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infection that manifests as fever, intoxication and

damage to the gray matter of the brain (encephalitis)
and/or meninges (meningitis and meningoencephalitis)
(Ierusalimsky, 2001). The disease can lead to long-lasting
neurological and psychiatric complicating disorders or even
death of the infected patient. TBE agent is the RNA-containing
virus (TBEV) of the family Flaviviridae. The main vectors
of disease and natural reservoir for the agent to survive are
scale ticks Ixodes persulcatus and Ixodes ricinus. The cases
are being detected more and more often in new areas as the
evidence of the virus migration (Valarcher et al., 2015).
Vaccination is the efficient way of preventing TBE by active
immunity forming (Bilalova, 2009). Constant growth of
people mobility and intensification of migration process make
vaccination more and more urgent.

As new information is accumulated on immune response
development mechanisms, its prediction and potential side
effects, the differentiated approach towards preventive,
or so called individualized vaccination, becomes actual
(Medunitsin, 2004). Individualized vaccination aims to
create necessary immune protection for the organism
avoiding excessive immunization, which is unjustified and
inappropriate in terms of economics and medical ethics. One
ofthe individualized approaches is the vaccine dose selection
depending on its potency, vaccination process stage and the
expected levels of immune response. Thus, the methods should
be developed to assess the potential human immune responses
prior to vaccination.

Individual variability of antibodies formation and long-term
post-vaccinal presence is mainly determined by the inherited
peculiarities of cell-mediated and humoral immunity, type of
the vaccine, vaccination schedule and some environmental
factors, like nutrition (Poland et al., 2008). Genes to encode
the immune system proteins and DNA regulatory regions
near them comprise a large number of single nucleotide
polymorphisms (SNPs) (Poland et al., 2011). In the main

Tick-borne encephalitis (TBE) is a natural focal viral
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complex of histocompatibility genes, cytokine genes and their
receptors, SNPs have been established to correlate with the
individual immune response (or its absence) to the vaccination
(Linnik, Egli, 2016).

2'-5"-oligoadenylate synthetase protein family (OAS) are
important factors of innate antiviral immunity. In humans,
there are known four genes encoding the proteins of this
family. They are OA4S1, OAS2 and OAS3 located as a cluster
in q24 region of the chromosome 12 and OASL localized in
chromosome 12. In the cell, OAS1, OAS2 and OAS3 proteins
are in monomeric form. dsSRNA of the virus causes activation
of enzymes which use ATP as a substrate and catalyze
AMP polymerization producing 2'-5"-oligoadenylates.
Their reaction with latent endoribonuclease L leads to its
dimerization and activation, thus to both cell RNA and
VRNA degradation and consequently, virus reproduction is
suppressed. mRNA transcription of the OAS family genes
is induced by interferons (Hovanessian, Justesen, 2007;
Kristiansen et al., 2011; Yudin et al., 2018).

In groups with severe TBE cases (central nervous system
damages as meningo-encephalitic form of the disease)
and milder ones without central nervous system damages
(meningeal form, fever) and/or population control, analysis
of 23 SNPs within OA4S1, OAS2, OAS3 and OASL genes
has previously revealed statistically significant distinction
between genotype, allele and/or haplotype frequencies by five
SNPs; those were 151293762 (intron2), rs15895 (3'-UTR),
rs1732778 (3’-flanking region) of OA4S2 genes and rs2285932
(exon6, 11e438lle), rs2072136 (exon8, Ser567Ser) of OAS3
genes (Barkhash et al., 2010). SNPs within the genes of OAS
family are associated with susceptibility to other diseases
caused by flaviviruses, such as West Nile fever (Yakub et al.,
2005; Lim et al., 2009; Bigham et al., 2011; Danial-Farran
et al., 2015) and Dengue fever (Alagarasu et al., 2013;
Thamizhmani, Vijayachari, 2014), or with the response to the
hepatitis C antiviral interferon therapy (Imranet al., 2014).
ILH. Haralambieva et al. (2010) established the association

Medical genetics



Accoumauma reHos OAS C UMMYHUTETOM
NPOTUB KreLeBoro sHuedanvTa

of 23 SNPs in the OAS cluster with the level of antibodies
and interleukin-4, interleukin-6 and interleukin-10 secretion
upon rubella vaccination.

The study targets to determine possible association between
SNPs located within OAS2 and OAS3 genes being previously
associated with the development of severe forms of TBE, and
the formation of antibodies and cytokines upon vaccination
against TBE.

Materials and methods

The study involved 97 volunteers (56 men and 41 women)
aged from 15 to 30 years old (median age 26) who had
not previously been vaccinated against TBE and had no
contact with ticks recorded in their surveys. The EnceVir
vaccine against TBE (SPA “Microgen”, Tomsk) was used for
vaccination. It is a purified concentrated sterile suspense of
inactivated by formalin and aluminum hydroxide adsorbed
TBE virus grown in suspension culture of chicken embryos.
Vaccination was performed according to the scheme proposed
by the manufacturer. Venous blood samples were collected
one month upon the vaccination. The project was approved
by the ethics committee of the Research Institute of Internal
and Preventive Medicine, the branch of the Federal Research
Center Institute of Cytology and Genetics SB RAS. The
informed consent to participate in the investigation was
received from all the patients.

Levels of specific IgG antibodies against tick-borne
encephalitis virus (TBEV) and interleukin 4 (IL-4) were
analyzed by immune-enzyme assay using test-systems
VectoTBE-IgG-strip and Interleukin-4-IEA-BEST (JSC
“Vector-Best”, Koltzovo, Novosibirsk region).

The genomic DNA was isolated by peripheral blood
proteolysis followed by phenol extraction (Sambrook, Russel,
2006). Genotyping for the SNPs rs2285932, rs2072136,
rs1293762, rs15895 and rs1732778 in genes encoding
2'-5" -oligoadenylate synthetases O4S2 and OAS3 was
performed in accordance with techniques proposed by
A.V. Barkhash et al. (2010). Genotype deviation of distribution
from Hardy — Weinberg equilibrium was determined by
Hardy — Weinberg equilibrium calculator (http://www.oege.
org/software/hwe-mr-calc.shtml).

The Kolmogorov—Smirnov test was used to assess the
distribution normality of the traits under the study. As
the distribution of the characteristics was not normal, the
medians were calculated and 2575 % quartiles in the groups
being compared. The gender effect was assessed by Mann-
Whitney U test. Gender turned not to affect the analyzed traits
significantly and it was not further taken into account. For
genotype effect assessment, general linear model was used.
For statistical analysis of the dependent variable (specific IgG
antibodies level), logarithmic transformation to normality was
applied. Our earlier study of the same sample has established
the certain influence of the age on this indicator (Lutova et
al., 2016). Thus for the model, genotype was taken as a fixed
factor, while age as a covariate. Paired comparison was made
by post hoc analysis, F-test being applied. Critical value of
statistical significance for null hypothesis was taken as 0.05.
For the data treatment the software package STATISTICA
8.0 was used.

MeguumHCcKas reHeTrKa

2018
22-4

H.C. t0guH, A.B. Urowwn, CJ1. JlyToBa
A.ToH, M./. BoeBoga, B.A. bensisckas

Results

We have registered the protective immune response against
TBE in 85.8 % of women and 86.3 % of men, the IgG level
being > 100 IU/ml. Analogous results were earlier obtained
by other researchers while performing preventive vaccination
of adult population (Bilalova, 2009). In all the individuals
involved, IL-4 level was found to be within the range (0.37—
25.95 mg/ml) testifying the normal course of the vaccination
process (JSC “Vector-Best”, 2017).

In all the 97 samples, SNPs within the analyzed genes
were genotyped successfully, but for rs2072136, rs1293762
and rs15895 being not revealed in one sample. Aside from
rs1732778 (p < 0.05), there was no significant deviation of
genotype distribution from Hardy—Weinberg equilibrium for
all SNPs. For rare alleles, the frequencies were as follows:
0.309 for SNP 152285932 in OAS3 (T allele); 0.313 for SNP
rs2072136 in OAS3 (A allele); 0.411 for SNP rs1293762 in
0482 (T allele); 0.302 for SNP rs15895 in OAS2 (A allele)
1 0.361 for SNP rs1732778 in OAS2 genes (A allele). Those
results are in agreement with the frequencies of the involved
alleles being previously revealed in the population of Novosi-
birsk: 0.251, 0.294, 0.420, 0.281 and 0.273, correspondingly
(Barkhash et al., 2010).

The results of analysis of SNPs in genes encoding 2'-5" -oli-
goadenylate synthetases association with IgG against TBEV
and IL-4 levels are presented in Table. Antibody production
in response to vaccination was significantly associated with
SNP rs1732778 in the regulatory region of the OAS2 gene
(p < 0.05). In people with heterozygous genotypes G/A, this
indicator appeared to be significantly higher by comparison to
people with homozygous genotypes G/G and A/A (p < 0.01).
Carriers of the A allele (G/A or A/A genotypes) of the same
SNP had areduced IL-4 levels as compared to the homozygous
G/G individuals (p < 0.004). Moreover, the distinctions held
true upon application of Bonferroni correction for multiple
comparisons. SNP rs15895 association with IL-4 titers can
be considered as a tendency (p < 0.06). However, paired
comparisons revealed the individuals with the homozygous
A/A genotype to have significantly reduced IL-4 as opposed
to the carriers of the G allele (p < 0.04).

Discussion

Immune response upon vaccination is affected by numerous
factors including individual genetic peculiarities. To work
out the individual approach to preventive vaccination, it is
essential to identify the genetic markers which control the
immune response development (Medunitsin, 2004). Specific
antibody production upon the vaccine administration is
significantly governed by the genes encoding the main
histocompatibility complex proteins, genes of cytokines and
their receptors and of Toll-like receptors and others (Linnik,
Egli, 2016). However, genetic factors mediating the immune
response to vaccination against the flaviviral infections remain
hardly studied. There is only one published case of vaccine-
associated viscerotropic disease in 64-years old patient
with mutations in CCRS5 chemokine receptor and its ligand
RANTES genes after administration of the attenuated vaccine
against yellow fever (Pulendran et al., 2008). In the sample
involved in the present paper, deletion in the CCR5 gene
was earlier shown to offer promise as a potential marker of
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Association of SNPs in genes encoding 2'-5"-oligoadenylate synthetases with levels
of specific IgG antibodies against TBEV (IlU/ml) and IL-4 (mg/ml) upon vaccination against tick-borne encephalitis

Gene Position Region SNP Genotype Median* 25-75 % quartiles p**
19G
OAS3 112949145 Exon 6, rs2285932
p.lle438lle
OAS3 112961114 Exon 8, rs2072136
DSEISETSEr
G/A (n=46) 227.5 101.0-260.0
A/A(n=7) 216.0 39.0-260.0
0OAS2 112993031 Intron 2 rs1293762 G/G (n=35) 191.0 71.0-245.0 0.412
G/T (n=43) 237.0 145.0-260.0
T/T(n=18) 199.0 94.0-238.0
0OAS2 113010483 Exon 10, rs15895 G/G (n=48) 198.0 110.5-255.0 0.859
DIEIT20TID
G/A (n=38) 236.0 101.0-260.0
A/A (n=10) 199.0 136.0-243.0
0OAS2 113019120 3'-region, rs1732778 G/G (n=35) 191.0° 90.0-260.0 0.047
TIOTBP

OAS3 112949145 Exon 6, rs2285932 C/C(n=40) 9.89 4.47-15.65 0.835
DUEA3BIle
C/T (n =40) 10.06 5.36-15.21
T/T(n=5) 7.76 5.83-12.58
OAS3 112961114 Exon 8, rs2072136 G/G(n=37) 11.16 6.04-15.78 0.605
DSEISETSEr e e
G/A (n=40) 8.31 4.35-14.84
A/A(n=7) 10.0 4.56-14.28
OAS2 112993031 Intron 2 rs1293762 G/G (n=32) 9.21 5.83-15.21 0.926
G/T (n=38) 10.52 4.39-14.40
T/T(n=14) 8.04 4.82-16.67
OAS2 113010483 Exon 10, rs15895 G/G(n=43) 8.422 4.39-14.28 0.061
PTEIT20TID e e

OAS2 113019120 3"-region, rs1732778 G/G (n=25) 14.402 7.76-16.80 0.004
J307bp e s s s i
G/A (n=53) 8.420 4.56-12.46
A/A(n=7) 4560 3.36-12.58

*The same letters of superscripts indicate absence of significant differences between medians for different genotype according to post hoc analysis by F-test.
** Significance of SNP genotypes influences assessment by general linear model.
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Accoumauma reHos OAS C UMMYHUTETOM
NPOTUB KreLeBoro sHuedanvTa

successful vaccination against TBE in the Russian population
of West Siberia (Lutova et al., 2016).

This paper presents the investigations of polymorphisms in
five SNPs located within OA4S2 and OAS3 genes, which have
previously been associated with the development of severe
forms of TBE (Barkhash et al., 2010). To our knowledge, this
is the first study on the influence of SNP loci in genes encoding
2'-5"-oligoadenylate synthetases on the specific antibody
production upon vaccination against TBE. To eliminate
possible influence of foreign genetic and environmental
factors, the sample was formed mainly of young Russian
volunteers, who had not previously been vaccinated against
TBE and had no contact with ticks though having lived in the
endemic TBE region over a long period.

The frequencies of rare SNP alleles under the study
correspond well to those alleles frequencies previously
revealed in the Russian population of Novosibirsk (Barkhash
etal., 2010). The significant deviation of genotype distribution
from Hardy—Weinberg equilibrium was observed only for
SNP rs1732778 within the OAS2 gene. Other researchers
also noted the deviation of genotype distribution for SNPs
rs1732778, rs2285932 and rs2072136 in the samples of
Novosibirsk Russian residents with different forms of TBE
(Barkhash et al., 2010). Hence, the reason of the deviation of
SNP rs1732778 genotype distribution from Hardy—Weinberg
equilibrium may be explained not by genotyping errors, but
panmixia absence within the analyzed population, though the
population stratification or the influence of selection should not
be excluded either. It is notable that studying in seven ethnic
groups of Northern Eurasia has detected the lowest frequencies
of the G/G genotype for SNP rs2072136 within OAS3 gene
(the gene associated with predisposition to severe forms of
TBE development) in the Altaians, Khakasses, Tuvinians and
Shorians who probably have intensive contacts with ticks in
the places of residence (Barkhash et al., 2010). The authors
suggested that the tick-borne encephalitis virus might have
become the selection factor of certain variations of OAS genes
in Central Asia mongoloid people.

We have established the association of SNP rs1732778 in
0AS?2 gene with the level of IgG upon vaccination against
TBE (see Table). Antibody levels in individuals with the
G/A heterozygous genotype were significantly higher in
comparison to the ones with the homozygous genotypes G/G
or A/A. Such superiority of heterozygotes over homozygotes
can be observed rather often. For example, cellular immune
response to the pertussis toxin and filamentous hemagglutinin
was superior in the carriers of the A/G genotype of SNP
rs1800896 in the /L-10 gene promoter in comparison to
the one of the individuals with G/G or A/A genotypes
(Grondahl-Yli-Hannuksela et al., 2016). We have found the
only published paper aiming to investigate the role of OAS
genes in the immune response development upon vaccination.
[.H. Haralambieva with colleagues (2010) demonstrated that
minor alleles of SNPs rs1732778 and rs2464288 located
within the OAS2 gene are related to the higher level of specific
antibodies upon rubella immunization. SNP rs1732778 is
associated with sensibility to the flaviviral diseases: TBE
(Barkhash et al., 2010) and Dengue fever (Alagarasu et
al., 2013; Thamizhmani, Vijayachari, 2014). It should be
pointed that SNP rs1732778 is located at a distance of 7397
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bp from the 3'-region of the OA4S2 gene (UCSC Genome
Browser Gateway, 2017). It is not inconceivable that not this
SNP directly affects the trait, but the other one, which is in
linkage disequilibrium. In the chromosome 12 region of about
+250,000 bp, 11 genes are located in the vicinity of rs1732778
(RPH34, OASI1, OAS2, OAS3, DTXI, RASALI, CFAP73,
DOX54,RITA1,IQCD, TPCNI). However, only three of them
(namely, the genes encoding 2'-5"-oligoadenylate synthetases
0A4S1, OAS2 and OAS3) participate in the immune response
controlling.

Our investigations have established that SNP rs1732778
located within OAS2 gene is significantly associated with
the 1L-4 level upon vaccination against TBE. The result is
intensified, as association between the IL-4 level and SNP
rs15895, which is located in exon 10 of OAS2 gene at a
distance of 8637 bp from SNP rs1732778 has also appeared
to be a tendency (see Table). IL-4 is an important regulatory
cytokine which is produced by mast cells, Th2 cells,
cosinophils and basophils (Gadani et al., 2012). IL-4 controls
Th2-type cellular immunity activation (Zamorano et al., 2003),
IgE production and secretion by B cells (Geha et al., 2003)
and the alternative activation of macrophages, which differs
from usual anti-inflammatory activation (Gordon, 2003). As
the IL-4 level upon rubella vaccination is extremely low,
other scientists did not reveal any SNP associations within
OAS gene cluster (Haralambieva et al., 2010). The role of
IL-4 in humoral immune response development has not
been clarified yet. It can be assumed that innate antiviral
immunity, which is regulated by OAS family genes, is
involved to lymphocyte stimulation control thus modeling
the structure and amplitude of specific (adaptive) response
to the inactivated-virus vaccine.

This proposal is confirmed by the results of several
investigations. Of all the OA4S gene family in humans, OAS?2
has the highest level of induction by interferons (Sanda et
al., 2006). By a proteomics approach the direct physical
interaction between OAS2 and NOD?2 proteins was shown in
THP-1 human cell line (Dugan et al., 2009). NOD2 protein
is a member of Nodl/Apaf-1 family; being expressed in
leucocytes of the peripheral blood it plays an important role
in the immune response to bacterial lipopolysaccharides as
it binds to bacterial muramyl dipeptide and activates NFkB
protein (Ogura et al., 2001). NOD2 protein may probably
participate in the innate antiviral immunity formation.
Another protein from NOD-like receptor family, NLRP3
is known to be capable to interact with influenza A virus
(Allen et al., 2009).

Thus, the results we have obtained testify the fact that
SNP rs1732778 located in the regulatory region of the OA4S2
gene is associated with antiviral IgG antibodies and with the
IL-4 level upon vaccination against tick-borne encephalitis.
Genetic polymorphism in the OA4S2 gene should probably be
taken into consideration to perform individualized preventive
vaccination against this disease. However, due to the limited
sample size, the results from the study should be interpreted
with caution. Further investigations are needed to confirm those
associations for large independent population samples and to
analyze the mechanisms of the influence of polymorphisms in
genes encoding 2"-5 -oligoadenylate synthetases on the immune
response to vaccination against flaviviral diseases.
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MeskIMHeHble pasanydms 10 SMOIIMIOHAIbHBIM
1 BECOBBIM ITapaMeTpaM y KPbIC C KATATOHNYECKIM
TUIIOM pearupoBaHus U KpbICc Bucrap

T.A. Arexuna®), P.B. KoxxemsiknHa

DepepanbHblii NCCNefoBaTENbCKUIA LeHTP VHCTUTYT umTonorum u reHetrkn Cnbrnpckoro otaeneHns Poccuinckol akagemun Hayk, HoBocnbupck, Poccus

Mpwr oT6OpPE XKMBOTHBIX MO NOBEAEHMIO HAbNIOAATCA NPAMO Cenek-
TUBHBIN 3OPEKT N M3MEHEHNA B Hecrneundpryeckmnx CTpeccopHbIX
dyHKLMAX. B cenekTrpyemon nMHnm NoABAAIOTCA HOBble NOBefeHYe-
cKune GopMbl, OTIMYAKOLLMECA OT OTOMPaeMbIX GOPM MO ceneKLMOoH-
HOMY KpuTeputo. B nuHnm MK (reHeTryeckas KaTaToHMs) B 60/bLLOM
KONMYecTBe CTanm poxAaTbCA <HepPBHbIe» KpbICbl. CeNeKLMOHHbIN
KpuTepuii npeanonaraeT oTbop No NpusHaky AAUTeNbHOro KaTanen-
TUYECKOro 3aCTbiBaHUA, OAHAKO <HEPBHbIe» 0COOU XapaKTepu3yTca
MOBbILLEHHBIM YPOBHEM MOTOPHOI BO36YANMOCTY: MOBEXKaMU, MPbIK-
Kamu 1 Bokanu3sauuein. OCHOBHOW Liefibio HacTosLen paboTbl 6b110
onpepeneHne GeHOTUNNYECKIMX NapaMeTPOB Y KpblC NnHMK K 1 BbI-
feneHune rnaBHbIX KOMMNOHEHT N3MEHUYMBOCTU MO SMOLMOHANIbHbBIM

1 BECOBbIM MOKa3aTensamM. KOHTponem ciyXunu KpbiCbl U3 NCXOLHON
nonynauun Bucrap. iamepann Bpema KaTanenTuyeckoro 3acTbiBaHuWA,
YPOBEeHb BO30YAMMOCTY XXMBOTHbIX, apTepranibHOE faBlieHnE, aKyCTu-
YyecKmnin pedneKkc B3gparnBaHuns, CyAoPOXKHYI0 aKTUBHOCTb, Maccy
ceppaua, Noyek, HaanoYeYHNKOB, ceneseHKu. MprmeHann metoabl
MHOFOMEpPHOro aHanM3a: GakTOPHbIN aHaNN3 U METOZ, IMaBHbIX KOMMO-
HeHT. B uccnegyemom nokonenum Kpbic MK noaTBepgeHa CKNOHHOCTb
K 3aCTbIBaHWIO B CMOKOWHOW 06CTaHOBKE 1 NOC/e AeCTBUA CUIIbHOTO
ayAVOreHHOro PasapaXXnTens, oTMeYeHbl 6osiee MHTEHCKBHbBIE peak-
Luv B3AparMBaHuaA, ymepeHHasa runepToHms, 6onee BbICOKUIA OTHO-
CUTENbHbIN BeC cepALa 1 HagnoyeyHKoB. BblaeneHbl fBe OCHOBHbIe
KOMMOHEHTbI M3MEHYMBOCTU: aMnnuTyAa B3gparnsaHua (PC1) n mop-
dodyHKUMOHaNbHaa nameHunBocTb (PC2). OnpefeneHo pasnmyHoe
pacnonoxeHuvie Touek y ocobeir Buctap n Nk B koopauHaTtax nepsbix
rNaBHbIX KOMMOHEHT. lMonyyeHo NoATBEPKAeHNE TeHeTUYeCKoro
e[IHCTBa peaKLMi 3aCTbiBaHNA U <HEPBHOCTU» C MOMOLLbIO MeToAa
rNaBHbIX KOMMOHEHT. MoKa3aHo, uto B PC2 abcontoTHble Nokasatenu
Maccbl cepaua, NoYeK, HaAMOYEeYHNKOB 1 Cenle3eHKN BHOCAT OoTpuLa-
TesbHbI BKNaA NPY NONOXKNUTENbHBIX 3HAaYEHUAX TaKMX NoKasaTenen,
KaK 3aCTblBaHNE 1 «<HEPBHOCTbY. B 3TOIN e KOMMOHeHTe OTMeYeHO
YCUNIEHNE PeaKLUiA 3aCTbiBaHNA U <HEPBHOCTW» MPU NMONOXNTENBHOM
KOppenAuumn C OTHOCUTENIbHON Maccom cepaLia U HaANMoOYeUYHMKOB.
O6cyxaalTcA pasnnymsa No 3Hakam BKNaZOB BO BTOPYIO KOMMOHEHTY
MOPGOPYHKLMOHANBHOM N3MEHUMBOCTU.

KntoueBble cnosa: mMoaenb KaTaTOHUW; cenekumna; ped)neKc
B3[parnBaHuA; apTeprasibHOe AaBNeHNe; SNnMnencna; BeC OpraHoB;
MHOFOMeprIIh aHanus.
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Interstrain differences

in emotional and weight indices
in GC rats with catatonic
response and Wistar rats

T.A. Alekhina®, R.V. Kozhemjakina

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

In selecting rats for behavior, we observe a direct natu-
ral effect and affect the nonspecific stress function. In
this process, new behavioral phenotypes appear in the
strain under selection. They differ from the selected
forms in the selection criterion. In the GC strain, a large
proportion of the so-called nervous rats emerge. The
criterion presumes the selection for the long cataleptic
freezing character, whereas the nervous rats display
elevated motor excitement: running, jumping, and
vocalization. The main purpose of our study was to
assess phenotypic indices in GC rats (abbreviated from
genetic and catatonia) and recognize principal compo-
nents of variability for emotional and weight indices.
Rats of the ancestral Wistar population were taken as
control. The following indices were measured: time of
cataleptic freezing, excitement level, blood pressure,
acoustic startle response, seizure activity, and weights
of the heart, kidneys, adrenals, and spleen. Multivari-
ate analysis methods were applied: factor analysis and
principal component analysis. We confirmed the incli-
nation of GC rats of the generation studied to freezing
in quiet surrounding and after a strong acoustic sti-
mulus. More pronounced startle responses, moderate
hypertension, and larger weights of the heart and
adrenals were noted. Two principal variability compo-
nents were recognized: startle amplitude (PC1) and
morphofunctional variability (PC2). The figure shows
different locations of Wistar and GC individuals in
principal component coordinates. The principal com-
ponent method confirmed the genetic relationship
between the startle and nervousness responses. It

was shown that in PC2 the indices of heart, kidney,
adrenal, and spleen weight exert negative effects,
whereas the effects of startle and nervousness were
positive. In the same component, an increase in the
startle and nervousness responses positively correlates
with the relative weights of the heart and adrenals.
Differences in the directions of the contributions to the
second component of morphofunctional variability are
discussed.

Key words: model of catatonia; selection; startle-reflex;
arterial pressure; epilepsy; organ weights; multidimen-
sional analysis.



p¥ 0TOOpE KUBOTHBIX 10 CIIOXKHBIM ITPU3HAKAM Y4acT-

BYIOT PETYIATOPHBIE CHCTEMBI OpraHU3Ma, 4TO OTpa-

JKaeTcsl Ha U3MEHEHNH MOBE/ICHHS 0CO0eH celeKIno-
HupyeMmsbIx 1uHuil (benses, 1962; benses, boponun, 1982).
Tak, oka3anoch, 4TO B XOJE CEJEKIMH Ha COXpAaHECHHE He-
MO/IBM)KHOM T103bI (Katasnericuu) y Kpbic mHuK 'K (o1 ciios
«TEHETUYECKas» M «KaTaJICTICUS» ) CTAIH TTOSIBISTHCS BHICOKO
BO30yIUMBIE («HEPBHBIE ) )KUBOTHBIE, KOTOPHIX B aHIJIOSN3BIU-
HOH JIUTEpaType Ha3bIBaIOT jerky — ¢ phIBKOBBIMH JIBHKCHU-
sMU ¥ jumping — npsiratorue (Javelot et al., 2011; Himmler
et al., 2013). Haunnas ¢ 40-ro MOKOJEHUS CENEKIINU JTHHUU
T'K nmonst Takux *KUBOTHBIX K 70-My MOKOJIEHHIO CENEKLIUU
yBenuuuiack 10 62 % (puc. 1). [losnenne HOBOro nmpu3Haka
ACCOLIMMPOBAHO C TOPMOHAIBHBIMH H3MEHEHUMHE. B iepBom
MIOKOJICHNH cesleKnu Kpbichl ['K He oTinyanuch ot HeXoHoH
MOMyJISIMY Brctap 110 ypoBHIO KOPTUKOCTEPOHA — OJIHOTO M3
OCHOBHBIX MapKepOB CTPECCOPHON peakTWBHOCTH. B 17-m
MIOKOJICHUH YPOBEHb 3TOTO TOPMOHA IIPU CTpecce ObII CHHU-
ke (Lysbra u ap., 1996); B 45-M OH CHU3WIICS B COCTOSTHUU
noxos (AMcrtucnaBckuii u np., 2000); B 65-M MOKOIEHUH B
CIIOKOMHOM COCTOSIHMHM OH ITOBBICHIICS OOJiee YeM B JIBa pas3a
M0 CPAaBHEHMIO C UCXOAHOW momynauueit Buctap (Anexuna
u ap., 2016). I[Ipu 3TOM IUTO HapacTaHUE TOIH KUBOTHBIX C
«HepBHBIMI» peakiusaMu B mHuK ['K (Uyryii u np., 2007), B
nocinenHeM, 76-M, TokoneHuu cenekuun y 90 % Kkpblic THHUN
I'K mabmonanack «HEPBHOCTEY.

«HepBHBIE» peakuy B KaTaTOHUYECKOH JIMHUU BBIpaXa-
I0TCS B [TOBBIIIEHHON MyIJIMBOCTH, BOKAJIM3AIMH, TAPOKCU3-
MasTbHBIX Tobeskkax (Uyryit u ap., 2007), «pa3npakuTensHON
arpeccuBHocti» (Nikulina et al., 1987), 6oee HHTEHCHBHBIX
peakuusx B3aparuBanus (Ilomosa u ap., 1999), arpeccun
cTpaxa (AnexuHa 1 ap., 2016). K comyTcTBYIOmIIM pr3HaKaM
MO>KHO OTHECTH YMEPEHHYIO THIIEPTOHHUIO, PACCTPOICTBO CHA
(Oranecsis u 1p., 1990), HapyiieHre 3¢TpaIbHON HIUKINYHO-
ctu (Kimouxos u ap., 2011), nucdananc cTepOUIHBIX TOPMOHOB
(Ilynsra u xp., 1996).

W3BecTHO, 4TO OTOOP KPBIC MO IMOIIMOHAIBHBIM TTapaMeT-
pam — ypoBHAM TpeBoxHOCTH (TMHUE HAB-LAB), nedexa-
mn (muann MR-MNR), 00y4aeMOCTH yCIOBHOM peakunu
aktuBHOro u3deranus (muauu RHA-RLA), poHoBOMY ypoB-
HIO apTepuanbHoro gasnerns (muaun SHR-WKY), aprepu-
AJIBHOTO JIABJICHUS TIPU AMOIMOHAIBHOM CcTpecce (JINHUH
HUCAT-WAG) — accouurpoBaH ¢ pa3HbIMU TOPMOHAJIbHBIMU
npoduiraMu. B cocTostHMM cTpecca MPOUCXOIUT aKTUBALIUS
cucrembl runoranamyc—runopusz—naanodeqnnkn (I'THC)
MyTEM YCHIICHHSI CEKPELIUU KOPTUKOTPOIHH-PEIU3UHT-TOP-
MoHa, yepe3 Hero — cexperun AKTT u ctumynsanum cuaTe3a
KopTuKocTepoHa. [lokazaHa CTUMYIISIINS ABYX MOCIECTHUX
3BeHbeB | THC B muuuax HAB vs LAB (o yposusim AKTI
n kopTurocTtepona) (Salome et al., 2006), 8 MR vs MNR
(o yposuto AKTT) (Kosti et al., 2006), B SHR vs Wistar
(o ypoBHio kKopTHKocTepoHa) (Roman et al., 2004) u y I'K
vs Bucrap (1o ypoBHIO KOPTHKOCTEepoHa) (AnexwHa u Jp.,
2016). B muausx RHA/Verh vs RLA/Verh (Ferré et al., 1995)
u HUCAT vs Bucrap (Maslova et al., 1998) oOnapyxeHO
CHIDKCHHE COZCP)KaHMUsI CTPECC-3aBUCUMOTO TOPMOHA TIPH
pa3BuTHH cTpecca. Hapsiay ¢ 3TUM y WHTAKTHBIX )KHBOTHBIX
YKa3aHHBIX JINHUH [IOCJIE HECKOJIBKUX JI€CATKOB ITOKOJICHUN
otOopa O 0OHAPYKEHBI PA3THYNs B BECE CEpIa, OUeK,
Ha/TOYCYHNKOB, cene3eHkn u tumyca (Hlavacova et al.,
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2006; Redina et al., 2006; Salome et al., 2006; Peauna u np.,
2014). BeisBienue pa3nuanii MEXIY CEICKIIMOHUPYEMOH U
MCXOJTHOM JIMHUSIMH TI0 CTPECC-3aBUCHMBIM ITapamMeTpam Mo-
JKET OBITH HCIIOJIBL30BAHO KaK O/IUH U3 NOAXO0J0B K U3YUCHUIO
(hU3HONIOTNYECKIX MEXaHN3MOB SMOIMOHAIBHON PEaKTHBHO-
CTH y ocobeii aTux nByx mozaenei (Ramos, Mormede, 1998).

OCHOBHOU 3a/1a4eii HACTOSIIIIETO UCCIICAOBAHUS OBLIO TIPO-
AHAIN3UPOBATh PA3IIMUMS MEXKTY TTapaMeTPaMH SMOIOHAIb-
HOH peakTHBHOCTH )KUBOTHBIX (TI0 ITapaMeTpaM KaTaJlerTHyie-
CKOT'O 3aCTBhIBaHUs, PCAKLIUAM «HEPBHOCTUY, B3AparuBaHus,
apTepHaIbHOTO JABICHUS, Ha CHIIBHBIN aKyCTUYECKUIN CHUT-
HaJl) ¥ Maccoil BHYTPEHHMX OPTaHOB MPH IIOMOIIN MHOTOMEP-
HOro aHanu3a y Kpbic JuHuu ['K 77-ro nokojaeHust ceaeKuu
1y KpbIC U3 UCXOHOM nonymsiuuu Bucrap.

MaTtepwuanbi n metopbl
JKcHepuMeHTA/IbHbIE *KHBOTHBIE. Vcciie0BaHus BBITON-
HEHBI Ha KpbIcax-camiiax tuHuid Buctap (n=8)u 'K (n=10)
77-ro nokonenus cenekun. Kpbichl 00euX JIMHUH POANIINCH
B mtosie 2015 1. (¢ pazdbpocom o garam poxkaeHus B 10 mHei)
1 OBUIM BKJIIOYCHBI B OIBIT B YETHIPEXMECSIYHOM BO3pacTe.
’Kupotnbix conepkanu B BuBapuu OUI[ UIul" CO PAH
pu cBOOOZHOM JIOCTYIE K BO€ M KopMmy. Bee mpornenypst
Ha KpbICaX MMPOBEJCHBI B COOTBETCTBUH C PEKOMEH/IAIUSMHU
Komuccun no 6uostuke Ul{ul' CO PAH u Empomneiickoro
napaamenTa U Cosera EBpometickoro Coro3a (aumpekTnBa
2010/63/EU ot 22 centsa6ps 2010 rona).

Tect Ha 3acThIBaHMe (KaTajencuio). JKUBOTHBIX pacca-
JKUBAJIM TI0 OJHOMY B KJIETKY M Yepe3 CYTKH HauMHaIM Te-
ctupoBanue. OCTOPOKHO, O€3 PE3KHX IBIKCHUI, TOMEIIaIIH
KPBICY B YTOJI KJIETKH, C TIOMOIIBIO TECTEPa MPUIIOAHUMAITH €€
32 MOPAY B BEPTUKAIIBHYIO CTOWKY U MI3MEPSIIH BPEMsI ITaCCHB-
HOTO COXPaHEHHs KPBICOI 3TOI HACHILCTBEHHO MPUIAHHOM
eli no3sl. [IpeapacnonokeHHbIMU K KaTallelICUU CUUTAIN TEX
JKMBOTHBIX, KOTOpBIE 3acThiBain fgoubine 10 c. TectupoBanne
MIPOBOMIIOCH HE MEHee Tpex pa3 B Hezenro. Korna kpbickl ['K
CTaJIM TPOSIBIISATH «HEPBHBIE)» PEAKIMHU, PETUCTPUPOBAIH
BpeMs 3aCTBIBAHMUSA y HUX IIPHU NPOBEICHUU TECTEPOM IIO
MPYTBSIM KIETKH. Y OJHOM M TOH K€ KPBICHI OJIHOBPEMEHHO
(buKCHpOBAIM U BpeMsl 3aCThIBAHUSI, U KHEPBHBIE» PEAKIINH.

Tect Ha «HepBHOCTBLY. Hapsiny ¢ TecTupoBaHueM Ha 3a-
CTBIBaHHE OLICHUBAIIN «HEPBHYIO» peakiuio. Ecin xkxnBoTHOE
IIPY KaCaHUH TECTEPa B3AparuBaeT Ul COBEPILACT TOOSHKKH
W MeUeTcs 1Mo KJIeTKe, TO MprucBamBaiu | Oam; ecim Kpeica
CIIOKOWHO pearnpyeT Ha TecTep, OOHIOXMBACT WJIM I'PHI3ET €T0,
To craBmiu 0 GaJuIoB.

TecrupoBanue aynuorenHoi snujencun. Mcrnons3osa-
JM KaMepy U3 OpPICTeKiIa ¢ IUTACTUKOBBIM ITOJIOM Pa3MepoM
50%50% 50 cM 1 3aKpeTIIEHHBIM C BHYTPEHHEH CTOPOHBI 371EKT-
puuecknM 3BOHKOM (cmia 3Byka — 110 nb, gactora — 60 I'm).
Bpemst TecTupoBaHus ¢ BKIIOYEHHBIM 3BYKOM — B TIpEAETax
1 muH. OLEHKY peakiyy MpOU3BOIMIIH 110 OaJUILHOM cucTe-
Me: 0 — OTCYTCTBHE JBHTATEIBHOTO BO3OYKIeHUs; 1 — OGec-
MOPSIJIOUHBIC TIPBDKKY U O€T; 2 — TBYXBOJIHOBBIH MPHIIAJIOK;
3—4 — KJIOHMKO-TOHHYECKHE cyaoporu. M3mepsanu Bpems
MOCTUKTAJILHOW KaTaJeNCUM B CeKyHax. Mcmonb3oBaan
Busieokamepy Panasonic HDC-SD40.

Peakuuu B Startle-6oxce. Akyctudeckuii pediekc B3apa-
TUBaHUS HccienoBanu B ammapare Startle Response (TSE
Equipment). Anmapar npencrasiseT co00i 3ByKOHETIPOHHU-
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Interstrain differences in emotional and weight indices
in GC rats with catatonic response and Wistar rats
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Fig. 1. Variation of the percentages of freezing and nervous animals
during the selection of GC rats.

[{aeMbIi OOKC C UyBCTBUTEJIBbHOU IAT(OPMOIA, Ha KOTOPYIO
MIOMEIIAETCS] PECTPUKIIMOHHAs KieTka. [lepron agantannu
Jutniicst 3 muH (6ensiit mym, 65 1b). 3arem gaBanm 10 3ByKo-
BbIX cUrHaIOB (Oenblit mym 40 mc, 115 nb). dnurensHoCTh
WHTEPBAJIOB MEKIy curHaiamu — 15 c. Konebanne mmatdop-

Table 1. Phenotypic indices in Wistar and GC rats

T.A. Alekhina
R.V. Kozhemjakina

MBI PETHCTPHPOBAIIOCH aBTOMATHYECKH, IU(POBBIC BETUUNHEI
CHJIBI JIaBJICHHS Ha IUIAaTGOpPMY IIEPEHOCHUIINCH Ha KOMITBIOTED.
AMIIUTYLy B3/[parMBaHus OMPE/EIsUIN KaK MaKCHMallbHOE
JlaBJIeHHE Ha IIaT(GOopMY, IeICHHOE Ha MacCy Tejla )KUBOTHO-
ro. IToka3arens «IPHUBBIKAHUS CTAPT-PEAKINN» BBHIYUCIISITH
KaK pasHUIy MEXIy (aMIUIMTYJOH B3AparuBaHus-1 MUHYC
aMIUTUTYly B3paruBaHus-10), neIeHHYI0 Ha aMIUTUTYRy
B3IparuBaHus-1.

H3smepenne aprepuanbHoro aasjaenns (AJl) Beinonssnu
churmorpaduueckuM METOIOM, ITPU KOTOPOM PErucTpHUpy-
I0TCsI KOJIeOaHMs COCYTUCTON CTeHKH apTepuu xBocTa (Pfeffer
etal., 1971) non apupueIM Hapko3om. CIrycTs HEAEIIO 1oce
n3mepenus AJl B nokoe onpexnemsin A/l B y3kux TpyOKax
6e3 HapKo3a (cTpecc MpH OrpaHNYCHNH TIOABIKHOCTH) Yepe3
15 1 30 MuH.

Bec opranos. Jlexanuranuio IpOBOAWIM IIPU IIOMOLIU
THIILOTHHBI B COCTOSHUM 3(DUPHOTO HAPKO3a, U3MEPSIIN Mac-
Cy cep/la, TIOUeK M Ha/[OYCUHUKOB Ha EKTPOHHBIX BECAX
(cepun SK/SK-D/SK-WP).

CraTtucTu4ecKkyio 06padoTKy IPOBOIMIH C UCTIONB30BA-
HHEM IakeTa nporpamM Stastistica 10.0. Paznnumns mo mose-
JICHYECKUM ¥ (PU3HOIOTUUECKUM MapamMeTpaM (peakLuu 3a-
CTBIBAHUS, «HEPBHOCTWY, aMIUINTY/A B3paruBaHus, apTepu-

Character Wistar (n =8)

*F(1,160) = 6,6; p = 0,01; n, number of animals.
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MeXxnuHelHble pa3nnyma No SMOLMOHaNbHbIM 1 BECOBbIM
napameTpam y KpbIC C HaC/IeACTBEHHO KaTaToOHMeN 1 KpbiC Brctap

aNbHOE JIaBJIeHUE, IPUITAIKH, JTTUTEIbHOCTh KaTaJlelCHH, Mac-
ca BHyTPEHHHX OPraHOB) OLICHUBAJIH IIPH TOMOIIH OAHO(DaK-
TOPHOTO JUCIEPCHOHHOrO aHanu3a B mporpamme ANOVA
o LSD-kpureputo. JocToBepHOCTh U3MEHEHUH HaIpaBe-
HUSI peakIyil M0 aKyCTH4YeCKOMY pedieKcy B3IparuBaHUs
OITPE/IEIISIIN TI0 IBYX(pAKTOPHOMY JAUCTICPCHOHHOMY aHAJIU3Y.
Wnentudukannio oCHOBHBIX (paKTOPOB U3MEHYMBOCTH (peHO-
THUIUYECKUX MapaMeTpOB MPOBOIMIM MPH MOMOIIN METOa
r1aBHBIX KomrioHeHT (PCA).

Pesynbratbl

Tecr Ha 3acThIBaHue. Bpems coxpaHEeHMs HENOJIBUKHON
no3b1 y kpbic ['K 66110 B TpH pasa Bblie, 4eM y Kkpbic Bucrap
(p < 0.05) (tabn. 1). Oxgnako Bpems 3acTeiBaHUs Kpbic ['K
He JIOCTHTrasIo BEIOpaHHOTO paHee kputepust — 10 ¢. THbIMEI
cnoBamy, B nuHMN 'K nomuHupyromeil peakuueil B Tecte
CTaJI0O KHEPBHOE» PEarnpoBaHUE, a JONIS «3aCTBHIBAIOIINX)
KpbIc cHr3mnack 10 10 % (cm. puc. 1).

Tect Ha «HepBHOCTBY». KpbIchl Bucrap pearnposanu Ha
TecTep CIIOKOMHO, ¥ KaX 101 M3 HUX Ob1T0 TprcBoeHo 0 6a-
10B. Kpsicel I'K, HarmpoTHB, MPOSBIISIN MyTIIMBOCTD, KAXKJI0U
13 HUX OBLIO MPHUCBOCHO 1o 1 Oasty (cm. Tadm. 1).

TecTupoBanue ayiuoreHHoi ’nujencuu. He Gpuro
O0OHAPY)KEHO pa3NuyYuil 110 YUCIY MPUIAJKOB M UX WHTCH-
CHUBHOCTH, BBI3BAaHHBIX 3BYKOBBIM Pa3ipakuTENeM y KpbIC
Bucrap u I'K (cm. Tabn. 1). InmuTeTsHOCTh TOCTUKTAIEHON
KaTaJICTICUH TI0CJe BBIKIIOUEHUS 3ByKa y kpbic 'K Obina
MOYTH B JIBa pa3a BBIIIC, YeM Yy Kpbic Bucrap (cMm. Tadm. 1).
Karanentruaeckoe 3acTeiBaHHE POSBISIIOCH y 0cobei ['K mpu
OTCYTCTBHH ITPUCTYTIOB. Y KUBOTHBIX MOIYJISIMN Bucrap He
HaOJI0IATI0Ch KaTAJICNITHYECKOrO 3aCThIBAHMS, €CIIM Y HUX HE
OBLTO IPHUITATKOB.

Peaknun B startle-6oxce. ITo aGcomoTHBEIM pasMepam
aMILTUTY/IbI cTapi-peakiny (10 3ByKOBBIX CUI'HAJIOB) MEX-
THHEHHBIX pa3mmanii mo LSD-kpurtepuro He HaligeHo. OqHako
10 OTHOCHUTEIIBHBIM 3HaYEHHSIM 3TOTO TToKa3aress y kpbic ['K
OHa ObUIA TOBBIIICHA B KAKIOU TOUKe B cpeaHeM Ha 32 %
(F(1, 160) = 6.6; p=0.01)). Paznuuns moaTBep K 1at0T MOBBI-
IICHHYIO PEaKINIO KHEPBHOCTH» Y KPBIC C HACJICICTBEHHOMN
KaTaTOHUEH.

H3mepenne apTepuaibHOro AaBjeHus1. BrisiBieHa TeH-
JIeHIIHs K noBblieHHOMY ypoBHIO AJl y kpbic I'K mo cpas-
HeHuto ¢ Bucrap nox a¢upHeM Hapko3om (p = 0.08) u ue-
pe3 15 MuH mocne moMemeHus )KHBOTHOTO B Y3KYIO TPYOKY
(p = 0.05). 3naunmsIlii noxbeM ypoBHsI A/l y )KHBOTHBIX JIU-
Huu ['K (p < 0.05) no cpaBHeHHUIO ¢ KOHTpOIJIEM ObLT 0OHAPY-
keH gepe3 30 MUH mocyie Hagasia SKcriepuMenTa (cM. Tao. 1).

Bec opranos. B Bo3pacTe 4eTsIpex MecseB Macca KpbIC
I'K Obu1a HUKE Ha 35 % 10 cpaBHEHHIO ¢ Kpbicamu Bucrap,
Kak ¥ Macca BHYTPEHHUX OPraHoB (Cep/ra, oueK 1 HaJlo-
4eqHUKoB). 3HaunMble oruust 'K ot Bucrap BbIsiBIEeHBI 1
0 OTHOCHUTENBHOM Macce opraHoB y kpbic I'K. ITo cpaBHeHHIO
¢ Bucrap y kpsic 'K ObI7I0 OTMEUECHO CYIIIECTBEHHOE YBEIH-
YEHHE MACcChl CEp/IIla U HaIIOYCYHUKOB (cM. Tadi. 1).

Merton rmaBubix komnoHeHT (PCA). 13 41 uccienyemoro
npusHaka y kpelc 'K u Bucrap BbISIBIEHBI ABE OCHOBHBIE
KOMITOHEHTHI M3MeH4YnBoCcTH. OHM B3s1IM Ha ceds Ooiee
MIOJIOBMHBI OOLIEH AMCHEPCHH O W3y4aeMbIM MpPU3HAKAM:
PC1 —44.7 % u PC2 — 19.3 %. BomnblIyio NOJOKHUTENBHYIO
Harpy3Ky B IEpBYIO KOMIIOHEHTY BHECIIH BKJIA/IBI ITO PEaKIIn-
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SIM B3JIparuBaHus. DTOT (pakTop ObLI Ha3BaH «AMILIUTYION
B3IparuBaHus (Tadm. 2).

OcHOBHOI1 BKJI1a/1 BO BTOpYI0 KoMmItoHeHTy, PC2, copmupo-
BaH 3a CUET BKJIAJOB TAKHUX MOKa3aTesIel, Kak JUINTEIbHOCTh

Table 2. Contributions of phenotypic indices to the first two
components

PC1 (44.7 %)

PC2(19.3 %)

Note: Contributions of indices (p < 0.50) are shown in boldface.
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Interstrain differences in emotional and weight indices
in GC rats with catatonic response and Wistar rats

® Wistar
GC

PC2, morphofunctional variability

5 . . . . . . . .
-10 -8 -6 -4 -2 0 2 4 6 8

PC1, startle amplitude

Fig. 2. The distribution of Wistar and GC in coordinates of principal
components PC1 (startle amplitude) and PC2 (morphofunctional
variability.

3aCTBIBAHMS, BBIPAXKCHHOCTD «HEPBHOCTI», A/l o1 HApKO30M
U TIPH CTpecce, Macca Tela, Cep/lia, NoueK, HaAITOYeIHIKOB
U cesie3eHKH. BTopylo 11aBHY0 KOMIIOHEHTY Ha3BaJld «MOp-
(hopyHKITHOHATEHOW N3MEHYMBOCTHION (CM. Ta0II. 2).

Ha pwuc. 2 mokazaHo, 4To IpoCTpaHCTBa — «00IaKay, chop-
MUPOBaHHBIE U3 BKJIa10B NMpu3HaKoB B TuHUAX [ 'K u Bucrap,
HaXOAATCA B Pa3HBIX YaCTAX MO 0CH MOP(HO(YHKIHOHATBEHOH
N3MEHYMBOCTH. JTO O3HAYAET, YTO TAKUE ITapaMeTphIl, KaK 3a-
CThIBaHHE, KHEPBHOCTHY, Al 1 Macca uccielyeMbIX OpraHoB,
B3aMMO3aBHCUMBI M PA3JINYAIOTCS IO PACTIONOKEHHIO.

O6cyxpeHue

[TonTBeprkaeHa «KaTaTOHNYECKas» CTPYKTypa o psiay (eHo-
TUIMYECKUX MPU3HAKOB y KpbIc TMHUU 'K B 77-M nokoneHnu
cesieKIMy. B3siThie B McclieoBaHUE apaMeTpbl YKa3bIBAIOT
Ha CKJIOHHOCTb KPBIC K KaTaJeITHYECKOMY 3aCThIBAHHIO B
JIOMAIIHEH KIIETKE, OOJIBIITYIO JUTUTEIEHOCTD TOCTUKTATBHON
KaTaJICIICUY, MOBBIIICHHYK aMILIUTYNy PEakLMU B3Aparu-
BaHW, CHIDKCHHBIN BeC Tella U Ooiee BRICOKHI BeC cepara
W HAAMOYEYHUKOB. 3HAYUTENIbHAS YaCTh OCHOBHBIX (DaKTOB
ObuIa 1oJry4yeHa Ha paHHUX nokoseHusx cenekuun ([Tomosa
u 1p., 1999; Anexuna u ap., 2016), 9To moaTBEpKIACT Ha-
CJI/TyeMOCTh 9THX MPU3HAKOB.

V kpsic muauu 'K B 77-M NOKOJIEHUN CEJNEKLINU eIle pa3
OBUTIO MOATBEPXKICHO HAIMYUE KHEPBHBIX» PEAKIUH, 4TO
MOXXHO paccMaTpUBaTh y HUX KaK ITOBBIIICHHBIH YPOBCHb
tpeBokHocTH. B muann HAB (high anxiety-related behavior),
CEJIEKTUPOBAHHON IO MPU3HAKY MPOSIBICHUS TPEBOKHBIX
peakiuii, BEISIBICHB! pa3HOHANPABICHHBIC OTKIOHCHHS B
rurnoranamo-runopusapHo-uaanodednukosoit (IMTHC) u B
cummaroaapenanoBoii (CAC) cucremax: yCTaHOBICHBI THIIEP-
peaktuBHOCTH B [ THC 1 runopeaxrusaocts B CAC. Ilpu sTom
ObL1 onpesiesieH 0oJiee BHICOKHI BEC HAIIIOYEYHUKOB Y KPBIC
muand HAB mo cpaBuennio ¢ kpeicamu LAB (low anxiety-
related behavior) (Salome et al., 2006). Takue xe peHoTHIN-
456
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YecKHe KOppessTh MoKa3zaHb! U B 1MHUH 'K, cenextupyemoit
0 JUTUTETLHOCTH NACCHBHO-00OPOHUTENBHON PEaKkIny 3a-
creiBanus (Anexuna u ap., 2016). CXoxecTb pe3yinbTaTos,
00YCIIOBJIEHHBIX CEJIEKLINEI Ha TPEBOKHOCTh U BBI3BAHHBIE
CTpPECCOM KaTaTOHWYECKHE PEaKIUu, TOBOPUT 00 OOIIHmX
3BEHBSIX B (DU3MOIOTHUECKNX MEXaHNW3MaX, CBOMCTBECHHBIX
muausm 'K u HAB, HecMoTpst Ha pa3Hble KpuTepuu 0TOopa.
[To-BuaMMOMY, CBSI3YIOIIUM 3BECHOM SIBIISICTCS ITOBBINICHHAS
001mast BO30yAMMOCTh HEPBHOW CHCTEMBI, KOTOpasi BhIpaXka-
eTCs B TPEBOXKHBIX peakiusix B JUHUU HAB u «HEpBHBIX»
peakuusax B mHun I'K.

Mertox TaBHBIX KOMITOHEHT MO3BOJISIET OOBETMHNTH BCE
uccieayeMble mapaMeTphl, BKIOYas 3MOLMOHANbHBIE U
BeCOBBIE. 13 cyMMBbI TOKa3aTesneit ObLUTH BBIICIICHBI JIBE HE3a-
BUCHMBIE KOMIIOHEHTHI, OXBaThIBarome oonee 60 % oOmei
n3menunBocTH. [1o coneprxanuio oHM ObUIM 0003HAYEHBI HAMH
Kak amruinTyaa B3aparuBaans (PC1) u mopdpodyHKImona s-
Hast u3MeHInBOCTb (PC2). Ha3BaHHBIC KOMITOHEHTHI SIBIISTFOTCSI
aBTOHOMHBIMH. Tak, K pa3HbIM KOMIIOHEHTaM OTHOCATCS Mapa-
METPBI «B3APATUBAHUS) U PEAKIIH «HEPBHOCTH». DTOT (hakT
0OBSICHSET CHIKEHHE PEAKIINI B3[parMBaHMs 1 ITOBBIIICHUE
YPOBHEi1 BO30YZIMMOCTH Ha OIPEAEICHHOM JTare CeNeKIINU
Y KpBIC B THHAN co cTrepeorunmsiMu (Konmaxos u nip., 2000).
Du3MoNOrNYeCcKue MEXaHW3Mbl PEaKIUi B3AparuBaHus |
CTPECCOPHBIX peakluil Takxke omnuarores. [Ipu B3aparusa-
HUH KaK pedIeKrce pearnpyroT KoXJIeapHbIe (CIyXOBEIC) Aapa
MO3ra, KOTOpbIe HaXOsTCS B €ro CTBOJIOBOW YacCTH, a MPH
MOBBILIEHHON BO30YIIMMOCTH TIPH CTPECCE MPOUCXOIUT aK-
TUBALUS BEPXHUX OT/AENIOB IICHTPAIBbHON HEPBHOM CHCTEMBI,
BKJIIOYast INMOMYECKUE CTPYKTYPBI U JIOOHYIO KOPY.

Eme onHO moaTBepKACHNE TeHETHUECKOTO €JMHCTBA pe-
aKIMH 3aCTBIBAaHNUS M «HEPBHOCTH» MBI MOIYyYWIIN TIPH TO-
MOIIM METO/a IIaBHBIX KOMIOHEHT. O0a 3Tu mapamerpa
BHECJIM JOCTOBEPHBIH IMOI0KUTENbHBIN BKJIA B KOMIIOHEHTY
PC2. D10 03Hauyaet, 9TO HECMOTPSA HA UX TOBEIECHYECKYIO
MIPOTHUBOIOJIOKHOCTb — OTCYTCTBHE ABHIATEIbHBIX PEaKINil
IIPY 3aCTHIBAHWU U TIOBBILICHUE MOTOPHOW BO30YIMMOCTH
P MIPOSIBIICHUH «HEPBHOCTH», — OHU OKa3aJIMCh B3anMO3a-
BHCHMBI ¥ OTHOHAIIPABICHHBI. DTOT ()aKT CBHECTEILCTBYET O
€IMHOM SIAPE KaTaJIeNTHIECKOTO 3aCThIBAHMUS U «HEPBHOCTH
y xpoic suann 'K (Uyryit u np., 2007). HyxHO0 00paTHTh
BHMMAaHHE Ha TO, 4TO aOCOJFOTHBIE M OTHOCHTEIbHBIC BECOBBIC
mokasaresi B komroneHnte PC2 umMerot pasHbie 3HaKu. AOCO-
JIFOTHBIE TTOKA3aTEIN MACCHI CEP/IA, TOYEK, HAATIOUYCTHUKOB
U CeJIe3eHKH BHOCAT oTpulaTenbhblil Bkiag B PC2. Crneno-
BaTEJIbHO, CHIDKEHHE MAacChl 3THX OPraHOB acCOIMUPOBAHO
C YCUJIGHHEM PEaKLUil 3aCThIBAaHMS M «HEPBHOCTH». B TO ke
BpEMSl YCHIICHNE 3THX PEaKIMi MOJIOKUTEITLHO KOPPEIUPYET
C OTHOCHUTENIBHOM MacCoi cep/lia U HaATIOYSUHHKOB (TaK KaK
BCE 3TH napameTpsl BHOCSIT B PC2 TONOXUTETBHBIN BKIIAT).
B nammx paboTax mokas3aHo, Y4TO CEJCKIUS Ha KaTaTOHHIO
IIpUBENa K CHIDKEHHIO Beca )KUBOTHBIX B THNH 'K (Kioukos
u ap., 2011; Anexuna u 1p., 2016). Bmecte ¢ TeM moBbImeHne
OTHOCHUTEJIBHOTO Beca Cep/illa U Ha/lMOYCYHUKOB TIPE/ICTaB-
JIIeTCs 3AKOHOMEPHBIM TIPOLECCOM MIPU TAKUX COCTOSIHUSAX,
KaK THIIEPTOHMS U «HEPBHOCTH». VI3MEHEHHas! MpOnopuus
BECOBBIX TOKa3aTesell HaJIIOUYeYHUKOB CTalla Pe3yIbTaToM
naurensHoi cenekuuu y kpeic ['K (Anexuna u ap., 2016).
CxonHbIe pe3yabTaThl, NPUBEAIINE K OTKIOHEHHUSM B BEcCe
Ha/INOYCYHUKOB, OTMEUYEHBI U Ha IPYTUX CEIEKIIMOHHBIX MO-
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MeXxnuHelHble pa3nnyma No SMOLMOHaNbHbIM 1 BECOBbIM
napameTpam y KpbIC C HaC/IeACTBEHHO KaTaToOHMeN 1 KpbiC Brctap

JIeIIsiX, OTOMpaeMBbIX 110 SMOLMOHAIILHBIM ITpu3HakaM (Plyus-
nina, Oskina, 1997; Redina et al., 2006; Salome et al., 20006;
Solberg et al., 2006). 13 ananuza ctpykrypst PC2, T. e. 3HaKa
U BEJNWYHMHBI BKJIAJ0B MCCIEAOBAHHBIX MPU3HAKOB B HEe,
CJIEMIyeT, YTO TPH OOIIEM CHIDKEHUHN BECa TeJla M OPTaHOB y
KpBIC, CEJICKIIMOHUPYEMBIX Ha KaTaTOHMIO, yMEHBIIICHHE Beca
TeNa y HUX BBIPA)KEHO 3HAYUTENIBHO CUIbHEE, YeM CHIDKCHHE
Macchl Cep/IIia U HaAMOYEUIHHKOB.

[NokazaHo, 4To «001aK0o» MapaMeTpoB, CHOPMUPOBAHHOE U3
BKJIa10B nipr3HaKoB inHuH [ 'K, pacnonoxxeHo Bbiie «o0naka
Bucrap mo ocu PC2 u He mepecekaercs ¢ HUM (CM. puc. 2).
Cyns no 3HadeHusiM napamerpoB B PC2, 3Ty npusHaku oT-
pakaroT ypOBEHb CTPECCOPHOI peaKTUBHOCTH U BECOBBIE 110-
Ka3aTeJ BHYTPEHHUX OPraHOB, yYaCTBYIOIINX B CTPECCOBBIX
peakmusix. ITO CBUJCTEILCTBYET 00 aCCOIMALIMN OMTHMCAHHBIX
BBIIIIE TPU3HAKOB B OPraHU3Me U OTIMYUH UX BKJIAIOB Y KPBIC
munuil 'K n Bucrap.

Takum o6pazom, y kpbic muann 'K, npormeanmx jumrens-
HBIM TIporecc cenekiuu, Oblia MOATBEPKICHA «KATaTOHHU-
YyecKash» CTPYKTypa MOBEJICHNUS: TIOKa3aHbl HACTICACTBCHHBIE
peaxIuy KaTaJelchuu B MOKOE M NPH CTPECCe M PEaKLuu
«HEpPBHOCTH». JTa CTPYKTypa MOBEJIEHUS aCCOLMUPOBaHA
C YMEPEHHOM TMIIEPTOHUEN U yBEIMUEHHOW Maccoi cepaua
W HAIOYEYHUKOB 10 CPABHEHHIO C KPBICAMU M3 MCXOTHOH
nonyssinuu Bucrap.
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AHanm3 JOMEHHOI CIIelM(PUUYHOCTU IIPOTEKTUBHOIO
XMepHOro auturena chl4D5a nnpoTtus
IJINKOIIpOTenHa E Bupyca KielleBoro sHiiedaanTa
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" NHcTuTyT XuMmnueckoii 6uonorn 1 dyHAaMEHTaNbHOI MeauUMHBI CUBUPCKOTo oTaeNeHNA Poccuiickoii akageMun Hayk, HoBocn6upck, Poccus
2 HoBocnbrpcKmii HaLMoHabHbIN NCCNe[0BaTeNbCKUIA FOCYAaPCTBEHHbIN yHUBepcuTeT, HoBOC6mpCK, Poccmsa

B HacToswee Bpema Ha OCHOBE NPOTEKTUBHOIO XVIMEPHOTIO aHTK-
Tena ch14D5a pa3pabaTtbiBaeTcs npenapat Ana NpodunakTukm n
Tepanuu Brpyca KneuweBoro sHuedannTta. Bmecte ¢ Tem anuton,
y3HaBaeMblIii STVM aHTUTENIOM Ha MOBEPXHOCTU rnKonpoTenHa E,
He NoKann3oBaH. 1A TepaneBTMYECKOro NCNoNb30BaHUA aHTU-
Tena ch14D5a KpaiiHe »enatenbHO 3HaTb MeXaHU3M AeNCTBUA
3TOro aHTWTenNa, B TOM Yncie y3HaBaemblil um anuTon. Llenbto
[laHHOW PaboTbl 6bINIO BbIABUTL JOMEH FAMNKONpoTerHa E, ¢ koTo-
pbIM CBA3bIBAETCA NPOTEKTUBHOE aHTUTeno ch14D5a. [Ina atoro

C UCNONb30BaHNeM GaKTepuanbHON CUCTEMbI SKCNpeccuu bbino
nosly4YeHo yeTblpe PeKOMONHAHTHbIX BapraHTa rnkonpoTenHa E:
1) 6enok rk, copepawmin gpomenbl D1, D2 n D3 rnnkonpotenHa E;
2) 6enok rED1+2, cogepawmin fomeHsl D1 v D2; 3) 6enok rED3_301,
npeacTasnsowmii cobon gomen D3; 4) 6enok rED3_294, Bkntoya-
rowun gomeH D3 v lwapHUPHBIN y4acToOK, COeAMHALLMIA JoMe-
Hbl D1 1 D3. Benku rED3_294 1 rED3_301 6biav nonyyeHbl B pac-
TBOPVMOW MOHOMEPHOW popme, YTO MOATBEPXKAEHO refib-punbT-
paumnoHHom xpomatorpaduein. benkm rE n rED1+2 akcTparnpo-
BaHbl 13 Tenew BKtoYeHnA. Metofgamu BecTepH-6110T aHanmsa

1 NMOBEPXHOCTHOTO MIa3MOHHOIO Pe30HaHCca YCTaHOBNEHO, UTO
NPOTeKTNBHOE XUMepHoe aHTuTeno ch14D5a n ero Fab-¢pparmeHt
CBA3bIBalOTCA C JoMmeHoM D3 1 He cBA3bIBaOTCA € JomeHamu D1 n
D2 rnukonpoTenHa E Bupyca kneweoro sHuedanmta. Nockonbky
aHTUTENa, y3HatoLwme SNUTOMbl Ha MOBEPXHOCTY fJoMeHa D3, He
CKNOHHbI BbI3blBaTb aHTUTEN03aBNCMMOE YCuneHve nHdekuum no
CPaBHEHNIO C aHTUTENaMK, HanpasieHHbIMK Ha foMeHbl D1 1 D2,
nosnyyeHHble flaHHble NOATBEPXKAAIOT NepPCreKTUBHOCTb UCMOSb-
30BaHus aHTTena ch14D5a npu co3paHuy TepaneBTUYeckoro
npenapata NpoTVB BMpYyCa KneweBoro sHuedanuTa.

KntoueBble cnoBa: BUPYC KnewweBoro sHuedanuTa; rmmkonpoteunH E;
fomeH D3; aHTuTeno; peKoMOUHAHTHbI 6eN0K; MOBEPXHOCTHbIN
NIa3MOHHbIN Pe30HaHC; KapTUPOBaHKe 3NUTona.
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Analysis of domain specificity

of the protective chimeric antibody
ch14D5a against glycoprotein E

of tick-borne encephalitis virus

LK. Baykov1 ®, LA. Emelyanoval' 2 L.M. Sokoloval,
E.M. Karelina® 2, A.L. Matveev! 2, LV. Babkin? 2,
Ya.A. Khlusevich! 2, V.E, Podgornyyl, N.V. Tikunoval’ 2®

TInstitute of Chemical Biology and Fundamental Medicine SB RAS,
Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

A drug for the prevention and therapy of tick-borne ence-
phalitis virus is being developed on the basis of the pro-
tective chimeric antibody ch14D5a. At the same time,

the epitope recognized by this antibody on the surface

of glycoprotein E has not been localized yet. The aim of
this work was to identify the domain of glycoprotein E, to
which the protective antibody ch14D5a binds. As a result,
four recombinant variants of glycoprotein E were generat-
ed using the bacterial expression system: (1) the rE protein
containing the domains D1, D2, and D3 of glycoprotein E;
(2) the rED1+2 protein containing domains D1 and D2;

(3) the rED3_301 protein, which is domain D3 of glycopro-
tein E, and (4) the rED3_294 protein comprising domain
D3 and a hinge region connecting domains D1 and D3.
The rED3_294 and rED3_301 proteins were obtained in so-
luble monomeric form. The rE and rED1+2 proteins were
extracted from the inclusion bodies of Escherichia coli.
Using Western blot analysis and surface plasmon reso-
nance analysis, it was demonstrated that the protective
chimeric antibody ch14D5a and its Fab fragment bound
specifically to domain D3 of glycoprotein E. Since the anti-
bodies recognizing epitopes on the surface of domain D3
do not tend to cause antibody-dependent enhancement
of the infection as compared to antibodies directed to do-
mains D1 and D2, the data obtained confirm the promise
of using the antibody ch14D5a in the development of a
therapeutic preparation against the tick-borne encephali-
tis virus.

Key words: tick-borne encephalitis virus; glycoprotein E;
domain D3; antibody; recombinant protein; surface plas-
mon resonance; epitope mapping.



naBuBUpYCHI — cemelicTBo PHK-coneprkanux Bupycos,

BKJTIOUAIOIIIX MHOKECTBO BO30yANTENEI OTTACHBIX 3a-

OoneBaHMil YemoBeKa. AKTyalbHOCTD TTOY9YEHUsS pe-
KOMOMHAHTHBIX aHAJIOTOB [IOBEPXHOCTHBIX OEJIKOB Pa3IMYHBIX
(hTaBUBHPYCOB OTIpeeNIeTCs HEOOXOIMMOCTRIO pa3padoTKu
BakiuH HoBoro mokosenust (Chen, 2015; Rey et al., 2018),
CO3/IaHUs BBICOKOUYBCTBHUTENIbHBIX TecT-cucteM (Holbrook
etal., 2004; Zidane et al., 2013), a Taxoke MpoBeIEHHUS CTPYK-
TypHBIX HccnenoBanmii (Rey et al., 1995; Wu et al., 2003;
Volk et al., 2009). PexomOuHanTHBIE (1aBUBUPYCHBIE OCIIKH
UCTIONB3YIOTCS TIPH M3yYEHUU SMUTOMNOB, Y3HABAEMBIX ITI0-
TEHIMAIILHO TePANIeBTHYECKUMH BHICOKOHEHTPAIM3YFOIIMHU
n nporexktuBHbiMU antuTenamu (Nybakken et al., 2005;
Robinson et al., 2015; Barba-Spaeth et al., 2016; Zhao et al.,
2016; Wang et al., 2017).

AHTHTEHHasl CTPYKTypa (JIaBUBHPYCHOTO IIIMKOIPOTEH-
Ha E HemocpencTBeHHBIM 00pa3oM CBs3aHA C IPOCTPaH-
CTBEHHOH CTPYKTYpOil 3TOT0 O€NKa M ero OpUeHTannue Ha
[IOBEPXHOCTHU BUpHUOHA. Iukonporeun E pacnonoxen Ha
MOBEPXHOCTH 3PEJIOT0 BUPHOHA (DIIaBUBHPYCOB B KOJTMIECTBE
180 monekymn, oprann3oBaHHbIX B BUJe 90 romogumepos. OH
cocrout u3 fomeHos D1, D2 u D3 (puc. 1, a), a Taxoke AByX
TpancMeMOpaHHBIX TOMEHOB. D1 — meHTpanbHBIN HOMEH,
oObenuusomuid fomersl D2 u D3. Jlomen D2 oTBedaer 3a
JIMMEpPHU3aIHIo TIIMKONpoTenHa E, a Takike colepkuT ruapo-
(hoOHYIO METITIO CITUSHMSA, KOTOpask y4acTBYET B BEIXOZIE BUPYC-
HOT'0 Karcy/1a u3 3HI0COMBI B IIUTOIIIa3My KieTku. Jlomen D3
B3aUMOJICHICTBYET C Pa3IMYHBIMH KJIETOYHBIMH PELIENITOPAMH
1 y4acTBYET B IPOHNKHOBEHUH BUPYCa B 3apa’kacMyI0 KIIETKY
(Pierson, Kielian, 2013).

JlomeHHas cTpykTypa mmkonporenHa E cradbunnsuposana
MIECTHIO TUCYTb(UIHBIMU CBA3IMH, KOHCEPBATUBHBIMU IS
Bcex (1aBMBHPYCOB. VI3BeCTHO, UTO SMUTONBI, Y3HaBAEMbIE
BUPYCHEUTPAIU3YIONMMHU U MPOTEKTUBHBIMU aHTUTEIAMHU,
pacroIoKeHBI BO BCeX TPEX TOMEeHax mInkonpoTtenHa (Dowd,
Pierson, 2011). DUHUTONBI MBIITMHBIX MOHOKIOHAIEHBIX aH-
TUTEN, 00IaaonKX Hanbosee BBIPAKCHHBIMU BUPYCHEH-
TPATHU3YIONIMMHU U IPOTEKTUBHBIMU CBOWCTBAMH, HAXOAATCS
IpenMyniecTBeHHO B obnactu pomena D3 (Roehrig, 2003;
Oliphant et al., 2005; Sanchez et al., 2005; Dai et al., 2016),
MO3TOMY AHTHUTENA, HATPABICHHBIC K ATOMY JIOMEHY, Ipe-
CTaBIISIIOT HAaMOONBIINH WHTEPEC C TOYKH 3peHHs Mpodu-
JIAKTUKYU U Tepanuu (GIaBUBUPYCHBIX MH(ekuuii. 13BecTHO
TaK’Ke, YTO BHICOKOHEHTPAIN3YIOIIHE U IPOTEKTUBHBIC aHTH-
TeJla, HAalpaBJICHHBIC K IIETIIE CIIUSHNUS, BEI3BIBAIOT aHTHTEIIO-
3aBucuMoe ycuienne nHekuun (Haslwanter et al., 2017).
B cBsI31 ¢ 3THM 1IpH pa3paboTKe TepaneBTUIECKUX Mpernapa-
TOB MPOTHUB (PITAaBUBUPYCOB ISl MOTCHIMAIBLHO TEPATIEBTH-
YECKOT0 aHTHUTEJA JJOJDKHO OBITh MOJTBEPIKIEHO OTCYTCTBUE
CBSI3BIBAHUSA C METIEN CINUAHUS MMKonporenHa E.

Panee Ha ocHOBE BHPYCHEHTPATU3YIOIINX MOHOKIIOHAb-
HbIX MbIHHBIX aHTUTeN (Tsekhanovskaya et al., 1993) Hamu
OBLITO CKOHCTPYHPOBAHO BEICOKOAP(PHUHHOE XHMEPHOE aHTH-
teno ch14D5a, obnanasiiee crnocoOHOCTHIO APPEKTUBHO
3aIIMIIATh MOJICIBHBIX KMBOTHBIX OT COTEH JIETAJbHBIX J103
BHpyca kiemnieoro >Hiedanmnta (BKD) (Baykov et al., 2014;
Tukynosa u n1p., 2015). JlokIMHUYECKHE UCTIBITAHUS 3TOTO
aHTHUTEJa [T0Ka3aJll ero BHICOKYIO 3()(DEKTHBHOCTb, a TAKKE
OTCYTCTBHE TOKCHYECKHX cBoicTB (TukyHoBa u ap., 2015).
OHAKO /715 TepaneBTHYECKOTO UCTIONB30BaHNS IIpenapara Ha
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ocHoBe anrurena ch14D5a HeoOXonuMo JeranbHOE Hcciie-
JIOBaHHME MEXaHN3Ma JEHCTBUS 3TOTO aHTHUTENA, B TOM YHCIIE
JIOKQJIN3AIINs ATTUTOIIA, C KOTOPBIM CBSI3BIBACTCSI aHTUTEIIO Ha
TMOBEPXHOCTU INIUKOIIPOTCHUHA E.

enp naHHO# pabOTH — BEISIBUTH JOMEH TIIHKONIpoTenHa B
BHpYCa KJICIIEBOTO HIE(AINTa, C KOTOPBIM CBSI3bIBACTCSI IIPO-
TeKTHBHOE XuMepHoe anTuteno chl4D5a. lns satoro Obun
TIOJTy9eHBI PEKOMOMHAHTHBIE OCIIKH, TIPEICTABIISIONINE COO0H
(parmMeHThI TIIMKONIpOTEnHA E, M MccienoBaHo B3aMMOICH-
crBue antutesna chl4D5a ¢ aTuMu OenkaMu METoIaMu IOBEpX-
HOCTHOTO IUIa3MOHHOTO PE30HAHCA U BECTEPH-0JIOT aHAIN3a.

MaTtepwuanbl n metogbl

Marepuanabl. XumepHoe aatureno ch14D5a 610 HapaboTa-
HO ¥ OYMIIIEHO COINIACHO METOJIMKE, OITyOJIMKOBAHHOH paHee
(Baykov et al., 2014). Fab-pparmeHT anTurena 1moiay4eH c
ncnonp3oBanreM Habopa Pierce™ Fab Micro Preparation Kit
(Thermo Scientific) cormacHO HHCTPYKIIMU TPONU3BOIAMUTEIIS.
Kommiemenrapuas JIHK rena E Bupyca KiierieBoro sHIeda-
mura, mtamM CodwrH, 6b11a mpenoctaieHa C.E. TkauéBpiM,
WuctutyT Xumudeckoi 6nonornu u GyHAaMeHTaIBHON Me-
nmurabl CO PAH (HoBocuOupcek).

Co3naHue reHeTHYeCKMX KOHCTPYKIMII [UIsl mosy4e-
HusA (pparmenToB rnkonporenna E. ®parmentsr JJHK,
Koaupyromre pekomouHanTaeie 6enku rED3 294, rED3 301,
rED1+2 u rE, 6pumn momygenst metomom ITLP mo marpuie
k/IHK rena E Bupyca kiemeBoro sHuedainTa, mTaMmm
Sofjin-Ru (GenBank: AEP20480.1), ¢ ucnonb30BaHHEM
npaitmepos: TED3 301 Ncol dir: 5'-GCGCCATGGCCG
GCGGTGGCTCGGGTCTTACATACACAATGTGCG-3";
rED3 294 Ncol dir: 5'-GCGCCATGGCCGGCGGTG
GCTCGCTAGAAAAACTTAAGATGAAAGGTC-3";
rED3 his Notl rev: 5- TTAGCGGCCGCTTAGTGATG
GTGATGATGATGACTCCCTTTTTGGAACCATTG-3';
rED1 Sfil dir: 5-ATAGGCCCAGCCGGCCATGGCCTC
ACGGTGCACACATCTGG-3";tED2 his Notl rev: 5'-TTA
GCGGCCGCTTAGTGATGGTGATGATGATGTTTCAT
CTTAAGTTTTTCTAGCCC-3'. ®parmenT, KOAUPYIOMHUH
6enox TED3 294, momy4eH ¢ MCHONB30BaHUEM NpaiMepoB
rED3 294 Ncol dirurED3 his Notl rev. ®parment, koau-
pytomrmii 6eox rED3 301, — ¢ ncnonp30BaHNEM TpaiiMepoB
rED3 301 Ncol dir u rED3 his Notl rev. C momouisio
npaiimepoB rED1_Sfil dir u rED2 his Notl rev nomy4anu
(hparmenT, Komupyromwii 6enok rED1+2, a ¢ momorsio npaii-
mepos rED1 Sfil diru rED3 his Notl rev — ¢parmenT, ko-
nupyromuii 6enok rE.

I'eHBI PEeKOMOMHAHTHBIX OEIIKOB KOAMPOBAIH IVIMIHH-CE-
PHHOBYIO ITOCIIEI0BATEILHOCTD Ha N-KOHIIE /1715l TOBBIIICHUS
pacTBOPUMOCTH, a Takke C-KOHIEBYIO I'€KCaruCTHINHOBYIO
MOCIIEIOBATENIFHOCTD [T O4CTKH OenkoB Ha Ni-NTA cop-
oente. IHK-pparmenTsl, komupytomue 6enkn rED3 294 u
rED3 301, 6bun BcTpoens! B miazmuanyto JJHK pHEN2
[0 cailTaM y3HaBaHUS 3HJOHYKJIea3 pecTpukuuu Ncol u
Notl. ®parmentsl, koaupyronme 6enku rED1+2 u rE, 6pumn
BCTPOEHBI B Ty e Iuasmuay no cairtam Sfil u Notl. Ilpa-
BIIBHOCTHh KOoHCTpyKnuit pHEN2-rED3 294, pHEN2-
rED3 301, pHEN2-rED1+2 u pHEN2-rE noarsepsknanu cex-
BeHHpoBaHueM. OnKrCcaHHbIe KOHCTPYKLUH JISTIOHUPOBAHBI B
6a3y GenBank u nmerot cnenyromue Homepa: MH319019,
MH383220, MH383221 n MH383222.
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Fig. 1. Fragments of the 3D structure of glycoprotein E ectodomain: (a) protein rE, containing domains D1, D2, and D3; (b) protein
rED1+2, containing domains D1 and D2; (c) protein rED3_294; (d) protein rED3+301.

The images were constructed with Pymol software on the base of the 1SVB structure retrieved from Protein Data Bank.

IMonyyeHne pekoMOMHAHTHBIX OeakoB. bakrepun
Escherichia coli HB2151, TpancopMupoBaHHBIE COOTBET-
ctBytomer mnasmuaHon JJHK, pactunu B cpene LB ¢ go-
6asnenneM amnuuuinHa ¥ 0.1 % DIIOKO3BI TIPH CKOPOCTH
nepemenBanus 180 00./Mun u temneparype 37 °C. Ilpu
JIOCTHKEHUH onTrueckoi rornoctu OD600 = 0.7-0.9 cun-
Te3 Oenka nHAyIMpoBanu gobasnerrnem UIITIT no konedHoi
koHIeHTpanuu 0.5 MM, a pocT KyJabTypbl IPOIOKAIN TIPH
ckopoctu nepementuBanus 180 00./mun u 30 °C. Uepes 4 4
Oromaccy OTAENSNN OT Ky/IbTypalbHOMN KHUIKOCTH IIEHTPpUQY-
ruposanueM 10 mun ipu 6000 g, ocagok pecycrneHanpoBatu
B Oyepe, coneprxkamiem 20 % caxaposbl, | MM DJITA u 10 MM
tpuc-HCI, pH 7.5, B3sTom B xommuectse 1/10 mcxomuoro
o0bema xuaKoi KyasTyphl. ITocie nakyOanum 5 MuH npH
KOMHAaTHOH TeMneparype 1 5 MuH mpu 0 °C KIeTKH ocax1anu
2 mue npu 10000 g u Temmepatype 6 °C. [Tocne ymnanenus
CyNepHaHaHTa KJIETOYHBIH 0CaJOK PEeCyCIECHANPOBAIN B
5 MM pactBope MgSO,, B3saToM B KonuuecTse 1/10 ncxon-
HOTO0 00beMa JKHJIKOH KyJIbTYpbl, U HHKyOHPOBAIN 5 MUH IIPH
0 °C. O6pa3zoBaBmmecs cheporuiacTbl OCaXaIl 2 MUH TIPH
10000 g u Temnieparype 6 °C, a cynepHaTaHT, Colep Kalui
nepuIUIa3MaTHieckue Oeikd, QIIBTPOBANIH Yepe3 IMOJIH-
a¢upcyabpdoHoBbIi GrIETp ¢ pazmepom mop 0.22 MKM U 3a-
MopaxxuBaiu. Ocasok chepoIiacToB TaKKe 3aMOPaKUBaIIH.

[pu momyuennn rED3 294 mu6o rED3 301 ¢pakmuio me-
pHUILIa3MaTHYECKUX OEJIKOB HAHOCWJIM Ha Xpomatorpadu-
4eCKyI0 KOJIOHKY, yrakoBanHyto 4 Mi1 Ni-NTA araposst (No-
vagen) co CKOpocThio moToka 0.5 mu/mMuH. [ mpoMBIBKH
KOJIOHKH U 3JTIOLUH HCTONb30BaN (ocharHo-coneBoii Oy-
(epusiit pactBop (DCBP) ¢ nodarinenuem NaCl o 300 MM,
COJEpIKALIMM pa3InuHble KOHLIEHTpauuu umuaasoina. [locie
HaHECEHUS MEepHUIIa3MaTHIECKOW (pakIuKu Xpomarorpa-
(uyeckyro KOJIOHKY NMpPOMBIBaM 5 oObemamu Oydepa, He
cozepxaiiero nMuaasona. Hecriennpuueckn casazaBmmecs
6exnxu amouposanu Oydepom ¢ 25 MM mmmzaasomna, mociue
4ero 1esieBoi 0esok amonposau oydepom ¢ 300 MM umu-
nmazorna. C momomisio GriasTpoB Amicon ultra-4 ¢ moporom
orcedyenus 3 x/la ocymecTsisimy auaduiasTpanuio Oydepa u

MeguumHCcKas reHeTrKa

KOHIIEHTpUpOBaHUe Oenka 10 2—4 mr/mi. bemox ¢punsTposa-
mm yepe3 GuiIbTp ¢ pazmepom rop 0.22 MKM U XpaHHWIH IPU
4 °C B docdarHo-coneBom Oydeprom pactBope, pH 7.4, ¢
nobasnennem 0.02 % a3uma HaTpUS.

[Tpu nmonyuenun Genkos rE u rED 142 ucnons3oBanu oca-
JIOK c(heporiacToB, OCTABIIMICS MOCIE BBIACICHUS IEPH-
Ta3Matndecknx OemkoB. Ocagok moaBepranu oOpaboTke
yIABTPa3BYKOM B TEUCHHME 3 MHH, ITOCJIE YEro CyCHECH3HUIO
ueHtpudyruposanu 15 mun npu 12000 g. CynepHaraHr,
CoJZIepXKaIUil IUTOIUIa3MaTHIECKHUEe OCJIKH, 3aMOpaKnuBa-
mu. Ocafok, MPeACTaBISFOINI cO00H KICTOYHBIN 1e0puc,
pactBopsuin B ®CBP, conepxamem 8 M MoueBuHy, Npu
KOMHATHOW Temrmeparype B TedeHne 30 MuH, 3aTeM IIeHTPH-
¢dyruposann 15 mun ipu 12000 g. [{eneBoit 6enok BEIACISITH
u3 cynepHaranTa aQQuHHON XpomaTorpadueii aHaJIOrHIHO
TOMy, Kak 3T0 nenamu s 6enkxoB rED3 294 u rED3 301,
C TEM JIMIIb MCKIIOYEHHEM, YTO BCE PACTBOPBI COCPIKAIIH
8 M moueBuny. benxu xpanunu B @CEP, conepxamem 8 M
MoueBHHY, pu —20 °C.

BecTepH-610T aHAIM3 PeKOMOMHAHTHBIX O€JIKOB.
Kierounsle iau3aTel U Qpakuuy nepuIria3Maruieckux Oei-
KOB (ppakIMOHUPOBAIH 31eKTpodopesom B 15 % nenary-
pHUpYIOIIEM TOJIMAKPUIAMHUIHOM TeJje, MOCHe Yero OeiIKu
MEPEHOCUJIM Ha HUTPOILEIUTION03HY0 MeMOpaHy (Bio-Rad)
aneKTporepeHocoM B Oydepe, comepkamem 25 MM Tpuc,
192 MM mminmna, 0.1 % nopemwicynsdar narpus u 20 %
STaHOJI, U OKpaIIMBaJI KpacUTeIeM «ITyHIOBBIN Sy». [Tocie-
JYIOIINE CTAJJUN OCYIIECTBISUTH B TEPMOCTATUPYEMOM IIEH-
kepe nipu 37 °C. MemOpany 610kupoBanu 5 % cycrieHsuei
00e3)KUPEHHOTO CYXOro Mojoka B TeueHue 45 muH. [locie
TpexKpaTHOTo MpombIBaHug MeMOpansl DCBP, cogeprkammm
0.05 % 1BuH-20 (OCBP-TBHH), K MeMOpaHe 100aBIsITH pac-
TBOp anTHTena 6x-His Tag Monoclonal Antibody (4A12E4)
(Invitrogen), pa3BeieHHOTO B TOM ke Oy(epe B COOTHOIICHUN
1:10000. ITocne 45-MuHYTHOW MHKYOAIIMH M TPEXKPATHOTO
npombiBaHuss MeMOpanbl DCBP-TBIH kK MeMOpaHe 100aBIIsUTH
pacTBOp BTOPUYHOTO aHTUTENA, KOHBIOTHPOBAHHOTO C IIe-
nouHoit pocdarazoii, Anti-Mouse IgG (Fe specific)-Alkaline
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Analysis of domain specificity of an antibody against
glycoprotein E of tick-borne encephalitis virus

Phosphatase antibody produced in goat, A1418 (Sigma). [Toc-
ne 45-MUHYTHON MHKYOAIlMM U TPEXKPATHOTO MPOMBIBAHUS
memOpanbl DCBP-tBuH MeMOpaHy nipombiBain AP-Oydepom
(100 MM tpuc-HCI, pH 9.5, 100 MM NaCl u 10 MM MgCl,)
Y TIPOM3BOIMITH OKPAIINBaHIE MEMOPAHBI PACTBOPOM XPOMO-
renoB BCIP-T (mapa-toixyunuHoBas coib S-6pom-4-xiop-3-
unponuidocdara) (Fermentas) u NBT (nitro blue tetrazolium
chloride) (Fermentas) B Tom sxe Oydepe 10 mosBICHUS OKpa-
cku. OKpalleHHyI0 MeMOpaHy MPOMBIBAIIN JUCTHIUISITOM U
CKaHMPOBAJIH.

B cirydae BecTepH-010T aHAN3a C NCTIOIB30BAaHUEM aHTH-
tena ch14D5a npoueypy ocyniecTBISUIN aHAJIOTHYHO, TIPH
sToM antuTeno chl4D5a npuMeHsM B KOHCYHON KOHIICH-
Tpaiuu | MKI/Mi, a B KadecTBE BTOPUIHOTO aHTHUTENA HC-
noib3oBain Anti-Human IgG (whole molecule)—Alkaline
Phosphatase antibody produced in goat, A1543 (Sigma).

Hccaenopanne B3aumopeiictusi anturena ch14D5a
u ero Fab-gparmenta ¢ pekoMOMHAHTHBIMH (PparMeH-
TamMu raukonporenHa E Ha onTHYeckom OmoceHcope
ProteOn XPR36. Okcniepuments! mposoauin B ®PCh ¢
nob6asienueM 0.005 % tBun-20 1 0.1 MM >THIIEHHIHAMHUH-
terpaanerara Harpus (O[TA). [Mosepxnocts HTG-uuna
aKTUBUPOBAJIU Iponyckanuem 1 MM BomHOro pacrtBopa
Ni(NO;), B Teuenue 120 c. PexoMOMHAHTHEIEC OEIKU HEKO-
BAJICHTHO UMMOOMIIM30Ba)I Ha roBepxHocT HTG-uuma B
KOHIIEHTpPAIMU 3 MKI/MJ JI0 JOCTHXKCHUSI YPOBHS CHUTHaa
50-70 en. orknuka. IlocnenoBaTenbHbIE TPEXKPATHBIE pa3-
BeneHus Fab-¢parmenra antutena ch14D5a B koHIIEHTpaIuu
260, 87, 29, 9.6 u 3.2 HM aHaTU3UpPOBAIN Ha CBA3BIBAHNE
C peKoMOMHAHTHBIMH OenkaMu. B kauecTBe pedepeHcHOro
OBLIT B3SIT CUTHAJI, 3apErHUCTPUPOBAHHbIN [t Oydepa, He co-
nepxamiero Fab-gparmenra, a Takxe curHa, moxydeHHBIA
P TIPOIyCKaHuM pa3Beaenuit Fab-gparmenTa B Toit yactu
YHIa, IIe He ObUI0O MMMOOMIM30BaHO 0ekoB. CKOPPEKTH-
POBaHHBIH TakMM 00Pa30M CHTHAJ MCIONb30BAIH JUIS BbI-
YHCIICHUS KHHETHUECKUX M PABHOBECHBIX KOHCTaHT METOJIOM
[100aJIbHOTO BBIPABHMBAHUS Ha OCHOBE NMPOCTOW MOJIEIN
OJHOCAWTOBOTO CBA3BIBAHUS C MOMOIIBIO MMPOTPAMMHOTO
obecrieuennst ProteOn Manager 3.1.0. B cny4ae antutena
ch14D5a anan3upoBaiy TpeXKpaTHbIE pa3BeACHHs aHTHTEIa
B KoHIeHTpammu 81,27, 9,3 u | HM.

Tleab-¢puasTpanuonHas xpomarorpadpus. Xpomarorpa-
¢durueckuii npoduite 06pasuos oenkoB rED3 294 urED3 301
OBLT MpoaHaTU3MpPOBaH Ha KomoHke Superdex 75 10/300 GL
(GE Healthcare) ¢ momomnsio xpomatorpada AKTA pure
(GE Healthcare). [IpodunsrpoBanHbIiii 00pa3serl Oejika BHOCH-
m1 B komrgectse 100 MK 11 hpaKIIHOHIPOBAIIN CO CKOPOCTHIO
notoka 0.5 mi/MuH. ONTHYECKYIO TFIOTHOCT Ha BBIXOJIE M3
KOJIOHKM aHAJIM3UPOBAIM Ha JIiauHaX BoiH 214 u 280 HMm.
B kagectBe pedepeHCHBIX 0ETKOB OBUIM MCITONIH30BAHBI
PHKa3za A (13.7 x/1a), mm3onnm KypuHbsIx sui (14.3 x/la) u
ofHoluenoueqHoe anTureno 14D5 (27 x/la). DxciepuMeHThI
npoBoamiu B 6ydepe @CEP.

O0paboTka nedpuca nereprenrom. Kietounsiii nedpuc,
OCTaBIlIWiicS B pe3yibTare LHeHTpU(YrupoBaHusi OakTepui,
MpeIBAPUTETHHO 00paOOTaHHBIX YABTPA3BYKOM, PECYCICH-
nuposaiu B 6ydepe (50 MM tpuc-HCI, pH 7.5, 1 MM D/ITA,
150 MM NaCl), conepxamiem 0.5 %, 1 % wnu 1.5 % nerep-
reara TputoH *x100. OOpa3isl HHKYOHPOBaIN B TEUCHHE
Houn nipu 4 °C. Henrpudyruposanu 10 mun npu 12000 g,
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AQHAJIN3UPOBAIN OCAJ0K U CYNEPHATAHT JACHATYypUPYIOIIUM
3MEKTPOPOPE30M B TOTHAKPHIAMUIHOM TeEIE.

Pe3ynbratbl

MonyyeHne peKomM6MHaHTHbIX pparmeHTOB
rnnkonpotenHa E BK3

PexomOunanTHble (parMeHTHl mMKonporenHa E Obutn Ha-
paboTaHbl B pe3ysbTaTe 3KcIpeccuu B Oakrepusix E. coli
HB2151. JIng »3Toro OBUIM CKOHCTPYHPOBAHBI TNIA3MHUIHBIC
JHK na ocnose JJHK pHEN2, conepxaiieil CUrHaJIbHYIO
MOCJIe0BATENILHOCTD T'eHa nekTar-nuasbl B (pelB). Dra no-
CJIEIOBATENILHOCTD HANpPABIsIET CHHTE3 O€lKa B MEpUILIa3-
MaTH4YecKoe NpoCcTpaHcTBO E. coli, koTopoe obiagaeT Oosee
BBICOKUM OKHCJIUTCIIBHBIM TOTCHIIMAJIOM, a TAKXKC COACPIKUT
OeJKH KIIeTOYHOM crcTeMbl Dsb, criocoOcTByromme oopa3oBa-
HUIO JUCYIB(QHUIHBIX CBs3EH, HEOOXOIMMBIX JUIsl CTabMIn3a-
LM TPOCTPAHCTBEHHOM CTPYKTYphI Oernka (Berkmen, 2012),
YTO CIIOCOOCTBYET 00pa30BaHMUIO MTPABWIHHOM KOH(pOpMaIun
0EeJIKOBOM MOJICKYJIBI ¥ HAKOIUICHHIO O€JKa B PacTBOPUMO
dhopme. Beero ObLI0 CKOHCTPYHPOBAHO YETHIPE PEKOMOUHAHT-
HBIX (pparmenTa mukonpoTenHa E: 1) 6enox rE, coneprxarmmit
nomensl D1, D2 u D3, aMHHOKHCIIOTHBIC OCTaTKH (a.K.0.)
1-397 rmuxonpotenna E BKD; 2) 6enok rED1+2, comep-
skamuit fomensl D1 u D2 (a.x.0. 1-302 mmxonporenna E);
3) 6emox rED3 301, npencrasmustronuii coboit momen D3
(a.x.0. 301-397 ruxonporeuna E); 4) Genox rED3 294
(a.x.0.294-397 mmuxomnporenHa E), Bxmogarommuii jomeH D3
U IIApHUPHBIN y4acToK, coequHstomuil fomensl D1 1 D3. Bee
peKoMOMHATHBIE OSITKU COIePKAIH FeKCaruCTUAMHOBYIO I10-
cleoBaTeIbHOCTH Ha C-KoHIIE U He coneprkann C-KOHIEBOH
TpaHcMeMOpaHHBIH ydacTok (a.k.o. 398—496). Ha puc. 1
MPECTABICHbI COOTBETCTBYIOIUE (ParMEHThl MPOCTPaH-
CTBEHHOM CTPYKTYpHI 3KTOIoMeHa rukoripoTenHa E (Rey et
al., 1995, PDB id: 1SVB).

B pesynbrare nHIyKIMK OaKTepuii, TpaHC(HOPMHUPOBAHHBIX
cooTBeTcTBYIomMMH 1a3MuaabME JJHK, Opim momydeHs!
KJIETOYHBIC JIN3AThI, COIEpKaIIie HeoOXxomiMble Oeiku. berku
(b paKIOHUPOBAIIH I'€JIb-3IEKTPO(POPE30M B BOCCTAHOBUTEITb-
HBIX YCIOBHSX (pHUC. 2, @) W BBIABISUIA QHTUTEIIOM IPOTHB
TeKCarMCTHIMHOBOH TIOCIIEOBATEILHOCTH B BECTEPH-OJIOT
aHaJIM3e JUIsl COOTHECEHUS TI0JIOC Ha Teie LEelIeBbIM Oesikam
(cm. puc. 2, 6). benku rED3 294 u rED3 301 maxoanimch
B PAaCTBOPHMOM BHJIE B IEPHUIIIIa3MaTHIECKOM IIPOCTPAHCTBE
KJIETOK (cM. puc. 2, a, nopoxku / u 2). benox rE npucyt-
CTBOBAJI B HEOOJBIIIOM KOJMUYECTBE B IUTOIIa3Me KIECTOK B
pPacTBOPHMOM BHJE U BBIABISUICS BECTEPH-OJIOT aHAIM30M
AQHTHUTEJIOM MPOTHB I'eKCArkuCTHANHOBOM MOCIIE0BATEILHOCTH
(cMm. puc. 2, 6, nopoxka 6). Bvecte ¢ Tem Oompiast 9acTh 6e-
koB rE 1 rED 1+2 Ob11a pacrosnokeHna B KJIIETOUHOM JieOpuce,
OCTaBHICMCH ITOCJIC BbIACIICHU A IEPUITJIA3MbI U ITUTOIIA3MbI
(cwm. puc. 2, a, nopoxku 3 u 4). Kpome Toro, 3apeructpupo-
BaHbI B HEOOJIBIIOM KOJIMYECTBE JIOMOIHUTEIBHbBIE (DOPMBI
6enkoB tED3 294 u rE, HE3HAYUTENBbHO OTIMYAIOLIUECS 110
ANeKTPOPOPETHIECKON MOABIWKHOCTH. [IpHCyTCTBHE ATHX
(hopM MOXKET OBITH BBI3BAaHO HEIIOJIHBIM OTIICTIIICHUEM JIH-
JIEpPHOTO MENTH A OT 11eJIeBOro Oerka.

Brina mpoBepena rumotesa o ToM, 4To Oenku rEDI1+2
u rE Haxo#sTCs MpenMyIIecTBEHHO B HEPACTBOPUMOM BH/IE
13-3a TOTO, YTO OHM CBSI3aHBI C ()parMeHTaMu OaKTepuab-
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Fig. 2. Analysis of cell fractions containing recombinant proteins rED3_294, rED3_301, rED1+2, and rE: (a) electrophoresis in 15 % denaturing polyacryl-
amide gel, (b) Western blotting with antibody against the hexahistidine fragment.

1, 2, Periplasmic fraction of bacteria transformed with plasmids pHEN2-rED3_294 and pHEN2-rED3_301, respectively; (3) cell debris of bacteria transformed with
pHEN2-rED1+2; 4, 5, cell debris of bacteria transformed with pHEN2-rE; 6, cytoplasmic fraction of bacteria transformed with pHEN2-rE; M, protein molecular

weight ladder. All samples were prepared with the presence of dithiothreitol.

HOW MeMOpaHBbI TP ITOMOIIN THAPOGOOHON NETIIN CIAUSIHUS
(a.x.0. 98—111 mmxonporenna E), pacmonoxxeHHO# B 110-
MeHe D2. OnHako mocie 00paboTKH KIETOYHOTO jaedprca
oydepom, coneprxarum 0.5 %, 1 % wu 1.5 % tpurona x 100,
6enxu rED1+2 u rE no-npexxHeMy HaXOIWINACH B OCAlKe U
HE MepeXO/IIIN B CYTIEPHATAHT.

benku rED3 294 u rED3 301 Obutn BbIAEICHBI U3 TIEPH-
mra3mMatrdeckoil ¢ppaknnn Ni-NTA xpomartorpadueir. Me-
TOJIOM TeJIb-(PHIBTPAIMOHHOW XpoMaTorpadguu B OTCYT-
CTBHE JETEpreHTOB ObLIO TOKa3aHo, yTo Oenku rED3 294
u tED3 301 cooTBeTCTBOBAIM MO BPEMEHH YIEp)KaHWS Ha
KOJIOHKE OellkaM C MOJISKYJISIpHOH Maccoi okono 12 x/la,
CJIE/IOBATEIIbHO, OTH OEJIKM HaXOAMINCh B PACTBOPE B BH/IE
MOHOMEPOB M He 00pa30BbIBAIN arperaTos.

AHanus cBA3bIBaHNA peKOM6MHaHTHbIX 6enkoB rED3_294,
rED3_301, rED1+2 n rE c aHTuTtenom ch14D5a
[TomydeHnble OeIKK B BUJE KJICTOYHBIX JIN3aTOB U IIEPHILIA3-
MaTH4YeCKUX (paKiunii ObUTH HCCIIeI0BaHbI BECTEPH-0J10T aHa-
JIF30M Ha cTien(pUUecKoe CBA3BIBaHKE ¢ aHTUTEIoM ch14D5a.
B pesyinbrare oOHapy>KeHO, YTO aHTHTENO CBSI3BIBACTCS C
6enxamu rED3 294, rED3 301 u rE, HO He cBs3bIBaeTCs C
6emxom rED1+2 (puc. 3). DTO CBUAETENBCTBYET O TOM, UTO
SMMTOM, Y3HaBaeMbIil anTuTesioM ch14D5a, pacnonoxen Ha
nomene D3 rmukonporenna E BKD, mpuuem mapHUpHBINH
y9acToK, coeauHsommid gomeHsl D1 n D3, He mpuHNMaet
y9acTHsI BO B3anMoieiicTBuu ¢ aHTHTENoM ch14D5a.
Cponctso anrurena ch14D5a u Fab-dparmenTa atoro an-
tutena k 6enkam rED3 294 u rED3 301 6pu10 M3MepeHo ¢
MIOMOIIBI0 onTHYecKoro OmoceHcopa ProteOn XPR 36 (Bio-
Rad), ucnone3yroliero siBieHne OBEPXHOCTHOTO IJIa3MOH-
Horo pe3oHaHnca (puc. 4). benku rED3 294 m rED3 301 nwm-
MOOMIIM30BaJIM HA TTOBEPXHOCTD YHIIA U aHAIM3UPOBAIHN UX
cBsi3bIBaHuE ¢ anTtuTesoM ch14D5a u ero Fab-dparmenrom.
B cnyuae B3anmonetictBus ¢ Fab-pparmentom usmepsm
adduaHOCTB, KOTOpast A 6enkxoB rED3 294 urED3 301 co-
craBwia 53+ 3 n48+3 HM cooTBEeTCTBEHHO (CM. puc. 4, a, 6).
B ciydae anTurena ch14D5a n3mepsiim 3Ha9eHIE KaXKyIIeHCs
(3¢ pexTrBHOIT) KOHCTAHTHI TUCCOIHAIINH, HA3bIBACMO TaK-
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Fig. 3. Western blotting of recombinant proteins with antibody ch14D5a.

1, rED3_294; 2, rED3_301; 3, 4, rED1+2; 5-7, rE; M, protein molecular weight
ladder. Proteins were resolved in reducing 15 % polyacrylamide gel and trans-
ferred to a nitrocellulose membrane.

JKE aBHJIHOCTBIO, KOTOpAsl XapaKTepPHU3yeT B3aUMOJICHCTBHE
MTOJTHOPA3MEPHOTO aHTHUTENa, UMEIOIIETO 1BAa AaHTUT €HCBA3bI-
BAaIOMINX JJOMCHA, C TOBEPXHOCTHIO, TOKPHITOH MHOKECTBOM
MOJICKYJ aHTureHa. [loydeHHoe 3HaueHne Kaxytencs (3¢-
(heKTUBHOI!) KOHCTAHTHI TUCCOIHAIINHI COCTABHIIO JIISI 000MX
BapuaHToB jjoMeHa D3 okorno 1.5+0.2 HM (cMm. puc. 4, 6).

YroOsl oneHUTh BKJIan nomMeHoB D1 u D2 B cBsi3piBaHuE
aaTuTena ch14D5a ¢ mmkonporenaoM E, MBI nccrenoBamm
B3aumoeiicteue Fab-pparmenrta storo antutena ¢ Oei-
koM rE, comeprkanum Bce TpH tomeHa. [lomydyeHHoe 3HaUeH e
KOHCTAHTBI AUCCONMAIIMH HAXOIMWIOCH HA YPOBHE CPOICTBA
Fab-¢dparmenra k 6enxkam rED3 294 urED3 301 u cocraBmio
4543 HM (cM. puc. 4, 2), UTO CBUIICTEIBCTBYET 00 OTCYTCTBHU
3HAYMMOTO BKJIaAa JoMeHoB D1 1 D2 B cBA3bIBaHNE aHTUTETA
¢ TITUKOnpoTenHoM E.

CrabunbHocTb 6enka

Xpanenune OenkoB TED3 294 u rED3 301 B Tedyenue roma
npu 4 °C B koHUEeHTpauu 2—4 Mr/mi B pocharHO-COIEBOM
Oydepe ¢ mobapneHneM a3uaa HATPHUS HE TMPUBOAMIIO HU K
BBITIA/ICHHIO 0CAJIKa, HU K N3MEHEHHIO aKTUBHOCTH OeJka.
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Analysis of domain specificity of an antibody against
glycoprotein E of tick-borne encephalitis virus
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Fig. 4. (g, b, d) Binding of the Fab fragment of antibody ch14D5a to proteins (a) rED3_294, (b) rED3_301, and (d) rE. (c) Binding

of antibody ch14D5a to protein rED3_301.
KD - dissociation constant.

O6cyxpeHune

Jomen D3 rmukonporenHa E ¢raBuBHpycOB 1o mpocTpaH-
CTBEHHOM CTPYKTYpE OTHOCHUTCS K CeMEHCTBY IMMYHOITIOOY-
JIMHOBBIX JIOMCHOB. 910 JO0CTATOYHO CTaGHHLHBIﬁ JOMCH, 10-
MIOJTHUTENEHO CTAOMIM3HUPOBAHHBIN OTHOI KOHCEPBATUBHOMN
JCYb(UIHOHN CBS3bI0. PeKOMOMHAHTHBIE OCIIKH, IPE/ICTaB-
Jstronme co6oii JoMeHbl D3 HeKOTOpBIX (MIIABUBHPYCOB, TAKMX
KaK BUPYC JKEITOH IMXOPaIKu, BUpYyc JleHre, BUPYC 3aMajHOTO
Hwuna u Bupyc Jlanrar, Obuin ToJTydeHBI B OaKTepHaIbHBIX
cUCTeMax IKCIIPECCHM KaK B BUJIE TEJel| BKIIOUCHHUS C TO-
crnemyrormmM pedonauarom Oenka (Volk et al., 2009; Elahi et
al., 2014; Kulkarni et al., 2016), Tak 1 B pacCTBOPUMOM BHUJIC
B popmare OenkoB caustaus (White et al., 2003; Volk et al.,
2006; Maillard et al., 2008). B cxy4ae mepuria3MaTinaecKoi
JKCTIpeccur AoMeHbl D3 Bupyca simoHckoro sHuedainTa u
BHpYyca JUXopaaku JleHre ObUIN MOTyYeHBI B HATUBHON KOH-
(hopmanmu 6e3 pehonarHTa U OTHICTIICHUS OeITKa-HOCUTEIS
(Wu et al., 2003; Lisova et al., 2007; Yang et al., 2012).

Jlist BUpyca KIIeIeBoro dHiepaniuTa Mu3BeCTHBI BCETO JIBE
paboTHI IO KOHCTPYHPOBAHHEO PEKOMOMHAHTHOTO loMeHa D3.
B onHoit u3 HEX 6estok D3 00pa3oBbIBasicst B pacTBOPUMOM
BUJIE, OJIHAKO aMHHOKHCIIOTHAsS MTOCIIEJ0BATEIbHOCTh 3TOTO
Oemka cooTBeTCTBOBaja mraMMy Haitnmopd eBpormeiickoro
noxruria BKO (Jarmer et al., 2014) u ommyanace ot nocieno-
BAaTCJIbHOCTH ITaMMa CO(bBI/IH JaJIbHEBOCTOYHOI'O ITOATHIIA,
WCTIONB30BaHHOM B HAIIeM HcCliefoBaHu. B apyroii pabore
pekoMOMHAHTHBIE JOMEeHbI D3 ObIIH NOITyYeHBI JUIs INTaMMOB
€BPOIIEHCKOr0, CHOMPCKOTO M JIAJIbHEBOCTOYHOTO MOTHIIOB
BKD, omgnako 6enku oOpa3oBBIBANN TeNbIla BKIIOYCHUS
(Ershova et al., 2016), 94T0, Kak MpaBHUJIO, BEI3BAHO HAPYIIICH-
HbIM posauarom oenka (Fink, 1998; Carrio, Villaverde, 2005).
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B namem ciydae TpeOOBaJIOCH TTOIYYUTh PACTBOPUMBII MO-
HOMEPHBIH 00K, MPOCTPAHCTBEHHAsI CTPYKTYpa KOTOPOTO
OpL1a OB MAKCUMAJIBHO MPUONIMKEHA K CTPYKType AoMeHa D3
npupoaHoro rukonporenna E BK3, mostomy 6bu1a BeIOpa-
Ha cucTeMa OaKTepualibHOI KCIIPECCUH C TpaHCIOKalMei
0eJKa B IEpHUILIa3MaTHUECKOE IMPOCTPAHCTBO KIETOK 32 CUET
JUICPHOTO NenTH A MekTaT-masel B (pelB). B pesynsrare 06a
Bapuanra jgomena D3, rED3 294 u rED3 301, Obuu nomy-
4yeHbI 0€3 MPUMEHEHHS XaOTPOITHBIX ar€HTOB 1 peONIHHTA,
a pacTBOPUMOCTH 1 MOHOMEPHOCTh CKOHCTPYHUPOBaHHBIX OeJI-
KOB OBUTH MOATBEPKICHBI Ielib-(PHUIbTpaIueii.

s monmyuenns 6enka rE, mpeacrapmisomero coooit sKTo-
nomeH rukonporenHa E BKD, mbl Takke ncnonabzoBaiu
JUJepHbIN curHan pelB, HanpaBisronyii CHHTE3 B IEpUILIa3-
My, ¥ OTHOCHUTEJIBHO cadblif lac mpomoTop. DTo Aemanocs ¢
LEITBIO CHIDKCHUS 3 (PEKTUBHOCTH TPAHCKPUIIIINU U YMEHbB-
IICHHsI BEPOSITHOCTH 00pa30BaHus Tellell BKIIIoueHus. TeM He
MeHee 6e10K rE mprucyTCTBOBaII B pacTBOPHMOH (hopme JTHIITB
B HEOOJIBIIIOM KOJIMYECTBE, B TO BPEMsI KAK OCHOBHAsSI 4acCTh
0eJiKa PUCYTCTBOBAJIA B KIIETOUHOM J1e0pHCe TPE/II0NI0KHU-
TENIBLHO B BUIE TeJIEl] BKIIIOUEHHMs. BMecTe ¢ TeM noydeHHbIi
0EJIOK OHO3HAYHO BBISBIISUICS UCCIIEAYEMBIM aHTHTEIOM
ch14D5a B BecTepH-0J10T aHaJIM3€, YTO COBMECTHO C JIPyTHMHU
HaOJIFOICHNUSIMHU [TO3BOJIIIIO HaM JIOKAJIN30BaTh STIUTOM 3TOTO
AQHTUTENA C TOYHOCTBIO JI0 JIOMEHA.

Co3naHHble HaMU O€JKK OBUIM UCIIOIB30BAHBI JUIsl BBISB-
JIeHUsI JOMeHa IIHKoIporenHa E Bupyca kiemeBoro sHIeda-
nuTa, y3HaBaeMoro antutesioM ch14D5a, Ha ocHOBE KOTOpO-
ro pazpabarbIBaeTCsl TepaneBTHUecKuii npenapar. Oda Bapu-
aaTta rED3 294 u rED3 301, omnmmyarontuecst N-KOHIIEBOH
4aCThI0, TOKA3aJIH CXOIHOE CPOACTBO K aHTHTENy ch14D5a
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Fab-¢dparmenTy 31010 aHTUTENA, U3 YETO MBI 3aKJTFOUUIIH, YTO
obmacts ¢ 294 o 300 a. k. 0. mmKkonporernHa E, koTopas oTcyT-
ctByet B 6enke rED3 301, He BHOCHT CYIIECTBEHHOTO BKJIa/1a
B cBsi3bIBanue anTUTeNa ch14D5a ¢ mukonporenHom E BKD u
HE BXOJIUT B COCTaB AUTOIA, y3HABAEMOTO 3TUM AaHTHTEIIOM.

[TockonbKy M3BECTHBI BUPYCHEHTPAIH3YIONINE aHTHTENA
K mikonporenHy E ¢uaBUBHPYCOB, SMHUTON KOTOPBIX pac-
MOJIOKEH Ha HECKOJBKUX JIOMEHaX OTHOBpeMeHHO (de Alwis
etal., 2012; Sun et al., 2017), Ob1710 HEOOXOANMO ITPOBEPHTH,
cBsi3biBaeTcs Jim antureno ch14DSa ¢ nomenamu D1 wiu D2.
Bectepu-610T ananm3 ¢ ncnonp3oBanueM 6enka rED1+2 ne
BBISIBUJI CBSI3BIBaHWS aHTHTeNa ¢ 3TUM Oenkom. benok rE,
ommuaromuiicsa or oeinka rED1+2 TOabKO Haau4YUEM JIOMe-
Ha D3, onno3HauHo BeIsBIsUICSA anTUTENoM ch14D5a. Kpome
Toro, cpoactBo Fab-¢parmenra anturena ch14D5a k nome-
Hy D3, n3mepenHoe c¢ nomouipto 6nocencopa ProteOn, oka-
3aJ10Ch OY€Hb ONM3KO MO BEIWYHHE K CPOACTBY 3TOTO K€
Fab-dparmenra k Oenky rE, conepxariemMy Bce TpH JOMEHa
(D1, D2 1 D3) muxonporenna E BK3. To ects npucyrcTaue
nmomeroB D1/D2 He ycnnmBaio B3aUMOICHCTBHSA aHTHTENA C
aHTureHoM. Ha 0CHOBaHMHM 3THX JTaHHBIX MOXKHO 3aKJIIOYHTh,
YTO SIMTOI, y3HaBaeMblil anTutesnom ch14D5a, nonHoCThIO
HaXoIUTCs B cocTase JomMeHa D3 i He nepekpbiBaeTcs ¢ 10-
MeHnamu D1 u D2.

Panee rpu ncciieJ0BaHUU MBIIINHBIX U YEJIOBEYECKHUX aH-
THUTEN, 00Pa3yIOLINXCS B pe3ylabTaTe MMMYHHOTO OTBETa Ha
(hraBUBHpYCHBIE MH(EKIUH, OBUIO YCTAHOBJIEHO, YTO AHTHU-
TeJla, HalpaBjieHHble Ha JJoMeH D3, oOnanaroT psiiom rmpe-
MMYIIECTB T10 CPABHEHUIO C aHTUTENIAMU, HAITPABICHHBIMH Ha
npyrue yaactku rmukonporenna E (Roehrig, 2003; Oliphant
et al., 2005; Sanchez et al., 2005; Dai et al., 2016). C onHoii
CTOPOHBI, 3TH aHTUTENA, KaK MPaBUIIO, 00IaJat0T BHICOKOM
BUPYCHEHWTpPAIN3YIOIEH ¥ TPOTEKTUBHON aKTHBHOCTBIO, UTO
MOYET OBITh BBI3BAHO MX CIIOCOOHOCTBIO OJIOKUPOBATh B3aw-
MozeticTeue gomena D3 ¢ kietounsiMu perieniropamu. C mpy-
TOIf CTOPOHBI, aHTUTEJA TPOTUB JoMeHa D3 He CKIIOHHBI BbI-
3bIBATh AHTHTEII03aBUCHMOE yCUIIEHHE HH(EKIINH, TOT/Ia KaK
aHTuTena k fomeHam D1 n D2, B 4acTHOCTH aHTUTENA K TIETIIE
CJISIHUSL, MOTYT yCHIINBATh HH(EKIIMOHHOCTH (PIIaBUBHPYCOB
in vivo v IPUBOJUTH K YCHJICHUIO HH(eKImu y jironeit (Dowd,
Pierson, 2011; Halstead, 2014; Haslwanter et al., 2017; Kat-
zelnick et al., 2017). Bmecre ¢ TeM npy IMMYHH3a1IUH JIFO-
Jiei GOJBIIMHCTBO 00pa3yrOIIMXCsl aHTUTEI HAIllPaBJIEHO Ha
momensl D1 u D2 (Oliphant et al., 2007; Crill et al., 2009;
Wabhala et al., 2009; Vratskikh et al., 2013; Jarmer et al., 2014).
C 3TOii TOUKH 3peHUs], PACIIONIOKEHHE IITUTOIIA, Y3HABAEMOT'O
aatutenioMm ch14D5a, B o6macta nomena D3 rmukonportenHa E
MOTYEPKUBACT MOTEHIINAIBLHBIC IIPEUMYILIECTBA OIX0/1a/TIpe-
rapara, KOTOpbIif MOXKeT ObITh CO3/1aH Ha OCHOBE 9TOTO aHTH-
Tena, o CPAaBHEHHIO C IIPETIapaTaMy CBIBOPOTOYHBIX AHTHTEI
YeJloBeKa MPOTUB BUPYyCa KIEHIEBOTro HIedannTa, KOTOpbIe
MIPEUMYIIECTBEHHO COJIEpIKaT auTuTena k gjomeHam D1 u D2.

Ha ocHOBe KONN4ECTBEHHBIX JaHHBIX, TOTYYEHHBIX B 9KC-
MepIMEHTAaX C MCIIoIb30BaHueM Onocencopa ProteOn, B3an-
MojeicTBre Mex Iy antutesioM ch14D5a u nomeHom D3 mMox-
HO OXapaKTepPH30BaTh Kak BEICOKoadduHHOE. B ciryuae aHTH-
TEJI TIPUHATO Pa3JelsaTh HCTHHHOE CPOJICTBO, MPOSIBISIEMOE
OJJHMM aHTUTEHCBS3bIBAIOIIUM LIEHTPOM, U dPPeKTUBHOE
CPOJICTBO, OIPEENIAEMOE COBOKYITHOCTHIO BCEX KOHTAKTOB
aHTuTena ¢ antTureHom. [Ipn B3amMoneHCTBUU NPOTHBOBHU-
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PYCHBIX aHTUTCII C BUPUOHOM, IMOKPLITHIM MHOKECTBOM KO-
MUH TOBEPXHOCTHOTO Oenka, 3HaueHne 3¢ GeKTUBHON ad-
(DMHHOCTH ropasao TOYHEE XapaKTepHU3yeT MPOYHOCTh B3au-
MOJICHCTBUSI 110 CPABHEHHUIO C KOHCTaHTOH apUHHOCTH O/THO-
BaJIeHTHOTO B3anMopeicTeus (Wang, Yang, 2010). B ciaygae
antutena ch14D5a, HecMoTpst Ha yMepeHHYIO adpUHHOCTD
Fab-¢parmenra 3Toro anturesa o OTHOIIEHUIO K JJOMe-
uy D3, adpdexruBHas ahhuHHOCTS MOTHOPA3MEPHOTO aHTH-
Tena HaXOMUTCs Ha ypoBHE 1.5 HM, 4TO B COBOKYITHOCTH C
0J1aronpHUsTHBIM PACIIOJIOKEHHEM SIUTOIIA, Y3HABAEMOT'O Ha
MOBEPXHOCTH JoMeHa D3, obecrednBaeT BBHICOKYIO BUpPYC-
HEHTPAITU3YIOLLYIO U MPOTEKTUBHY aKTHBHOCTB 3TOTO aHTH-
tena (Baykov et al., 2014).

3aknioyeHmne

[Tonyuens! pekoMOMHATHBIE (parMeHThl IIMKONpOTerHa B
BKD3, mrramm CodbrH, 1 TOKa3aHO, 9TO STIUTOII, y3HABAEMBIN
MPOTEKTUBHBIM aHTHUTEI0OM ch14D5a Ha TOBEpXHOCTH ITTHKO-
nporerHa E Bupyca kiemeBoro sHepannTa, pacioiokeH B
obmactu momena D3 u He mepexpriBaeTcs ¢ qomeHamu D1
n D2, comepKamyMu STHUTONBI aHTHTEN, 00Ia1alomuX Ho-
BBIIIEHHON CHOCOOHOCTBIO BBI3BIBATh AHTUTEIO3aBUCHMOE
ycunenue nHpekun. [lomydyeHHbIe JaHHbIE TOATBEPKAAIOT
MEepPCIIEKTUBHOCTh MCIOJIb30BaHUs aHTHTena chl4D5a npu
CO3JIaHMH TEPaNeBTUYECKOTO MpenapaTa NpoTHB BUpyca Kile-
IEBOTO SHIIE(ATUTA.
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The wide spread of hybridization in the genus Populus, includ-
ing spontaneous hybridization, caused by cultivars, requires
studying the variability and inheritance of morphological traits
by hybrids for initial tracking of these processes. The analysis
of endogenous, intra- and inter-population variability was
performed on 533 individual poplar trees in seven popula-
tions of P. nigra, seven populations of P. laurifolia and four
populations of P. X jrtyschensis in the Tom river basin. On each
specimen, 15 leaves from short mid-crown branches were
collected to determine the shape of the leaf blade, the shape
of its tip and base, as well as the branch morphotype. Some
biometric indicators were proposed for geometric assessment
of the leaf blade shapes of poplar species. The analysis showed
that of all the traits examined only the leaf blade shape did not
meet the criterion for “phene’, since it is usually represented

by several forms in the crown of one and the same tree. In all
the species studied, the level of their intra-population diversity
was found to be much higher than the inter-population one.
According to the increase of intra-population variability of
qualitative traits, the taxa could be ranked as P. nigra < P. lauri-
folia < P. x jrtyschensis. The share of inter-population diversity
differed among the species studied, accounting for 21.5% in

P. laurifolia, 13.8% in P. nigra and 8.0% in P. X jrtyschensis. The

P. laurifolia populations showed the greatest inter-population
differentiation, most likely because of a disjunct distribution
due to narrow specialization to the montane river environ-
ment. The lower differentiation in P. nigra is probably due to
the facts that this species dominates the poplar stands of the
Tom River basin; its populations are not fragmented and are
linked by vast gene flow. In P. nigra, an increase in the diversity
of qualitative characteristics and phenotypes was observed

in populations confined to hybridization centers. Natural selec-
tion is most likely the factor governing the inter-population
differentiation in P. X jrtyschensis, leading to the predominance
of F, hybrids in populations and hence to a sharp decrease in
inter-population variability.

Key words: Populus; hybrids; qualitative traits; morphological
markers; morphometry; phenotypic diversity.
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deHeTUUecKuii anaaus Populus nigra,
P, laurifolia n P. xjrtyschensis B 30He
ruopuan3aumn

A.B. Kaumos!®, B.B. Hpou.u(l/m2

1 HoBoky3HeLKuii MHCTUTYT (dunman) KemepoBCcKoro rocysapcTBeHHOro
yHuBepcuteta, HoBoky3HewK, Poccua

2 HoBocnbupcKkuii rocyfapcTBeHHbIN arpapHbIi yHUBepCuTeT,
Hosocnbupck, Poccusa

Lnpokoe pacnpoctpaHeHune rubpuansaumm B poge Populus,
B TOM YMCJIe CNOHTaHHOW, BbI3BaHHOM UCMOIb30OBaHNEM KyJlb-
TUBaPOB, TPEOYET N3yUeHUs USMEHUMBOCTU 1 HAacNefoBaHNA
Mopdonornyeckmx NPrU3HaKkos rmbpraamm Ansa NepBUYHO-
ro OTCNeXVBaHMWSA STUX NPOLECCOB. AHANN3 SHOOFEHHOW,
BHYTPU- N MEXMNONYNALVOHHON U3MEHUYMBOCTY BbIMOSTHEH Ha
533 ocobax B cemu nonynauusax P. nigra, cemu - P. laurifolia n
yeTblpex — P. X jrtyschensis 6acceliHa peku Tomun. Ha Kaxxpon
0cobU Ha 15 MNCTbAX C YKOPOUEHHbIX NOGEroB B CpefHel
YacTu KPOHbI NCCIeAoBanuncb: Gopma NMCTOBON NNACTUHKK,
dopma ee BepPXYLLUKY, OCHOBaHMsA 1 MOopdOTUN Noberos.
MpennoxeH BapuaHT NCMNONb30BaHUA BIOMETPUYECKMX NO-
KasaTenen Ans reoMeTpnyeckomn oLeHKn GopMbl TNCTOBON
NNacTUHKM BUAOB Tonons. lMpoBeAeHHbIN aHann3 NokKasbl-
BAET, YTO 13 UCCIefOBaHHbIX NMPU3HAKOB KpUTEpUio deHa He
COOTBETCTBYET TONIbKO GOpPMa NMIACTUHKN, MOCKONbKY 06bIUHO
npencTaBneHa HECKOIbKMMY TUMaMy B KPOHE OQHOTO fepe-
Ba. Y BCeX U3YYeHHbIX BUAOB YPOBEHb UX BHYTPUMONYNALM-
OHHOrO Pa3HOO6Pa3MA 3HAUNTESNIBHO BbILLE MEXMOMYALVOH-
Horo. Mo HapacTaHWio BHYTPUNONYAALMOHHON N3MEHUMBOCTM
MO KaueCTBEHHbIM MPU3HAaKaM TaKCOHbI pacnonaratoTcsa B
cnepytowem nopsagke P, nigra < P.laurifolia < P. X jrtyschensis.
[lons mexnonynsauvoHHOro pasHoobpasus oTAnYaeTca y
nccnenoBaHHbix BUAoB: P, laurifolia — 21.5 %, P. nigra— 13.8 %,
P.x jrtyschensis — 8.0 %. NMonynauun P. laurifolia otnnyatoTca
Hanbonbluen MexnonynALUMoHHON AuddepeHLNPOBKON, 4To,
BEPOATHO, CBA3AHO C AN3bIOHKTVBHBIM PAaCipOCTPAHEHNEM
BMAQA B CNY Y3KOW cneunann3aumnm K ycroB/UAM ropHbIX pek.
MetbLwas guddepeHumaumn y P. nigra obycnosneHa Tem, 4to
3TOT BMA AOMVHUPYET B TOMOJbHMKax 6accerHa p. Tomu, ero
nonynauum He GparmeHTUPOBaHbI U CBA3aHbI MeXay co60M
06LWMpPHBIM NOTOKOM reHoB. Y P. nigra HabntofaeTca ysenumue-
HMe pa3HOOOPa3UNA KaueCTBEHHbIX NPU3HAKOB 1 GeHOTNMNOB
B MONyNAUMAX, NPUYPOYEHHbIX K 04aram rubpuansaumm.
DaKkTOpPOM, ONpefenALLNM MEXNONYNALNOHHY0 Andde-
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peHuMpoBKY Y P. X jrtyschensis, aBnsaeTca gencrame otdbopa, NprBo-
AAwero K npeobnagaHuio B nonynaumax ru6praos Fq, uto Beget K
pe3KoMy CHUKEHVIO MeXMOMyNALMOHHOW N3MEHUYMBOCTU.
KntoueBble cnosa: Populus; rmbpufbl; KauecTBEHHbIE MPU3HAKK;
Mopdonornyeckme mapkepbl; MopdomeTpus; peHoTrnmyeckoe
pa3Hoobpasue.
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he Populus species, increases morphological diversity

and often seriously impedes taxon attribution. The latter
is especially important as the use of adventitious species and
cultivars for parking and afforestation resulted in spreading
of spontaneous hybridization (Meirmans et al., 2010;
Thompson et al., 2010; Talbot et al., 2012; Vanden Broeck
et al., 2012; Roe et al., 2014; Hu et al., 2017). The threat of
genetic contamination of natural populations of aboriginal
species via uncontrolled interbreeding with subsequent
introgression urges for extensive studies of variability and
inheritance of morphological traits, caused by poplars’
hybridization. Molecular markers are the best tools to identify
hybrids; however, the primary screening of these processes
in populations should be based on phenetic data, which will
also facilitate and focus phenetic studies.

In Siberian areas, where P. laurifolia (Tacamahaca Mill.
section) and P. nigra (Aigeiros Lunell section) grow together,
their natural hybridization resulted in the emergence of the
hybrid taxon named P. X jrtyschensis Ch. Y. Yang. Previously,
we studied some quantitative and qualitative traits of these
species, as well as their asymmetrical hybridization in the
Tom River basin (Klimov, Proshkin, 2016, 2017; Proshkin,
Klimov, 2017a).

The aim of the present study was to analyze the diversity of
qualitative traits of P. nigra, P. laurifolia and P. x jrtyschen-
sis in the area of their natural hybridization according to the
“phene” criteria.

| he hybridization process, which is quite common among
t

Materials and methods

The variability of morphological traits was analyzed in
poplar populations along the up- and mid-stream Tom River
(Table 1). The Tom River is the right tributary of the Ob
River, with its mouth at the 68 m a.s.1. located at 56°50'00"'N
and 84°2920"E. The Tom River begins in the south of the
Kuznetsk Alatau Mountains in the area where they join the
Abakan Ridge, its source being at 903 a.s.l. at 53°39'05"'N;
89°45'50"E. The river basin is located at the bound of the West
Siberian Lowland and the Altai-Sayan Mountains. The valley
of the up-stream Tom River is deeply cut with a V-shaped
profile and the width exceeding 1 km. The valley slopes are
high and steep. The average altitude of the water-collecting
area is 900 m, with altitude amplitudes exceeding 600 m. In
the environs of the Mezhdurechensk town after merging with
the Usa River the Tom River valley widens to 3—4 km. In
mid-stream areas below the Novokuznetsk city, the Tom River

leHodoHp 1 ceneKkuma pactTeHuin

becomes a typical plain river, albeit with sometimes increased
inclines and stream flow speed. Such large tributaries as the
Belsu River (83 km long), the Usa River (179 km long), the
Verkhnyaya, Srednyaya and Nizhnyaya Ters Rivers (95, 114
and 110 km, respectively), the Taidon River (110 km) and
others flow into the Tom River from the west slope of the
Kuznetsk Alatau. All of them are typical montane rivers with
narrow valleys, rapids and a high flow speed (Zhukov, 2012).

In the Tom River basin the black poplar P. nigra, called
“osokor” in Russian, prefers growing mostly in the plain or, to
alesser degree, in low mountain areas, while the laurel poplar
P laurifolia prefers highland areas. In the area of the joint
growth, their natural hybridization results in the emergence
of the Irtysh hybrid called P. x jrtyschensis. Hybridization
in the basin studied does not have a wide spread character,
occurring only at certain sites, which can be regarded as
hybridization centers. The Irtysh poplar populations studied
in the Tom River basin are of both natural and anthropogenic
origin (Klimov, Proshkin, 2017).

As morphological markers to examine the intra-species
structure with, we chose the traits important for identification
of the poplar species studied. For each individual tree, we
determined the branch morphotype. For 15 leaves sampled
from the middle part of the short branches in the mid-crown
of the mature trees, we determined the shape of the leaf blade,
its base and tip (Proshkin, Klimov, 2017b).

For each leaf, the following characteristics were measured:
L, leaf blade length (mm); D, maximal leaf blade width (mm);
P, petiole length (mm); A, the distance between the widest part
of'aleaf blade and its base (mm). Measurements of the major
morphometric traits were carried out with the help of Axio
Vision 4.8.2 software. Since different studies may drastically
differ in terminology employed to describe leaf characteristics,
we described and determined leaf blade shape according to the
patterns proposed by Fedorov et al. (1956), using the biometric
characteristics obtained.

Analysis of herbaria samples as well as literature sources
(Bolshakov, 1992; Koropachinsky, Vstovskaya, 2012) showed
that leaves of the poplar species studied are often described
as egg-shaped triangular. Because this shape is absent from
Fedorov’s patterns, we chose R1/2 as a point to distinguish it.
To elaborate, the egg-shaped form geometrically represents
an ovoid, i.e. a closed box curve with one axis of symmetry
and two supporting circumferences differing in diameter
(Talalay, 2011), with R1 being the radius of the bigger cir-
cumference. The R1/2 point can be easily determined on the
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Table 1. The poplar populations studied

Population name

Geographical The number of trees/leaves
coordinates

Belsu 53°41'35"N, - 30/450 -
88°22'44» E

Studeny Ples 53°39'49"N, - 30/450 -
88°20'01"E

Vorony 53°66'10"N, - 30/450 -
88°29'52"E

Chistenky 53°66'19"N, 30/450 - -
88°28'56"E

Maizas 53°37°24"N, 30/450 30/450 39/585
88°12'48"E

Kiizak 53°72'27"N, 30/450 - -
87°94'58"E

Shveinik 53°48'34"N, 30/450 - -
87°28'42"E

Karlyk 53°49'21"N, - - 41/615
87°28'03"E

Mid-stream Tom River populations

Novokuznetsk 53°49'04"N, 30/450 - 23/345
87°07'23"E

Kazankovo 53°99'08"N, 30/450 - -
87°29'44"E

Slavino 54°02'05"N, 30/450 - -
87°22'55"E

Erunakovo 54°09'32"N, - 30/450 -
87°47'45"E

Verkhnyaya Ters 54°13'00"N, - 30/450 10/150
87°39'48"E

Srednyaya Maganakova 54°19'33"N, - 30/450 -
87°58'57"E

Total 210/3150 210/3150 113/1695

Table 2. General characteristic of branch morphotypes

Morphotype

Description

Young branches are cylindrical along the entire length, the short branches are leptoblasts, branches and leaves have

no hairs

Young branches are ribbed along the entire length, the short branches are leptoblasts and discoblasts;

branches have no hairs; the petiole has short scarce hairs, while the leaf blade has none

Young branches are cylindrical along the entire length, the short branches are leptoblasts and discoblasts; branches

and leaves have no hairs

Young branches are ribbed along the 1/2-1/3 of their length and then cylindrical, the short branches are leptoblasts
and discoblasts, branches have no or scarce hairs, the leaves along the veins are scarcely haired

Young branches are ribbed along the entire length, the short branches are leptoblasts and discoblasts, the branches

and leaves along the veins are densely haired
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leaf blade by the A/L ratio (Pravdin, 1964). However, since
morphology studies usually consider living variable objects
rather than strict geometric forms, we analyzed leaf shapes
using Fedorov’s patterns (Fedorov et al., 1956), the following
ranges: < 0.25, triangular; 0.25-0.35, egg-shaped triangular;
0.35-0.45, egg-shaped; 0.45-0.65, elliptic; and 0.65 >, re-
versed egg-shaped forms.

The branch morphotypes were determined by examining
the hairiness of leaves and branches (Table 2). The degree
of trichomes’ development was studied using an MBS-10
stereomicroscope. Phenotype attribution of an individual tree
was carried out based on the combination of morphological
qualitative traits.

We used one-way ANOVA to check the differences between
poplar species and their hybrids in qualitative traits, adopting
the threshold as p < 0.001 and using principal components
analysis. The intra- and inter-population variability was
assessed using the indices proposed by Zhivotovsky (1991),

Table 3. Leaf blade and branch morphotype variability
in poplar populations as assessed by Zhivotovsky’s index (u+s,)

Trait leaf
blade shape

Populations
base shape

Trait leaf blade

2018
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Putenikhin et al. (2004), and Boronnikova et al. (2009).
The diversity of qualitative traits meeting the criteria of the
“phene” was analyzed as recommended by Vidyakin (2004).

Statistical analyses were performed with the help of Excel
and SPSS 23.0 software.

Results

The one-way ANOVA revealed statistically significant
differences among the studied species in their qualitative
traits; the result was also confirmed by PCA. PC1 accounted
for 57.6 % of the total data variance, while PC2, PC3 and PC4
accounted for 22.0%, 17.0% and 3.4 % of it, respectively.
PC1 is closely correlated with the shape of the leaf blade tip
(r=10.94, p << 0.00001) and branch morphotype (» = 0.73,
p <<0.00001), while PC2 was correlated with the leaf blade
shape (r=0.85, p << 0.00001), and PC3 was correlated with
the shape of the leaf blade base (= 0.57, p << 0.00001). The
taxa studied have four types of leaf blade shapes, namely

Trait leaf blade
tip shape

Branch morphotype

Srednyaya 2.310+0.059 1.798+0.028 1.000+0.000 2.765+0.147

Maganakova
........................................................................................................... ijrtyxhenm
Malzas ..................................... 19901,0005 ........................... 14351,0037 ........................... 15941,0033 .........................................................................
Kar|yk ...................................... 2 0621,0056 ........................... 1890i0058 ........................... 1425i0036 .........................................................................
NOVOk uz n e tSk ......................... 2 1 52i007 4 ........................... 2 2 6 2 i007 1 ........................... 1 9 9 0 J_r0007 .........................................................................
VerkhnyayaTers ...................... 1943i0”7 ........................... 1597i0065 ........................... 1597i0065 ......................................

Note: y, Zhivotovsky's index of intra-population diversity; s, error of Zhivotovsky's index.
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Table 4. Intra- and inter-population
phenotypic diversity (Shannon'’s index)

Trait Hes H, F, Fip
P. nigra
LBS 0.544 0.513 0.943 0.056
LBBS 0.000 0.000 0.000 0.000
LBTS 0.000 0.000 0.000 0.000
Mt 0.671 0.535 0.796 0.203
Mean 0.304 0.262 0.862 0.138
P. laurifolia
LBS 1.223 1.114 0.910 0.090
LBTS 0.836 0.404 0.483 0.517
LBTS 0.000 0.000 0.000 0.000
Mt 1.467 1.253 0.854 0.146
Mean 0.881 0.692 0.785 0.215
P. x jrtyschensis

LBS 0.962 0.864 0.898 0.102
LBBS 0.549 0.539 0.981 0.019
LBTS 0.821 0.671 0.817 0.183
Mt 1.185 1.170 0.987 0.013
Mean 0.879 0.811 0.920 0.080

Notes: LBS, leaf blade shape; LBBS, leaf blade base shape; LBTS, leaf blade tip
shape; Mt, branch morphotype; H,,, the diversity index for the entire data set;
H,, the mean value of the diversity index for populations’ data sets; F,, the
diversity index of the intra-population data sets; F;,, the index of the inter-
population diversity.

triangular, egg-shaped triangular, egg-shaped and elliptical.
At the endogenous level, different shapes can be seen at once,
but one shape usually predominates.

The P. nigra trees were found to have triangular and egg-
shaped triangular leaves, the latter predominating (78-96 %)
in all populations. It should be noted that 70 % of the black
poplar trees with the 2Pn morphotype and hairiness were found
to have leaf blades of the irregular rhomboidal shape. Such
trees comprised from 7 to 20 % of the data set. Their A/L ratio
ranged from 0.35-0.47, i.e. being typical of egg-shaped leaves,
which are not common for P. nigra. Thus the emergence of the
2Pn morphotype is most likely due to introgression (Klimov,
Proshkin, 2017), and the observed frequencies of leaf blade
shapes can be regarded as a morphological marker.

The P. laurifolia trees were also found to have three forms
of leaves: egg-shaped triangular, egg-shaped and elliptical.
In most of the poplar stands studied, the egg-shaped leaves
were the most frequent (50-70%). The P. X jrtyschensis trees
were found to have all the leaf forms common for the parental
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Table 5. Intra-population diversity
of poplar qualitative traits and phenotypes

Population M S My S
P. nigra
Chistenky 18.721 1.162 1.763 0.211
Maizas 22230  1.368 2.238 0.303
Kiizak 20.891 1.288 2.588 0.370
Shveinik 20462  1.263 2.039 0.265
MNovokuznetsk 22520 1375 3471 0535

Kazankovo 18.880 1.171 1.763 0.211
Slavino 20.201 1.248 1.923 0.243

Belsu 26.152 3.977 4.490 0.276
Studeny Ples 25.897  3.930 4.862 0.429
Vorony 27.604  4.247 3.383 0.146
Maizas 28.291 4.374 5.326 0.345
Erunakovo 30.415 4.659 5.745 0.220
Verkhnyaya Ters 30980 4.764 6.786 0.220
Srednyaya 30.514  4.677 5.683 0.245
Maganakova
P. x jrtyschensis

Maizas 31.505 1.001 11614  0.842
Kiizak 30.780 1.101 7.447 0.645
Novokuznetsk 35.141 1.568 6.563 0.410
Verkhnyaya Ters 31618 2134 4.721 0.131

Notes: y,, Zhivotovsky’s index of intra-population diversity for qualitative
traits; Sm' error of p;; W,, Zhivotovsky's index of intra-population diversity for
phenotypes; S,,, error of p,

species. The hybrid species populations were found to have
egg-shaped triangular leaves prevailing (55-82 %), with
triangular and elliptical leaves showing very low frequencies.

Atthe individual level, the lowest variability of the leaf blade
shape was observed in P. nigra, while the highest variability
was displayed by P. laurifolia trees. The P. X jrtyschensis
populations were characterized by variability indices ranging
between those of the parental species (Tables 3, 4).

The short mid-crown branches on one and the same tree
always display only one leaf blade tip shape and one leaf blade
base shape. The P, nigra leaves in all the populations studied
had long pointed tips and wedge-shaped bases.

The P. laurifolia trees had pointed leaf blade tips of all
the leaves. The variability of the leaf blade base of the laurel
poplar trees within the study area is due to the presence of
tree forms that differ not only in the trait being examined,
but also in their bark colour (Proshkin, Klimov, 2017¢). The
most widely spread grey-bark form has a rounded wedge-
shaped base of the leaf blades, while the white-bark form,
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common for mid-stream populations, has a heart-shaped
leaf blade base.

The P x jrtyschensis trees commonly had leaves with
long pointed tips and rounded wedge-shaped bases, but
few had rounded and sinuate bases. The greatest variability
of the traits was observed in the Novokuznetsk population
(see Table 3).

The branch morphotype did not vary at the endogenous
level. Most of the P. nigra populations were found to have
morphotype 1Pn dominating, with exceptions of the Maizas
and Novokuznetsk data sets collected in the stands mixed
with P. laurifolia and P. x jrtyschensis, where morphotype
2Pn contributed 56.7 % and 36.7 %, respectively.

P laurifolia also showed a tendency to change the relative
abundance of morphotypes in hybridization centers. For
instance, the Maizas and Verkhnyaya Ters populations
displayed a sharp increase in the relative abundance of
morphotype 1Pl (up to 60 and 66.7 %, respectively).
Most poplar stands beyond the hybridization centers were
dominated by trees with branches and leaves scarcely covered
by long hairs.

Atall the study sites for P. x jrtyschensis, morphotype 2Pxj
was predominating. The lowest variability of the traits was
observed in P. nigra, while P. laurifolia and P. x jrtyschensis
displayed similar variability (see Table 3). The species
studied revealed a higher level of intra-population diversity
in qualitative traits than that of inter-population diversity: its
share was 21.5 % in P, laurifolia, 13.8 % in P. nigra and 8.0 %
in P. x jrtyschensis (see Table 4).

Assessing the inter-population variability by Zhivotovsky’s
index showed that qualitative traits and phenotype number
were more polymorphic in P. laurifolia than P. nigra. The
P. % jrtyschensis populations were the most diverse (Table 5).

The Maizas and Novokuznetsk P. nigra populations in
hybridization centers displayed an increased diversity of
qualitative traits and phenotypes due to an increased share
of the forms with hairy leaves (see Table 5). The mid-stream
P laurifolia populations displayed increased polymorphism
due, as we noted previously, to the presence of white-bark
forms.

Discussion

Analysis of the morphological traits studied for meeting the
“phene” criterion showed that the shapes of the leaf blade tip
and base, as well as the branch morphotype can be regarded as
phenes, since they display no endogenous variability. Although
leaf blade shape as a trait does not meet all criteria of phenes,
and, in particular, alternativity, when the set is rather large, the
leaf blade shape becomes an important indicator of specific
variability of qualitative traits of Populus species. Overall,
the tip and base of leaf blades of P. X jrtyschensis represent
a combination of parental taxa traits. Hybrids always inherit
short branches, i.e. discoblasts, common for species in the
section Tacamahaca. This trait is most likely controlled by
nuclear genes (Proshkin, Klimov, 2017d).

A high share of intra-population variability was reported
by some researchers for P. nigra (Siler et al., 2014; Cortan et
al., 2015; Jiang et al., 2015) and Populus species in general
(Joshi et al., 2011). Gene flow over large distances leads to
decrease in the inter-population variability of wind-pollinated
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plants (Zitte et al., 2007). The floodplain poplar species have
a considerable number of seeds transported by water flow
(Hidalgo et al., 2010). According to the increase in intra-
population variability, the poplar species studied can be ranked
as P, nigra < P. laurifolia < P. X jrtyschensis.

A relatively small share of inter-population differentiation
in P, nigra is very likely related to its dominance in the Tom
River basin poplar stands and to the fact that its populations
are not fragmented and hence are connected by vast gene
flow. The P. nigra populations in hybridization centers have
an increased diversity of qualitative traits and phenotypes.

By contrast, as was shown by our research of P. laurifolia
carried out in the areas of the Tom, Biya and Katun River
basins, this poplar species in the northwestern part of the
Altai-Sayan Mountains has a disjunct distribution, result-
ing in an increased inter-population variability. The species
preference for well-aerated gravel-boulder alluvium results
in a narrower ecological amplitude of P. laurifolia, growing
mostly in multi-stream areas of montane rivers. In our view,
the growth of laurel poplar in plain areas is hampered by low
oxygen in dense sandy-silt sediments there.

The laurel poplar is spread both in the up- and mid-stream
areas of the Tom River. It is quite numerous up-stream, form-
ing well-developed stands. In mid-stream areas with small
alluvium, P, laurifolia is very scarce, growing mostly as sole
clones. Its numbers increase sharply in the floodplains of the
major montane tributaries of the Verkhnyaya and Srednyaya
Ters Rivers. The mid-stream group of P. laurifolia populations
is relatively separated from the up-stream populations, as not
only are they rather well apart (ca. 50 km), but also the river
flow in these areas is different. The up-stream Tom River flows
from east to west, while the mid-stream of it flows from south
to north. Taking into consideration the prevailing directions of
air flow, such river flow prevents pollen transportation, leaving
only one way for gene flow to link the populations, namely
seed transportation via water flow, resulting in one-way gene
flow. However, fragmented P. laurifolia populations grow
mostly in the floodplains of the right montane tributaries of
the Tom River, and the efficiency of such gene flow should
be studied in detail.

The observed diversity of P. laurifolia forms, in particular,
the occurrence of the white-bark form in the populations near
montane tributaries of the mid-stream Tom River alongside
the widely spread grey-bark form results in increased poly-
morphism both in qualitative traits and phenotypes. Differ-
ent studies showed that spatial separation of Populus spp.
populations is governed by historical processes, mainly by
events in the Pleistocene and Holocene (Keller et al., 2010;
Macaya-Sanz et al., 2012; Dewoody et al., 2015; Meirmans
et al., 2017; Fan et al., 2018). Therefore, the variability of
P, laurifolia population structure in the Tom River basin is
the subject for a further extended research.

Theoretically, the highest rate of inter-population dif-
ferences should be displayed by P. X jrtyschensis, because
(1) this is the least common species; (2) its stands are frag-
mented; and (3) its populations are 20—-100 km apart, which
seriously impedes gene flow among them. However, the
phenotypic structure of P. x jrtyschensis populations is de-
termined by extremely strong natural selection, resulting in
the prevalence of F hybrids, and rejection of next-generation
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hybrids and backcrosses early in ontogenesis before reproduc-
tive maturity (Jiang et al., 2016; Proshkin, Klimov, 2017a). All
these lead to drastic decrease in inter-population variability.
We believe that significant differences in phenotypic diversity
in the P. x jrtyschensis populations studied are determined
by population origin. They emerge at sites with disturbed
vegetation cover, where selection factors and their pressure
are site-specific. The Maizas and Karlyk populations grow in
floodplains, but the former emerged due to the degradation
of the vegetation cover by erosion and accumulation caused
by streambed activity, while the latter emerged due to an-
thropogenic disturbance. The Verkhnyaya Ters population is
under a strong influence of factors associated with streambed
dynamics. The Verkhnyaya Ters River is a typical montane
river with gravel-boulder alluvium prevailing. Thus the
environment there is optimal for P. laurifolia, but unfavour-
able for P. X jrtyschensis and P. nigra, which results in a low
population of their hybrids. The Novokuznetsk population is
of anthropogenic origin; it is located on the upper fluvial ter-
race, where the spectrum of adverse factors might be broader,
as compared to the natural populations where the main abiotic
selection factors are determined by the riverbed dynamics.
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Vcriosb30BaHMe MEXBUI0BO rMopuan3alinm
B CeJIEKILIM aJallTUBHbIX T'MOPUIOB I COPTOB
Xpu3aHTeMbl cagoBoii (Chrysanthemum morifolium Ramat.)

A .. HepoAykko

BotaHnuecknin cap-uHCTUTYT [lanbHEBOCTOUYHOIO OTAeneHnA Poccninickon akagemmm Hayk, Bnagusoctok, Poccua

CopTa Xpu3aHTeMbl CaJOBOW, CO3faHHble B CTPaHaxX JaJibHero 1 6amx-
Hero 3apybexbs, I0XKHbIX perroHax Poccuu, He BCeraa 3MMOCTONKIY

Ha tore poccuiickoro lanbHero Boctoka, noBpexaatoTca rprbHbIMM
60ne3HAMU B CBA3N C N3ObITOUHBIM YBRAXKHEHMEM, 3aMa3fblBaloT CO
CpOKamMu LiBETEHUA, a CllefoBaTe/IbHO, He MOTYT NpeTeHAoBaTb Ha
ponb KoMMepyecKmx. [lepcneKTrBHbIM HarpaBieHneM oTeyeCTBeH-
HOW cenekummn Xxprn3aHTeMbl CAA0BOI ABNAETCA CO3AaHNe HOBOroO
cefleKUMOHHOro MaTepuasa Ha OCHOBE MCMOJIb30BaHMA MPUPOAHOIO
reHodoHpaa poga Chrysanthemum c uenblo BBeAEHNA B KyNIbTYPHble
copTa LieHHbIX afjanTUBHbIX MpU3HakoB. MiccnefosaHma nposogunm B
BoTaHuyeckom cagy-mHctuTyTe 1BO PAH ¢ 2000 r. Micxops u3 6uono-
rMYeCcKmX, FreHeTUYEeCKMX 0CObeHHOCTe 1 06ecneyeHHOCTH NPUPOA-
HbIMK pecypcamu poga Chrysanthemum, Hamy NpeanoxeHa cTpaTerua
NonyyYeHNa oTeYeCTBEHHbIX aanTUBHbIX TMOPVAOB 1 COPTOB XPU3aH-
TeMbl CafjOBOI1 C CMOMNb30BaHNEM MEXXBUAOBOI rmbpuamnsaummn. O6b-
€KTbl UCCIefOBaHNA — NepBble NOKONIEHWA MEXBMAOBbIX rMbpnaos

F,, paHee nonyyeHHble aBTOPOM B pe3ysibTaTe rmbprian3aLmum COpTos
1N MHOTONETHNX MaHbY>KYPCKMX U KOPENCKUX BbICOKOFOPHbIX BUAOB
Chrysanthemum. MNMpowncxopsLlye OT pasHbIX BUSOB U COPTOB rmbpu-
abl F; ckpewBanu mexay coboit Ana nonyyeHnsa MexrmbpuaHoro
notomctaa F,. OTmpany KOMNNekcHo aganTuBHbIe (3MOCTONKNME,
ycTonumsble K Puccinia horiana Henn., paHouBeTyLe) 1 feKopaTuB-
Hble MyNbTUKOMMOHEHTHble dopMbl F,, KOTOpble NpuBnekanu B 61u3-
KOPOACTBEHHbIe cKpelmBaHua. OueHrBanu 1 oTbupanu NoTomMcTBO
OT 6/1M3KOPOACTBEHHBIX CKPELLMBAHMIA MO aAaNTUBHBIM 1 AeKOpaTyB-
HbIM MoKa3aTenAMm. BknioueHre B cenekuMoHHbIA NPoLecc pasHbIxX
MNCTOYHMKOB 3MIMOCTOMKOCTM 1 YCTOMYMBOCTU K P. horiana no3sonuno
ycunuTb B F, 11 BbIABUTL B F3 MOKONEHNAX MEIOLLMECA NONOXKMNTENb-
Hble KayecTBa. AfanTuBHble NPU3HaKKN Anknx Bugos Chrysanthemum
naktongense Nakai, C. coreanum (H. Lév. et Vaniot) Nakai, C. zawadzkii
var. tenuisectum Kitag., C. leiophyllum Nakai, C. zawadzkii subsp. acutilo-
bum (DC.) Kitag., cpopmmpoBaBLIMeca 1 3aKpensieHHble B mpoLecce
3BOJIIOLMY, HACNeA0BaNNCh M NPOABAANNCL B MOTOMCTBAX C/IOMKHbIX
MEXrMopuaHbIX 1 6M3KOPOACTBEHHbIX CKpeLwmBaHuini. OTobpaHbl
NnepCcrneKTVIBHbIe MEXXBUAOBbIE I MeXTMbpuaHble Gopmbl ¢ brionormye-
CKUMU NpU3HaKaMu, onpesenaowmMm BO3MOXHOCTb BO3LeNblBaHNA
B SKCTPEMarnbHbIX YCII0BUAX CyOpermoHa.

KnioueBble cnosa: Chrysanthemum morifolium Ramat.; grkue Bugbl
Chrysanthemum; mexxBunoBas rmépran3aLns; aganTuBHble NPU3HaKK;
poccunckmin JanbHnin BocTok.
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Use of interspecific hybridization
in the breeding of adaptive
hybrids and sorts of garden
chrysanthemum (Chrysanthemum
morifolium Ramat.)

A.IL Nedoluzhko

Botanical Garden-Institute, Far East Branch RAS, Vladivostok,
Russia

Many garden chrysanthemums bred across the world
are not fully winter hardy. Many are damaged by
fungal diseases due to a high humidity and are late
flowering. This makes them unsuitable for general
commercial marketing. Since 2000 we have been con-
ducting a breeding program using natural species of
the genus Chrysanthemum that are adapted to the
local conditions. The strategy of breeding adaptive
hybrids and varieties of chrysanthemum native to
Russia was proposed based on their biological, genetic
peculiarities and natural resources of Chrysanthemum
with the use of interspecific hybridization. Research
objects are the first generations of interspecific hybrids
of F, obtained previously by the author as a result

of the hybridization of varieties and wild species of
Chrysanthemum. Derived from different species and
varieties, F, hybrids were crossed among themselves
to obtain the multicomponent F, progeny. F, seedlings
with winter hardiness, resistance to Puccinia horiana
Henn. and early flowering were used in closely related
crosses. The offspring of F; from closely related crosses
were also assessed and selected according to adaptive
and decorative characteristics. Inclusion in the selec-
tion process of various sources of winter hardiness and
resistance to P. horiana allowed positive characteristics
to be increased in F, and to be revealed in F;. Adaptive
signs of the wild species Chrysanthemum naktongense
Nakai, C. coreanum (H. Lév. et Vaniot) Nakai, C. zawad-
zkii var. tenuisectum Kitag., C. leiophyllum Nakai, and

C. zawadzkii subsp. acutilobum (DC.) Kitag., which have
formed and fixed during evolution, were inherited

and manifested in offspring of the multicomponent
hybrids and the closely related crosses. Promising
interspecific forms with biological signs determining
the possibility of growing in extreme conditions of the
subregion were selected.

Key words: Chrysanthemum morifolium Ramat.; wild
species Chrysanthemum:; interspecific hybridization;
adaptive features; Russian Far East.



MHPOBOM I[BETOBOJACTBE Xpu3aHtema canoBas (Chry-

santhemum morifolium Ramat.) — onHa U3 TUANPYIO-

KX KyJIbTYp B JaHMAa(THOM gu3aiiHe, TOMHAapHOM
HCKYCCTBE, CEe30HHOI cpe3ke. OIHaKO HHTPOAYLIMPOBAHHbIE
B Poccuio copTta u moimydeHHOE TPH MEKCOPTOBOM THOPH-
JIU3AIUN TIOTOMCTBO XapaKTEPHU3YIOTCS HU3KHM YPOBHEM
IeHETUYECKOTO pa3HooOpas3ust B OTHOIIEHUH (DAaKTOPOB, KOH-
TPONHPYIOMINX YCTOWIUBOCTH PACTEHUH K IEHCTBUIO OMOTH-
YEeCKHX 1 a0MOTHYECKUX CTpeccopoB. DPdeKTHBHBII Moaxos
K PacIIMPEHHIO TEHETHYECKOI0 pa3HOO0pa3ust CENIEKIIMOHHBIX
COPTOB OCHOBAaH Ha MCIOJIb30BaHUH IIEHHBIX MPH3HAKOB /U~
kux popnueit Chrysanthemum. B cBSI31 ¢ TIO3JHUM OCBOCHHEM
JTAJIbHEBOCTOYHBIX pecypcoB pona Chrysanthemum v ynajieH-
HOCTBIO TIPHPOIHOTO apeajia OT OCHOBHBIX CENIEKIIMOHHBIX
LIEHTPOB, IpUpOHbIe BUbI Chrysanthemum 10 HACTOSIIETO
BPEMEHHU HE BOCTPEOOBaHBI POCCUICKUMHU CENICKIIMOHEPaMH
JUTS| BKITFOUEHHS a/IaITHBHBIX TIPU3HAKOB B TEHOM KYJIBTYPHBIX
xpuzanteM. B TocynapcTBeHHOM peecTpe CeNeKIIMOHHBIX
nocTtrkeHui PO noka OTCyTCTBYIOT pailOHUPOBAaHHBIE COPTa
XPHU3aHTEMBbI CaJOBOH, B TEHOTHIT KOTOPBIX BBE/IEHBI T€HOMBI
WJIN XPOMOCOMBI TUKUX BUOB Chrysanthemum.

[epBbie SKCIIEpUMEHTAIbHBIE HCCIIEJOBAHMS U IPAKTHYE-
CKHE PE3yJIbTaThl 0 CKPEIINBAHUIO COPTOB U JTUKHUX BU/IOB
pona Chrysanthemum nomydeHsl 3a pyoexoM. Ha renern-
YECKOIl OCHOBE BOCTOYHOA3MATCKUX MHOTOJIETHUX BHJIOB
Chrysanthemum eme B 30-x TT. mpormioro cronetus B CIIA
M AHINIUM CO3/IaHBl YHUKAJIBHBIE TI0 CBOMM aJIallTHBHBIM M
Pa3HOO00pa3HbIM JIEKOPATHBHBIM XapaKTEPUCTUKAM (POPMBI,
nMmeromue npomeinuienHoe 3HadeHune (Kuykendall, Galey,
1949; Anderson, Gesick, 2003; Anderson, 2007; Anderson et
al., 2008; Machin, 2012).

VYenemnyo THOpUAN3ALNI0 COBPEMEHHBIX COPTOB XPH-
3aHTeMBI canoBoii (C. morifolium Ramat.) ¢ HHAUTCHHBIMA
cyorponmueckumu Bunamu C. shiwogiku Kitam., C. pacificum
Nakai, C. makino Matsum. et Nakai, C. nankingense Hand.-
Mazz., C. indicum L., C. vestitum (Hemsl.) Stapf, C. chanetii
H. Lév., C. zawadzkii Herbich ocymectpisitor B SInonumu,
Kutae ¢ nenpro mepeaun reHOB, ONPEACIISIONINX TaONuTy-
aJbHBIE OCOOCHHOCTH, YCTOWYHMBOCTH K O€loil paBuMHE,
JUCTOBOMY MHHEpY, Tj€, a0HOTHYECKHM M TEXHOTEHHBIM
(haxtopam (Yamaguchi, 1981; Jong, Rademaker, 1989; Wang,
Chen, 1990; Chen et al., 1995; Douzono, Ikeda, 1998; Suenaga
et al., 1998; Cheng et al., 2010, 2011; Sun et al., 2010).

IIporpecc B co3naHuM OTEUECTBEHHBIX KOMIUIEKCHO a/iar-
TUBHBIX COPTOB IIOKa HeBEJMK. BripammBaembie B Poccnun
XPHU3aHTEMBI [TOJY4YEHbI IPU CBOOOHOM HIJIM MEKCOPTOBOM
OTIBIJICHUH MaJIO3MMOCTOWKHX 3apyOEXHbIX Cal0BBIX I'MO-
punoB u copros (3abenun, 1972; Kozpmenko, 2013; Tyxsa-
TyiunHa, MupoHoBa, 2014) u TpeOyIoT YKpbITUSI Ha 3UMY.
BonpmmuaCcTBO MX He obecmeueHo 3((HEeKTHUBHBIMU TeHAMHU
YCTOWYMBOCTH K 0CO0O OIAaCHOMY KapaHTHMHHOMY IaTore-
Hy — OeJtoii pxaBurHe xpuszanteM (Puccinia horiana Henn.):
B nepuof Habmomasmmxces snudurornit (2005, 2006, 2015,
2017 rT.) Ha KOJUICKITMOHHBIX YY9acTKax boraHmueckoro caaa-
WHCTHUTYTA BBISIBICHO TOJILKO 34 % aOCOIIOTHO YCTOWYHBBIX
coproodpasnos (Hemomyxxo, 2008a). [Tporcxomsmiast u3 cyo-
TpPONHYECKUX paiioHOB BocTouHOI A3nu, 00aaromnast BEICO-
KOH (pOoTOIIEepHOIMUECKON UyBCTBUTEIBHOCTBIO M TPEOyIOIIas
JUTS 3aKJIQJIKA TEHEPATHUBHBIX OPraHOB KOPOTKOTO CBETOBOTO
JTHSL, XpU3aHTEMa CaJI0Bast 33IeP>KMUBACTCS CO CPOKAMU IIBETE-
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HUS B yMEPEHHBIX lupoTax Poccuu, rae npoaoKuTenbHbII
CBETOBOH JIEHb U KOPOTKHI BEreTallMOHHBIN IEPUOA.

[lepcrieKTUBHBIM HaNPaBICHUEM OTEUECTBEHHON CEIEKIINN
XPHU3aHTEMBI CaJI0BOM SIBIISIETCS CO3JaHUE HOBOTO CEJICKIIU-
OHHOTO MaTrepHaja Ha OCHOBE HCIIOIB30BAaHUS MPHPOTHOTO
renoonna pona Chrysanthemum ¢ 1eIbI0 HHTPOTPECCHU B
KYJIBTYPHBIC COPTAa HEHHBIX aJalITUBHBIX [IPHU3HAKOB.

[TepBrre paboTsl B Poccnit 1o HCTIONb30BaHIIO MEKBHIOBOM
rHOpHUIM3alNN B CEIEKINN XPU3aHTEMbI CaJl0BOI HadaThl
aBTOPOM B Haudaye TeKyuiero croierusi. [IpendopuarHroBbie
HCCIIEZIOBAHNUS MPEICTABUTEINIEH BOCTOYHOA3MAaTCKUX MHOTO-
netHux BUnoB Chrysanthemum 1oKa3ain, YTO OYCHb HEMHO-
rue manpkypekue C. naktongense Nakai, 1909, Bot. Mag.
(Tokyo), 23: 186; C. coreanum (H. Lév. et Vaniot) Nakai,
1940, J. Jap. Bot. 16, 2: 74; u xopelickue BBICOKOTOPHBIE
C. zawadzkii var. tenuisectum Kitag., 1942, Rep. Inst. Sci.
Res. Manchoukuo, 6: 129; C. leiophyllum Nakai, 1921, Bot.
Mag. (Tokyo), 35: 147; C. zawadzkii subsp. acutilobum (DC.)
Kitag., 1939, Rep. Inst. Sci. Res. Manchoukuo, 3, 2: 444 (Lin.
FI1. Manshur.) BEICTYTIafOT HaJICKHBIMU KOMIUTEKCHBIMH HCTOY-
HHUKaMH 1 JOHOPaMH aJIallTHBHBIX ITPU3HAKOB (YCTOWYNBOCTD
K P. horiana, 3MMOCTOHKOCTb, pAaHHUI CPOK L[BETCHHS).

Mmuoroobpasue amneneit tukux BungoB Chrysanthemum
IIPY BBEJCHUU WX B THOPHIM3AIMIO IIPEIIOIaraeT MOBbI-
IIEHHEe TeTEePO3UTOTHOCTU H, CIEJ0BATEIbHO, CO3JaHUE HE
TOJIBKO CTIEIU(PUIECKOMN, HO U KOMIUIEKCHOW alallTHBHOCTH.
BBezieHre reHOB ICHHBIX MIPU3HAKOB OTHOTO MJIN HECKOJIBKHX
JIMKOPACTYILUX rpencraButeneit Chrysanthemum B TeHOMHBIN
COCTaB KyJITypPHOTO COPTa ITO3BOJIUT COBEPILICHCTBOBATH I'e-
HETHYECKYIO OCHOBY MOCIIEAHEr0. ABTOPOM CHHTE3HMPOBAHbI
HepBble MEXBUIOBbIE ruOpuabl F| Ha OCHOBE KyILTUBUPY-
emMbIx copToB (Bpomnusa, JIunma, Xameneon, Cremyma) u
BOCTOYHOA3MaTCKuX MHorojetHux BunoB (C. naktongense,
C. coreanum, C. zawadzkii var. tenuisectum, C. leiophyl-
lum, C. zawadzkii subsp. acutilobum), KOTOpbIe COBMEIIAIOT
B CBOEM T'CHOTHIIE T'€HBI BHJa-J0HOPA, 00eCreynBaroNne
yCTOﬁ‘IMBOCTL K 60H63H51M, BBIHOCJIMNBOCTh K 3UMHHUM 3KC-
TpeMaJIbHBIM (haKTOpaM, paHHEE L[BETEHHE, JIETKYI0 yKOpe-
HSIEMOCTb, M Ka4eCTBa BBICOKOJCKOPATHBHOTO COPTa-pelu-
nuenta (Hepomyxxko, 2010). ITomyueHHBIE COPTOBUIOBBIE
rudpuasl F| okasany BOSMOKHOCTE 00beIMHEHNs TEeHOMOB
copToBbIX (hopm n ipuponHbIX BUoB Chrysanthemum, BBe-
JACHHUS TCHETUYCCKOTO MaT€puralia Ha MEKXKI'CHOMHOM YPOBHE
U SBWJINCH HOBBIMHM MCTOYHHKAMH a/IalITUBHBIX NTPU3HAKOB.
JanpHeHIIMy CKpeIMBaHUAMI MEKBUJIOBBIX THOPHIOB F,|
C pa3/IMuHBIM T€HOMHBIM COCTaBOM M TOCIeayouiel Onu3-
KOPOJICTBEHHOM TuOpuausanuel Mexxruopuaneix Gopm F,
MBI PAaCCYMTBHIBAEM OOBEIMHHUTH B HOBBIX OpraHHM3Max pas-
HOOOpa3ue JOMHUHAHTHBIX T€HOB YCTOMUUBOCTH K P. horiana,
0TOpaKoBaTh CESHIBI C TOMO3UTOTHBIM COCTOSTHHEM peliec-
CHBHBIX ajljieiell BOCHPUMMYHUBOCTH K P, horiana, HaKOTINTh
peliecCUBHBIE aJIeNId TEHOB, OTBEYAIOIIHX 32 3MMOCTOMKOCTh
U JIpyTHE aJlallTUBHbIC NTOKa3aresu ((PeHOPUTMOTHII POCTa U
Pa3BUTHS, HHTEHCUBHOCTh BO30OHOBIJICHHS), © TEM CaMbIM
IMOJIY4YUTh 3(1)(1)6KTI/IBHI)I€ HUCTOYHHUKHU U IOHOPBI IJIs1 CO3AaHUL
a/IalITUBHBIX COPTOB.

Lens paboTHI — cO3/1aTh HOBBIH CENEKIIMOHHBIN MaTepua
XPHU3aHTEMBI CaJI0BOIM Ha OCHOBE ME)KBHUIOBOM MHOpHIN3AIMN
¢ mpuponusiMu Bugamu Chrysanthemum. B cBs3u ¢ THM 110-
CTaBJICHBI CIICAYIONIHE 3a/Ja41: H3YIUTh BO3MOXHOCTB 00be-
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JIMHEHH ! ICHHBIX TIPU3HAKOB ITPU CKPEIIMBAHUH MEKBHIOBBIX
rubpuoB F, Mexay coboif; npoBecTH OMM3KOPOACTBEHHbBIE
CKPEIIMBAHHSA TONYYEHHBIX MEKIuopuanex dhopm F, mmsa
BBISIBIICHUS IICHHBIX IIPH3HAKOB; OLICHUTH M OTOOPATh HOBBIC
CEJICKIIMOHHBIE (DOPMBI 110 KOMIUIEKCY aJIaliTUBHBIX U JIEKO-
paTUBHBIX MOKa3aTesei.

MaTtepwuanbl n metogbl

Uccnenoanust nposoauimu B 20002017 rT. Ha TeppUTOpUU
Borannueckoro caga-uncrutyra JABO PAH, pacnonoxxenHoro
B IpuOpekHOIi 30He tora [Ipumopckoro kpast. Kimimar MyccoH-
HbIi1. OCHOBHbIE IMMUTHPYIOIINE (AKTOPBI: HEYCTOWYHUBOCTD
CHE)KHOTO TIOKPOBa JTHOO MTOJTHOE €0 OTCYTCTBUE; COUCTAHHE
HU3KHX 3UMHUX TEMIIEPaTyp U HHTEHCUBHON HHCOJISIIUN IPU
HAJIMYUH CUJIBHBIX CEBEPHBIX M CEBEpO-3allaHBIX BETPOB,
WCCYIIAIOMKUX MOYBY W 3UMYIOIINE OPTaHbl MHOTOJCTHHX
paCTEHUIT; TEIJIOE BIAXKHO-TPOIMYESCKOE JICTO (B JICTHUIL TIe-
puon Bemaaaet 10 85-90 % rogoBoro KoJaudecTBa 0CaIkoB),
crocoOcTBytoIee OypHOMY Pa3BUTHIO TPHOHBIX MATOTCHOB
(baknanos, 2010).

OO0BbEeKTOM U3yUeHUs ObLTU ITEPBUIHBIE MEXBHUIOBbIE THO-
puzel F,, nonmyueHHbIe aBTOPOM IMyTeM HUCKYCCTBEHHOM THo-
PHUIM3ALNY HE3UMOCTOMKHX COPTOB XPHU3aHTEMBbI CaJIOBOM,
pa3IUYArONIMXCS BOCIPUMMYNUBOCTBIO K P. horiana Henn.,
1 KOMITICKCHO aJaNTHBHBIX AUKUX BUOOB Chrysanthemum:
Bpommusa x C. naktongense Nakai; Bpomnusa X C. coreanum
(H. Lév. et Vaniot) Nakai; Bpomusa x C. zawadzkii var. tenui-
sectum Kitag.; Bpommsa X C. zawadzkii subsp. acutilobum
(DC.) Kitag.; Jluuna x C. naktongense Nakai; C. naktongense
Nakai x JInunga; Xameneon x C. zawadzkii var. tenuisectum
Kitag.; Xameneon x C. leiophyllum Nakai.

IIpoucxonsiye OT pasHBIX BUAOB U COPTOB THOpubI F,
CKpELINBATH MEXAY COOOU NI MONyICHHS MEXTHOPHUI-
Horo noromctea F,. OTOupany KOMIJIEKCHO aJaNTHBHEIE
MyJIbTHKOMIOHEHTHBIE (GopMmbl F,, KoTOphle MpUBIEKaIM
B OJM3KOPOJICTBEHHBIE CKpeluBaHus (OEKKPOCCHI, CHOCHI,
moiycn0Ocel). [ubpumusamuio (¢ mpeaBapuTEIEHON H30IIs-
IIUCH COIBETHIT) OCYIIECTBIISI CBEKECOOPAHHOM MBUTBIION
OJHOKPATHO B TIEPHOA PACKPHITHS OOJIBIINHCTBA TPYOUaThIX
BETKOB. [100ery ¢ ONMBUICHHBIMH COIBETHSIMH CpPE3alld U
JI03apHUBAJIN B COCY/IaX C BOAOI B HEOOOTpeBaeMOii TEILTHIIE.
Kactpamuro He mpOBOAMIN, YIUTHIBAs CAMOHECOBMECTUMOCTh
xpuzanTteMbl (Hemomyxko u ap., 2002). Kortpoms — u3o-
JSIMS COLBETHH Oe3 omnblieHus. PeBn3nio n 0OMooT ceMsiH
MIPOBOAMIIN Yepe3 OIMH-BA MECsIa MOocae THOPHIN3AIIH,
MTOCEB CeMsTH 3aKaHUYMBAIIM B KOHIIE (peBpasi—HavajIe MapTa B
YCIIOBHSIX TETUIUIIBL. B OTKPBITHIN TPYHT CESTHIIBI BBICAKMBAIIU
c anpeisi 1o Mail. [ eHeTn4ecKyo COBMECTUMOCTb OIPEAETISIIN
0 pe3ylIbTaTaM 3aBsS3BIBAHMSI CEMSH, BCXOKECTH H KU3HE-
CHIOCOOHOCTH cesiHIIEeB. B kauecTBe KpUTEpUEB a1alTHBHO-
CTH PACTEHUI YUMUTBHIBAIU 3UMOCTOMKOCTb, YCTOMYMBOCTD K
P. horiana, penopuT™MOTHIT pa3BUTHS.

OT160p 3MMOCTOWKUX IEHOTHIIOB ITPOBOAMIIN CPEI THOPH-
HBIX MOIMYJISIINN MOCe MePBOH 3UMOBKH 110 OCOOCHHOCTSAM
BECEHHETO BOCCTAHOBIICHUS TIOCIE TTOBPEKIAOIINX 3UMHE-
BECCHHUX (PaKTOPOB MO 5-0aIbHON 6-CTyNeHYaTo! IIKae,
rae 6amn 0 — moJHOe BhIMEP3aHUe PacTeHHH, Oait 5 — moj-
Mep3aHHe OTCYTCTBYST. MOHUTOPHHT 3UMOCTOWKOCTH OTO-
OpaHHBIX CESIHIIEB BBIMIOJHSUIN €IIe B TEYCHHUE s JIET Ha
BBICOKHUX TpsAAax 0€3 UCKYCCTBEHHOTO YKPBITHS.
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OT160p Ha yCTOHUMBOCTD K P. horiana v npyruM rpuOHbBIM
turonarorenam (Alternaria alternata (Fr.) Keissl., Botrytis
cinerea Pers., Septoria chrysanthemi-indici Bubak & Kabat)
MIPOBOJIMIIM Ha €CTECTBEHHOM HMH(MEKIMOHHOM (hoHE B Iie-
puon stmuurtotuit P. horiana (2005, 2006, 2015, 2017 rr.) ¢
JIOTIOTHUTENBHBIM 3apaKeHUEM criopamu P. horiana mytem
CTPSIXMBAHUS UX C MOPAKEHHBIX JHCTHEB CHUIILHOBOCIPH-
UMYUBBIX cOpToB. [TopaskeHue pacTeHmit Oeoi p>KaBUNHON
OIICHUBAJIH IO 4-0aITBHOM S-CTYIIeHYaTOl 1IKase, riae 6amt 0
COOTBETCTBYET OTCYTCTBHUIO MPOSIBICHHS TPU3HAKA, Oat 4 —
MaKCUMaJIbHOMY €r0 BhIpaKeHH0. COMIaCHO MOIy4EHHOMY
Oasty, 0Opasiam NprCBauBaNIH JINTEPHI, 0003HAYATOIIHE CTe-
neHp nopaxkenus narorenom (Konosanos, 2002).

B nepron MaccoBOro IBETEHUS CPeH KOMIIEKCHO aJiar-
THUBHBIX TIOTOMKOB OTOMPAIN BEICOKOJCKOPATHBHBIC CESTHIIBI
(Mertoauka.. ., 1968, 2007). DneMeHTaMK B OLICHKE ¥ 0TOOPE
Ha JIEKOPAaTUBHOCTH CIY>KWJIM HA4ajIo, MPOOKUTEIbHOCTD
1 o0MITHE IIBETEHNS, Pa3Mep 1 OKpacKa COIBETHH, TPU3HAKH
BEreTaTMBHOM c(epbl (HEIoIeraeMocThb, KOMIIAKTHOCTb, CTe-
MIeHb 00MMCTBEHHOCTH). K EpCIIEKTHBHBIM CESTHIIAM OTHOCH-
JIM KOMITJIEKCHO aJJalITHBHBIE C 3MMOCTOMKOCTBIO 4—5 0asuioB,
0e3 MaJISHIIINX CUMITTOMOB MTOpayKeHHsI FPUOHBIMHU [TATOTeHa-
MH, IBETYIIHE B ONTHMAJIbHEIE CPOKHU (CEHTSIOPb—OKTIOPH).
B mepron 20002017 1. BEIONHEHO 38 KOMOWHAIIHIA CKpe-
IIMBaHUH, OnbIICHO 239 corBeTnid, moay4eno 5318 rubpu-
HBIX CeMsH, BBIpamieH | 751 cesHer, BbIIeNeHo 72 mepCreK-
THUBHBIX 0TOOpA.

PesynbTatbl 1 06CyKaeHne

CosmectumocTb rnépuaos F, npn ruépuansauun.
Monyuenne F,
Hammmu sKcriepuMeHTaMH BBISIBIICHa BO3MOXKHOCThH CKpe-
IMBAHUI MEPBHYHBIX COPTOBHAOBBIX rmOpuaoB F,, Ho mx
a¢dexTuBHOCTE Obla HeonnHakoBoi. Hambosee pesyib-
TaTHBHBIMHU 110 3aBSI3IBAEMOCTH CEMSIH U BBDKHBAEMOCTH
CESIHLIEB OKa3aJiCh KOMOMHAIIMU CJIOXHBIX CKPEIIMBAHUH
Ne 40-12,43-12,45-12,46-12 (cM. TabiuILy ), IMEIOIIHE B CBO-
em cocrage copra JIunaa, Xameneon u Bust C. naktongense,
C. zawadzkii var. tenuisectum, C. leiophyllum. [IpakTnaecku
OTCYTCTBOBAJIN XapaKTEePHBIE JUIsl OTaJICHHON THOpHAN3auy
3aTPyJHCHUS, THOPHUIHBIC CEMEHA B OOJIBIIIMHCTBE CITy4acB
3aBsI3BIBAJIMCH HOPMAJILHO, IPOPOCTKH BIIOJIHE YKU3HECIIOCO0-
HBI, CESIHIbI XOPOIIO pa3BUBAIOTCA. B OTHEIBHBIX MEXIHO-
PHIHBIX CEMbSIX COBMEIIICHUE TY>KEPOTHBIX TEHOMOB B HOBOM
OpraHu3Me BBI3BAJIO HU3KYIO 3aBSA3bIBACMOCTb CEMSH, CIIa0y10
UX BBITIOJIHEHHOCTb, TNIOXYIO BCXOXKECTh U Pa3HOT0 pojia Ha-
PYILIEHHS POCTA U Pa3BUTHSI CESTHIIEB (XJIOPODHILUIbHAS HEJIO-
CTaTOYHOCTH, OMdypKaIuu, hacrauy moderos).
IIpeobnanaromee 4ucIO0 NOTOMKOB F, pa3BuBanoch 1o
creHapuro nukux poauresei (Hemomyxko, 20086). [To cpas-
HEHHIO C TOTOMCTBOM F |, oTnmdaBmmmMcs peHOTUITIIECKUM
ennHooOpasueM B npexaenax cembu (Henomyxko, 2010), Bce
U3yueHHBIE MEKXTUOpuaHbIe KoMOuHanuu F, ysemuuunn
pa3Max U3MEHYMBOCTH CESHLEB 110 MOP(OIOrHYECKUM TIPH-
3HaKaM (0OmIHiA Ta0UTyC, CTENICHh OOIUCTBCHHOCTH, pa3Mep
M OKpacka COIBETHI, CPOK IIBETCHUsI, JHEPTHs TOPOCIe00-
pa3oBaHMA), a TaKXKe OOHAPYKWUIM HETPEPBIBHBIN DS U3-
MEHYHMBOCTH I10 aaTHBHBIM IIOKa3aTeJisiM. Y OOJIBIINHCTBA
cesinnies F, Habmonanock coueTanue Npu3HaKoB KyJIbTYPHBIX
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MexxBrpaoBas rubpuamnsaLma B cenekyunm afanTuBHbIX
rMbpuoB 1 COPTOB XPU3aHTEMbI CAA0BOW

COPTOB (TIPOYHOCTH LIBETOHOCOB, KPYIHbIE COIBETHUS, SIpPKasi
OKpacKa, JIHTEIbHOCTD M OOMJINE [IBETEHHS1) U JUKNX BUJIOB
Chrysanthemum (cuibHast OONNCTBEHHOCTh TCHEPATHBHBIX
mo0OeroB, HMHTEHCHUBHOE 00pa30BaHUE MOOETOB BO30OHOBIIC-
HUS, BEIHOCIMBOCTh K MPUPOAHBIM cTpeccam). OTodpaHs
rapMOHHYHO Pa3BUTHIE MYJIBTHKOMIIOHEHTHBIE (Gopmbl F,,
YKa3bIBaIOLIME HA COBMECTUMOCTh Pa3HbIX COPTOBBIX U BH-
JIOBBIX TEHOMOB B HOBOM OpTaHH3Me.

3MMOCTOMKOCTb rM6pNAHOro NOTOMCTBa F,
KyneruBupyemsie B Poccun copra Xpu3aHTeMbl CaloBOMH,
BElyIIME CBOE HAYANO OT CyOTponndeckux BuaoB Chrysan-
themum, He UIMEIOT SICHO BBIPAXKCHHOT'O MEPUO/Ia TITyOOKOTo
mokos (TIo6ers BO30OHOBJICHHUS TPOJODKAIOT POCT OCEHBIO
MIPY HU3KHX MOJIOKUTENBHBIX TeMneparypax +1...+6 °C) u, ne
o0J1az1ast 3a1acoM 3MMOCTOMKOCTH, TOTHOAIOT B TEYEHHE 3UMBI.
Bunst Chrysanthemum yMepeHHOTO KIIAMara, 3aBepIasi pocT
o0eroB B CEHTSIOpe—OKTSAOpe, B X0JIe OCCHHETO 3aKajInBa-
HUSI (POPMUPYIOT OINPEAETICHHBIH YPOBEHb 3UMOCTOUKOCTH U
BCTYTIAIOT B COCTOSTHIE OPTaHUYECKOTO TTOKOSI, COXPAHsIS €ro
Ha TPOTSHKEHUH BCEro 3MMHero nepuona. [lomydennsie Ha
FeHETUYECKOM OCHOBE JHUKHUX BUJIOB FI/I6pl/IILI)I Fl OTJIMYAKOTCA
MOBBIIIEHHOH YCTOHYNBOCTBIO K KIIMMAaTHIECKNM (pakTopam,
MIPEBOCXOJIST CBOMX TETUIOIIOOMBBIX COPTOBBIX POANTENEH 10
sumocroiikoctu (Henomysxko, 2010).

Vcrionb30BaHNE MOBTOPHOTO PEKOMOMHAIMOHHOTO TIPO-
1ecca — ckpeluBaHue rubpuaoB F| Mexty coboii —no3sonu-
JIO YBCJIMYUTD B TIOKOJICHUHU F2 YHCJIO BBIHOCJIIUBBIX CCAHIICB
Y YCHJTUTB BBIPQXKEHHOCTD MIPU3HAKa 3uMocToiKoCcTH. Cpenu
MeKTUOpHHOTO ToToMcTBa F, BhIABIEHBI HOpMEI, 00118110~
e 0oJiee ATMTEIBHBIM IIEPHOIOM [ITyOOKOT0 3MMHET0 MOKOSI
¥ 3aMeUICHHBIM TEMIIOM BeceHHero orpactanus. [locienosa-
TEIIbHO HAKaIUIUBasi TeHbI pa3HbIX BUAOB Chrysanthemum, Ham
YAAJI0Ch MOBBICUTH OMOJIOTUYECKUIT 3a11ac 3MMOCTOUKOCTH B
MEXTHOPUAHBIX (popMax, 0OecreunTs WX aJalTHBHOCTH B
9KCTPEMAIIbHBIX yCI0BHsIX. HanbombIiee 9rcio 3MMOCTORKIX
reHoTunoB (710 54.5 %) oroOpaHO B MyJIBTHKOMIIOHEHTHBIX
ceMbsx Ha ocHOBe BUoB C. naktongense, C. zawadzkii var. te-
nuisectum, C. leiophyllum. Habnionenns 3a HUIMU B TeUCHHUE
MOCICAYOMUX TPEX-YETHIPEX JICT NOATBECPAUIIN BBICOKYIO BbI-
HOCJIMBOCTB B CypOBOM KiIMare. Takum 00pa3om, BBEJCHUE
B THOpUAM3AIHIO Pa3HBIX BUNOB Chrysanthemum IpUBENO K
HaAKOIIJICHUIO TIOJIMICHOB 3UMOCTONKOCTH XOTS 6])[ B CAUHHNY-
HBIX cesHIax F, mubo cnoco6cTBOBAIO APYTHM COYETAHUAM
B HOBBIX KOMOMHAIIMSIX, YTO ITO3BOJIMIIO YCHIIMTH MMEFOIIIHECS
IOJIOKHUTCIIbHBIC TCHIACHINH (HOJ'IO)KI/ITe.H])HI)Ie TpaHCIrpec-
CHM) WM BBISIBUTDH HEXEJATeIbHbIC IPU3HAKU U CBOICTBA.

Co3naHHbIC Ha CIIOXKHOM TeHETHYECKOW OCHOBE MEKTHO-
punnblie popMel F, ciry:kaT HOBLIMM HCTOYHMKAMU 3UMOCTOMH-
KOCTH ISl TAJbHEHNIIEH CENEeKINN Ha elle 00jee BBICOKHIA
YPOBEHB YCTOIUMBOCTH K HU3KUM TEMIIEPATypaM, a POJIUTEIb-
CKHE MEXBUJIOBbIE THOPU/bLI F| MOIyT OBITh HCHOJL30BAHBI
B Ka4eCTBE JOHOPOB TOTO TPH3HAKA.

YcroumeocTb rubpuaHoro notomctsa F, K P. horiana Henn.
JloMrHMpOBaHHE MTPHU3HAKA YCTOWIMBOCTH K OEII0H prkaBUMHE
xpuszanteM (Jong, Rademaker, 1986; Henomysxko A.I., Hemno-
nyxko A.B.,2010) u cpaBHUTEBLHO POCTAsi €ro TeHETUIeCKast
JIETePMHHAITHS 00JIeTYatoT 0TOOP B IEPBOM U MOCIIETYFOIITNX
MOKOJICHHSIX THOPHUIOB ¥ BO3MOXKHOCTB Tepeaadt 3 (heKTrB-
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HBIX TCHOB TUKUX BUIOB Chrysanthemum B IPOLIECCE CEIICK-
LMOHHOH pabOoThl. AHAIN3 MEKTHMOPUIHBIX NOMYJIALMii F, Ha
YCTOHUMBOCTE K P. horiana BIsiBII Hanmaue ot 2.9 1o 17.3 %
(B 3aBUCHMOCTH OT KOMOMHAIIUH CKPEIIUBAHU) BOCTIPUIM-
YHBBIX K O€JI0H pKaBUMHE PACTCHMH, YTO MOXKET CBUJICTEIb-
CTBOBATH O JIOCTH)KCHHH TOMO3ZUTOTHOCTH MO PEIECCHBHBIM
reHaM, ONPEACISIONUM BOCIPHUMYHBOCTh K MAaTOreHY, U
TETEPO3UTOTHOCTH MPU3HAKA YCTOMYMBOCTH Y POJUTEIBCKUX
bopm F,, n/unn nepexomOuHaImu HakTopoB yCTOHYMBOCTH.

DeHopUTMOTIN pocTa 1 pasBUTUA
Tun pocrta 1 CKOPOCTH Pa3BUTHUS — BaXKHBIE (haKTOPHI, BINS-
IOLME HA aJalTUBHOCTb PACTCHMM, OAHAKO NE€HETHUYECKUHI
KOHTPOJIb THIA ¥ CKOPOCTH PA3BHUTHS y XPU3AHTEMBI TTOKa
He M3y4eH. SIpoBoif THI pa3BUTHA (MOHOIMKIMYHOCTB TO-
OeroB), nmpucymuii cyoTpornuueckum Bunam Chrysanthemum
U CO3/IaHHBIM Ha WX OCHOBE COPTaM XPH3aHTEMBI Ca/I0BOM
(Hemomyxxo, 20086), BOSMOXKHO, CBsI3aH C OTCYTCTBHUEM Tec-
HOB 3UMOCTOMKOCTH, 1 HA00OPOT, 03UMBIH THUIT Pa3BUTHUS (TH-
IUKJIMYHOCTB TOOEr0B) BHIOB yMEPEHHOTO KIIMMATa OIIpe/ie-
AseTcs uX HannuueM. B rubpuaHom nokonenuun F, HabGmio-
JIaeTCsl K3MEHYMBOCTb ITOTOMCTBA 10 TUILY Pa3BUTHS U CPOKY
uBeteHus. [Ipeobnanatormee uncio (72.3—87.8 %) cesHiieB
pa3BHUBAIOTCS IO CIIEHAPHIO JAMKUX POIUTENCH (03MMBIH
THUI): B IEPBBII TO/1 00pa3yroT MPU3EMHYIO PO3ETKY JIUCTHEB
1 yXOJST B 3UMY B (Daze BETe€TaTUBHOTO KJIOHA. B reneparus-
HOE COCTOSIHME BCTYTIAIOT Ha BTOpoii rox pocta (Hemomyskko,
20086). ITporiecchl MOArOTOBKH PACTCHHIA K 3MME HAUMHAOTCS
3aJ10JT0 O OKOHYAHMS IEPHOJa BETETAlMU U 3aBUCST OT
TEMIIEpaTypsl U JUTUHBI IHS, a (OTONEPHOMIECKast PEaKIus
TECHO CBSI3aHa C MX 3UMOCTOHKOCTBIO. 3UMOCTONKHE BU/IBI
Chrysanthemum yMEepeHHOTO KIIMIMaTa paHBIE PEarnpyroT
3aMeJUICHHEM pOCTa Ha COKpAIIeHNE JUIMHBI JHS OCEHBIO, B
OTIIMYME OT HE3MMOCTOMKHUX CyOTPONUYECKUX IPEJCTaBHU-
TeJeH, MPOIOIIKAIOIINX BETETUPOBATH JI0 CAMBIX MOPO30B,
repesIatoT CBOM KadecTBa T’HOPUIHOMY ITOTOMCTBY.

[To cpoky BcTyIUIeHMS! B TeHEPAaTUBHOE COCTOSIHIE U ()eHO-
JlaTe «HayaJo UBETEHUs» IIOTOMKH F, npencTaBisoT Hempe-
PBIBHBIHA sl I3MEHUYUBOCTH OT PAHO- JIO TTO3/IHOIBETYIIINX
(c pa3nuYHOM NIUTENBFHOCTHIO IEPHO/IA OT Havajla BereTaluu
JI0 Hauasia nBeTeHust). OTMEUEHbI CESTHIBI C HETTOTHBIM IIHK-
JIOM pa3BHUTHS (HE YCIIEBIINE JOCTUTHYTH (a3bl IIBETCHUS B
CBSI3U C HACTYIMJICHHEM MOPO30B, T.€. PA3BUBAINUCH KaK IO-
JysipoBBIe—I10Ny03UMEIe). [Io 0COOCHHOCTAM pacierieHus
MOKHO ITPEIoJIaraTh BBICOKYIO TOJIMTeHHOCTh IPU3HAKA «Ha-
YaJio [BETEHHsD», YTO 00ECIEYNBACT IIMPOKUE BOZMOXKHOCTH
JUTE 0TOOpa M COXpaHEHHsI Hy)KHOTO CBOICTBA B THOpHIAX.

Bbin 0ToOpaHb 00pasIpl, IBETYIINE B ONITHMAIBHbIE CPOKU
Ha gaHHOM mmpore (43°13'27.48" ¢. 1., 131°5936.32" B. 11.).
CpaBHEHHE Pe3ylIbTaTOB HACIECJOBAHUS THIA PA3BUTHUS U
(benonoruyeckoro putMa rudpuos F, (Henomysxxo, 2010) n
MeKTuOpuaHbIX hopM F, (HacT. uccie10BaHKe) IPEITIonaraeT
HEKOTOPBIE TEHJCHIIUH 3BOTIOIOHHOTO (DOPMUPOBAHUS ITPHU-
3HaKa KaK KOJMYECTBEHHOTO, POHUCXO/ISIIIETO IyTeM IocTe-
MIEHHOTO U JUTUTENHFHOTO HAKOIUICHUS! OTACIbHBIX M3MEHEHHH.

CxpeluBaHue MEXBHJOBBIX THOpuI0B F, mokaspiBaer,
YTO OHM XOPOIIO TEPEIAl0T CBOU [IEHHBIC Ka4eCTBa OTAEIb-
HBIM TOTOMKaM F,. DT0 03BOJISET CUMTATh MX KOMILIEKCHBIMU
JIOHOpaMM TaKMX IPU3HAKOB, KaK 3MMOCTOUKOCTb, YCTONYH-
BOCTh K P. horiana, paHHUH CPOK I[BETEHHS, HHTCHCUBHOE
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Interspecific hybridization in the breeding of adaptive
hybrids and sorts of garden chrysanthemum

A.l. Nedoluzhko

Chrysanthemum species and hybrids: a, C. leiophyllum; b, C. naktongens; ¢, C. coreanum; d, Fy; e, Fy; f, F3S;.

BEreTaTUBHOE BO300HOBIeHHE. Boienennsle B I, u F, moko-
JIEHUSAX MCTOYHMKH U JOHOPBI LEHHBIX IPU3HAKOB IO CITY KU
OCHOBHBIMH KOMIIOHCHTAaMH B CXE€Max 6J'II/I3KOp0I[CTBeHHI)IX
CKpELIVBaHUM.

Bekkpoccbl, cnbebl, nonycn6ebl

Bn3KopoCTBEHHbBIE CKPEIIMBAHNS CIOXKHBIX MEKBHIOBBIX
rubpunos F, Berasumm B moroMctse F, umMynnbie k P, horiana
1 BBIHOCIIMBBIE K 9KCTPEMaJIbHBIM (DaKkTopam cpeibl popMbl,
YTO MOYKET CBUJIETEIbCTBOBAThH 00 YCIEIIHOW HHTPOTPECCUH
3G PEKTUBHBIX TCHOB TUKHUX BUAOB Chrysanthemum B TOIy-
YEHHBII CeIeKIMOHHOM Marepual (cM. Tadmuity). OToOpaHbl
KOMIIJIEKCHO aJalITUBHBIC U JIEKOPATUBHBIC CESHIILI. BhIsiBte-
HBI PEKOMOMHAHTHBIE ()OPMBI C TIPU3HAKAMH CAEPKAHHOTO
pocTa, IPOJIOIKUTEIBHBIM LIBETCHUEM.

[exkopaTMBHOCTb
JIeKOopaTUBHOCTh — BaXKHbBII MHTErpaJIbHBIN MTOKA3aTesb HO-
BBIX THOPHIOB, KOTOPBIH BO MHOTOM 3aBUCHUT OT MX Al Talluy
K KOMIUICKCY HEOIaronpusTHBIX OMOTHYECKHX M a0HOoTHYe-
CKUX (aKTOPOB, CPOKa ILBETCHUS, OOILEH apXUTEKTOHUKU
pacTeHunil, Ha3HauYeHMs UCIIOIb30BaHus. Cpeay KOMITIIEKCHO
ajanTUBHBIX cesHUEB F, u F; B kauecTBe NEPCIEKTUBHBIX
oToOpanbl 72 BBICOKOJEKOPATHBHBIE (DOPMBI (CM. PHCYHOK),
KOTOpBIE BETETATHBHO PAa3MHOKEHBI M HAXOAATCS HA pa3HOH
CTaJIM1 U3y4eHHUS (TIEPBUYHOE, KOHKYPCHOE COPTOU3YUCHHE).
MOHHUTOPHUHT B TEUEHHE TPEX-IIATH JIET BBIICICHHBIX B ATUTY
U Pa3MHOKEHHBIX BEreTaTUBHO OTOOPOB MOATBEPAMI CTa-
OMIIBHOCTH MPOSIBIICHUS a/IAITUBHBIX ITOKa3aTelel U Mo3Bo-
JIUJT TIPUCBOUTH UM cTaryc copra. Hosrele copra JleHHua,
Bocrounas Cnassaka, 3Be3anas Pocerins, JIazypasrit beper,
Mopckast [lena, CeBepnas [Taunguxa, Co3Besaue mpoxomsiT
rOCY/IapCTBEHHOE COPTOUCIIBITAHHE.

ITo wacToTe BO3HHKHOBEHHS B TMOPHIHBIX ITOTOMCTBAaX
MOJOKUTENIBHBIX TPAHCTPECCUI — FTEHOTHUIIOB C KOMILIEKCOM
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MOJIE3HBIX MPU3HAKOB, COBMEIIAIOMINX B OJJHOM OpTaHH3MeE
YCTOWYNBOCTB, 3MIMOCTOWKOCTD, ONITUMAJIbHBIN CPOK IIBETE-
HUsI, OIpeJielieHa CEeJISKIIMOHHAs [IEHHOCTh HCIOIb3YyEeMBbIX
pomuTenbekux popm. TakuMu popMaMu MOYKHO CIUTATh MEXK-
BujloBble F, rubpuael: Bpoanusa x C. coreanum (H. Lév.
et Vaniot) Nakai; Bpomnusa x C. zawadzkii subsp. acutilo-
bum (DC.) Kitag.; JIunna x C. naktongense Nakai; C. nakton-
gense Nakai x Jluana; Xameneon X C. zawadzkii var. tenuisec-
tum Kitag.; Xamesneon x C. leiophyllum Nakai.

TaxkuMm 00pazoM, MEKBHUAOBASI THOPHIN3AINS XPU3AHTEMBI
CaJI0BOH MO3BOJIMIIA PACIIUPHUTE CIIEKTP N3MEHYNBOCTH, 000-
raTUTh CEJICKIIMOHHBIA TeHO(OH ] HOBBIMU IT0JIE3HBIMH IPHU-
3HaKaMH 1 CBOWCTBAMH (COBMECTHTD 1 TIOBBICUTH TPEOyEeMBIA
YPOBEHB 3UIMOCTOHKOCTH C YCTOMIHNBOCTEIO K P, horiana). Co3-
JlaHHBIe 00JIee COBEpIICHHbIE (DOPMbI XPU3AHTEMBI CaJ0BOM
Ha HOBOM I'€HETUYECKON OCHOBE, IIPOBEPEHHBIE B YCIOBUAX
BCEBO3MOXKHBIX IIPUPOHBIX KaTaKIM3MOB poccuiickoro Jlamnb-
Hero BocToka, yxe ceiiyac siBIsII0TCS IEHHEHIITUM UCXOHBIM
MaTepHasoM ISl MOTyYeHHUS 3SUMOCTOWKIAX, IMMYHHBIX, BbI-
COKOJIEKOPATHBHBIX COPTOB U IS APYTHX pernonos Poccnm.

3aknioyeHune
Omnpefernena yCcrenHOCTb CKPEIUBAHIS IEPBHYHBIX MEKBH-
JoBbIX THOpuOB F| ¢ pasHoii renerudeckoil ocHosoil. Co-
BMEIIIEHHE aJUTeNIel pa3HbIX BUIOB U copToB Chrysanthemum
CII0COOCTBOBANIO CO3JJAHUIO MYJIBTHKOMITOHEHTHBIX THOPH/I-
HbIX (opM F, ¢ KomInekcoM BaKHBIX IPU3HAKOB U CBOKCTB,
HOSIBJICHHIO TTOJIOKUTENIBHBIX TPAHCTPECCHH, TAIOIINX BO3-
MO>KHOCTB ITepeiiTn Ha GoJiee BEICOKHI YPOBEHB aJIallTHBHBIX
[IPU3HAKOB U PACCUUTHIBATH HA HOBbIE TpaHcrpeccuu. [lytem
OIU3KOPOACTBEHHBIX CKPEIIMBAHUN MEXTHOPUAHBIX (HOopM
F, ynanock cylecTBeHHO MOBBICUTh YACTOTY BBIIIEMIEHUS
TPAHCTPECCUBHBIX I'CHOTHUIIOB.

[pennoxxeHHast cTpaTerus 3aKIOYaeTCsl B HAKOIUICHUU
A/IaNITUBHBIX ITOJIMT€HOB B CIIOKHBIX MEKBHIOBBIX KOMILICK-

Plant gene pool and breeding



MexxBrpaoBas rubpuamnsaLma B cenekyunm afanTuBHbIX
rMbpuoB 1 COPTOB XPU3aHTEMbI CAA0BOW

cax ¢ MOCJIeYIOUINM BhISIBICHUEM MX PU OJIM3KOPOJICTBEH-
HBIX CKPEIIUBAHUIX.

IIpoBeneHHbIE NCCIEOBaHNS TTO3BOJININ BBINTH Ha Kade-
CTBEHHO HOBBII YPOBEHb CO3/IaHNUS OTEUECTBEHHBIX THOPH/IOB
Y COPTOB XPU3aHTEMBbI CaJ0BOH, COBMELIAIOMINX MIMMYHHUTET
K P. horiana Henn., ycTOWYMBOCTB K 9KCTPEMATbHBIM 3UMHUM
(bakTOpaM, ONTHMAIbHBIE CPOKH LIBETEHHS, THTEHCUBHOCTD
BETETAaTHBHOTO BO30OHOBIICHHUS ¥ BHICOKYIO JIEKOPATHBHOCTb.
3710 cr1ocoOCTBYeT PacHINPEHUIO aJallTUBHOTO COPTHMEHTA
JUISL aKTHBHO (DOPMUPYIOIIETOCS 0TEYECTBEHHOTO IIBETOYHOTO
PBIHKA.
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Monitoring of Aegilops L. local species genetic diversity
of Kazakhstan’s flora

R. Urazaliev!, M. Yessimbekova! @, K. Mukin!, A. Chirkin?, G. Ismagulova®

" Kazakh Scientific Research Institute of Agriculture and Plant Growing, Almaty, Kazakhstan
2 M.A. Aitkhozhin Institute of Molecular Biology and Biochemistry, Almaty, Kazakhstan

Cereal Crop Wild Relatives (CWR) are a very important gene pool MOHI/ITOPI/IHI‘ TeHeTMYeCKOTro

for cereal/wheat improvement. New genes for resistance to 6
diseases and pests are urgently needed to avoid using pesticides pasHOOOpasus MECTHBIX

and to raise adaptivity to the environmental stresses caused by HOHVJ’[HHI/Iﬁ poaa Aegilops L.
global climate change. In this regard, the study is aimed at ex situ (l)JIOpr KasaxcTaHa
conservation of Aegilops L. genus local ecotypes’ genetic diversity,
which is very relevant and promising for breeding. In order to
establish breeding utility and form an ex situ collection reflecting
the intra- and inter-specific diversity, the phenotypic screening of
Kazakhstan’s local populations of Aegilops L. genus (Ae. cylindrica, 1 ; y
. . .. Kazaxckui Hay4YHO-nccne[oBatebCk UHCTUTYT

Ae. tauschii, Ae. triuncialis and Ae. crassa) was conducted on the

. . A . . . 3eMnenenna n pacteHMeBoACTBa, A}'IMaTbI, KaszaxctaH
basis of multiple indicators. For the first time molecular-genetic 2 JIHCTUTYT MoKy APHOI G1ONOT MM 1 BIIOXVIMUN
analysis of 50 representatives of Aegilops L. genus from Kazakh- M. M.A. AiTXO1Ha, AnMaTbl, KazaxctaH
stan’s flora was performed. The microsatellite analysis with the use
of 11 EST-SSR markers revealed eight of them to be most effective.

P. YpasaAV[eBl, M. Ecumbexosal @), K. MyKMHl,
A. LIMPKI/IHz, I. I/ICMaryAOBa2

For each marker, allele frequency and average heterozygosity was [lVKne copoanym — 3To TaKCOHbI AVNKMX PACTEHNIA, OTHO-

calculated. For the most informative markers the presence of 5 cALMeca K KybTypam, KOTopble MOTeHLManbHO MOTYT UC-
and 6 respective allelic variations was found. A bank of genomic Nnonb30BaTbCA B KaUeCTBe JJOHOPOB rEHOB MHOMMX Nose3-
DNA was created and kept in ex situ storage (-70 °C, long-term) in HbIX MPU3HAKOB, YJyyllasa ypOXKaHOCTb U/Mn KayecTso,
the IMBB of the MES of RK. nomoras n3bexarb NPUMeHeHUs NeCTULMAOB 1 MNOBbILIASA

aAanTVBHOCTb PaCTEHNIA K SKONTOTMYECKM CTpeccam B
yCnoBusAx rnobanbHOro n3mMeHeHus Knumata. B 3Toin ceaAsm
aKTyaslbHbl UCCNIef0BaHNA, HanNpaB/ieHHble Ha COXPaHeHne
1 N3yYyeHMne reHeTNYeCckoro pasHoobpasma MECTHbIX KO-
TMnoB pofa Aegilops L. NpoBefieH CKPUHUHT Ka3axcTaH-
CKUX MeCTHbIX nonynauuii popa Aegilops L. (Ae. cylindrica,
Ae. tauschii, Ae. triuncialis, Ae. crassa) pna GopmmpoBaHMa
KONNEKL MU ex Situ, OTparkaloLLen Mex- 1 BHyTpunonynauu-
OHHOe pa3Hoo6pasve. MOHUTOPVHT NPOBefEH Ha OCHOBe
HeCKOJIbK/X MHAMKATOPOB A/1A YCTAaHOBIIEHWA CEeNEeKLMOH-
HOW nonesHocTy (peHonorunsa, NPOAYKTUBHOCTb, YCTONYN-
BOCTb K CTpeccam abnoTnyeckoro 1 6MoTnyYeckoro xapak-
Tepa). MneHTndrLympoBaHbl NCTOYHMKM YCTONYMBOCTA K
60ne3HAM, paHHecnenocTn. Bnepsble BbINMOMHEH MOEKY-
NAPHO-TeHeTnYecKknii aHanun3 50 npeactasuTenen poga
Aegilops L. kazaxcTaHckow ¢nopbl. MUKpocaTennTHbIN
aHanu3 BbisiBUI Hanbonee nHpopmaTmaHble EST-SSR map-
Kepbl (MATb 1 WeCTb annenbHbIX BapruaHToB), bbina pac-
cyMTaHa 4yacToTa annenen u CpefHAA reTepo3nroTHOCTb.
Co3paH 6aHKk reHoMHon [IHK ana xpaHeHus ex situ (=70 °C).

Key words: Aegilops L.; local population; phenotyping; molecular
genetic analysis.

KnioueBble cnosa: Aegilops L.; mecTHble nonynauum; dbeHo-
TUNNPOBAHNE; MOJIEKYNIAPHO-TEHETUYECKNI aHann3.

HOW TO CITE THIS ARTICLE:

Urazaliev R., Yessimbekova M., Mukin K., Chirkin A., Ismagulova G. Moni-
toring of Aegilops L. local species genetic diversity of Kazakhstan’s flora.
Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and
Breeding. 2018;22(4):484-490. DOI 10.18699/VJ18.386

Received 12.12.2017
Accepted for publication 28.04.2018
© AUTHORS, 2018

@ e-mail: minura.esimbekova@mail.ru



rop Wild Relatives (CWR) are wild plant taxa related to

crops that have a potential use as gene donors as they

possess many beneficial traits conferring pest and/or
disease resistance, improve yield or quality. These traits can
be bred into cereal crops to meet changing environmental or
market demands. CWR have greater intrinsic genetic diversity
due to their wide adaptation to a variety of habitats (Maxted,
Kell, 2009; Maxted et al., 2012, 2013). Wild species are unique
genetic resources especially for corresponding cultivated
species, but in general sense, even distantly related species
can serve as good gene donors of target characteristics. Many
populations and localized sub-specific taxa of CWR are se-
verely endangered by human activities such as overgrazing,
especially in arid regions and by industrial and construction
activities. It must be a responsibility of each country to take
measures for their sustainable conservation (Holubec, 2005,
2010a, b). CWR represent a very important gene pool for
cereal improvement. New genes for resistance to diseases and
pests are urgently needed to avoid using pesticides and to
raise adaptivity to environmental stresses in connection with
global climate change. Aegilops L. genus is closely related to
the cultivated wheat (donor of B and D genomes) and has an
important potential for improving wheat resistance to various
biotic and abiotic stresses. Many regions in Kazakhstan, rich
in CWR, are severely endangered by human activities. Local
ecotypes of Aegilops L. genus are often used in Kazakhstan
as a grazing culture that may lead to in their complete de-
struction (Sitpaeva et al., 2004; Yessimbekova et al., 2004,
2017; Urazaliev et al., 2007; Alimgazinova, Yessimbekova,
2013). Long-term expeditions helped to collect more than

200 local ecotypes of Aegilops L. genus species. The lack of
knowledge about the phenotypic and genetic diversity of the
collected germplasm was a serious obstacle for its rational
use in bread wheat programs and preservation ex situ. More
comprehensive knowledge is required to identify the potential
sources of their useful traits.

The present study investigates the diversity of four local
species — Ae. cylindrica, Ae. tauschii, Ae. triuncialis and
Ae. crassa. The results reveal the variation of agronomic traits,
resistance to abiotic and biotic stresses, and genetic diversity
of the collected germplasm. This data will be useful in future
cultivation and breeding of domesticated wheat, especially
where the goal is to increase adaptability of wheat in diverse
environmental conditions. The goals of the study included:
(1) phenotypic screening of agronomic traits diversity; (2) as-
sessment for resistance to rust (yellow, brown, stem) on the
artificial background; and (3) creation of genomic DNA bank
for long term ex situ storage.

Materials and methods

Four provinces in North Kazakhstan, two provinces in West
Kazakhstan, two provinces in South Kazakhstan, and South-
Eastern Kazakhstan were surveyed for collecting the ac-
cessions. During the expeditions, a collection of more than
200 accessions of Aegilops L. was formed.The present study
involves 50 accessions (local ecotypes) of four species Ae. cy-
lindrica, Ae. tauschii, Ae. triuncialis and Ae. crassa from South
and South-Eastern Kazakhstan. The geographical distribution
of these four Aegilops L. species is shown in Fig. 1 (GPS data,
MAPSOURCE program, USA).
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Fig. 1. Maps of four local Aegilops L. species distribution: a - Ae. cylindrica; b - Ae. tauschii; ¢ - Ae. crassa; d - Ae. triuncialis.
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Monitoring of Aegilops L. local species
genetic diversity of Kazakhstan'’s flora

Table 1. Sequences of EST-STS markers

Marker Sequence (5'—3’) Annealing
temperature, °C

PK1 F - GCCTTCGCCACCAACTTC 53
R - CACGACGTACAAGTACACATGC

PK3 F - TTGCTGAGGTGGTGTTTCCT 51
R - TAAGGGCTCCTCAAGCTCCT

PK5 F — GAGGCGGCCTACAAGAAGAT 51
R - GAGGCGGCCTACAAGAAGAT

PK8 F - GCTAGCAACCAGAGACTCAC 50
R - GTCGTCCTCGTCGTTGTTG

PK9 F — GTCCAGCTCTCGGTACTTGG 49
R - TGCATCCAAACAAGCCATGC

PK29 F - TACTAGAGGAGATGCAGACG 52
R - TGGCAATAGCCTGAACCACT

PK18 F- AGACGGCGCGCATGGCGA 49
R - AAGTCTACGCGGGTGAGGT

PK31 F — GATGGCTCCCGTAAAGATCA 50
R - TTTCCATTTTCGGAAAGCAC

PK32 F - GCGAGGCTCAACCAAGAG 52
R - GCAAGGCTGGCTGAATCTAC

PK34 F — CGCAAATCGCAACCTTATTT 50
R - CCTTGGAGATCCACAGATCC

PK57 F — AATTGGAAAAGGTGGTGACG 50

R — GTAACTACCCCTGGGGAAAA

Two species: Ae. cylindrica, Ae. tauschii were collected
from 3 provinces of Kazakhstan — Almaty, Zhambyl, South-
Kazakhstan, Ade. triuncialis, Ae. crassa were mainly col-
lected from South-Kazakhstan province at various altitudes:
Ae. cylindrica — 198-2200 m above sea level, Ae. tauschii
and Ae. triuncialis —223-934 m, Ae. crassa—214-710 m. All
plant accessions were maintained by the Department of Field
Crop Genefund, Kazakh Scientific Research Institute of Agri-
culture and Plant Growing. The specimens representing each
accession were grown in the experimental field (the foothill
zone of the Zailiysky Alatau — 48°N, 77°E, 740 m above sea
level) with the number of days with temperatures below 0 °C
ranged from 125 to 130 and the average perennial precipita-
tion of 360-400 mm. The soil cover of the experimental plot
was light chestnut soils.

For phenotyping the protocols and technical guidelines
of management in the field were used (Prescott et al., 2002;
Engels, Visser, 2003; Reed et al., 2004). Such parameters as
height of plants, spike length, number of spikelets, number
of kernels and spike density were determined on randomly
selected spikes from healthy mature plant specimens of each
accession. The height of plants was measured from the ground
to the top of the terminal spikelets on the spike (excluding
awns), the spike length — from the base of the lowermost spike-
let to the top of a spike excluding awns. The spike density was
calculated from the number of spikelets divided by the spike
length. Data on heading time were recorded according to the
international methodology (from 01.01.), when approximately
486
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50 % of the plants in a plot showed spikes. Winter hardness
was calculated as the percentage of plants having survived in
the spring after the last date of a possible winter kill report.
Evaluation of the collections for leaf rust resistance was car-
ried out using the modified Cobb scale (Peterson et al., 1948),
where R marked resistance, MR — moderate resistance, MS —
moderate susceptibility, S — susceptibility.

The genomic DNA from five- or seven-day seedlings was
isolated according to the protocol of Thermo Scientific (EU)
DNA isolation kit. The purity of the preparations was checked
by electrophoretic separation in 1 % agarose gel and by
spectrophotometry. A genomic DNA bank was put for ex situ
storage (—70 °C, long-term). For molecular genetic analysis
microsatellite markers (SSR) that had previously provided
good results in the phylogeny of the genera Triticum and
Aegilops were used (Bandopadhyay et al., 2004). PCR with
STS primers was performed in a mixture containing 1 unit of
HotTaq polymerase (Sileks), 4 pmol of forward and reverse
primers, 200 uM each of AINTP and 100 ng of DNA. The PCR
conditions were as follows: 95 °C — 5 min, 94 °C — 1 min,
49-53 °C (depending on the primer sequence, see Table 1) —
1 min, 72 °C — 1 min, repeated for 35 cycles, the last elonga-
tion — 5 min at 72 °C. Primers of the given sequence were
synthesized in the ASM 800 machine (Biosset, Russia) using
the phosphoimide method according to the Manufacturer’s
Instruction (Manual of oligonucleotides synthesizer ASN800.
Novosibirsk, Russia, “Biosset”, 2002). Sequences of the prim-
ers used in the study are presented in Table 1.

The amplification reaction products were fractioned in 10 %
polyacrylamide gel (PAGE). Electrophoresis was performed at
the voltage of 10 V/cm in 1xTBE buffer (50 mM Tris-H;BO;,
2 mM EDTA, pH 8.0).

Results
Winter hardiness is the main adaptive feature of winter crops
highly correlating with productivity (Grabovets, Fomenko,
2015; Gorash et al., 2017). Depending on the species and
the site of collection, germination in autumn sowing ranged
from 32 % (Ae. tauschii) to 73 % (Ae. triuncialis), the winter
hardiness varied from 10 to 100 %, see Fig. 2. High winter
hardiness (up to 100 %) marked 45.5 % of Ae. triuncialis ac-
cessions and 38.5 % of Ae. tauschii accessions. 14 accessions
with high level (80—100 %) of winter hardiness were selected:
2 accessions of Ae. cylindrica (T. Ryskulov, Sairam districts);
5 accessions of Ae. tauschii (T. Ryskulov, Saryagash, Arys,
Otrar districts, Taldykorgan); 5 accessions of Ae. triuncialis
(T. Ryskulov, Sairam, Bayzak, Talas, Jualinsky districts);
2 accessions of Ae. crassa (Ordabasinsky, Shardara districts).
Boxplots for six agronomical traits of Ae. cylindrica,
Ae. tauschii, Ae. triuncialis and Ae. crassa are shown in
Fig. 3 and 4. In each boxplot, the lower and upper boundaries
of the box indicate 25 and 75 percentiles, the line within the
box indicates the median, the lower and upper whiskers — the
minimum and maximum within 1.5 times range of the box,
the circles — the data points outside 1.5 times range of the box.
Vegetation period is one of the plants’ basic biological
properties that determine their suitability for environmental
conditions. The vegetation period, in particular, the speed of
development up to heading is associated with many properties
that determine the reaction of plants to frost and drought, rust,
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insect damage, productivity and grain quality (Kamran et al.,
2014, Likhenko et al., 2014; Chen et al., 2016).

Depending on the species and the site of collection, sig-
nificant intra- and inter-specific differences were observed in
heading time. The range of variability between the variants is
marked as 7 days (133—140) for Ae. crassa; 13 days (133—-146)
for Ae. cylindrica; 21 days (137-158) for Ae. triuncialis;
22 days (133-155) for Ae. tauschii (see Fig. 3). There were se-
lected early headed (133135 days) 8 accessions from Ae. cy-
lindrica, Ae. crassa from Zhambyl, South Kazakhstan and
Ae. tauschii from the Almaty province. Early headed ac-
cessions of Ae. tauschii from the Sarkand and Taldykorgan
districts of the Almaty province were clearly separated from
Ae. tauschii (155 days) accessions from the Baizak, Merken
and T. Ryskulov districts of the Zhambyl province.

The plant height of local populations in most cases was pre-
sented by dwarf accessions: Ae. tauschii (35-46 cm), Ae. cy-
lindrica (4350 cm), Ae. crassa (2541 cm) and Ae. triuncialis
(41-52 cm) (see Fig. 3).

The length of the spike varied from short to very long
(514 cm) (see Fig. 4). According to the length of the spike, all
accessions were divided into 2 groups. A short spike (5—7 cm)
was registered in Ae. triuncialis and Ae. tauschii; long (10—
12 cm) and very long (=14 cm) length of the spike in three
species: Ae. cylindrica (Almaty, Zhambyl, South Kazakhstan
provinces), Ae. tauschii (Almaty province) and Ae. crassa
(Zhambyl, South Kazakhstan provinces). Ae. cylindrica was
characterized by high intra-specific variation of spikelet
number (5—13 pcs.) and spike density (0.5-1.1) (see Fig. 4).

leHodoHp 1 ceneKkuma pactTeHuin

The average number of spikelets per spike were: Ae. cy-
lindrica — 8.8 pcs., Ae. tauschii and Ae. crassa — 8.2 pcs.,
Ae. triuncialis — 3.3 pcs. A relatively high number of spike-
lets per spike (13.0 pcs.) with a spike length of 12.0 cm was
a characteristic for Ae. cylindrica species, collected in the
Almaty province (spike density was 1.1). The average num-
ber of kernel per spike was generally low with intra-specific
variations, depending on the site of collection: from 4 pcs.
(Ae. triuncialis, Zhambyl province) to 14 pcs. (de. tauschii,
Almaty province) (see Fig. 4). Phenotypic monitoring using
an optical sensor “Greenseeker” showed that the accessions
had a low NDVI biomass index — from 0.23 to 0.34, which is
explained by their low productivity.

Rust fungi of wild cereals, as well as their host plants, are
distinguished by a great variety of species. Wild relatives, in
particular Aegilops L. genus can serve as sources and donors
of wheat resistance. The introgression of rust resistance genes
from wild species-relatives into commercial varieties is one of
the genetic methods for increase of the bread wheat resistance
(Triticum aestivum L.) (Koishibayev, 2002). Though a large
number of resistance genes are available for breeding, the
search for novel sources of resistance is of particular impor-
tance because of the changing virulence in the population of
the pathogen as stressed by R.A. McIntosh and Z.A. Pretorius
(2011). Susceptibility (MS — 40 %) to leaf rust was noted for
the accessions of Ae. cylindrica from 2 districts (T. Ryskulov,
Merken) of the Zhambyl province and Ae. crassa from the
Ordabasy district of South Kazakhstan. Resistance to leaf rust
on an artificial background was recorded for the accessions
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of Ae. triuncialis, Ae. tauschii, Ae. cylindrica (Saryagash
and Sayram districts) and Ae. crassa (Shardara and Sayram
districts) from South Kazakhstan (R — 0-5 %).

Development and improvement of the methods of molecular
genetic analysis opens up new opportunities for study of the
population structure and the principles of spatial distribution of
wild plant species. Polymorphism analysis of different sections
of genomic DNA enables one to identify intraspecific genetic
diversity, to reconstruct phylogenetic relationships between
species and spatial relationships between populations, and also
assess the well-being of the population and its ability to with-
stand adverse external influences, including anthropogenic
ones. Molecular genetic studies make it possible to assess the
level of DNA polymorphism in populations, intra-population
genetic diversity, to establish the degree of genetic similarity
between species, populations and individuals directly at the
genetic level, in some cases to assess the heterozygosity of the
population, and to study genetic variability in individual loci
and gene alleles. Analysis of 50 accessions of local and foreign
ecotypes of Aegilops spp. was carried out to assess the use of
EST-SSRs microsatellite repeats, characterized by localization
only in the coding part of the genome of the studied organisms.
As shown by R. Bandopadhyay et al. (2004), these microsat-
ellite markers are highly conserved for 7riticeae and can be
used in study of the genetic diversity of both intraspecific and
intergeneric relationships between certain species of the same
tribe. From the 64 EST-SSR markers, eleven were selected for
our study: PK1, PK3, PKS5, PKS8, PK9, PK18, PK29, PK31,
PK32, PK34, and PK57. The analysis of the informativeness
and, thus, the justification of use of a specific marker in the
future, was determined by statistical processing of the results
for all the studied accessions as a whole. Of the eleven mark-
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ers, eight were effective and provided the amplicons of the
right size. The results of DNA amplification with markers
PK3, PK8 and PK57 were difficult to interpret. For the rest,
allelic polymorphic variants, frequency of occurrence for each
of them separately, heterozygosity for each marker separately,
and the average heterozygosity for the studied group were
established. The most informative of all the studied markers
were PK1 and PKS5. So, for the PK1 marker the presence of
five allelic variants was shown, and six were identified for
PKS5. Four alleles were detected for the PK18, PK31 and PK32
markers. For the remaining PK9 and PK29, PK34 markers,
the presence of three and two alleles was demonstrated. High
heterozygosity was detected for PK1 and PK18. It was found
that 56 % of the accessions were heterozygous for the PK1
marker and 68 % — for PK18. This index for the other mark-
ers did not exceed 34 %. The PK29 and PK34 markers in the
examined group showed only the presence of homogeneous
accessions. In the studied group of plants, the average number
of alleles was 2.73 per locus and the average heterozygosity
reached 20 %. The frequency of occurrence, calculated for
each allele, is presented in Table 2. The presence of three
allelic variations in the PK9 marker was established in most
accessions of Ae. triuncialis and Ae. crassa species. These spe-
cies are characterized by hexaploid DMS genome for Ae. tri-
uncialis species and DCDM for Ae. crassa (http://herbarium.
usu.edu/triticeae/genomesaegilops.htm, circulation date
10.09.2016). Perhaps, the gene from which PK9 was develop-
ed is present in all three genomes of these species. Thus, it
was established that the studied group of wild representa-
tives of Aegilops genus was characterized by the presence of
more variants of alleles in many of the studied markers, in
comparison with the results obtained for Ae. cylindrica and
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Table 2. Allele frequencies of polymorphic loci
for all studied accessions

Marker Allele Frequency of occurrence
PK1 .............................. 1 .................................. 0 3 ........................................
H, = 0.56 s . 36 ......................................
3 .................................. 0 04 ......................................
4 .................................. 0 25 ......................................
5 .................................. 0 05 ......................................
PK5 .............................. s o L
H,=0.18 s 0 46 ......................................

Note: H, - heterozygosity of the locus, H
average expected heterozygosity.

- average heterozygosity, H

ave aveexp —

Ae. tauschii species. The revealed difference is most likely
caused by high heterogeneity in the species, genomic and
geographic features of the accessions.

Discussion

Agronomic traits. Wild plants have a capacity to adapt to en-
vironmental conditions. Phenotypic analyses revealed a sig-
nificant variation within and between the populations. Since
the heading time is an important adaptive trait in wild species,
it remains possible that there is some relationship between
geographical distribution and suitability for environmental
conditions (Kato et al., 1998; Kooyers, 2015). In the present
study, differences in the heading time were observed and it was
assumed that these variations had been shaped in response to
differences in the habitat environments of each species. Head-
ing time coincide with the general strategy of adaptation to dry
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conditions observed frequently in annual plants. Therefore,
candidates for the drought tolerance traits can be selected from
early heading (133—135 days) of the Ae. cylindrica, Ae. taus-
chii and Ae. crassa accessions that grow in areas with lower
rainfall (South Kazakhstan province). These species could be
useful as genetic resource for creating varieties that tolerate
to the drought. In contrast, the Ae. tauschii accessions from
Baizak, Merken, T. Ryskulov districts of the Zhambyl province
had a longer heading time (155—158 days). The Ae. cylindrica
and Ae. tauschii accessions from the same geographical region
(Zhambyl province) were differed on heading time. The differ-
ence in a sympatric area could promote divergence of the spe-
cies (i.e. act as a lead speciation event (Ohta et al., 2017)). This
suggests that difference on heading time for Ae. cylindrica
and Ae. tauschii reflects genetic differences between the two
species rather than a phenotypic response to the environment.
The heading time in these species will also improve the un-
derstanding of similar processes in wheat. The understanding
of genetic control of such adaptation will be useful for future
attempts to breed high stress-tolerant varieties of agricultur-
ally-important crops, such as wheat (Bandou et al., 2009).

In the present study, clear differences were detected in ag-
ronomic traits (see Fig. 2—4). Accessions were distinguished
successively by their spike length, number of spikelets per
spike, number of kernel per spike, and spike density. The
positive correlations indicating the possibility of using these
species in wheat breeding was identified. The heading time
was positively correlated in Ae. triuncialis with: (1) the
number of spikelets per spike and the number of kernel per
spike (= 0.89); in Ae. crassa with: (1) number of kernel per
spike (r = 0.84); (2) the length of the spike (» = 0.56). Plant
height of Ae. tauschii highly correlated with: (1) the number
of spikelets per spike ( = 0.84); (2) the number of kernel per
spike (» = 0.73), and (3) the length of the spike ( = 0.51).
The length of the spike had a high positive correlation with:
(1) the number of spikelets per spike (r = 0.82) — de. cy-
lindrica; (r = 0.65) — Ae. crassa; (r = 0.76) — Ae. tauschii;
(2) the number of kernel per spike (= 0.84) — Ae. cylindrica;
(r=10.93) — Ae. tauschii; (r = 0.69) — Ae. crassa.

Thus, by the conducted investigations, it was formation of
ex situ collection of the Aegilops L. genus local populations
reflecting the intra- and inter-population diversity. The sources
of early ripeness, winter hardiness and resistance to diseases
were identified.

Molecular-genetic analysis. The microsatellite analysis
was carried out using 11 EST-SSR markers (PK 1, PK3, PKS5,
PK8, PK9, PK18, PK29, PK31, PK32, PK34, and PK57).
Of all these markers, eight markers were effective. For each
marker, allele frequency and heterozygosity were calculated.
The mean number of alleles was determined to be 2.73, and
the average heterozygosity was 20 % for the studied group.
The most informative of all the studied markers were PK1
and PKS5. So, for PK1 marker, the presence of 5 allelic vari-
ants was demonstrated, and six were identified for PK5. The
remaining markers showed the presence of 4 to 2 alleles.
For hexaploid accessions of Ae. crassa species with PK9
marker three simultaneous allelic variants were established.
The differences may enhance species divergence and could
represent a lead speciation event. The results of this study
will facilitate identification of populations or accessions of
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wild wheat with favorable traits and/or novel adaptive genes.
Abank of genomic DNA was created and put for ex situ storage
(=70 °C, long-term) at the Institute of Molecular Biology and
Biochemistry of the MES of the RK. Further studies on these
traits in the complex will provide new insight into species
differentiation and diversification.
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