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Ba)kaeMble KOJUIETH, JOPOTUe YuTaTesnu!
[Ipennaraem BaleMy BHHUMAHHUIO TI0-
CJICITHHH B yXOJISIIEM IOy BBITycK «Ba-
BIJIOBCKOTO JKypHaJla TeHETUKH U CENEKITUI.

OTtkpriBaeT HOMEp pyOpuka «l'eHohoHx
W CEJNIEKIMS KUBOTHBIX», KOTOPAsi BKIIIOYAET
TPU OPUT'MHAJIBHBIX UCCIICIOBAHUA. HepBI)Ie
JIBA IMOJIBOAAT MTOTH MHOTOJIETHUX PaboT
10 CeJEKIMHU M pa3BeneHuio cBuHei. Ipo-
aHaJIM3UPOBaHbl CUCTEMA U METOAbI IJIC-
MEHHOH paboThl B CBHHOBOACTBE B Poccuii-
cKkoit Penepanny, MOKa3aHbl TECOPETHUCCKHE
M OKCIICPUMCHTAJIbHBIC OCHOBBI CO3JIaHUA
HOBBIX MOPOJ KHUBOTHBIX, HE yCTYMAIOIINX
110 MPOJYKTUBHOCTH MHUPOBOMY YPOBHIO.
B nociiegneit ctarbe pacCMOTPEHbI BOIIPOCHI
BIIMSTHUS 9KOJIOTO-KJIIMMATHYECKUX YCIOBUH
Ha CTIEPMOIIPOIYKIHIO M pa3HOOOpas3ue Mop-
(hoTornuecKuXx aHOMaJINH TOJIOBBIX KJIETOK Y
OBIKOB-TIPON3BOUTENEH PA3INIHBIX HOPOJ
3apy0OeKHOI CEeNeKIMH M OTeYECTBECHHOU
YEPHO-IIECTPOI1 IOPOBI.

Hanee cnenyror pyopuku «l'eHopoHT 1
ceseKus pacTeHui» n «Cenekius pacTeHUi
Ha uMMyHHTeT». [Ipengmerom obcyxaeHus
HECKOJIBKMX CTaTrel crajia nueHuna. B pa-
60Te, MOCBSIMICHHON U3Y4YEHHIO aalTHBHON
peaKkuuu COpTOB SIPOBOM TBEPAOM MIIEHUIBI,
MIPOMCXOAAIICH U3 CENEKIIMOHHBIX LIEHTPOB
Poccun n Kazaxcrana, pe3ynbraTsl HHTEp-
MPETUPYIOTCS C TOYKM 3pEHHsI MOHCKa Iep-
CHEKTHBHBIX JUIsI CEJIEKINH T'€HOTHUIIOB U
XapaKTePUCTUKN HX aJIaliTHBHBIX CBOMHCTB,
CBSI3aHHBIX C (POPMHPOBAHUEM YPOIXKAWHO-
ctu. B npyroil crarbe npuBENEHbI JaHHbIE
10 CO3JIaHHWI0 M30TCHHBIX JIMHUHA MSTKOM
MIICHULBI, COAEepPKAIIUX PAa3IUYHBIE aJlie-
mu VRN-1 1mOKyCOB, KOTOPBIE OMPEACIISIIOT
YyBCTBUTEIBHOCTh K SPOBH3ALMH. B sKcrie-
PUMEHTAJIBHON CTaThe MPEeACTaBIEHBI pe-
3yJIbTaThl UCCIIEIOBAHMUS TEHETHUECKOTO pa3-
HOOOpa3us KOJUIEKIIUHA COPTOB MSTKOHU TIlIe-
HUIIBI PA3JIMYHOI'O MPOUCXOKIACHUA K BO3-
Oyautenio mupeHodoposa — 3aboseBaHuUIO,
KOTOpOE OBICTPO IPOTPECCHPYET B ITOCIIETHEES
BpEMs BO BCEX CTpaHax, INle BO3/EIbIBACTCS
TIIICHUIIA.

B 1Byx 0030pHBIX CTaThsIX 00CYXIArOTCs
BOIIPOCHI MPOM3BOJCTBA U CEIEKLIHOHHOTO
yAy4IIeHNs] NEPCIIEKTUBHBIX [UIS BO3/ENbI-
BaHus B Poccuiickoit denepauuu 3epHO-
0000BBIX KYJBTYp, TAKMX KaK Malll U YpA, U

OT PEOAKTOPA / FROM THE EDITOR

CEJISKIIMOHHO-TeHETHUEeCKEe (PaKTOPbI pa3BUTHS CTEOIEBOI
PrKaBUMHBI MIIEHUIIBI. [IprBeIeHBI CBEAEHHS O PACOBOM CO-
CTaBe W METOJax JETEKIMU Ipuda, pe3ynbTaTsl pa3padoTKH
MOJICKYJIAPHBIX MAapKEPOB AJIsI AUArHOCTUKU I'CHOB yCTOfl‘lId-
BOCTH K BO30YINTEIO OOJIE3HN.

PyOpuka «MenuuuHcKas TEHETHKa» BKITIOYAET SKCIEPH-
MEHTaJIbHOE UCCIIEI0BaHUE U JIBE 0030pHBIE CTaThH, B OJTHOM
U3 KOTOPBIX 3aTPOHYTHI BOTIPOCHI TEHETHUECKOH J1eTepMu-
HalW¥U ¥ NaTo(pU3HOIOTHN HU3KOPEHUHOBOW apTepHalIbHOM
CUIIEpTOHUU. B npyroil crarbe Ha OCHOBE aHaIM3a JKCIIEe-
PUMEHTAIBHBIX JAAHHBIX HCCIEAYIOTCS MEXaHHU3MbI B3au-
MOJICHCTBHSI MaTePUHCKOTO OpraHW3Ma ¢ 3MOpPHOHAMH U
HOBOPOXACHHBIMU. PoJIb apTepuanbHON runepTeH3uu B pas-
BUTHU aHEBPU3MbI COCY/IOB TOJOBHOTO MO3ra PacCMOTPEHa
B OPUTMHAIBHOM HcciieqoBaHuH. Ha mpumepe xurenent
Boaro-VYpansckoro peruona Poccuu aBTOphl yCTaHOBUIU
accouuanuyu MoIMMOpQHBIX BApUAHTOB I'eHa U3 ceMeiicTBa
(hakTOPOB POCTA PHAOTENNS COCYZOB C CHMIITTOMAaMH JAHHOTO
3a00JIeBaHHUS.

Paznen «Knetounast GMONIOTH)» COCTOUT U3 YETHIPEX CTa-
TEH, TPU U3 KOTOPBIX TPEJICTABISIOT COOOH HKCIEPUMEH-
TaJbHbIE MccienoBaHus. B 0030pe ocBerieHbl MpooiemMbl
UCTIOJIb30BaHMsI COBPEMEHHBIX TEXHOJIOTHIl pPeAaKTHpOBa-
Hust reHomoB 1ipu romont CRISPR/Cas9 B mpuitoxennu
K IUTIOPUIIOTEHTHBIM KJI€TKaM uejoBeka. Mcmonp3oBaHue
cucremsl CRISPR/Cas9 mns penakTipoBaHus pacTeHHI Ha
IpUMepe STYMEHS OITUCAHO B OJTHOM M3 SKCHEPHUMEHTAIBHBIX
crared AaHHOro pasaena. Llenpro qpyroro opuruHajgibHOIO
MCCIIEIOBAHNS SIBISIETCS Pa3pabOTKa yCIOBHUH AJISI IOy YeHUS
MH/IyIIMPOBAaHHBIX IUTIOPUIIOTEHTHBIX KIETOK (prbpodmac-
TOB JIACTOHOT'HX — ITpejicTaBuTelieii kaHouaHoi (Caniformia)
BETBU XMIIIHBIX C KOHCEPBAaTUBHBIMU T€HOMaMH.

B pyOpuke «brnonHdpopmarika n cucteMHas OHOIOTHS»
YUTATCIIb MOKET O3HAKOMUTLCH C JIMTCPATyPHBIMU JaHHBIMU,
OTMCBHIBAIOLINMH CTPYKTYPY U KOMIIIEKC F€HOB, PETYIHPYIO-
KX IETHHOYHBIN y30p Ha royioBe U Tene umaro Drosophila
melanogaster. DpHeKTHBHOCTb COBpPEeMEHHBIX OMOMH(OpMa-
THYECKHUX METOJIOB IIPOIEMOHCTPUPOBaHA B paboTE 10 co3/a-
HUIO 0a3bl JAHHBIX TEHOB, ACCOIIMUPOBAHHBIX C TATOI€HE30M
Jeiiko3a y KpyImHOTO POraToro CKora.

Pa3nen «@usnonornyeckas FeHETHKa» BKITFOYACT Pe3yIbTa-
TBI OPUTHHAJIBHBIX NCCIICOBAHMUI, MOCBSIICHHBIX H3yUCHUIO
(DYHKIIMOHAIBEHOI aKTHBHOCTH HEHPOHOB, OTBETCTBEHHBIX 32
3aMOMHUHAHNE NH(POPMAIINH, U BIUSAHUS (PU3NIECKOI aKTHB-
HOCTH Ha IIPOIIECCHl 3aMEIICHHs] HEHPOHOB, yTPAYCHHBIX B
IpoIiecce KU3HEAESITeIbHOCTH.

B opurnHajIbHOM HCCIIEA0BAHUM 3aKIIOYUTENLHOTO Pa3-
nena «[lomynsonHas reHeTHKay MPEACTaBICHbI PE3ybTa-
THI, ITOJIy4Y€HHbIE Ha MOJENILHOM 00bekTe D. melanogaster,
KOTOpBIE MOJIETUPYIOT ITPOIECCH aJaNTallii HACEKOMBIX Ha
MOMYJISIIIOHHOM YPOBHE B OTBET Ha CTPECCHPYIOIIEE BO3-
JICUCTBHE.

Axaodemux B.K. [Llymnoui
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ITyT1 cOBepUIeHCTBOBaHMS IreHOPOHIa CBUHET

Poccuiickoi ®denmepaiimm

B.A. Bekenén

CnbmpcKuii pepepanbHbIii HayYHbIN LEHTP arpobroTexHonoruii Poccuiickoi akagemum Hayk, p.n. KpacHoo6ck, Hosocmbupckasa obnacts, Poccna

MpoaHanusnpoBaHa crcTema nNieMeHHon paboTbl B CBUHOBOACTBE
Hallel cTpaHbl. NprBeAeHbl HayuYHble U OpraHU3aLMOHHbIe GpaKTopbl,
onpegenaioLmne ynyylieHne NopoaHbIX 1 NPOAYKTUBHbIX KauyecTs
cBuHel. Ha ocHoBe 0606LEeHNsi MHOTONETHUX SKCNepPUMEHTasIbHbIX
[aHHbIX, MONTyYE€HHbIX aBTOPOM B NpoLecce CO3AaHNA HOBbIX CeNleKLm-
OHHbIX AOCTUXKEHUI, 0606LEeHNA NPaKTUKN CeNEKLMOHHON paboTbl,
NCMOJIb30BaHMWA HayYHbIX Pe3yNIbTaTOB M1POBOI HayKM MO reHeTUKe 1
CeNneKLMm XXNBOTHbIX pa3paboTaHbl NPeASIoKEHNA MO HOBOW CUCTEME
OL|EHKM, MOBbILIEHNA reHeTNYECKOro NoTeHLMana NpoayKTMBHOCTA
XKMBOTHBIX. B UaCcTHOCTW, CAeNaH KpUTUYECKNIA aHaNn3 CYLLECTBYOLLEN
VHCTPYKLUN MO BOHUTMPOBKE CBUHEN, NIMHENHOIO pa3BefeHus, He
OTBEYAIOLLEro KPUTEPUAM PEanbHOCTN B CUCTEMATUKe Guonoruye-
CKMX 0OBbEKTOB. IKCNEPUMEHTaNIbHO 0OOCHOBaH MONOXNUTENbHbI
3¢bdeKT pasBefeHsA CBMHEN B 3aMKHYTOM PEXIME B BUAE «TUHUN-
nonynAuumM» C UICNONb30BaHNEM TaKMX FEHETUYECKMNX MAaPKEPOB, Kak
SPUTPOLMTAPHBIE aHTUTEHbI, SPUTPOLMTAPHbIE GEPMEHTbI, TMMNOMPO-
TEVHbI, MO3BONALNX UHTEHCUGULMPOBATb CeNTEKLIMOHHBIN NpoLecc.
Mpy 6OHUTUPOBKE CBUHEN 1 pa3paboTKe NIaHOB MieMeHHo paboTbl
CO CTaOM NPeANIOKEHO AJA OLEHKM XUBOTHBIX U NMPOrHO3UPOBaHUsA
NPOAYKTUBHOCTN UCMONb30BaTb CENEKLNOHHO-TEHETMYECKME Napa-
MeTPbl: KO3bPULMEHTbI HacefyeMocTu, GeHOTUMMYECKNEe U TeHETH-
yeckune Koppensuun, cenekunoHHbIn anddepeHuman, cenekynoHHbI
3¢ddeKT 1 ap. Pa3paboTaHa cmcteMa HenpepbIBHOWN 6anibHON OLEHKN
KaXK[Ooro CeNIEKLMOHNPYEMOro NpU3Haka B OTAIYME OT UHTEPBAsIbHON
KNacCHOW, NCNONb3yemoW B Hallel CTpaHe B HacTosLee Bpema. Npea-
NoXeHa Mofenb CeNEKUNOHHOIO UHAEKCA, YUMTbIBaKOLLAA CENeKLOH-
HYIO 1 SKOHOMMYECKYI0 3HAUMMOCTb Kax[Ooro M3 ero KOMNOHEHTOB.
MokasaHbl TeOPETUYECKME MYTW N OCYLLECTBNEHO SKCMEPVIMEHTANIbHOE
[l0Ka3aTenbCTBO CPaBHUTENbHO ObICTPOro Npeobpa3oBaHNA pa3Boau-
MbiX B Poccrm nopop XMBOTHbIX O NPOAYKTUBHOCTU MPOBOTO YPOB-
HA, B MPOTUBOBEC MOCTOAHHOMY MMMOPTY MJIEMEHHbIX XNBOTHbIX.

KntoueBble crioBa: CBUHbS; nopoaa; cenekyna; I'eHO(I)OH,El;
HacneayemocCTb; OLeHKa.
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Ways to improve the gene pool
of pigs of the Russian Federation

V.A. Bekenev

Siberian Federal Scientific Center of Agro-BioTechnologies, RAS,
Krasnoobsk, Novosibirsk region, Russia

An analysis of the system of breeding work in the

pig industry of our country has been carried out. The
scientific and organizational factors that determine
the improvement of breed and productive qualities of
pigs have been analyzed. On the basis of many years
of experimental data, selection practices obtained in
the process of creating new breeding achievements,
and using the scientific results of the world science on
genetics and animal breeding, proposals have been
developed for a new system for assessing and improv-
ing the genetic potential of animal productivity based
on modern achievements in genetics. In particular, a
critical analysis was performed on the existing instruc-
tions for boning pigs, linear breeding, which does not
meet the criteria of reality in the systematization of
biological objects. The positive effect of breeding pigs
in a closed mode in the form of a “line-population’,
using such genetic markers as erythrocyte antigens,
erythrocyte enzymes, lipoproteins, allowing inten-
sification of the selection process, has been experi-
mentally proved. When hogging pigs and developing
breeding plans with a herd, it was proposed to use
such selection and genetic parameters as heritability
factors, phenotypic and genetic correlations, selec-
tive differential, selective effect, etc. for assessment of
animals and prognostication of productivity. A system
of continuous scoring of each selectable feature was
developed, in contrast to the interval to the classes
used in our country at the present time. A model of the
selection index, taking into account the selection and
economic significance of each of its components, has
been proposed. Theoretical paths have been shown
towards and experimental proof given to a relatively
rapid transformation of breeds of animals bred in
Russia to world-class productivity, as opposed to the
constant import of breeding animals.

Key words: pig; breed; selection; gene pool; heritabil-
ity; estimation.



JTHAM M3 TJIaBHBIX (DAaKTOPOB CO3aHUsI KOHKYPEHTO-

CITOCOOHOTO TIPOM3BOJICTBA CEIHCKOXO35HCTBEHHON

NPOAYKIMHU SIBISIETCS YAyULIEHHE T€HETUYECKOTIO I10-
TEHLaJ1a IPOILYyKTUBHOCTH JKUBOTHBIX U pacTeHuid. HayuHbie
pa3paboTKH, 0COOCHHO 10 TCHETUKE U CEJICKIINH, TPEICTaB-
JISFOIIME COOOM MHTEIJIEKTYaIbHYIO0 COOCTBEHHOCTD, CTaHO-
BSITCS KJTIOUEBBIM (DAKTOPOM JUIs HTHHOBALIMOHHOTO Pa3BUTHSI
CEJIBCKOXO03SHCTBEHHOTO MPON3BoACTBa. CHcTeMa MIIeMEHHON
paboTHI B 5KHBOTHOBOJICTBE JIOJKHA OBITH OPraHM30BaHA TaK,
4TOOBI B TIOJHOI Mepe HCIIONB30BaIUCh COBPEMEHHBIC Ha-
YYHBIE METO/IbI CEJIEKIIMH KUBOTHBIX, NHHOBALIMOHHBIE TEX-
HOJIOTUH, TIO3BOJISIFOIINE PEBONIOIMOHU3UPOBATh CEJIBCKO-
XO35IICTBEHHOE ITPOU3BO/ICTBO.

B nameit crpane B TeueHue XX B. BBIBEICHBI JIECATKHU
MIOPOJ U TUIIOB CEJIbCKOXO3SMCTBEHHBIX KUBOTHBIX PAa3HBIX
BuzoB. [lepBas KynpTypHast MOpoa KUBOTHEIX B Cubupn —
cuOupcKasi ceBepHasi Mopoja CBUHEH — ObLIa BRIBEACHA
M.O. Cumonom (1951), KOTOpBIH, BITIOTHYIO 3aHUMAsICh CBH-
HOBOJICTBOM, OIICHIJI TPYAHOCTH aKKJIMMaTU3AI[UK KPYITHON
6emoit (aHrHiickoi) mopoabl cBuHENH B CHOUpH 1 HapsAdy
AKKJIMMaTU3alueN KUBOTHBIX 3TOM MOPOJbI CO3al HOBYIO
BBICOKOIIPOAYKTHBHYO IIOPOAY — CHOMPCKYTO CeBEpHYTO. BEI-
BEJICHHEM HOBBIX OPOJ] IOCTUTAJIOCH HE TOJILKO MOBBIILIEHUE
MPOIYKTUBHOCTH, COXPAHSITUCH TAK)KE TPUCIIOCOOUTEIIEHBIC
KaueCTBa KUBOTHBIX K MPUPOJIHBIM yCiIoBUsIM CHOHPH, UTO
MO3BOJIMIIO co37aTh B Poccun TBepAyIO INIEMEHHYIO OCHOBY
JUISl allbHEUMILIEro COBEPIIEHCTBOBAHUS IPOMBIIIJIEHHOIO
JKUBOTHOBOJCTBA. OTHAKO HOBBIE ITOPOIBI, KaK MPABUIIO, HE
TIPEBOCXOIIITH 3apyOCIKHBIC ITO MPOTYKTUBHOCTH H B TCUCHHE
MOCIEAYIOIEeH CEeIeKIMY CHOBA OTCTaBaJd OT UX YPOBHS.
B pesynpraTte Haina cTpaHa MOCTOSHHO MMIIOPTHPYET XKH-
BOTHBIX Pa3HBIX OPOJ U3-3a pyOeka I «IPUIUTHS KPOBH»
WM BOCIIPOM3BOIUTENIBHOTO CKPEIMBAHUS, C LENbIO IIOBBI-
[ICHHUS TPOAYKTUBHOCTH CBOMX MOPOJ, U 3aBO3HUT THOPUIOB
(ITHIICBOICTBO, CBHHOBOJICTBO) VIS IIPOMBIIIIICHHOTO Pa3Be-
nenusi. OcOOEHHO ATO MPOSIBILSIETCSI B TOCIIEHNE TOJIBI, KOT/Ia
OCYIIIECTBIISIETCS MACCOBBIM UMITOPT MOJIOYHOTO U MSICHOTO
CKOTa, CBUHEH, MTHUIILI. Takoe COCTOSHHE OTEUECTBEHHOTO
TUIEMEHHOTO JKHBOTHOBOJICTBA MOJKET OBITH 00YCIOBIEHO, C
OJIHOW CTOPOHBI, HEAOCTATOUHBIM BHUMAaHUEM K YUCTOIIOPOI-
HOMY Pa3BEIEHHIO — KPOIIOTIUBOMY TPY.Y, PACCUUTAHHOMY
Ha JEeCSATUIETHS, MPU3BAHHOMY K COBEPILICHCTBOBAHUIO T'eHe-
THYECKOTO IOTEHIMaIa YKUBOTHBIX, U HCTIOJIb30BAHUEM YCTa-
PEBIINX TEOPETUYECCKHUX IMOIXO0B K BOIIPOCAM CEJEKIINH, a
C IpyTO# — OpraHN3alMOHHBIMU (aKTOPaMHU.

Opraan3anoHHBIe (PAKTOPHI IO CO3AAHUIO, COXPAHEHUIO
1 WCIOJIb30BAaHUIO FEHETUYECKUX PECYPCOB KUBOTHBIX, BbI-
BEJICHUIO HOBBIX MOPOJI, THIIOB, THOPUIOB OIPEICIISIOTCS
I'paxxnanckum kogexcom PO (2004). OHako nmpaBoBasi OXpaHa
CEJICKIIMOHHBIX JOCTH)KCHHUH B CTpaHE OKaszajach KpailiHe
HEA0CTAaTOYHOM B OTHOILIEHUY KaK PEIKHUX IOPOJ, TAK U BbI-
COKOTIPOAYKTHBHBIX HOBBIX THIIOB COOCTBEHHOH CEJICKITHH.
IIpoBoauTCS MaccoBbIi 3aBO3 MJIEMEHHBIX >KMBOTHBIX M3
JIPYTHX CTpaH, I7ie MIaBHBIMH 3aKa3uMKaMH U JIBUTaTesIMU
CEJICKIIMOHHOTO NPOrpecca sIBSIFOTCS TOPOAHBIE ACCOLUALINH,
KOTOPBbIE JICHCTBYIOT B COAPYKECTBE C CEJIEKIIMOHHOMN HayKOM,
npu (UHAHCOBOHW MOIAEpKKe rocyaapcTsa. [lpn aTom BO
[IaBe yria HaXOAMTCSI COBEPILIEHCTBOBAHUE M€HETUYECKOTO
MOTEHLMAJa )KUBOTHBIX.

FeHOdOHA 1 ceneKkumsA }KNBOTHDBIX

Ienb HacTOsIICH paOOTHI 3aKIFOYAETCSI B AHAIN3E CHCTEMBI
TUIEMEHHOUN padoThl, HAyYHBIX M OPraHU3aIMOHHBIX (pakTo-
OB, OIIPEIETISAIONINX YTy UIIICHHE TOPOIHBIX 1 TPOTYKTHBHBIX
KauecTB CBUHEH B HAIIIEH CTpaHe, M B IPEITI0KEHUH METOZOB
MOBBIIIEHUS] TEHETUYECKOrO MOTEHIANa NPOAYKTUBHOCTU
JKUBOTHBIX, CO3JaHUU HOBBIX CEJIEKIMOHHBIX JOCTHXEHUN
Ha OCHOBE MHOT'OJICTHUX OKCIICPUMEHTAJIbHBIX MaT€praioB,
MOMyYEeHHBIX COTpyAHUKaMU CHOMPCKOTO HAy4YHO-HCCIIE-
JTIOBATEIIbCKOTO W TPOEKTHO-TEXHOJIOTHYECKOTO MHCTUTYTA
JKUBOTHOBOJICTBA.

MaTtepwuanbl n metopbl

Pabora BbINIOIHEHA HA MHOTOJIETHEM Marepuac MiICMEHHBIX
3aBotoB CHOMpPH B MpOIIECCE CO3MAHUS TPEX THIIOB CBUHEN
KpyIHOH 0ernoif moponst — «k HoBocuOMpCKkoro» U « AYMHCKO-
ro» (bexenés n ap., 1993, 2001a), «Karynsckoro» (CaxHo,
Kynurun, 2004), ¢ yueTom ucciieoBaHUH 110 OIIEHKE PEMOHT-
HOTO MOJIOIHSIKA, OTOOPY U M0A00pPY Ha OCHOBE MHACKCHOU
CEJIeKIIMH, OLEHKH ITPOU3BOIUTEINEH 110 KaUueCTBY MOTOMCTBA
MIpHU BBIBEACHUU YHCTOTOPCKOM mopoxas! (I'pumkosa u mp.,
2008, 2015). Ncmonp30BaHbl MaTepHuabl OICHKH TUICMEH-
HBIX Ka4eCTB CBHHEH HECKOJbKHX TUIEMEHHBIX XO3SHCTB
Cubupu, Ha OCHOBE KOTOPBIX pa3paboTaHbl MPETIOKEHHS
JJIsL HOBOM CUCTEMBI 6OHI/ITI/lpOBKI/l JKUBOTHBIX, BKJIIOHAOIIUC
k03()(DUIIHUCHTBI HACICAYECMOCTH, CEICKIMOHHBIC HHICKCHI,
TEHETUIECKNE MAapKEPDI, TEHOMHYIO CEJIEKIIHIO, a TAKXKe He-
MPEPBIBHYIO OAJUTBHYIO OLICHKY, 3KOHOMUYECKYIO 3HAUMMOCTb
MIPU3HAKOB U JIp.

OTKOpMOYHBIE ¥ MSICHBIE KauecTBa MOJIOAHSKA CBHHEH
3a 4—5 TIOKOJIEHUH CEJIEKIIMU MPEJICTABICHbl KaK CpeaHee+
CTaHAapTHas ommoOKa cpenHero. Jlist monapHoro cpaBHEHUsI
ucrnonb3oBanu kpurepuit CreromenTa. s Bcex ciydaes
BenuuuHa p < 0.05 cunranach CTaTUCTUYECKU 3HAYUMOM.

PesynbTaTbl n 06CyxaeHMe
['maBHBIMU KPUTEPUAMH CEJEKIINN )KUBOTHBIX SIBIISIOTCS OT-
60p 1 ToIO0P, KOTOPBIH TPOBOIUTCS HAa OCHOBE KOMITJICKCHON
OICHKH (OOHUTHUPOBKA) UX TUICMEHHBIX M MPOXYKTHBHBIX
Ka4eCTB [0 COOCTBEHHOH MPOAYKTUBHOCTH U KaU€CTBY ITOTOM-
cTBa. HOpMaTUBHBIM TOKYMEHTOM AJISI OLICHKH INIEMEHHBIX
U IPOAYKTUBHBIX Ka4eCTB CBHUHEH B HAIlIell CTpaHe sABJseTCs
«ITopsnoK 1 ycinoBus MpoBeACHUSI OOHUTHPOBKH IIJIEMEHHBIX
cBuHei» (2009) ¢ BHeceHHBIME B Hero m3MeHeHusAMH (I1pu-
ka3bl MuHncensxo3a Poccun Ne 431 ot 17.11.2011 u Ne 540
or 30.10.2015).

[Ipu 5ToM muemMeHHasl HEHHOCTh KaXKJOro *KHUBOTHOTO
paccuuThIBaeTCs MPaKTHYECKH 0e3 ydeTa rokasaresen npo-
JTIyKTUBHOCTH €TI0 POJICTBEHHHUKOB U 0€3 OTpe/IeNIeHIsI BO3ICH-
CTBHSI OKPY>KaIOIEH CPe/ibl, KaK 3TO MPEyCMOTPEHO, HaIlPH-
Mep, cuctemoit BLUP, ncnonp3yemoii B 00JIBITUHCTBE CTPaH
C Pa3BUTBIM )KMBOTHOBOZICTBOM JUIsl IPOTHO3UPOBAHMSI T€HE-
THUYECKUX KadecTB knBOTHBIX (Henderson, 1975). B cucreme
CEJICKIIUH )KUBOTHBIX B TEUCHNE MHOTHX JIET YIIOp JeJIaeTCsl Ha
JIuHeHoe pa3enenue. [lpu atoM nox inHueEH, Kak NpaBuIIo,
MO/Ipa3yMeBaETCsI TPYIIa )KUBOTHBIX, 00bEANHEHHBIX OTHOM
1 TOM K€ KJIMYKOM pOJOHAYaJIbHHUKA IO MY>KCKOM CTOpOHE
ponocnoBHo. CoriacHO NPUHATON CUCTEMATHKE, B BEAyILIEH
MOPOJIe CBUHEH — KPYITHOW O€JIOH — BBIZICIICHHUE )KUBOTHBIX B
JIMHUY BEAYT 110 MYKCKOH CTOPOHE POAOCIOBHOM, & B CEMEM-
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Table 1. The fattening and meat qualities of young pigs during 4-5 generations of selection (control fattening)

Evalu-  Number of estimated  Age of reaching Average
ation animals, 100 kg live weight, daily gain,
year boars/progeny days g

Feed Body Back fat Mass of the
expenditure, kg length, thickness at back third of
feed units cm 6-7 dorsal the half-

per 1 kg gain vertebra, mm carcass, kg

CTBA — 10 KECHCKOM. Tako 0AX0/] UCIIONIB3YIOT B IIJIEMEHHON
paboTe co cTajaMu pa3nUYHbIC TUIEMEHHBIE XO35HCTBA B
TEUEHNE MHOTHX MOKOJICHHH: 110 FeHeaIOTHYeCKOMY TPHH-
LIUITY 3aHOCSIT )KMBOTHBIX B [ OCINIEMKHUTY, TIPOBOAST OTOOD
1 TI0100p, aHAIN3UPYIOT COYETAEMOCTh )KUBOTHBIX. Mexmy
TEM CHUCTEMa IOJIpa3/IeJICHNs] Ha JIMHUU U CEMEHCTBa, KoT/ia
JKUBOTHBIX OJTHOTO CEMEHCTBA OTHOCST K Pa3HbIM JIMHUSM,
a JINHUS BKJIIOYAET )KUBOTHBIX PA3HBIX CEMEICTB, HE OTBEYAET
KPHUTEPHSIM PEATEHOCTH B CHCTEMATHKE OMOJIOTMIECKNX 00b-
extoB (JIrooumies, 1982).

B cnenuanbHO MOCTaBICHHOM SKCIIEPUMEHTE HaMH IPO-
BE/ICHO CpaBHEHHE JBYX BEIYIINX IeHEaTOTMIECKUX JIMHNH
CBUHEH KpynHoii 6enoii mopozs! (CamcoH u JpadyH) u Tpex
CaMBIX KpyNHBIX ceMmeiicTB (Bommebnnma, I'Bo3anka n Pe-
KJIaMa) B JIBYX IIJIEMEHHBIX 3aBosiax — «KaryHb» Anraiickoro
kpas u «bonbuieBuk» HoBocubupckoii odnactu. Okazanocs,
YTO MHOT'OIUIOJHE, MOJIOYHOCTh CBUHOMATOK, YHUCICHHOCTh
MIOPOCAT M Macca rHe3/1a ITPU OThEME ITPAKTUIECKH HE 3aBUCST
OT IIPUHAJUIEKHOCTH K TOM WM UHOU JINHUY UJIU CEMENCTBY.
PazHuna Mexxay TMHUAMHI U MEKLy CeMelicTBaMU B OTHOM U
TOM JK€ CTaJIe 0KA3aJIach 3HAUYMTEILHO MEHBIIE, YEM MEKITY
HHMMH B pa3HbIX crajiax. OTcyTcTBHE ClIeUU(pUIHOCTH ITHX Ie-
HEaJIOTMYECKUX JIMHUI TOATBEPUIIOCH U IIPH aHAIIM3E UX T10
4acTOTE BCTPEYAEMOCTH 3PUTPOLUTAPHBIX AHTUTEHOB KPOBH.
To ecTb pa3Hble JMHUH OKa3aJIUCh OOJIee CXOJHBIMU MEKITY
c000i1 110 POTYKTUBHOCTH ¥ TEHOTUITMYECKUM IPU3HAKAM,
YeM MPEICTaBUTENN OJHUX M TEX )K€ JIMHNH B pa3HbIX CTa/1aX.
Taxoe npeacTaBieHUe O TMHUU KaK O TEHETUYECKHU JUCKPET-
HOW TIOMYITALINN MeIIaeT 00BEKTHBHOMY 0TOOPY 0co0ei s
PEMOHTa CTa/1a, HOCKOJIbKY YUCICHHOCTD JIyUIINX )KUBOTHBIX
HEOJMHAKOBO pacipejnenaeHa Mexay JuHusmu. Ciaenoa-
TEJIbHO, JIydlllas KOHCOJIMJANNs HAcIEeJCTBEHHBIX KaueCTB
B ITOTOMCTBE MOXKET OBITh OOecIieueHa He CTOJIbKO BHYTpPH-
JIMHEWHBIM M0A00POM, CKOJIBKO MOJOOPOM 10 MpU3HAKaM
MPOAYKTUBHOCTH MM TI0 TeHETHYECKUM Mapképam. [ToroHs
3a 00513aTeIBHBIM COXPAHEHUEM CTPYKTYPBI CTa/1a 110 JIMHHSM,
HECMOTpsI Ha MOHIKEHHYIO MPOTYKTUBHOCTh JKHBOTHBIX B
HEKOTOPBIX M3 HUX, BEJET K YMEHBIICHHUIO CENEKIINOHHOTO
quddepeHana 1 CHIKEHUIO CEIEKIIMOHHOT0 3 ¢eKTa.
PacueTsl 10Ka3bIBAIOT, YTO CTPYKTYPHOM €IUHULIEH IOPOABL
JIOJDKHA OBITH JTMHUS-MOMYIISIHS, UMEIOIIAasi YNCICHHOCTD,
JIOCTaTOYHYIO JUIsl Pa3BeACHHs «B ceOe», 0e3 BBIHYKJICHHO-
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ro MHOpU/IMHIa B TEYCHUE TPEX-YEeThIpeX MOKOJICHHH, T.e.
nmeromast 80—100 oCHOBHBIX CBHHOMATOK. B Takoi THHUH-
MOMYJISIIIAN JIETYe 0TOOpaTh caMbIX JIydIINX 0coOei M TeM
CaMbIM TIOBBICUTh CEICKIIMOHHBIN qu(depeHima.

YeTKkoe NpeAcTaBIECHUE MOHATHH O CTPYKTYPHBIX €AUHU-
I1ax MOPO/IbI TIO3BOJINT HHTEHCU(UIINPOBATH CEICKIIMOHHBII
mporece, yCiuTh 3PPEKTUBHOCTh MEKITMHEHHBIX U MEKITO-
POZHBIX CTIAPUBAHUI B MPOMBIIIJIEHHOM XHBOTHOBOZICTBE.

MHOTOIETHHE HKCTICPUMEHTHI, IIPOBE/ICHHBIC HAMH T10 Ce-
JIEKLY CBUHEH KPYITHO 0€JI0¥ IOpo/ibl, B KOTOPHIX OCHOBHON
CTPYKTYPHOHM €JMHUIIEH MOpOAbl OblIa JTUHUS-TIOMYISINS,
MOATBEP/MIIN BBICOKYIO 3(D(h)EeKTHBHOCTH TAKOW CEIEKIUH.
[Tpu >TOM MOJIOJHSK [UIsi PEMOHTA CTa/ia OTOUPAIN OT JIyd-
IIUX 10 MPOAYKTUBHOCTH (OCOOCHHO MO CKOPOCIIETOCTH)
ponuTerneil, HeB3upasi Ha MPUHA/UIC)KHOCTD K TOM MIM WHOH
reHeasornueckoil nuHun. [logbop map s cnapuBaHUs
OCYIIECTBIISIICS MO IPUHIUITY «JTyYIlee C Ty4IInM JIaeT JIyd-
11ee», UCTIOIb30BABIIMMCS IIPH BBIBEICHUN PA3IMYHBIX TO-
PO BBIIAOIIUMHUCSI CeJIEKIIHOHEpaMu. [ OMOTreHHbIH Mo00p
10 TeHEaJOrNYEeCKUM JIMHUSIM HOCUJI BTOPOCTETIEHHBIN Xa-
pakKTep, B OCHOBHOM JUIS JTy4Illed OpUeHTHPOBKH B cTaze. [Tpu
orbope ¥ 1oAdOpe YYUTHIBAIN TAKIKE COCTAB IPUTPOIIUTAP-
HBIX aHTUTEHOB, 3PUTPOIUTAPHBIX (PEPMEHTOB, JIUIIONIPOTE-
MHOB. PaboTy BBINOIHAIN 11O OAHUM M TEM K€ IPHHIUIIAM
Ha IBYX CTaJax OJHOI'0 M TOIro K€ IMJIEMEHHOI'O XOSHﬁCTBa,
MpUYeM HUKaKOTO BBOJIA CBHHEH M3 OMHOMN U3 (pepMbI B Ipy-
TYIO 1, TeM 00Jee, N3 APYTUX ITIEMEHHBIX XO3SHCTB B TCUCHNE
12 net He nonyckanock. To €CTh OCYyIIECTBISIACH CENEKIUS
B 3aMKHYTBIX H30JMPOBAHHBIX MOITYIISIHAX.

Becb peMOHTHBIN MOJIOIHSK OIIEHUBAJICS IO COOCTBEHHON
MMPOAYKTUBHOCTH, XPSAKHU U MATKHU — METOJAOM KOHTPOJILHOT'O
OTKOpMa TTOTOMCTBA Ha CTaHAapTHOM KoMmOukopme. Ocoboe
BHUMaHHE Y/IENISUIIOCH 00ECIICUCHNIO )KUBOTHBIX BCEMH ITH-
TarCJIbHBIMU BCUICCTBAMU, OCO6CHHO IMPOTCUHOM, JIN3UHOM,
MaKpo- ¥ MUKpPO3JIEMEHTaMH1, BUTaMHHAMH. Tak, u3 Tadn. 1
BUJIHO, YTO IMOKA3aTEIN CKOPOCIEIOCTH, CPEIHECYTOUHOTO
IIpUpocCTa, OIJIaTbl KOpMa 3HAYUTEIILHO YIYUIIWINCH.

Ecnu B Hawase paboThl CKOPOCHENOCTh MOJOAHSKA CO-
craBisuia 199 nHeit, a yepes 4 romga — 182 mus (p < 0.001),
TO 4epe3 12 jer, Wiu yeThpe MOKOJIEHUs, STOT MOoKa3aTeb
moctur 169 nuet, ymyummBmmcs Ha 30 maei (p < 0.001).
CpeaHecyTOYHbIH NPUPOCT )KUBOTHBIX YBEIMUYMIICS IOUTH Ha
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MyTn coBepLueHCTBOBaHNA reHOGOHAA CBUHEN
Poccuniickon Oepepaunn

200 (p<0.001) u coctaBun 864 1, T. €.
MPEB30IIeNT IPAKTHUYECKH BCE CTajaa
9TOH MOPOJIBI B CTPAHE U JOCTHT YPOB-
Hs CTpaH C pa3BUTbBIM CBMHOBOACTBOM.
CpenHeCcyTOUHBIA TPUPOCT TOTOMCTBA
xpsika Camcona 7021 moctur 1018 r,
3arparbl KopMma — 3.18 kopm. e1., a CKo-
pocmenocts moToMcTBa xpsika Cam-
coHa 7295 cocraBmiia 156.8 gHs, 9TO
SBIISIOCH PEKOPJIOM [UIsl IJIEMEHHOTO
3aBona «bomprreBnk» HoBocnbmpckoit
obmactu. Vcmonp3oBaHUE yKa3aHHBIX
MPUHITUIIOB CENEKIMH (T. €. TPaJAHIIH-
OHHBIX METOIOB, HO TTO00pa He 10 Te-
HEAJIOTUICCKUM JIMHUSM, a 110 TI0Ka3a-
TCJIAM NPOAYKTHUBHOCTU, HE3AaBUCUMO
OT NPUHAMJIEKHOCTH K TOW MM UHOU
TCHEaAIOTHYCCKON JTMHUH, a 0TOopa —
MPEUMYIIECTBEHHO 1O CKOPOCIIEIOCTH )
MTO3BOJIHJIO BIiepBhIe B CHOUPH cO3AaTh
HOBOE€ CEIEKIUOHHOE JOCTUKEHUE —
TUI CBUHEW KPYMHOW Oelloil mopojis
«HoBocubupckuit». Ilpu sTom daxru-
yeckuit 3P HEKT ceneKIuu o CKOpoCTr
pocTa oKa3acs MOUYTH B J1Ba Pa3a BhIIIE
pacdyeTHOro. AHAJIOTHYHBIE Pe3YIIBTaThI
TIOJYYCHBI TIPU Pa3BEJICHUU CBUHCH B
3aMKHYTOH LIETIH U CEJIEKIIMU 1O Oorpa-
HUYEHHOMY YHCITy TPOITYKTHBHBIX ITPH-
3nakoB B benopyccun (Leiixo, 1999).
CuuTaeM, 4TO yCKOPEHHUE CENIEKIIMOHHO-
TO TIpoIiecca MPOU3OILIO B PE3yIIbTaTe
OBICTPOI KOHIICHTPAITUH JKEITATSIEHBIX
T€HOB, BBI3BAHHOW CHCTEMAaTHUYECKOU
OIICHKOH TUIEMEHHBIX Ka4eCTB, BBISB-
JICHHUEM JTyUIIAX TCHOTUTIOB, TIOI00POM
10 MPUHLUILY WIYYIIEE C AY4IIUM», C
MUHIMAJIbHBIM yIETOM IPUHAICKHO-
CTH K TEM HJIM HHBIM TCHEaJIOTHUCCKUM
JIMHUSM.

Ilpu co3manum 3TOrO THUNA CBUHEH
IIMPOKO HCIOJIB30BAIHCH CaMBIE CO-
BPEMCHHBIC MCTOABI HOHyJ'ISILIPIOHHOﬁ )44
MMMYHOTEHETHKH, 9TO 00€CIICYNBATIOCH
TECHBIM COTPYIHHYCCTBOM C YUCHBIMU
WuctutyTta nutonoruu u reietuku CO
PAH W.I. Topenosem, B.H. Tuxono-
BbIM, [.B. Opnosoii, B.W. EpmonaeBbim,
M.A. CaBunoii, C.B. HuUKUTUHBIM 1 1Ip.

JKusotasie Tnna «HoBocnbupckuing
BCEro 3a 4—5 MOKOJIEHUHN CEeNIEKIUH T10-
Kaszajn pe3yJabTaTbl MPOAYKTHBHOCTH
MHPOBOTO YPOBHsI. BeicoKast ckopocrie-
JIOCTBh KHBOTHBIX ITOTO THTIA TOATBEPIK-
Jlasiach Ha TBAYK/IbI TPOBOIUBILICMCS HH-
TeHcuBHOM OoTKOpMe Ha BBI (Mocksa),
TJIc OHU BBEIXOAWJIM Ha IEPBOC-TPETHE
MECTO CPEIM KUBOTHBIX NPYTHX ILIE-
MEHHBIX 3aBOJOB. TakuM oOpazom, Ha
OCHOBaHUH TEOPETUICCKUX Pa3pabOTOK

FeHODOHA 1 ceneKkLmsA XXNBOTHbIX
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Fig. 2. Sow of the Achinskiy type of the Large White breed.

1 MIPOBEJECHUS] MHOTOUHCIICHHBIX OINBITOB 3KCIIEPUMEHTAIBHO JIOKAa3aHO CPABHU-
TENIBHO OBICTpOE MpeoOdpazoBaHKUe Pa3BOJMMBIX B Poccnu 1mopos KMBOTHBIX 110
MIPOJYKTUBHOCTH MUPOBOI'O YPOBHSI. DKCTEPhEep CBUHEW KPYITHOW OO0 mopoibl
HoBocnbupckoro u AYMHCKOTO THITOB MPEACTaBIeH Ha puc. | u 2.

B nacrosimee Bpemst B OOO «Carpup» bonoraunckoro paiiona HoBocnbupckoit
obnacty Ha 6a3e yKa3aHHbBIX THIIOB CBUHEW KPYITHOW 0eJ10#i opo/ibl, XOPOIIO MpH-
CIOCOOIEHHBIX K CHOMPCKUM YCIOBUSIM U K ITPOMBIIIICHHON TEXHOIOTHH, ITyTEM
HCIOJB30BaHMsI XPSIKOB MOPOABI HOPKIINP KAaHAICKON CEIEKIIUU CO3JaHbl HOBBIE
CEJICKLIMOHHBIE TPYIITBI )KUBOTHBIX, 00J1aIAI0IIHX JIYYIINM KaueCTBOM TYILI, ¢ 6ojee
TOHKHM CJIOEM MTOAKOKHOTO caina (16—17 MM IpIKH3HEHHO).

‘YernemHoe 1eronb30BaHue MPUHINIIOB CENIEKIIMOHHOM pabOoThI CO CTaI0M, IIPHU-
HATBIX IPU CO3/1aHUH HOBBIX TUIIOB, MIO3BOJISET MPEAIararh yIy4lleHHbIC METO/IbI
OOHNTHPOBKH IJIEMEHHBIX KUBOTHBIX, I10-IPyTOMY COCTABIISTh IUIAHbI IITIEMEHHOMH
paboThLI.
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B neficTByromieil MHCTPYKIMA M0 OOHUTHPOBKE CBUHEH
(2009, 2015 rr.) naemMeHHast EHHOCTh (CyMMapHBIN Kj1acc)
CBUHOMATKH OTIPENIEIISIETCS M0 CpeJHel BeTnuuHe OaiioB,
CIOKMBIITUXCS U3 TIPU3HAKOB COOCTBEHHON MPOAYKTUBHO-
CTHU: BO3pacTa JOoCTHxeHus kuBoi macchl 100 kr (ckopo-
CIIEJIOCTh), 3aTpaT KopMa Ha | KT mprupocTa, TONIIHMHBI IITTHKA
B JIBYX TOYKAaX, ITTYOMHBI MBIIIIIB, THHBI TYJTOBHINA, YKCTE-
pbepa, MHOTOIIJIOAUS, KOJIUYECTBA MOPOCAT U MacChl THE3/1a
B 30-1HEBHOM BO3DPAaCTe, U TPU3HAKOB MPOAYKTUBHOCTH BCEX
€e TIOTOMKOB: BO3pacTa J0CTHXKEeHHs ®UBOM Macchl 100 Kr,
TOJIIIUHBI [INHKA B IBYX TOYKAX, [IYOMHBI MBIIIIIBI, 3aTpaT
kopma Ha | kr mpupocTta. BeceM 3TuM mpu3HakaM mpuaaeT-
Csl OIMTHAKOBasl IEHHOCTHh B Tpeieiax 4-0ajuTbHOW ITKAIIBL.
OnHaKo M3 MPHUBEACHHBIX IPU3HAKOB TOJBKO J[Ba — MHOTO-
TUTOINE W MOJIOYHOCTH — SIBJISTFOTCSI IIABHBIMH JUISI OLIEHKH
ceuHOMaTkd. OHU B HanOOIIee MOTHON Mepe XapaKTepU3YIOT
ee MPOAYKTHBHOCTE. [IpU3HaKy CKOPOCIIEIIOCTH U TOJIIIUHEI
IIMHAKA XapaKTePU3yIOT HHTEHCUBHOCTH POCTA )KUBOTHOTO B
paHHEM BO3pAcCTe, a TAKKE €T0 KOHCTHTYITHOHAIILHBIE 0COOCH-
HOCTH, YTO B JaJIbHEHIIIEM MOXET OKa3aTh BIMSHHE Ha €ro
BOCTIPOM3BOIUTENIFHBIC, OTKOPMOUYHBIE M MSICHBIE KaueCTBA.
BxitroueHue nx B CETEKIIMOHHBIA HHICKC CBHHOMATKH CICAYET
C MEHBIINM BeCOBBIM Ko uirieHToM. OcTaabHbIe TPU3HAKU
SIBISTFOTCS] BTOPOCTENeHHBIMU. HacneryeMocTh 1 9KOHOMIYe-
CKasi 3HAYUMOCTh YKa3aHHBIX TIPU3HAKOB B HACTOSIIEE BPEMS
BOOOIIIE HE YUUTHIBAIOTCS. TO €CTh CyIIECTBYIOIIAs CHCTEMa
OGOHUTHPOBKH CBUHEH OTUIIETBOPSET CETEKIIUIO ITO KOMITIEK-
Cy MPHU3HAKOB, TIOATOMY OIIEHKA KHBOTHBIX OCYIIECTBISICTCS
o cpenHell BenuunHe 13—15 mpu3HAaKOB XPAKOB M MATOK, a
BBIJIAIOMINECS IO OTJSIFHBIM MTOKA3aTeNAM IPOTYKTUBHOCTH
0Cco0M 0CTAIOTCS 3a MpeieTIaMi OTOOPAHHBIX, UTO, €CTCCTBCH-
HO, 3aMeJyIsgeT TeMIbl cenekiuu. CiaeqoBaTeabHO, CUCTEMA
otOopa CBUHEH B Hallleil CTpaHe, OCHOBaHHAsI HA HETOYHOM
OTIpeNIeIIEHUH TUIEMEHHOM IICHHOCTH KaKIO0r0 KOHKPETHOTO
JKUBOTHOT'O, MOXKET TOJIbKO YCPEIHSTh NPU3HAKH CTaJia, Mo-
POIBI, HO HE YIy4IIaTh UX.

[TosToMy st TOTydeHUs] HAUOOBIIETO CEICKIIMOHHOTO
sddekra HeOOXOTMMO MOCTPOCHUE CEICKIIMOHHOTO HHAEKCA
C pac4yeToM BECOBOI0 KOA(PPHIIUEHTA KaKIOT0 M3 IPHU3HAKOB
B 001IIeil oIeHKe, KOTOPBIA 3aBUCUT OT HACIIETYEMOCTH, Te-
HETUYECKUX KOPPEISLHHA 1 OTHOCHTEILHON YKOHOMUYECKOI
snaunmoctu (Hazel, Lush, 1942; Hazel, 1943; Mettuep,
I'perr, 1972; WTams u np., 1973; Tunzoypr, Huxopo, 1982;
Lobke et al., 1986; Mabry et al., 1987). Pe3ynbratom oneHKu
10 MH/IEKCAM SIBJISIETCS Oy YCHHE HAUOOIIBILIETO CEIEKITHOH-
Horo 3 dekra. Mcmonp3oBaHme CENEKIINOHHOTO HHIIEKCA IT0-
3BOJISICT MOBBIIIATH TOYHOCTH OLICHKH IJICMCHHBIX KaUueCTB Ha
15-30 % u mupoKo MPUMEHSATH COBPEMEHHYIO BHIUHCITUTEIIh-
Hyro texauky (Fritzshe, 1984). [Ipu 3ToM B CeNeKITMOHHBIN
WHJICKC BKITFOYAIOT KaK MOYKHO MEHBIIIE IPU3HAKOB, MIMEIOIIHX
MEXTy co00M c1abyro KOPPEISATUBHYIO CBA3b.

OmHE UCCenoBaTeNN MPEAIATaloT CEICKINOHHBIC HH-
JIEKCHI CTPOUTH OTJENBHO JJISi MAaTEPUHCKUX M OTIIOBCKHX
muaui (Jlagan u ap., 1985; CrenanoB u ap., 1985), nmpudem
B WHACKCHI [T OTIIOBCKUX JTMHUH BKITFOUAIOT MIPH3HAKH: CKO-
POCIENOCTB, 3aTPaThl KOPMa, MICHOCTb, & JUISI MATEPHHCKHUX —
MaccCy THe3[a MpH oTheme. Jpyrue B MHACKC IS JIMHUU
CBUHEH, CTIEHATH3HPOBAHHON TT0 BOCIIPOM3BOIUTEIHHBIM
KayecTBaM, BKIIIOYAIOT TAaKUE MPH3HAKHU, KaK MHOTOIUIOANE,
KOJIMYECTBO MPOCAT IPH OThEME, CPEAHECYTOIHBII MTPUPOCT
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MOPOCAT OT POXKACHUS 10 OThEMa, a B MHIEKC OTKOPMOYHON
JUHUHM — CPEAHECYTOUYHBIH NMPHUPOCT, TOJMMHMHY HINMHKA U
JunHy Tynosumma (Hukuraenxo, 1987). Tperbn ncnonbs3yior
CEJIEKLIMOHHBIN MH/IEKC, B KOTOPBIM BKJIFOYAIOT MHOTOILIOINE,
MOJIOYHOCTB, BO3PACT TOCTIKEHHUS Macchl 104 KT 1 TONIIHHY
cana (Schinckel, 1986). B CILIA, nanpumep, pa3paboTaHbl
crienMajgbHble TECTHl M CO3JaHa MPOorpaMMa IeHEeTHYeCKOro
YIYUIIEHUs MJIEMEHHBIX Ka4eCTB CBHHEH C BKIIOUEHHUEM
9KOHOMHYECKH BaXKHBIX NMpHu3HaKkoB (Baas et al., 2003).

IIpoctas u HammsiiHas cucTeMa OIEHKM CBHHEH paspa-
6orana B YHuBepcurere mrata Bupmkuausa, CIIA (Wood,
1989). CenexkunoHHBIC WHICKCH ISl CBUHEH pa3HBIX IO-
JIOBO3PACTHBIX I'PYIII BBIYUCICHBI HA OCHOBE CENEKIIMOHHO-
TEHETUYECKUX TapaMeTPOB U HKOHOMHUYECKOTO 3HAUCHUS
TaKHUX PU3HAKOB, KAK MHOTOILIOINE, Macca THe3/1a B 21 1eHsb,
CKOPOCIENIOCTb, TONIIMHA LIMHUKA, KOHBEpCUs KopMa. B Hux
YUTEHBI TOKa3aTel SKOHOMUYECKON 3HAUNMMOCTH CEJeK-
IIMOHUPYEMBIX MTPU3HAKOB.

[Tpu BeIBeiennu Tunia HoBocnbupcekuit HaMu COBMECTHO ©
BBIYHCIIUTEIBHBIM IIEHTpoM Poccenbxo3akagemun pazpado-
TaHa MofeNb, aHanoruyHas BLUP, Ha ocHOBe aHHBIX mep-
BUYHOT'O 300TEXHHUYECKOI0 y4eTa KOHKPETHBIX CTaJ KPYITHON
6€I1011 TOPO/IBI M3 YETHIPEX Ty UIINX IIEMEHHBIX 3aB0/10B CH-
OMpH IyTeM BBIYNCIICHUS BECOBBIX KO3 QHIIMEHTOB KaXK/I0TO
npusnaka 1o J[. ®onkonepy (1985) u no meroauke C. Wood
(1989). Monens mo3BossieT Hanbosee TOYHO OTPENIeIISATh TIIe-
MEHHYIO [IEHHOCTb )KHMBOTHBIX C TIOMOIIIBI0 MHOTO()aKTOPHOTO
PErpecCHOHHOTO U TUCIIEPCUOHHOTO aHAJIHM30B, I€ YUTEHBI
JTAaHHBIE BCEX BO3MOKHBIX POJCTBEHHUKOB, (DEHOTUIIMIECKHE
1 TEHETUUECKUE KOPPEISIIIMN MEKTY CEJICKIIMOHHBIMHI TTPHU-
3HakaMu (bekenés u np., 2004). Otu ucciaen0BaHs OKa3a-
JIM, YTO MHOTOTIJIOANE U MOJIOYHOCTh Y CBUHEHN KPYITHOII Oe-
JIOM MOPOJIbI HUKAK HE KOPPEIUPYIOT € )KUBOW MAcCOM, JAH-
HOM TYJIOBHINA, IKCTEPHEPOM, TIOITOMY ITOCIEIHUE HE UMEET
CMBICIIa BKJIIOYATh B KOMIUIEKCHBINH KiacC (CEIEKIMOHHBIN
nHJeKc). Heckonbko mo-nHOMY HaJJ0 CMOTPETh Ha MTPU3HAKH
CKOPOCIEJIOCTH U TOJIIIMHBI MIMHKA, TAK KaK OHU XapakTe-
PHU3YIOT KOHCTHTYIIMOHATBHBIE 0COOCHHOCTH 1 CIIOCOOHOCTH
JKMBOTHOTO K POCTY B PaHHEM BO3pAcTe, U4TO B JTAJIIbHEHIIIEM
OTpeJieNieT ero BOCIPOU3BOAUTENbHbIE Ka4eCTBA U BIMUAET
Ha OTKOPMOYHBIE ¥ MACHBIE XapaKTEPUCTUKN. DTH IPU3HAKU
CJIE/TyeT BKJIIOYATh B CyMMAapHBII KJlacC MaTKH, HO BCE K€
C MEHBIIUM BECOBBIM KOA(P(UIMEHTOM, 4€M MHOTOILIO/IUE
1 MOJNOYHOCTh. CrienaH pacueT 3KOHOMHUYECKOH 3HAUYMMO-
CTH TIPU3HAKOB Ha OCHOBaHMHU (PAKTHMUECKUX IOKa3aTelNeH
ce0eCTOMMOCTH U PHIHOYHBIX IIEH Ha CBUHUHY B OJHOM M3
TUIEMEHHBIX XO3SHCTB 1 BBISBICHA 3aBUCHMOCTD BETHUUHbI
CEJICKIIMOHHOTO MHJEKCA OT 3HAYUMOCTH €r0 KOMIIOHEHTOB.
Tak, ce0ecTOMMOCTh MOPOCEHKA MPH POXKACHUH OKa3ayach
pasHa 80 py0., | Kr )kHBOM MacChI MOPOCEHKA TP OTHEME —
20 py6. YBenudeHue BO3pacTa JOCTHKEHHSI KHBOH MacChI
100 xr Ha OJIUH JCHB MOBBIIIAECT CEOCCTOMMOCTH Ha 5 pyo., a
yBeIMUSHNE TOMIMHEI ImHKa Ha 1 MM —Ha 0.3 py0. B pacuere
Ha 1 xr xwuBo# maccel (bekenés u np., 20016). B ommume
OT UHTEPBAJIbHOM KJIACCHON OLEHKM IUIEMEHHBIX KauecTB
CBHHEH, UCIIOJIb3YEMOI1 B HallIEW CTpaHe B HACTOSILIEE BpEMS,
HaMH pa3paboTaHa ccTeMa HePEephIBHOI OaJUTbHOM OIIEHKH
KaXI0ro celeknnonupyemoro mnpusHaka (bekenés u ap.,
2010). B Hee 1st CBUHOMATKH BKITIOUEHBI HAHOO0JIee BaXKHbBIE
MIPU3HAKH TPOAYKTUBHOCTH: MHOTOILIONNE, MAacca THE3/A PH
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Table 2. The scoring scale for numbers of born alive piglets in one farrow

Numbers of born-  First-farrow sows, Sows with two or more farrows, score

alive piglets in score
one farrow 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

OTBhEME, BO3PACT JOCTHKEHHS KUBON
Macchl 100 Kr 1 ToNIMHA IMHKA B 9TOM
Bo3pacte. I KaxkI0ro U3 IpU3HaKoB
pa3pa0oTaHbl cHienUalbHbBIC IIKAJbI, B
KOTOPBIX TTOKa3aTelb MPOILYKTUBHOCTH
COOTBETCTBYET OIpEJICICHHOMY Oaury.
Tak, mkana a7 OLEHKH MHOTOIUIOAMS
CBHHOMATOK BBIIVISITUT CIICAYIOIIIM 00-
pa3om (Tabi. 2).

CBHHOMATKY C MHOTOIUTOANEM (C yde-
TOM aBapuiHBIX onopocos) 10 mopocst
(mepBoomnopocku — 9) olleHUBAIOTCSA
100 6ammamu, 11 (10) — 110 6amnamm,
12 (11)—120, ... 18 (17) — 180 banna-
mu. Ha puc. 3 noka3zana cBUHOMATKa, y
KOTOpPO# B IIEPBOM OIOPOCE POIIIOCH
11 mopocsr. ITo npeanoxeHHON 1IKaje
OHa MOXKET OBITh OLIEHEHA 10 MHOIO-
wroanro 120 Oamutamu.

AHAJIOTHYHO OLIEHMBAIOTCS JKUBOT-
HBIE 110 TOJIIIMHE IIIHUKA, MAacCe THe3a
B 30-1HEBHOM BO3pacTe, Bo3pacTy m0-  Fig. 3. First-farrow sow.
cTikeHus »knBoi Macceel 100 kr. ITpu-
4eM TaOJIUIIbI C/ICNIaHbI C YYETOM Herpe-

PBIBHOCTH 3a KaXKIbIM €Hb BO3pacTa, ITpn HenpepsIBHON OaIbHON OIEHKE JIETYE BBISABISATH )KUBOTHBIX — JIUJIEPOB
KK MIJUIMMETp MIMUKA, K&KAO0TO MO TOMY WIM MHOMY IPU3HAKy MPOAYKTHBHOCTH, OHa HambOoiee TouyHa. Tak, Ha-
MOPOCEHKAa U 33 KAXKABIA KWJIOTPaMM  HpPUMEp, COIVIACHO JICHCTBYIOIEH WHCTPYKIMU 110 OOHUTHPOBKE, CBUHOMATKY C
MOJIOYHOCTH. YeM Ooibie 0amioB Ha-  MHOTOIUIOAMEM |2 MTOPOCSAT OTHOCST K OMHOMY M TOMY K€ KJIACCY «IITUTa», 94TO H
OMpaeT KMBOTHOE, TEM BBIIIE €r0 PaHI  CBMHOMATKy C MHOTOILIONUEM 15 1 Gosiee mopocsT, Toraa Kak 1o mpeiaraeMomy
HE TOJILKO CPEI CBEPCTHUKOB WJIM CTa-  METOIy IiepBas u3 HuX nonydut 120, a Bropast — 150 6ayuios, T.e. 3HAYUTEIILHO
Jla, HO ¥ CPETM BCEX CTaJ] M TOPOZI CTpa-  OoJiee BBICOKYIO OLIEHKY. XPSIUKOB KPYIHOM 0€l0i MOpOAbI CO CKOPOCIIEIOCTHIO
HBI U BCEIO MUDPA. (Bo3pacT nocrikeHus sxuBoi Maccsl 100 xr) 160 u 130 nHel oTHOCAT K OHOMY
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Table 3. Prediction of back fat thickness improvement in breeding (M = 28.6 mm, 6 = 3.0, h?> =0.27)

Threshold of Percentage Back fat Intensity
selection with of selected thickness in the  of selection
regard to back fat  animals selected group,

thickness, mm mm

274 0.34 254 1.08

279 0.41 25.7 0.95

28.1 0.44 259 0.89

284 0.47 26.0 0.85

28.6 0.50 26.2 0.80

29.0 0.55 26.4 0.72

KJIaccy — 2JIUTe, a 110 IpeiaraeMoMy criocoOy MepBbIil U3 HUX
OyzmeTt MMeTh 0 ATOMYy nipu3HaKy 120 6amos, a Bropoii — 140.

B KOMIIJIEKCHOH OIEHKe K KaXKI0MY M3 3THX ITOKa3aTeiaeh
BBOJIUTCSI BECOBOH KO3(D(UIMEHT, pacCUNTAHHbIA B 3aBU-
CUMOCTH OT T€HETHYECKHX O0COOCHHOCTEH KHBOTHOTO U
9KOHOMHYECKHX (hakTopoB. [l ompeseneHus: CyMMapHOTO
KJlacca CBUHOMATOK IIpejjiaraeM ciegyomyio (hopMmyiy:
KO = 2MH+3M+B+1): 7. 3necs KO — xomrmekcHas
OlleHKa (CyMMapHBIH Kiacc), BeIpaxxeHHas B Oawrax; MH —
MHoromionue; M — Mono4HoCTh; B — Bo3pacT JocTuKeHus
»kuBoit Maccel 100 xr; I — TosmmHa mmnuka; 2 ¥ 3 — BECOBBIE
koa(duirenTs! npuznakoB (bexenés n nap., 2010). IIpuse-
JCHHBIC BCCOBBIC KO3(1)(I)I/ILII/IGHT])I npeajiaracM MpUHATH KaK
6aszoBbie. J{1s nx Oosee TOYHOTO pacdera CIeIyeT HCIOb-
30BaTh CEJICKIIMOHHO-TEHETHUCCKHIE MapaMeTphl, TAKNE KaK:
(hEeHOTHIMYECKUE U FCHOTUIIUYCCKUE KOPPEISIUH, KO-
(PUIMEHTBI HACKIEyeMOCTH,  TAKKE ITOKA3aTeNI SKOHOMUYe-
CKOM 3HAYMMOCTH BKJIFOYCHHBIX B MHJICKC ITPU3HAKOB, KOTO-
pble JUIst KaXJI0TO cTajia MOryT ObITh pazinyHbiMuU (bekeHén
u ap., 2004). Metonbl pacyeTra BECOBBIX KOI((DUITHESHTOB
IIPUBEJICHBI B pa3HbIX ncroynnkax (Wood, 1989; Crenanos,
Muxaiinos, 1996).

Pacders! moka3anu, 9To B CBHHOBOACTBE KO3 (OUITHEHTHI
HacJIeAyEeMOCTH JUTS BOCIIPOM3BOIUTEIILHBIX TIPU3HAKOB JTyd-
11I€ BCETO OINpPEEIsITh METOIaM1 YIBOSHHs Kod(duimeHToB
KOPPEISIUNA: MaTb—J04b, ISl IPU3HAKOB OTKOPMOYHBIX U
MSICHBIX Ka4€CTB — METO/IOM ANUCIIEPCHOHHOTO aHAJIN3a IBYX-
(haKTOPHBIX MEPAPXUYECKUX KOMIUIEKCOB C IPHUBICYCHUEM
JTAHHBIX MOJyCHOCOB MO OTHAM.

[Ipennaraemslii crioco0 MO3BOISIET POBOANTH OOBEKTHB-
HYIO0 U YHUBEPCAJIbHYIO OLEHKY CBUHEH pa3HbIX IIOPOJ U
CTEIMAIN3alNH 10 OIHUM U TEM K€ KPUTEPHSIM, 10 TIIaBHBIM,
a HE BTOPOCTETIEHHBIM NMPU3HAKaM MPOIYKTHBHOCTH. Tak
MOXHO paHXXHUPOBATh U CPaBHUBATD )KUBOTHBIX BCEX ITOPOJ B
cTpaHe 1 BO BceM Mupe. He motpebyercs amst OOHUTHPOBKH
pa3nienaTh KUBOTHBIX PA3HBIX ITOPOJ MO COBEPIICHHO HE-
000CHOBaHHBIM MPUYMHAM Ha TPU KaTeTOPUH, KaK MIPUHATO
y Hac B HacTosmee Bpems. OTBeT cTaga Ha 0TOOp MOXKET
OBITB TIpe/ICKa3aH MPU HEM3MEHHBIX TEHETHUECKHUX CBOHCTBAX
MOy, 3aB03 JKMBOTHEIX U3 Apyroro, HEPOACTBEHHOT'O
CTaja, HaIpUMep IJIsI KIPUIIUTHS KPOBH», KOTOPBIM «TPEIIaTy
MHOTHE 300TEXHUKH, STKOOBI AJIsl COXpaHEHUs OOJIbILCH reTe-
PO3UTOTHOCTH M MOJy4YEHUsI TeTepOo3unca, cpasy HapyliaeT Bce
MIPOTHO3HI, IIOCKONBKY pa3HooOpasue cTana i kod3(hOUIHEeHT
Hacienyemoctu (h%) yeennausarorcest. Ho 3TOT mpuem MoxkeT
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Selection
differential, mm

The response to the selection, mm  Back fat
thickness in

in a generation inayear offspring, mm
32087 ............................ 035277 ....................
29077 ............................ 030278 ....................
27072 ............................ 029279 ....................
26069 ............................ 028279 ....................
24065 ............................ 026279 ....................
22058 ............................ 023280 ....................

6I)ITb HCIIOJIB30BaH NpU 3HAYUTCIIbHOM YMCHBIICHUU U3MEH-
YMBOCTH MPHU3HAKOB CTaJa, UCUEPIIAHUH PE3EPBOB HACIEA-
CTBEHHOH M3MEHYMBOCTH. OXBAT pacueTaMy HECKOJIBKHX CTa]l
JaKe OTHOTO TUIla, B HEJIAX YBEJIMYCHUA YACIICHHOCTHU U I1OJTY-
YEHUS CTATUCTUYECKHU JIOCTOBEPHBIX PE3YyNIbTATOB, TAKKE HE
MMEET CMBICIIA, TIOCKOJIBKY CEJIEKILHUS B 3THX CTa/laX BEACTCS
HEOJIMHAKOBO, B O/IHUX CTa/aX JKUBOTHBIE 00JIe€ OHOPOJIHbI,
4YeM B JIPyTUX, a COOCTBEHHHKH >KUBOTHBIX MMEIOT Pa3HbIC
MIPE/ICTABICHUS O KaueCTBE JKUBOTHBIX, IEJISIX pa3BeICHUSI.
J1J1s TOrO YTOOBI paCUEThI CEIICKIIMOHHOTO 3(dexTa paboTaiy,
YTO OYEHb BaJKHO IIPH COCTABIICHNH TUIAHOB INIEMEHHON pabo-
TBI, CEJIEKIIUIO CIIEYET IPOBOANTD Ha OOJIBIIOM IIOTOJIOBBE, B
SaMKHyTOI‘/II MOMmyJIsINU U B TCHEHUE JJIUTCIIbHOTO BPEMCHMU.
OTO JyHdIIIe BCEro OCyIIeCTBIATh, KOTa BCE INIEMEHHBIE K-
BOTHBIE MTOPOJIBI HAXOATCS ITyCTh B Pa3HbIX XO3SHCTBaX, HO
T0J1 €/IMHBIM KOHTPOJIEM, ITOJIBEPTatOTCsl CENEKIIUU B OTHOM
HarpasjIeHHH. Takas cucTeMa MOXKET JIydllle BCETO paboTaTh
TOJIBKO B OJTHOM CITydae — KOT/J[a OHM OObEIMHEHBI B €ANHYIO
accolualuio mo nopoaHomy npuniuny (Manucon, 2010).
B neiicTByrommx B Hactosmiee Bpems «IIpaBmmax B obmactu
TUIEMEHHOTO )XMBOTHOBOJICTBA MPEAYCMOTPEHBI pa3HOOOpas-
HBIC BU/IbI OPI* aHI/ISaLIl/Iﬂ 110 NJIIEMEHHOMY KUBOTHOBOACTBY, HO
TIPH 3TOM B PETIPOAYKTOPax MOKHO OBITH HEe MeHee 100 ro-
JIOB CBUHOMATOK. DTO 3HAYUT, YTO BCE MEIIKUE, B TOM UHCIIC
JIMYHBIE TIOJICOOHBIE, X035CTBA OTCEKAIOTCSI OT COBEPILECH-
CTBOBAHUSI TNIEMEHHOTO MOTOJIOBBS M BHITEKAIOIIUX OTCIOZA
nocnenctBuid. [IpenaraemMple MPUHINITEI OLICHKH IIIEMEHHBIX
Ka4eCTB )KMBOTHBIX CJIEyeT UCIIOIb30BaTh U IIPH pa3paboTKe
TUTAHOB IJIEMEHHON pabOTHI CO CTAZIOM, C TIOPOIOH.

B Tabn. 3 nmokazaH mpuMep pacdeTa CeJeKIHOHHOTO (-
Q)eKTa 10 TOJIIMHEC HIITHKA, KOTOprﬁ BXOAWJI BO BCC ITJIaHbI
TUIEMEHHOH paboThI CO CTaJaMH CBHHEH IPH CO3TaHUH THITA
CBUHEH KpynHO# 6emnoii nopoas! «HoBocuOupckumii.

PacueTtn! IMMOKAa3bIBAIOT, YTO IIPU TOJIIHNHE IIIMHWKA 110 CTaay
paBHOiT 28.6 MM, koapdunmente Hacienyemoctu (h?) pas-
HoM (.27 B MJIEMEHHOE SAPO JUIS MOJTYYEHHsS PEMOHTHOTO
MOJIOJIHSIKA CJIE/TyeT OTOMparh XPsIKOB M MAaTOK C TOJIIMHOM
IITTAKA TIOTOMCTBA MEHBIIIE, ueM 27.4 MM (Tparuna otdopa),
IIPU 3TOM TIPHJIETCS UCITIOB30BaTh TpeTh (0.34) OreHeHHBIX
JKUBOTHBIX CcTajna. CeneKIUOHHBIA TudPepeHIrai B 3TOM
ciydae OymeT paBeH 3.2 MM, TOJIIMHA IMIMHKA OTOOPAHHBIX
JKUBOTHBIX — 25.4 MM, OTBET Ha CEJIEKLIMIO 3a MOKOJIEHHUE —
0.87 MM, TOMIIMHA IIMTHKA TOJIyYEHHOTO TOTOMCTBa —27.7 MM,
a WHTEHCHBHOCTH ceiekmnuu coctaBuT 1.08 (Mepkypnesa,
1970). Ipu rpanuiie oTOOpa 1o TOJIIMHE MITHKA, HAITpUMep,
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26 MM 3P PEKT MOKHO M YBEIHYHUTh, OHAKO YKMBOTHBIX C
TOJIIMHON MIMKAKa MeHee 26 MM MOXKET He XBaTHUTh IS pe-
MOHTa COOCTBEHHOT'O CTaJia IIPH €CTECTBEHHOH ciryuke. [1pu
HCKYCCTBEHHOM OCEMEHEHHH YHCIIEHHOCTb XPSKOB B CTaJle
3HAYATEIFHO COKPAIIAeTCs, CIEIOBATEIIFHO, MOKHO TIOBBI-
CHUTh U JaBiieHne otoopa. Huskmii kosadduimenT Hacnemye-
MOCTH TOJIIIIMHBI LIITUKA B CTAJIe HE [T03BOJISIET OCYILECTBIISTH
YCKOPEHHYIO CENEKIINI0 Ha TIOHIKEHHE 3TOTO IMTOKa3aTeds,
MO3TOMY /ISl PEUICHUsSI 3a7a4y TMPUXOIUTCS MPUOEraTth K
CKPEIIMBAHUIO C APYTUMH TIOPOJaMH.

Taxum 06pa3om, IPH CENEKITUH TT0 OTPAHUIEHHOMY YHCITY
MIPU3HAKOB, HAIIPUMEP TOJIBKO IO CKOPOCIIEIOCTH, MOXKHO
JIOCTaTO4HO OBICTPO ATOT MTPU3HAK YITy4IIUTh. OJTHAKO KOJIH-
YEeCTBO )KUBOTHBIX CTa/1a, OJTHOBPEMEHHO YAOBIETBOPSIFOIITIX
KpHUTEpHUsM (TpaHuIaM 0TO0pa), 3HAYUTEIBHO MEHBIIE, YeM
KOJIMYECTBO JKMBOTHBIX, YOBJIETBOPSIONINX KKIAOMY IPHU-
3HAKY B OTIEIBHOCTH (MHOTOIIIOANE, MOJIOYHOCTH, 3aTPATHI
KOpMa), TaK KaK IMPU3HAKH HACJICIYIOTCSl HE3aBUCUMO JPYT
ot jpyra. [Ipy 9TOM BEpOsITHOCTH IOSIBICHHS B CTaJle OCO-
Oeli, OTHOBPEMEHHO OTBEYAIOIINX BCEM ITapaMeTpaM, paBHA
MIPOU3BEICHUIO UX JOJICH B 00IIeM Konmdectse. Hampumep,
ecyu 0To0path 1o 33 % >KUBOTHBIX 10 CKOPOCIIENoCTH, 33 % —
10 MHOTOIUIOAMIO, 33 % — 10 MOJIOUHOCTH, TO YHUCICHHOCTh
JKUBOTHBIX, YJOBIICTBOPSIONINX BCEM KPUTEPHSIM, COCTABUT
1/3x1/3x1/3=1/27, umn 3.7 %. [TosTomy Haubonee apex-
THUBHA CEJICKIHNA M0 MEHBIIIEMY YHCITY TPH3HAKOB.

CrnenoBarensHo, 4yeM BbIlIe KOd(pQHUIMEHTHI Haclexye-
MOCTH CEJIEKIIHOHHPYEMBIX ITPU3HAKOB U UX CEJICKIIMOHHbIE
muddepeHnrazsl ¥ 9eM MEHBIIe HHTEPBAIBI MEXIY MOKO-
JICHUSIMH, TEM BBIIIE CENICKIMOHHBIN >(deKT. YBenmuenne
3] HEKTUBHOCTH CEJIEKIIMK BO3MOKHO TIPH YMEHBILICHUH JOJTH
0TOOPaHHBIX )KUBOTHBIX, €CITH TAKOBBIE C JIyUIIIei CKOpOCTIe-
JIOCTBIO UMEIOTCS B CTa/IC ¥ UX YMCIEHHOCTD JOCTATOYHA IS
BOCIPOU3BO/CTBA. bosbiyto 3peKTHBHOCTH CeNeKIINHI MOXK-
HO JJOCTHYB ITPH O0JIee BBICOKOM KO3 (PHUIIEHTE HACTIESAYEeMO-
ctu. Pacuer cenekunonHoro s gexra He Bceria MOXeT ObITh
00BEKTUBHBIM, OH 3aBUCHUT OT MHOTUX (pAaKTOPOB, HAIIPUMED,
OT TaKUX, KaK OTPE30K BPEMEHH, 32 KOTOPBII MPOMU3BOIIICS
pacdet k03(h(hUIIeHTa HACTIeTyeMOCTH, BEIMINHA BEIOOPKH,
crcTeMa pa3BeeHust (KpOCCHpOBaHUEe, MHOPHIMHT), 00beau-
HEHHE BRIOOPOK Pa3HBIX XO3SHCTB, PepM U T. 1.

Cremyer y4uTBIBaTh, YTO CEJICKIHMS CBHHEH C MOMOIIBIO
CTaTUCTHYCCKUX METOIOB HEJJOCTATOYHO d(P(PEKTHBHA H3-3a
HHU3KOH HAaCJIeyeMOCTH IPH3HAKOB, OTHOCHTEIIEHO ITO3THETO
MIPOSIBJIICHUSI TIPU3HAKA, MPOSIBICHNS NPU3HAKA TOIBKO IO
JICHICTBUEM OIpeJIeIEHHBIX (aKTOPOB, HAJIUYUSI CKPBITHIX
HOCHTENEH He)KeNlaTeIbHbBIX PU3HAKOB, 00JIe3HeH 1 /Ip.

CoBpeMeHHBIH ypOBEHb Pa3BUTHS HAYKH ITO3BOJISIET YIIPaB-
JSITh CeJIeKLMeH He TOJIBKO Yepe3 HauboJee TOYHYIO OLEHKY
TUIEMEHHOM [IEHHOCTH CTaTHCTUYECKUMHU METOIaMH, HO U Ha
TeHOMHOM ypoBHe. Tax, B HacTosIIee BpeMs 0co00e 3HaYCHHE
MPUOOPETAIOT FeHbl, OTBETCTBEHHBIE 32 HOPMaJIbHYIO ILI0JI0-
BUTOCTH (ESR 1 PRLR) 1 Hann4ne BHY TPUMBIIIIEYHOTO KUPa
(H-FABP u A-FABP). YauTbsiBas BBICOKYIO 3200JI€BacMOCTh
u orxon MosoaHsika 10 30 % u3-3a KuIIeyHO MH(peKuny,
JUArHOCTHKA TeHOB perenTtopoB K88AB, K88AC, a Taxxke
ECF 18R 103BOJIUT BECTHU CEJEKLINIO HA YCTOMYHUBOCTD K AHTH-
reny K88 kuieuHoi najouxku u auapee u 1ejieHanpaBieHHO
CO371aBaTh MOMYIISAINN CBHHEH, yCTOHYMBBIX K OTIPEICTICHHBIM
3a0oseBaHusM. MIMeroTcsl TeHbI-KaHIU/IAThl, CBSI3aHHBIE C
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PENpOAYKTUBHBIMH OCOOCHHOCTSIMU M XapaKTEePUCTHKAMHU
CTPOEHHSI HOT' CBHHEH, OIPe/IeNsI0IINe JOITOBEYHOCTh CBU-
Homatku (Serenius, Stalder, 2006; Sironen et al., 2010). Haii-
JICHbI OIpe/ieNIeHHbIe TeHETHUECKIE MapKEPHI, TO3BOIAIOINE
yAydIIaTh MOKa3aTeId MOJIOYHOH MPOTYKTHBHOCTH CBHHO-
MaToK, KOTOpPBIE CBSI3aHbI C PEMPOAYKTUBHBIMH KaueCTBAMH
U IPOJIOJDKUTEBHOCTBIO )KU3HH CBUHOMATOK. DTO JIUIOIPO-
TEUHBI, aTb(PaMaKpOrIO0yTHHBI, IMMYHOTJIOOYITHHBI, TEHBI,
KOHTPOJIMPYIOIIHE KUPHBIC KHUCIIOTHI, CBSI3aHHBIC C OCIIKOM
(FABP-H wn FABP-D), reHbl pUaHOIAMHOBOIO pelenTopa
(RYR1I),3cTporenHoro petenrtopa (ESR), mentuna (LEP) u ip.
(Rempeletal., 2010; Onteru et al., 2011; Thekkoot et al., 2016).
PeBoTIOIMOHU3UPYIONIUM CTAHOBSITCS IOUCK U UCTIONIB30Ba-
HHUE B CEJIEKLUUHM MAPKEPOB SIAEPHONH M MUTOXOHJApPHAIb-
Ho#t JIHK (Mukpocaremmmts! u 1p.) (Flint, Woolliams, 2008).

Mo’KHO nosiarath, 4To CeJIeKIIMOHHAs paboTa, HanpaBJieH-
Hasl Ha YBEITMUCHNE TTPOLYKTUBHOCTH, MPOIOKUTEIBHOCTH
JKM3HU 1 XO35HCTBEHHOTO UCIIOIb30BaHMUS KHUBOTHBIX, Oy/eT
erie dpQPeKTHUBHEE PU TEHOMHOW CEJCKIINH, SBIISIOLICHCS
pa3BUTHEM MapKEPHOU CEJEKLUH, IPU KOTOPOH UCHOIb3Y-
I0TCSI IECSTKH ThICSY TEHETHYECKUX MapKEPOB, PABHOMEPHO
[IOKPBIBAIOIIUX BECh FeHOM. IIpy reHOMHOH celeKuuu mpo-
HCXOJHT aHAJIN3 TEHOMA C HCIOIb30BAHNUEM YHIIOB (MaTPHIL)
cpazy 1o OOJIBIIOMY KOJIMYECTBY OAHOHYKJICOTHIHBIX Map-
KEPOB, MOKPHIBAIOIINX BECh TEHOM U CBSI3aHHBIX C JIOKYCaMH
KOJTMYeCTBEHHBIX pru3HakoB (QTL), uTo mo3BossieT onpee-
JISITh TEHOTHIIBI € YKEITaTeIbHBIM MPOSIBICHUEM ITPOYKTUBHBIX
MPU3HAKOB, OIICHWBATh IJIEMEHHbIE KAauecTBa JKUBOTHOTO.
I'enoMHas cenexnus MO3BOJISET PACIIU(PPOBLIBATH TEHOTHIT
CBUHEH YK€ IPHU POXKJICHUHM M OTOMPATH IS Pa3BEICHUS
JYYILIUX JKUBOTHBIX, YTO YBEJIMYMBACT TOYHOCTH M HAJIEXK-
HOCTb OLIEHKH TUIEMEHHBIX CBHHEH, 3HAYUTEIBHO yCKOPSET
CEJICKIIMOHHBIN Tpoliecc. Bo MHOTHX cTpaHax yKe HadaJics
HOBBII1 9Tal ONpeAeIeHHUs IIFIEMEHHOM LIEHHOCTH )KUBOTHBIX —
M0 YPOBHIO TEHOMHOTO HHJIEKCA.

YCKOpPEHHIO CEeNEeKINH CIIOCOOCTBYET IIUPOKOE pacIpo-
CTPaHEHUE HOBEUIINX TEXHOJIOIMH PEIPOAYKIIUY, TAKUX KAK
nepecajKa SMOPHOHOB, 0OOMEH IIIEMEHHBIM MaTEePHAIOM MEX-
Jly pazHbIMH cTpaHamu. IIpy 3ToM HE0OXOIMMMO COXpaHATh
reHeTHYeCKoe pasHooOpasue, 0COOCHHO IOPOI, HAXOSIINXCS
TOJ1 yTPO30H HCUE3HOBEHMS, TOCKOJIBKY BMECTE C HUIMHU MOTYT
OBITH OE3BO3BPATHO YTEPSHBI TEHETUYECKNE CTPYKTYPHI, O
3HAUEHNHU KOTOPBIX MBI MOKA IJI0X0 3HAEM U KOTOPBIE MOTYT
ObITh BocTpeOoBaHbI B AanbHeimeM. [Togxoqur Bpems ams
WCIIONIb30BaHMsI KJIOHUPOBAHMUS, a TAK)XKE MEPECAIKH TCHOB
JlayKe MEK/1y pa3HbIMH BUAAMH, 110 IOy YE€HHIO TPAHCT€HHBIX
JKUBOTHBIX, YTO OTKPBIBAET HEOOO3PUMBIE MPOCTOPHI IS
peoOpa30BaHus JKHBOTHOBO/ICTBA.

Takum 0Opa3zom, JIst JaTbHEHIIero Yy YlIeHUs TeHeTHYe-
CKOTO MOTEHIIMaIa NPOAYKTUBHOCTH CBUHEH B HaIllei cTpaHe
HEoOXOIMMO MEPEXOUThH HAa HOBBIE TEOPETHYECKHUE O3UIINH,
OCHOBAHHBIE Ha COBPEMEHHBIX JOCTHXEHUIX Hayku. Crenyer
YCOBEPIIEHCTBOBATh METO/bI CEJICKINH, HAIIPAaBUB UX Ha
IIMPOKOE HCIOIb30BaHNE CEJCKIIMOHHO-TEHETHYECKNX I1a-
paMeTpoB, CENIEKIIMOHHBIX HH/IEKCOB, YCOBEPILICHCTBOBAHHBIE
METOIbI ONPEIENICHNs TNIEMEHHOH 1IEHHOCTH, PHMEHEHHUE
MapKEPHON ¥ TEHOMHOMN CEeJIEKIIUU.
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Pa3BeneHue u cenekumsa MmmHn-csumHen Nlinl' CO PAH

C.B. Huxurun! @, C.IT. Kusses? ®, K.C. lllatoxun?, B.J. 3anopoxen’, B./. Epmoaaes!

1 DepepanbHbIit NcCnefoBaTENbCKII LeHTP UHCTUTYT LMTONOTUM 1 reHeTHKN CUBMPCKOro OTAeneHns POCChitckol akaaemnu Hayk, HoBocubupck, Poccus
2 HoBOCMBMPCKMI TOCYAAPCTBEHHBIN arPapHbIil YHUBEPCUTET, Kadbeapa pasBejeHNs, KOPMIEHNA 1 YaCTHOM 300TexHIn, HoBocnbupck, Poccns
3 Cubupckni beaepanbHbIi HayUHbIN LIEHTP arpoGroTeXHONOrMM POCCUCKON akageMnn Hayk, p.n. KpacHoo6ck, Hoocubupckas obnacts, Poccus

PaccmoTpeHbl MeTofbl, MCNONb30BaHHbIE NPU Pa3BeAEHUN U cenekLnn
MUHU-CBUHEN MHCTUTYTa ymuTonorum u reHetuku (MUul) CO PAH, npu-
Be[leHO TeopeTnyeckoe 060CHOBaHME 3TUX METOLOB 1 0603HAYEHDI
Lenu, Ana KOTopbIX OHNU NpUMeHATCA. lNoKasaHa reHeanornyeckas
CTPYKTYypa CTafa 1 BKNag MHOpUAMHra B reHeTnyeckoe CXoACcTBO CO-
BpPEeMeHHbIX npefcTaBuTenen reHeanornyecknx MMHUM n ceMencTs

C pofoHaYanbHUKaMM cenleKLMoHHoM rpynmnbl. OnncaHo deHoTmnNn-
yeckoe pa3Hoobpasve muHu-ceuHein MLl no okpackam, BeCoBbIM
KaTeropuam, TMnam pocTta 1 0CobeHHOCTAM TeslocnoxeHus. NMepeync-
NeHbl Mepbl, NOAAEPXKMBAIOLME FreHeTUYeCKoe pa3Hoobpasne B cTage
MUHKU-cBMHen NUWI. NMoka3aHa BO3MOXKHOCTb MCMOJ/Ib30BaHNA UHAEK-
COB CXOACTBA, PACCUUTAHHbIX MO «4OMNAM KPOBU» POAOHAYASIbHUKOB,
ans nopbopa poanTeNbCKUX NAP Y OLLEHKN reHeTUYeCKOWM KOHCONK-
Jaumm ctaga. Mpy 3Tom cpefHUN MHOEKC CXOACTBA Mexay camuamm

1 CaMKaMU, paccymTaHHbIV MO JONAM KPOBU POJOHAYaNbHIKOB, Y
MUHW-CcBUHe VLT 61M30K K MpeaenibHOMY 3HaueHuIo. YKasaHo,

410 3P PEKTMBHAA OLIEHKA FrEHETUYECKOrO NOoTeHLMana MUHN-CBUHEN
MO NHTEHCUBHOCTY POCTa U KOHEYHbIM pa3mepamM 0cobr BO3MOXKHa
TONbKO MPU YCNOBUM 06MABHOIO 1 MOJTHOLIEHHOTO KOPMIIeHWA nie-
MeHHOro MoJfiofHsKa. MpeanoxeHa BpemMeHHas LWKana OLeHKM pocTa
>KNBOW Maccbl MUHU-cBUHeN VLUul anAa Tpex Bbigenaembix B ceneKkum-
OHHOW rpymnmne BeCOBbIX KaTeropuii. PaccMoTpeHbl TUMbl pocTa 1 pas-
BUTUA MUHW-CBUHEN, Habnoaaemble B cenekymoHHol rpynne ULur,

1 BblAeNIeH TUM, NPUCYLLMIA 0COOAM, OTHOCALLMMCA K MESTIKOW BeCo-
BOW KaTeropuu. Mo AaHHbIM NTepaTypbl 060CHOBaHa MUHVIMasIbHasA
»KMBas Macca HOBOPOXAEHHOIO NOPOCEHKA B CTafle MUHU-CBUHEN
NUwI. PaccuntaHbl 3HaueHrA ONTUManbHOrO MHOFOMI0ANA ANA Tpex
BECOBbIX KaTeropui CBUHOMaTOK M1HU-cBrHeln ULnT.

KnioueBble cnoBa: MUHU-CBMHBY; pa3BeaeHne; cenekyma; cnctematun-
yecknm VIH6pI/ID,VIHI' Ha poAoHay4alibHUKOB; reHeTn4yecKkoe pa3Hoo6pa—
31€e; NHAEKC CXOACTBA; A0J1A KPOBW; MNOTEHLMaN poCTa; BeCOBaA KaTero-
pwvA; TN poCTa; MaCCa HOBOPOXAEHHOIO I'IOpOCéHKa} mMHoronnogue.
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Breeding and selection
of mini-pigs in the ICG SB RAS

S.V. Nikitin! @, S.P. Knyazev?®), K.S. Shatokhin?,
V.L. Zaporozhets!, V.I. Ermolaev!

T Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

2 Novosibirsk State Agrarian University, Department
of breeding, feeding and partial zootechny, Novosibirsk,
Russia

3 Siberian Federal Scientific Centre of Agro-BioTechnologies,
RAS, Krasnoobsk, Novosibirsk region, Russia

The article considers methods used for breeding and
selection of mini-pigs in the ICG, SB RAS, the theoreti-
cal justification of these methods and the purposes
for which they are used. We showed the genealogical
structure of the herd and the contribution of inbreed-
ing to the genetic similarity of modern representatives
of genealogical lines and families with the founders of
the breeding group. We characterized the phenotypic
diversity of the ICG mini-pigs in colours, weight cate-
gories, types of growth and features of constitution.
We listed measures supporting genetic diversity in the
herd of the ICG mini-pigs. We explained the possibility
of using similarity indices calculated by using portions
of the ancestors’ blood (genome) for the selection of
parental pairs and the evaluation of genetic consolida-
tion of the herd. We showed that the average index of
similarity between males and females, calculated by
using portions of the ancestors’ blood, in the ICG mini-
pigs is close to the limit value. It turned out that effec-
tive evaluation of the genetic potential of mini-pigs in
growth rate and final size of individuals is only possible
under the condition of a rich and full feeding of young
animals. The time scale of estimation of growth of live
weight of the ICG mini-pigs for three weight catego-
ries allocated in the selection group is presented.

The types of growth and development of mini-pigs
observed in the ICG breeding group and the type in-
herent to individuals in the small weight category are
considered. We justified the minimum live weight of a
newborn piglet in the herd of the ICG mini-pigs. Values
of optimal multiple pregnancy for the three categories
of ICG mini-pig sows were calculated.

Key words: mini-pigs; breeding; selection; inbreeding;
genetic diversity; similarity index; thorought-bredness;
weight category; weight of a newborn piglets; quan-
tity of piglets in nest.



HACTOsIIIIEE BPEMsI CYLLIECTBYET Psijl CENCKLIMOHHBIX IPYIIIT
1a00paTOPHBIX MUHHU-CBUHEH, KHUBas Macca KOTOPBIX
Bapeupyet ot 30 1o 130 kr (Tuxonos, 2010; Simianer,

Kohn, 2010; Rozkot et al., 2015; Stricker-Krongrad et al.,

2016; CranxoBa u 11p., 2017). MuHH-CBHHBN 00pa3yIOT BECh-

Ma pPa3HOPOJHYIO O IIPOUCXOXKICHUIO, DKCTEPhEPY U KUBOH

Macce coBOKynmHocTh (CtpuoBcku, 2008; Tuxonos, 2010),

00BEIMHAIONTIMH (HaKTOPaMU KOTOPOH, KpOMe MaJbIX pa3-

MEpOB, SBISIOTCS MPOUCXOXKACHUE KKIOH IpyIbl OT He-

OoutbIoro ynciia 0colei, MaJloYNCIIEHHOCTh ATHUX TPYIII U,

KakK CJIEACTBHE, CUCTEMATHUECKUH MWHOPHIMHT HAa POIOHA-

YaJlbHUKOB. MUHU-CBUHBH VIHCTUTYTa IUTOJIOTHH U TEHE-

tuku (Mul") CO PAH — tunuyHble npeicTaBUTEIN JAHHON

coBOKymHOCTH. OHH TIPOUCXOAT OT 12 pOIOHAYATHHUKOB U

CYIIECTBYIOT B BHJIC MaJIOYNCIICHHON TPYIIITBI POJICTBEHHBIX

ocooeii (Nikitin et al., 2014). BepxHsist rpaHuLa )KHBOH Mac-

cbl B3pociblx MUHU-cBUHEN MIul" coctaBusier i XpskoB

120 xr, mis cemaOMaToK — 70 kr (Nikitin et al., 2014).

Cenexiys U pa3BeeHHEe MUHU-CBUHEH U NMPOAYKTHBHBIX

MOPOJ] OCHOBAHBI HA OJJHUX U T€X XK€ MPUHIUIAX, HO BEKTOPBI

HCKYCCTBEHHOTO 0TOOpPa pa3HOHAIPABJICHBI. Y MUHHU-CBHHEH

9TOT BEKTOPp HaAIIpaBJICH Ha YMCHBUICHHUC JKMUBOW MaccChl U

JTUHEWHBIX pa3MepoB B3pocibIx ocobeit (Tuxonos, 2010; Si-

mianer, K6hn, 2010; CrankoBa u ap., 2017), y IpOyKTUBHBIX

IMOopoJ — Ha MAaKCUMH3alUI0 UHTCHCUBHOCTHU pOCTa U, COOTBET-

CTBEHHO, KOHEUHBIX pa3mepoB (Kynpssies, 1948; Kabanos,

1983; IleryxoB u nip., 2010; bekenés, 2012). Bexrop nuckyc-

CTBEHHOT'0 0TOOPA U MAJIOYMCIIEHHOCTh CEJIEKIIMOHHBIX TPYIIIT

MHHH-CBHHEH ONIPEAEIISIOT KPYT 3a/1a4, KOTOPbIE HEOOXOIMMO

pemiate B Ipoliecce CeleKInu M paszBeneHus. Hacrosmas

CTaTbsd NMOCBALICHA TEM PECHICHHUAM, KOTOPLIC 6I)IJ'II/I IIPUHATHI

B IIpolIeCcCe pa3BeleHus U ceslekuuy MUHU-cBuHed NIul, a

TaKKe IPUIMHAM, TOOYINBIINM K IPUHATHIO 3TUX PEIICHHH.

MaTepman n metopabl

CenexkuuonHas rpynna Munu-csuHeir Ml{ul" BexeT cBoe
MIPOUCXOXKACHUE OT TPEX XPSAKOB CBETIOTOPCKUX MUHHU-CBH-
HEH, IBYX XPAKOB JTaHIPACCKOH MOPOJIBI, IBYX XPSIKOB BHET-
HAMCKOH MOPOJBI U TISITH CBUHOMATOK KPYITHOHM Oeloif 1mo-
poznbl. YucieHHOCTh OCHOBHOTO cTaja MUHU-cBuHEeN UI{ul’
B pa3Hble Tos! cocTaBisuia oT 30 1o 40 ronos, Ha 1 sHBaps
2018 . — 34 ocobu (9 xpsikoB u 25 cBMHOMAToOK). B crane
MIPUCYTCTBYIOT YETHIPE F'eHeaIOrMYeCKHe TUHUH XPAKOB, CBSI-
3aHHBIX MOCIIEIOBATEIEHBIMA OTHOIICHUSIMA OTELl—ChIH, U
TpH CeMEHCTBAa CBHHOMATOK, CBSI3aHHBIX ITOCIICIOBATEIIEHBIMHA
OTHONICHUSMH MaTh—J04b (pHcC. 1).

Jns Bcex mureMeHHBIX ocobeit muau-cBuHer ULul" paccan-
TBHIBAOT «JIOJTI0 KPOBM» KaXKIOTO U3 OCHOBATEICH CTa/ia, Tak
Kak 3TOT [T0Ka3aTesb OTPakaeT KOJIMYEeCTBEHHbIH BKJIA aje-
nooHIa poIOHAYaTbHAKA B aJUIETI0(OH]] TOTOMKA — HHBIMA
CJIOBaMH, TCHETHYECCKOE CXOJICTBO TIOTOMKA C POJOHAYATEH-
koM. Bxian nHOpuanHra B ()OpMUpPOBaHHE I'€HETHYECKOTO
CXOZICTBA TIOTOMKOB C POZOHAYATbHUKAMH JINHUH 1 CEMEHCTB

paccuuThbIBai 1o hopmyne BH = @(5 O_y 100 % ,tne BU—

BKJIaJ, HHOpUANHTA; @ — (hakTHUecKas 0T KPOBU POJOHA-
yanbHUKa (POAOHAYANBHHUIIEI); O — OISl KPOBH POJOHAYATb-
HUKa, OKUaeMasi B OTCYTCTBUC MHOpHIUHTa. DaKTUIESCKYIO
JIOJTIO KPOBU OCOOM PACCUMTHIBAIN KaK CPEAHEE MEHILY J10-
JISIMU KPOBHU POJIOHAYANIBHUKA Y €€ POIUTENEH; JI0JII0 KPOBH,

FeHOdOHA 1 ceneKkumsA }KNBOTHDBIX

0KHAAEMYIO ITPU OTCYTCTBUHM HHOPUIMHTA, PACCUUTHIBAIIH 10
tdopmyne O = 1/2", tie n — MOPAAKOBBIN HOMEpP TCHEPAIIHH.
[Ipu nmoxgbope poaUTENbCKUX Map MPUMEHSIOT MHJIEKC
CXOJCTBA 7, 061:-ILIHO MCHOHbSyEMLIﬁ JUIL OCHKH CXOJCTBa
MOMYISIUN WM APYTUX COBOKYIHOCTEH 110 4acTOTaM asuie-
Jei, TeHOTUIIOB, (hEeHOTUIIOB, MOPd U T.1.: ' = ) \[p.q;, T1e
p;—YacTOoTa i-TO aJlIelis B IEPBOM COBOKYIHOCTH; ¢; — 4acTOTa
i-TO ajesns Bo BTOpoi coBokynHocTH (JKuBoToBCK™MiA, 1991).
OnHako, Kak cietyeT U3 caMoit (popMyITbl, OHA HE Crienu(uIHa
JJIA IOIMYJIAIIUOHHBIX HCCHCHOB&HHﬁ, a [IPOCTO KOJINMYCCTBCH-
HO OIICHWBAET CXOJICTBO JIF000I aphI MOCIEA0BATEIEHOCTEN

{pl +p2+p3+...+pn=l
THIIA
q,vq, gyt g, =1

TrKaM. CJ1e0BaTeNbHO, IPUHSB, YTO p; U ¢;— 3TO JOJIU KPOBH
i-rO pO/IOHaYaJIbHUKA Yy NMEPBOM U, COOTBETCTBEHHO, BTOPOM
0co0H, pacCUNTHIBAEM MHICKC 7, KOTOPHIA B TAaHHOM CITyJae
SIBIISICTCSI OLIEHKOW WX TEHETHYECKOTO (TEHEaIOTHYECCKOTO)
cxozcTBa. PaccunThiBaeMblil 110 10JIIM KPOBU MHJIEKC CXOJI-
CTBa paBeH HYJIO IS Mapbl 0co0Oeil, He MMEIOINX OOIIIX
TIPEIKOB, OJTHOM BTOPOH — [T TIOYCHOCOB M SAMHUIIC — IS
CHOCOB. DTOT MHICKC IOKA3bIBACT CXOJICTBO 110 HICHTHYHOCTU
TIPOMCXOXKACHHUS YacTeH ayureooHIa y mapsl 0co0eif, HO He
KacaeTcs COoIepKaHus ITHX JacTeid. [ToaTomy, HECMOTps Ha
€IMHBII HCTOYHHUK IPOUCXOKIEHHSI — OOIIETO MPeIKa, Coaep-
JKaHWE UICHTUYHBIX 110 TIPOUCXOKICHHIO YacTei amienodoH-
Jla Y pa3HBIX 0c00el MOXKET OBITh pa3HBIM, COOTBETCTBEHHO
TEHETHYECKOE U (DEHOTHUIIMUYCCKOE Pa3HOOOpa3He CEeICKIH-
OHHOM TPYIIITBI MOXKET COXPAHATHCS CTAOMIHHO BBICOKHM.

[Ipu co3maHum WIKaIbl CTAaHAAPTHBIX 3HAYCHUN pOCTa
JKUBOU Macchl MuHU-cBuHEH ULul" ucnosp3oBanu popmyiny
AM = AMyy
n Mecses, kr; AM,, — Macca rogosanoii ocobu, kr; OM,, —
OTHOCHTENbHAs Macca rofioBajioi ocodu (B %) oT mMacchl B
Bo3pacte 36 Mecaues; OM, — OTHOCHTENbHAS Macca 0COOH
B BO3pACTe 71 MECSIIIEB.

OnTuManbHOe MHOTOTUTOAHE st MUHU-cBHHEH U ul pac-
CUHTHIBAIIH CIICTYIOIUM 00pa3oM. CHavasa OmpeIeIiIN OT-
HOILIEHHE MacChl TOMETA MPHU POXKJIECHUHN K Macce CBUHOMAT-

_1.25x11 _
KU y KPYIIHBIX ITOPOJ, KOTOPOE COCTaBMIIO LF = 63

110 UX YaCTOTHBIM XapaKTCpHUC-

xOM,, tne AM, — macca ocobu B BO3pacTe

=0.084, rne 1.25 — cpeansist Macca HOBOPOXKAECHHOTO TIOPO-
cénka, kxr; 11 — cpeaHee MHOTOIIONUE CBUHOMATKH; 163 —
CpeIHss Macca CBHHOMATKH, KI. 3aTeM pPACCUUTAIH ONTH-
MaJIbHOE MHOTOILTOMUE Tt MUHU-cBUHEH ULTul" o dpopmyite
LS = MF0>< LF
i
MF —macca cBUHOMATKY, KT; (.7 — jkenaresibHas Macca HOBO-
POXKIAEHHOTO MOPOCEHKA, KT.

, TAC LS — 4gucio HOBOPOXIACHHBIX B HOMéTe,

Pesynbratbl n 06cyKaeHne

CelleKkIuss MUHH-CBUHEH MPEACTABISCT CO00M KOMITICKC
MEpPOTPHUATHIA, B KOTOPOM Ha TIEPBOM MECTE JIOJDKHO HAXO-
JIUTHCST KOPMIICHHE PACTYIIEr0 MOJIOAHSKA. J[aBHO H3BECTHO,
4TO OOMIILHOE KOPMJICHHE B MOJIO/IOM BO3PACTe YBEIHUNBACT
pa3MepsI M I3MEHSET SKCTEPhep JKUBOTHBIX, CKYIHOE Ke KOpM-
JICHUE, HAIIPOTUB, YMCHBIIIACT Pa3MEPhI U CIIBUTACT IKCTEPhEP
MOPOAHBIX KUBOTHBIX B CTOPOHY HEYIyYIICHHOW (OPMBI
(Kymemmos, 1947). Muan-CBHHEH OIIEHUBAIOT 110 KHBOM Macce
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Lines of minipig boars at ICG

MS2987 MS853 LNDRO7 VTN300
Families of minipig sows at ICG
1902
32
4
26
250
190
170
6
136 [E 302 134 82.2
356 440 3843 440 366.2
200.3 734 223 638 496 554
648 762 1008 1010 854 600 876
2 7006 [ 60 ] IEEN ld [ 4] 7148
715487752
KB1902
1906
)
18
14.2 106
144 268
42.4 2702
406 190.2 100.3
518 210 206 144.2 1004
708 214 314 240 446 368 276
890 502 642 744 746 584 390.3
7736 7932 [6 ] [18 ] 8000 10.4
[80 ] [110] 780
3372
KB1906 [ 98 | KB1910

Fig. 1. Genealogical tree of the minipig breeding group of the Institute of Cytology and Genetics.
Discontinued animals are shown in black. In the last rows, one individual of each litter is shown.

(Tuxonos, 2010; Ctankosa u ap., 2017), oTcrona BO3HUKAET
co0Ja3H, OrpaHUYKB PAIIMOH PACTYIIEr0 MOJIOIHSKA, MOy~
YUTh MEJKUX )KUBOTHBIX 32 MUHHUMAJIHHOE BPEMsI IIPU MUHH-
MabHBIX 3arparax (Bollen et al., 2005). Onnako mogoOHas
924
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IICCBAOCCIICKIMA HE ITO3BOJISACT ocobu peaain3oBaTb CBOﬁ,
06yCJ'IOBJ'IeHHl:-lﬁ IFCHCTUYCCKU NMOTECHIHAJ poCTa, COOTBET-
CTBEHHO €I0 HEBO3MOXHO OILIEHUTH, a pa3 HET BO3BMOXKXHOCTH
JJIs OLICHKHU ITPU3HAKA, 10 KOTOPOMY BEACTCA OT60p, (6] KaKOI\/‘I,

Animal gene pool and breeding



Pa3BepeHue n cenekyma
MUHKU-cBuHen MLl CO PAH

COOCTBEHHO, CEJIEKIIMU MOXKET UJITH pedb. BrIparieHHble Ha
CKyZHOM pAaIlHOHE XHBOTHBIE, OyIydr BHEITHE MHHH-CBH-
HBSIMH, MOTYT HIMH HE OBITh TCHETHICCKH, IIOATOMY B ITUTOM-
Huke MuHu-cBuHel MIul" nis ouneHku nmoreHimana pocra
JKUBOTHBIX TPAKTHKYIOT KOPMIICHHE PACTYIIETO MOJIOAHAKA
BBOJIIO.

Ocoboc BHUMAHKE MPHU CeNCKIMH MUHU-CBUHEH WIul’
VACTSIIOT COXPAHEHNIO TEHETHIECKOTO CXO/ICTBA C UCXOHBIMU
MeNKHUMA (popMaMu — CBETIIOTOPCKUMH MHUHU-CBHHBSIMHU U
BbETHAMCKOM MOpoji0oil. ['eHeanornueckas cTpykTypa craja
BKiogaeT ase jmHuu (MC2853, MC2987), mpoucxonsiime
OT CBETJIOTOPCKUX MUHHU-XPsIKOB, oHy (JIHAP07) — ot xpsika
nopoas! nanapac, onny (BTH300) — ot xpsika BbeTHaMCKOH
nopoxs! u Tpu cemeiictsa (Kb51902, Kb1906, KBE1910), ipo-
UCXOSIIUE OT TPEX CBUHOMATOK KPYITHOM O€J0i MopoJsI
(cm. puc. 1).

I'ereTHueckoe CX0ACTBO POJOHAYATIFHIKOB CTa 1A C UX HBI-
HEITHUMHU TIOTOMKaMH, B OTCYTCTBHE POJICTBEHHBIX CKPEIITH-
BaHUIA, IPH pa3ICISIFOIIEM UX YUCIIC TCHEPAIHA MOKET ObITh
TOJBKO (hopMambHEIM. OJJHAKO YHCIEHHOCTD PEMPOIYKTHBHO-
TO siIpa HEBEIIMKA, KaK CICACTBUC, POJACTBECHHBIC CKPCIIBA-
HUSI HEM30€)KHbI, TOATOMY F'€HETHUECKOE CXO/ICTBO [IOTOMKOB
C pOIOHaYATFHIKAMH JIMHUH 1 CEMEICTB CyIIEeCTBEHHO BEIIIIE,
YEeM ITO OXKHIIACTCS IPU OTCYTCTBUU MHOPHIUHTA HA OT/Ja-
JICHHBIX TIpesKoB (Tab. 1).

Kak 310 1t mpenmmonaraxoce, pacueTsl MOKa3ay MpeBbIIe-
HUE (HaKTHUSCKON JONHA KPOBH POTOHAYATEHUKOB HAJ| OXKH-
JlaeMoil B OTCYTCTBHME MHOpuJuHTa. B 1enoM Bkiaa WH-
OpmanHTa, KaK [eIeHANPaBIeHHOTO, TaK M 00yCIOBICHHOTO
OTrpaHUYCHHON YHCIICHHOCTHIO CENICKITMOHHOM TPYIIITBI, MHO-
TOKPAaTHO IPEBOCXOIUT BKJIAJ MPSMBIX HCHHOPEIHBIX IMO-
CJIeIOBATEIBLHOCTEH OTEI—ChIH M MaTh—1049b (cM. Taom. 1).

Bnaromaps mraHoBoMy HHOPUAWHTY OBLIIO COXPAaHEHO BHI-
COKO€ TeHETHYECKOE CXOJICTBO C POJOHAYAIbHUKAMY JIMHUN
MC2853 m MC2987. JIist 3TOro MCIOIB30BATH CKPEIHBA-
HUS POIUTENCH C TOTOMKAMH M CKPEIIUBAHUS TOIYCHOCOB.
[17aHOBBI MHOPHUIMHT OYCHH OTPAHUYCHHO U TOJIBKO Ha
HAYaJIbHOM 3Talle MPUMEHSUIA TPH (GOPMHUPOBAHNUN JTHHHUU
BTH300. CBsi3aH0 3TO ¢ psiOM CBOHCTBEHHBIX BLETHAMCKON
MOPOJIe, HO HEXKENATEIbHBIX JUIsl J1a00PaTOPHBIX MUHU-CBHU-
HEH MPU3HAKOB, TAKUX KaK CKJIOHHOCTH K TIATOJIOTHYECKOMY
OKHPEHUIO, TOJICTast Tpy0asi, coOMparomasics B CKIaJIKU
OpOTOBEBIIIasl KO)Ka, MPOBUCIASI CIIMHA, MYTJIUBOCTh U Ma-
TEPHUHCKAs arpeccus Mo OTHOIICHHIO K YeJIOBeKy. B muHun
JIHAPO7 u cemeiicrBax cBuHoMarok Kb1902, Kb1906 u
KB1910, mpoucxoaamux OT CBUHEH KPYIHBIX €BPOMEHCKUX
3aBOJICKHX TIOPOJI, IUTAHOBBIN MHOPHUIMHT Ha pOAOHAYATEHI-
KOB HE HCITOJH30BaJIH.

[Tpu mogdope ponUTENbECKUX Map U JUIsl OUEHKHU KOHCOJIH-
JTAIAH CeNIEKITOHHOM TPYTIITBI PACCUNTHIBAIIN HHICKCHI CXO-
CTBa CaMIIOB ¥ CAMOK PETIPOIYKTHBHOTO S/Ipa Ha OCHOBAHUHU
JIOJIN KPOBU POZOHAYAIBHHUKOB (TabI. 2).

B HacTosmee BpeMs B peIpoIyKTHUBHOM sIIpe CTaa MHHU-
cuneit U{ul" unaexc cxoacTa Mexay caMliaMy U caMKaMu
M0 J10J1€ KPOBH POAOHAYaIbHUKOB cocTaBigeT oT 0.908 no
1.000 mpu cpemrem 3uHaueHun 0.980+0.0011. ITocmennee
ONMM3KO K TMpPENeabHOH Ui WHIEKca CXOJICTBA BEIUYHHE
(enuHUIE), HO CTATUCTUYECKHU 3HAYMMO OTJIMYAETCS OT Hee
(xpurepnit CteromenTa — 17.75, mpu uucine cremneneit cBo0o-
net 373; p <0.001).
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C.B. HukutuH, C.I. KHazes, K.C. LUaToxmnH 2018
B./. 3anopoxeL, B.1. Epmonaes 22.8
Table 1. Mean shares of ancestry in the ICG minipig herd
Line/ Mean share of ancestry Inbreed-
Family T in
y actual expected without 9
inbreeding contri-
n bution,

HecMotpst Ha TO 4TO cpenHee 3HAUEHHE MHJEKCA CXO[-
cTBa OJIM3KO K CIUHUIIE, B CTAJIC IIUPOKO MPEJCTABIIEH TO-
muMopdu3M 110 reHerndeckum Mapkepam (ILlaroxun u np.,
2014a, 6), BapuanTam okpacku (Hukurun u ap., 2016, 2017)
u Mopdonornaecknm mpu3Hakam (Nikitin et al., 2014; [laro-
XHH U JIp., 2016). 310 00yCI0BICHO CIICIIMATEHBIMHI MEPAMH,
K KOTOPBIM OTHOCSITCSI:

* OTHOCHTEJIFHO OOJBIIOE KOJINYECTBO XPSKOB-ITPOU3BO/IH-
Tenei (He MeHee ABYX-TpeX B Ka)KI0H U3 YeThIPEX JIMHUI);

* TIOJIEpIKaHUE Pa3HO0Opa3usi MOPPOIOTHUECKHUX MTPU3HA-
KOB;

* HCIIOJIb30BaHUE Pa3HOOOpa3Hsl OKPACOK Kak MPOCTOTO BH-
3yaJbHOTO MH/INKATOPa TeHETHUECKOTO pa3HOOOpasusl.
ban3kue K eAnHUIE 3HAUCHUST MHAEKCA CXOJCTBA MEXIY

caMmIlaMM U caMKaM® B cTajie MuHu-cBuHed MIul" moxka-

3BIBAIOT, YTO MCIIOJIb30BAHME B 3THX OIIEHKAX JOJIM KPOBU

POLOHAYATBHUKOB CTafa CTAHOBUTCS MaJ03((EKTUBHBIM.

OnHako 3Ta Manod(pPeKTUBHOCTH KacaeTcs TOJIBKO OTHOTO

W3 HampaBJIeHUH mog00opa — GOPMHUPOBAHUS Tap U3 TeHea-

JIOTHYECKH HambOoliee ymaJeHHBIX 0CO0eH, HO He KacaeTcs

MPOYMX ACHEKTOB 3TOTO CEJICKIIMOHHOTO Meponpustus. Mc-

MOJIb30BAHNE JONH KPOBH POJOHAYATIbHUKOB SIBIAETCS, IO

ONPEAEIICHUIO, BpEMEHHON MEpOM — B 3aKPBITON MOMYJISLUU

OrpaHMYCHHON YNCICHHOCTH NH/IEKC TEHEATTOTMIECKOT0 CXO/I-

CTBa CTpEeMHUTCA K enuHuLe. I1o3ToMy 110 JOCTUKEHUU 3TOU

BEJIMYHMHBI IPOCTO MEHSTIOT TOUKY OTcueTa. PogoHavanbHUKOB

cTaja, KOTOPBIE BBINOIHAIN POIIb FEHEPALUK P, 3aMEHSIOT

Ha CaMIIOB U CaMOK Jr000i u3 Oolee MO3HUX I'eHepalui,

MOCJIE YEeTO MHJEKC TeHeaIOrnIecKOro cXozcTBa Oyaer pac-

CUHUTBIBATHCS MO JI0ISIM KPOBH 0COOCH, OTHOCSIIIMXCS K HOBOM

rexepanuu P
PaznooOpazue muan-ceuHe MLul" mo BapnanTam OKpacKku

MPE/ICTaBIICHO MSTHI0 OCHOBHBIMU MACTSIMH, KOHTPOJIUPYEMBI-

mu ajutessimu JiokycoB KI7T, MCI1R u reHom Spotted. B BbI-

6opke 2018 . 3 78 ocobeii 35.90 % MMEIOT YepHO-TIECTPYIO

MacThb, 24.36 % — MacTh aukoro tuna, 17.95 % — yepnyto,

15.38 % — uncro-6enyro u 6.41 % — Oenylo ¢ mATHaAMHU.

B cootBercTBHM ¢ Hanbonee pacpoOCTPaHEHHOW MOIEIBIO

neTepMuHanuyd MacTu cBuHer (Andersson, Plastow, 2011;

Fontanesi, Russo, 2013), sokyc KIT npencraBiieH AByMsI

annensmu [ ¢, KoTopsle popMupyIoT Tpu reHoTumna — I/1, I/i

u i/i, a nokyc MC1R — tpems amnensmu EP, E* v EP, hpopmu-
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Table 2. Similarity indices with regard to the share of ancestry in males and females of the reproduction part

of the ICG minipig herd in 2018*
Male No.

Female

* One individual of each litter is shown.

pyloIMMy WecTh renotunos — EP/EP, EP/E*, EP/EP, EY/E™,
E*/EP u EP/EP (HukuTuH 1 1p., 2016). U3 Tpex asnnernei rena
Spotted B crane munn-ceuneit ULul" BeisiBeHs! 1Ba — Sp 1 sp,
Ha 9TO YKa3bIBAaeT MPHICYTCTBUE OETBIX 0cobeii 6e3 MATeH U ¢
msarHamu (Nikitin, Lobkov, 1996). B nesom Tonmbko 3ti Tpu
JIOKyca criocoOHbI ()OPMHUPOBATH 54 TEHOTHIIA, YTO OYEHb MHO-
0 [IPU MaJION YUCIEHHOCTH [TOT0J10Bbsl MUHU-cBUHENH W1 ul".
OnHako pa3HOOOpasue OKpAacOK 3THM HE OrpaHHYHBacTCs,
[IPUCYTCTBYIOT BApUAHTHI IIETOCTEH C pa3HOU IT'€HETUYECKON
JIETepMHHALIMEH, a TaK)Ke BAPHAHTHI OKPACKH AUKOTO THIIA U
yepHo-niecTpoit Macty (LLlaroxun u ap., 2013; Nikitin et al.,
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2014; Huxwutun u ap., 2016, 2017), mostomy pasHoobpazne
TCHOTHITOB MOXKET OKa3aThes ere Oosiee BEICOKHM.

YV Meakux nopon CBUHEH MOYKHO BBIJICIIUTDH JIBA OCHOBHBIX
THma pocTa: 1) a3marcKuil TUM, MPUCYIINH KOPEHHBIM I10-
ponam Oro-Bocrounolt A3um, A1 KOTOPOTO XapaKTEPHBI
paHHee HACTYIUICHHE [10JIOBOH 3PEIOCTH ¥ PAaHHEE OKOHYAHUE
pocrta; 2) eBpONeHCKHiA TH, CBOMCTBEHHBIN TTPUMHUTHBHBIM
€BPOIEICKNM OPOIaM, KOTOPBIE UMEIOT ITPOIOIKUTEIIbHBIH
[epUOoJl pOCTa IIPU HU3KOM €ro MHTEHCUBHOCTH.

Cpemu munu-csuneit Mlul" mpucyTcTByIoT ocodu ¢ mpu-
3HaKaMH KaK a3uaTCKoro, Tak M eBporneickoro TunoB. Ocodun
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Fig. 2. Stud boar No.9 of line MC2853, small weight grade (live weight
in the one-year age 15 kg), which combines features of the Asian and
European growth and development patterns.

Courtesy of S.P. Knyazev.

C BBIPQKCHHBIM a3MaTCKUM THIIOM TIOXOXKH PACTSIHYTBHIM IH-
JMHAPUYECKUM TYJIOBHIIEM U BBITYKJIOW MYCKYJIaTypod Ha
cBUHEH MsICHBIX mopoxa. Ocolu, 6nm3Kue K eBpomeiicKoMy
THUITY, CBOUM KOMIIAKTHBIM TEJIOCJIOKEHUEM, BBICOKOHOTO-
CTBI0, TNIOCKUM TOIIM OKOPOKOM CXOJIHBI CO CBUHBSIMH ITPH-
MHUTHBHBIX TaCTOUIIHBIX TTOPOI.

B c¢Bsi3u ¢ y4acTHBIINMHUCS CITydassMU POXKJICHUST MEITKHX
0co0eif, CoueTaroInX TYTOpOCIOCTh C PAHHUM OKOHYaHHUEM
pa3Butui (puc. 2), B 2014 1. 65U10 IPUHATO pPENICHHUE O Je-
nenuu MuHu-cBuHedl Mul" no >xuBOoi Macce CBUHOMAaroK
B BO3pAcTe OAHOIO rojia Ha TPU BECOBbIE KATETOPHM: MeEJ-
Kne — 25-35 Xr wim MeHsIne, cpenane — 35.1-70 kr, KpyT-
Hele — 70.1-90 kxr wiu Oonpire. B Hacrosimee Bpems Bce
BECOBBIE KATETOPHH MPEACTABIEHBI 310POBBIMHU, HOPMAJIBHO
Pa3BUTBHIMHU, IPOTIOPIIMOHATBHO CIOKEHHBIMH, CTIOCOOHBIMHU
K BOCIIPOM3BOJICTBY ’KMBOTHBIMH. VIHTEpPECHO OTMETHUTD, YTO
MOPOCAT MEJIKOH KaTerOpHH MOXKHO, XOTS U HE C ITOJTHON yBe-
PEHHOCTBIO, BBIABUTH YK€ B BO3PACTE CEMHU-BOCBMH HEJIENb
(puc. 3). Ha nagano 2018 1. morosioBbe CBUHOMATOK OBLIO
npezcTaBieHo 14 ocobsmu Menkoil kareropuu, 51 0coObro
cpemnelt u 4 0coOIMHU KPYTTHOH Kateropuu. Takum oOpazom,
caMoi MHOTOYMCIICHHOH sBJIsIeTCsl Hanboliee BOCTpeOoBaH-
Hasi JJIsi MEJAMLUHCKUX JKCIEPUMEHTOB CPEIHsSI BECOBas
kareropust MUHH-cBUHEN NIul. MuHu-CBUHBY IBYX OPYyTHUX
KaTeropuii HCIOJIb3YIOTCSI OTPAaHUYEHHO JUIS CEJICKITMOHHBIX
U TeHETUYECKHUX MCCIIEOBAaHHM.

st ouenku pocra MuHu-cBuHeil Uul" u oTHeceHus ux
K TOW WJIM MHOH BECOBOH KaTeropruu ObIIM IPUHSTHI BpEMEH-
HBIE CTaH/IAPTHI )KUBOK Macchl ocobeii oT 2 110 36 mecsiies,
OCHOBOM 7151 KOTOPBIX MOCITY’KHIIN 3HAYCHUS], TPUBEACHHbIE
JUIsl CBUHEH BTOPOTO Ki1acca IepBoi rpymniisl mopox B «H-
CTPYKLIMH 110 OOHUTHPOBKE CBUHEI» 0T 1976 1. Ha ocHoBaHMU
STHX BEJIMYMH OBUTH IMOCTPOEHBI TUHAMUKH POCTA KHUBOH
Macchl CAMOK M CaMIIOB KPYITHBIX IOPOJI, @ 3aTeM a0COJIIOTHBIE
BEJIMYMHBI IEPEBECHBI B OTHOCHUTEIbHBIC (Ta0. 3), KOTOphIC
MCTIONIB30BAJIH /TSI pacieTa OKUAaeMbIX JUHAMUK POCTa MU-
Hu-cuHel U1 ul Tpex pa3HbIX BeCOBBIX KaTeropui (Tadm. 4).
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Fig. 3. Seven-week piglets. In the front, a boar of the small weight grade,
behind, a sow of the medium grade.

Courtesy of S.P. Knyazev.

VY noManrHux cBUHEH NPUCYTCTBYET AMMOP(HU3M 110 POCTY
JKMBOM Macchl (cM. Tabu. 3). Tak Kak jeneHre MUHU-CBUHEH
NIul Ha BecoBble KaTeropuu onupaeTcs Ha JaHHbIE O KUBOH
Macce CaMOK B BO3pAcTe OHOTO T0Jid, COOTBETCTBYIOIINE
KaTreropusM MacCChbl ro10BaJIbIX CaMIIOB 61)1_]'[1/[ pacCUUTaHbI 1O
OTHOILICHNIO MacChl CAMOK K Macce CaMIIOB Y CBUHEH BTOPOTO
KJIacca IepBOi IpyMIibl ITOPOA B BozpacTe 12 Mec., paBHOMY
158:148 = 1.068 (cm. Tabi. 3). Jlanee rmo AMHAMUKAM POCTa
OTHOCHTENFHBIX 3HAYCHUH (CM. Tab. 3) ¥ rpaHIIHBIM 3Ha4e-
HUSIM KUBOW Macchl rof1oBajibix MUHU-CBUHER ULuI" pazubix
BCCOBBIX KaTCFOpI/Iﬁ paccunTaIr CTaHJapTHBIC 3HAYCHUS KU -
BOM MaccChI B KWJIOTpaMMax I BCEX BO3pPacToB (CM. Tab. 4).

[IpunsThie BecoBble kaTeropuu MUHU-cBUHEN M ul, kak u
CTaHAapThI SKUBO MAacCChI, ABJIAIOTCA BPEMEHHBIMU CCJICKIN-
OHHBIMHU OpPUEHTHpaMH. B nanbHeiiem, o Mmepe HaKOTUICHUS
JIAaHHBIX, OYJIyT YTOUHATBHCS U KOPPEKTHPOBATHCS KaK IIKasa
CTaHAApTHBIX 3HAYEHUU pocra JKUBOM MAaccChl, TaK U T'paHUILIbI
BECOBBIX Kareropuil. Tem He MeHee 3Ta BpEMEHHasl ILKaJia
pocra *HuBOH Macchl (cM. Tabi. 4) MOKA3bIBACT, YTO 10 JIO-
CTHKEHHSI 0COOBIO IByXJIETHETO BO3PACTa BO3MOXKHA TOJIBKO
Mpe/iBapUTEIbHAs OLIEHKA, OKOHUATEJIbHYIO OIICHKY CIIETyeT
MIPOBOUTB TTOCIIE IBYX JICT.

HpI/I CCJICKIIMHU )XKUBOTHBIX, BHC 3aBUCHUMOCTH OT TOIO, I10
KakoMy TIPU3HAKY BEIyT OTOOpP, HEOOXOAWMO OTCIIECKHUBATh
M3MEHEHUsI JKu3HecrocobHoctr n ¢deprunbaoct (HMoran-
COH u 1p., 1970), Benp eciu He U3 KOro OyaeT BHIOUpATh, TO
0 KakoM oTOOpe BOOOIIE MOXKET HATH pedb. B cBA3M ¢ 3TUM
y muan-cBuHer MIul" kak npencraButeneit Meskoi Gopmbl
JIOMaIIHE CBUHBH CEJIEKIIMOHHYIO 3HAYMMOCTh NpUoOperna
KPYIHOIIOZHOCTH (Macca HOBOPOXACHHOTO MOPOCEHKA).
KpymHOIUTOMHOCTD TTOJIOKHUTEIBHO CBSi3aHA C Maccoi IpH
0TBEME U, COOTBETCTBEHHO, C Maccoii B 6oJiee 3pesioM Bo3pac-
te (Kabanos, 1983), mosTomy mest oTonpars y MUHH-CBUHEN
Ha TUIEMsI CaMbIX MEJIKHX MPU POXKICHUHM MOPOCST HEKOTO-
PBIM CEJIEKIIMOHEPAaM Ka)KETCs BeCbMa MPUBJIEKATEILHOM.
OnHaKo KpyMHOIUIOAHOCTD TOJIOXKUTEIHHO CBSI3aHA U C CO-
XPaHHOCTBIO MOPOCST B MOACOCHBIN nepuoa. bes cozmanus
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Table 3. Live weight growth in pigs of the second grade in the first group of breeds, kg and % of the weight
in the age of 36 months, assessed in accordance with the Guideline for pig judgement (1976)

Age, Females Males Age, Females Males
months kg% ............................. k g ................... % ............... months kg ................... % ............................. k g% .................

2 .................. 18 ................... 8 o o ......................... 1 5 .................. 6 4 0 ............ 15 .................... 175 ................. 7 778 ....................... 1 93 .............. 7 7 20 ............

3 .................. 3 0 ................... 1 3 33 ....................... 2 6 .................. 1 0 40 .......... 16 .................... 1 80 ................. 8 000 ....................... 2 03 .............. 8 120 ............

4 43 ................... 19” ........................ 3 7 ................... 1480 .......... 17 .................... 185 ................. 8 222 ....................... 2 10 ............. 8 400 ............

5 .................. 5 6 ................... 2 4 39 ....................... 5 0 .................. 2 0 00 .......... 18 .................... 1 90 ................. 3 444 ....................... 2 1 7 .............. 8 6 3 0 ............

5 .................. 7 2 ................... 3 2 00 ....................... 6 4 .................. 2 5 60 .......... 19 .................... 1 94 ................. 3 522 ....................... 2 24 ............. 8 9 6 0 ............

7 .................. 8 8 ................... 3 9 11 ........................ 7 8 .................. 3 120 .......... 20 .................... 198 ................. 8 800 ....................... 2 29 ............. 9 160 ............

8 .................. 1024533 ....................... 9 4 .................. 3 760 .......... 21 ..................... 2 02 ................. 3 978 ....................... 2 34 ............. 9 360 ............

9 .................. ”6 ................. 5 156 ....................... 1 08 4 3 20 .......... 22 .................... 2 06 ................. 9 1 56 ....................... 2 39 ............. 9 5 60 ............

]0 ................ 130 ................. 5 778 ....................... 1224380 .......... 23 .................... 2 10 ................. 9 333 ....................... 2 42 .............. 9 630 ............

1 1 ................ 1 44 ................. 6 400 ....................... 1 34 ................ 5 3 60 .......... 24 .................... 2 14 ................. 9 511 ........................ 2 45 .............. 9 8 0 0 ............

12 ................ 153 ................. 7 0 22 ....................... 1 48 ................ 5 9 20 .......... 30 .................... 2 20 ................. 9 778 ....................... 2 48 ............. 9 9 20 ............

13 ................ 168 ................. 7 467 ....................... 1 68 ................ 6 720 .......... 36 .................... 2 25 ................. 10000 ..................... 2 50 ............. 1 0000 .........
1417075561317240 ......... and older | | | |

Table 4. Standard live weight growth in ICG minipigs

Live weight, kg

Age, months sma|| .............................................................. M edlum ......................................................... |_ arge ...........................................................
females males  females | males  females | males
o 2840 2535  401-80 351-71  801-103 - 71191
3 4766 4158  661-133 s81-115 13314171 1151-148
4 6895 59-82 951-191  821-164 19.01-245 1641-211
5 89-124 79-111 1241248 111-22 2481-319 221285
6 114-159 101-142 1591319 1421284 3191410 2841-365
S 1419 2.7 191-39 174-35 391-50 - 35.1-44
s 16-23 15-21 234-45 211-42 45158 42154
. 1826 17-24 %151 - 241-48 511-66  481-62
0 21-20 1927 201-58 - 27154 s81-74 541-69
R 2332 2130 321-64 301-59  e41-82 591-76
2 25-35 2333 351-70 - 331-66 - 70190  e61-84
R 2737 2737 371-74 371-74 741-96 - 741-96
e 27-38 2040 381-75  401-80 - 75197  so1-103
s 2839 343 391-78 43186 781-100 861110
6 2840 3-45  401-80 45190 801-103  901-116
7 20-41 3347 ma-82  471-93  821-105  931-120
s -2 34-48 42184 48196  841-108  961-124
19T 3143 3550  431-86 501-99  861-111  991-128
20 3144 3%6-51 44188 s11-101 881113 1011-130
21 32-45 37-52 45189 521-104 891115 1041-133
2 3346 3853 46191 531-106 ori-117 1061-136
23 347 3854 471-93 s41-107 031-120 107.1-138
2 3%-47 39-54 47195 541-100 051-122 1001-140
00 3549 3955 49197 s51-110 071-125 101-141
36andolder 36-50 4055 501-100 ss-111 1001-128 1Ma-142
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Table 5. Optimum prolificacy in ICG minipig sows
of three weight grades

Sow weight on day 5 Optimum

after farrow, kg prolificacy
2 5 : 35 ....................................................... 3 _4 ...........................................
35_704_8 ............................................
70_90 ...................................................... 8 _” ...........................................

CTELUATILHBIX YCIOBUH U3 ITOPOCAT C MACCOH MPH POXKICHUH

menee 600 r 10 oTbeMa aokuBaeT He 6onee 2 % (KabaHoB,

1983; Ionx, Xaynt, 1983). Tak kak y MHHH-CBHHEH BOZMOKHO

MOHOTEHHOE HaCIIe/[OBAHHE MACChl HOBOPOXJICHHOW 0CO0H

menee 600 r (Hukurun, Kusizes, 2015), or6op no stomy nipu-

3HAKy MOXKET CTaTh 3(PPEKTUBHBIM CIIOCOOOM CHIKEHUS paH-

Hell OCTHaTalIbHOM kn3HecriocoOHocTH. [1o aTol npudnHe y

muHH-cBuHeH MIul" HoBopokaeHHbIe ¢ Maccoii Mmenee 600 r

BbIOpaKoBBIBatOTCs. CpemHss Macca JeOBBIX ITOPOCsT (0co-

0Oeif, NepeKHUBIINX IIEPBBIE ITATh JHEH IOCIIE PO’K/ICHHS) COCTaB-

nsiet 777 T, X COXPaHHOCTB B MOJICOCHBIN Tiepuoj paBHa 85 %.

W36bITOMHOE MHOTOIUIOANE MOXKET OBITH IPHUMHON HU3-
KOM COXPaHHOCTH TIOPOCAT B TIOJICOCHBIH nieprof. Eciu cBu-
HOMaTKa, ClIOCOOHAst BLIKOPMHUTB JI0 OThEMa TOJIBKO MSTh 1O~
TOMKOB, POJMT 1 Oy/JIeT BHIKAPMIIMBATH JIECSITh, TO B JIyUIIEM
cilydae K OThEMY BBDKHBET TOJIBKO ITh HCTOICHHBIX U OT-
CTaBLIMX B POCTE MOPOCST, B Xy/uIeM — NoruoHyt Bee. Ilo-
3TOMY Ha OCHOBAHMM JaHHbBIX U3 MHCTpykunu mo OOHHUTH-
poBke cBuHei (1976) ObUT PON3BE/ICH pacyeT ONTHMAIBLHOTO
MHororioaus it MuHu-ceuHeit lul'. B3sB 3a ocHOBY Mac-
cy cBHHOMATKH 163 KT, MHOTOTITOAME paBHOe 11 moToMkam
pu UX cpenHed mMacce 1.25 kr, paccuuTaniu ONTUMAaJIbHOE
MHOTOIIIONINE ISl TPEX BECOBBIX KaTETOpUl CBUHOMATOK
MuHu-cBuHel M ul" npu cpegneit Macce HOBOPOKAECHHOIO
nopocénka 700 r (tabm. 5).

[Tpu poxieHnn U30BITOYHOTO KOJIMYECTBA ITOPOCST, B CO-
OTBETCTBHH C PACYETHBIM 3HAYEHHEM ONTHMAJIEHOTO MHOTO-
TUTO/INS M COCTOSTHEM CBUHOMATKH, IPUHUMAETCSI PeIlICHHE O
KOJIMYECTBE MOPOCST, OCTABIAEMBIX €1 /I BRIKApMIINBAHUS.

B nenom omsIT pa3BeneHHA M CENEKIUHW MHHH-CBHHEH
Wlul" mo3Bomsier chopMynupoBarh ClIeIyIONHe PEKOMEH-
JaIMu:

ISl aJICKBAaTHOM OIEHKM IMOTCHIMANIA POCTA U Pa3BUTHA
MUHU-CBHHEH MOJOMHSK JOJDKEH BBIPAIIMBATHCS TPU
OOMIILHOM M MOJIHOLIEHHOM KOPMJICHNH;

* TIPEBAPHUTENBHYIO OLIEHKY Pa3MEPOB U )KUBOM MACCHI TIIE-
MEHHBIX MUHHU-CBHHEH MOXHO IIPOBOINTH B BO3pacTe roja,
OKOHYATeNbHYI0 — B TPH rofia ¥ CTaple;

« Macca HOBOPOXKAEHHON 0COOH, TITAaHUPYEMOH IS TNIEMEH-
HOTO UCIIONIb30BaHMS, TOJDKHA OBITE He MeHee 600 T;

o MHOTOIUIOINE CBMHOMATOK JOJKHO COOTBETCTBOBATh MX
JKHBOM Macce;

+ HEOOXOIUM KECTKHI 0TOOP 110 MaTepUHCKNM KauecTBaM;

o JKEJIATEJILHO IOJJIeP)KUBATh MaKCUMaJIbHOE (DEHOTHITHYE-
CKO€ pazHooOpasmue, Tak Kak 3TO MO3BOJSIET COXPAHATH B
cTajie pazHooOpasne reHeTHIeCKoe;

o JUIS TIOJIEP)KAHNUS TEHETHUECKOTO Pa3HOO0pasus cTaja clie-
JIyeT IMETh MaKCHUMaJIbHO BO3MO)KHOE KOJTUIECTBO XPSIKOB-
MPOU3BOAUTENEH.
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3aknioyeHune

B nenom MoXHO NpeANOIOKHUTb, YTO B CENEKIIUU MHUHHU-
CBHUHEH IJIaBHYIO POJIb UTPAET HE CTOJIBKO MCKYCCTBEHHBIN
0TOOp, HANPABJICHHBIH HA YMEHBIIEHHE Pa3MEpOB, CKOJIBKO
€CTECTBEHHBIH OTOOp IO NMPHCIOCOOIEHHOCTH MIPU OTCYT-
CTBMH 0TOOpA 10 MAaKCUMAJIbHON HHTEHCUBHOCTH pPOCTA. DTOT
€CTECTBEHHBI OTOOp HAIpaBIIEH Ha ONITUMH3AIHIO PaOOTHI
aJIalTUBHBIX CUCTEM, TUKBHJIAIUIO NI MUHIUMU3AIUIO HEeTa-
TUBHBIX NOCIIEACTBUI HCKYCCTBEHHOTO 0TOOpa M MHOpUIMHTA
1, B KOHEUHOM CUETEe, Ha MAKCHMU3AINIO IPUCTIOCOOTICHHOCTH
CeJIEeKIUOHHON rpynnsl. O4eBUAHO, B TEHOME JOMAIIHHUX
CBHHEH MO)KHO YCJIOBHO BBIJCIIUTH JBE CBSI3aHHBIC C JOME-
CTHKAIHeH 9acTH — 0a30BYIO U «HAACTPOIKY». ba3oBas yacth
NEepBUYHA, OHA, BEPOSTHO, MOSBUIIACH HECKOIBKO THICSY JIET
TOMY Ha3aJ KaK OTBET Ha M3MECHEHHE YCIOBHH CYIIIECTBOBA-
HUSI TIPH OJJOMAITHWBAaHUU M COXPAHMJIACh /IO HACTOSIIETO
BPEMEHHU, B SIBHOM BHJI€ IPOSIBISSCH Y IPUMUTHUBHBIX HETIPH-
XOTIMBBIX MEIKUX MOPOJ, TSI KOTOPBIX XapaKTepHa HU3Kasl,
MaJio 3aBHCSIIAs OT YCIOBUN KOPMJICHHUS U COJEPKaHUS
npoxyktuBHocTh (Kynpsiues, 1948; Ileryxos u np., 2010).
Hancrpoiika Bropudna, oHa nosBmiack 250-300 et Tomy
Ha3aJ Kak MpOW3BOAHOE OT OazoBoi. i popmupoBaHuUs
HAJICTPOMKHU OBLTO HEOOXOAMMO OOHMJIBHOE W MOJIHOIICHHOE
KOpPMJICHHE, a JJIS1 €¢ COXPAaHCHHs — HETPEePhIBHBIN HCKYC-
CTBEHHBIN CTaHIApTU3UPYIOImuil oTOop. [IposBienuem neii-
CTBUS HAJCTPOMKHU CTaH BBICOKOIPOIYKTHBHBIC (DOPMEI
JIOMAIIHEN CBUHBU, KOTOPBIE 3aBUCAT OT YCJIOBHUM BHEIIHEH
Cpezbl ¥ MCKyCCTBEHHOTO 0TOOpa. B HeHamnexammx ycio-
BUSIX HAJICTPOIKA NEPEXOAUT B COCTOSHUE HEPEATN30BaHHON
BO3MO)KHOCTH, a TIPU OTCYTCTBUU CTaHAAPTU3UPYIOIIETO OT-
0opa oHa pa3pymraeTcs, OCTaBIIAs OCIe cedst TOIBKO 0a30BYIO
4acTh JOMECTUKAI[IOHHOTO FEHOMA.

[Ipu cenexnuyu MUHU-CBUHEH HCKyCCTBEHHBIH 0TOOD, Ha-
MIPaBJICHHBI HA yMEHBIICHUE Pa3MepoB, 00ECIIeunBAET OT-
CYTCTBHE OTOOpa IO MpHU3HAKaM, IOJICPKUBACMBIM Hal-
CTpOMKON. B pe3ynbrare NpoMCXOAUT €€ €CTECTBEHHOE pas3-
pYIICHHE W BO3BpAT K MENKOH (Gopme, IeTCpMUHHPYEMOH
0a30BOIl YacThIO JIOMECTHKAIIMOHHOTO TeHOMa. MUHHN-CBHU-
HBU — UCKYCCTBEHHO BBIBEJICHHAs MeJKas (hopMma, ITOITOMY
Yy HUX MOTYT COXpPaHAThCS (PparMeHThI HAJICTPONKH, U ITUM
OHU OTJIMYAIOTCS OT CBOUX €CTECTBEHHBIX aHAJIOTOB — IPUMHU-
TUBHBIX TIOPOJI, Y KOTOPBIX HAZACTPONHKH HE OBLIO M3HAYATb-
Ho. Habmromaemsie B crage munu-ceuaeit Mlulm CO PAH
BECOBBIC KaTE€rOpHH, a TAKKe CIIOCOOHOCTH J1aBaTh IPH HH-
TEHCHBHOM KOPMJICHUH TPUBECHI, PEBBIIIAIONINE TIPUBECHI
MIPUMHUTHBHBIX HeymydineHHbIX mopox (Nikitin et al., 2014),
BIIOJTHE MOTYT OBITh PE3YyJILTAaTOM JICHCTBHS yLIENEeBIINX (par-
MEHTOB HaJICTPOMKH.
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B HacToALee BpemaA 3HauMTeNIbHOE BHUMaHME YAENAETCA N3YUYeHUIO
reHeTUYeCcKol perynaumm NpoLeccoB aganTaLmmn CeNbCKOX03ANCTBEH-
HbIX >KMBOTHBIX K YCTIOBMAM OKpY»KaloLLel cpefbl. 3Ta npobnema akTy-
anbHa B CBA3Y C LUMPOKMM PacnpoCTpaHEHNEM B Pa3fINYHbIX Permo-
HaX MUPa BbICOKOMPOAYKTVBHbIX MOPOA KPYNMHOro poratoro CKoTa,
co3paHHbix B EBpone n CeBepHoit Amepuike. OfHaKo Ao C1X MOp He
N3yYyanncb N3MEHEHUA B KONIMYECTBE 1 KayecTBe CNnepmMaTo301g0B
6bIKOB-MpoU3BOAMTENEN MOPOS 3apyOeXKHON cenekumm npw nx agan-
TaLWM B SKOJTOrO-KNMMATUYECKMX YCNOBUAX 3anaaHoi Cnubupn. Lenb
paboTbl - nccnepoBaTb 0CO6EHHOCTY KauecTBa IAKyNATa 1 pa3Ho06-
pa3ue Mmopdonormyeckx aHomManmin CnepMaTo3onioB y ObIKOB-Mpo-
n3BoauTenei nopon 3apybexxHow 1 0Te4eCTBEHHON CeNeKLUN B 3KO-
NOro-KNMMaTUYeCKUX YCNIoBusAX tora 3anagHoi Cnbupw. Y 44 6bikoB
(nnemnpepnpuatne «bapHaynbckoey, ANTanckui Kpaw) yepHo-ne-
CTPOW, CUMMEHTaNbCKOW, aHIIePCKON 1 KPacHOW AaTCKOW NOPOA
oLeHVBany 06beMm 3AKYNATa, KOHLEHTPaLMIo 1 obLee KONMYecTBo
CNepmaTo3010B B dAKYNATE, OO MOABVKHbBIX 11 MOP(ONOrnyeckn
aHOMarbHbIX NONOBbIX KNETOK, ONpefenAnn BCTPeyaemMmoCTb pasfimny-
HbIX TUMOB aHOMaIMIN CTPOEHNA CMEePMATO30MA0B. YCTaHOBIEHO, YTO
cpefHuve 3HaYeHVA KOHLEeHTpaL My CnepmMaTo30/aoB B IAKyNnATe, Ao
NOABUKHbIX 1 MOPPONOrMYEeCKM aHOMaJIbHbIX CMEePMaTO30UA0B B 13Y-
YeHHOW BblI6OpKe ObIKOB 6NIN3KMN K TAKOBbIM Y ObIKOB, COAEPKALLMXCA B
cTpaHax EBponbl. MexnopofHbix pasnnunii o JaHHbIM NoKasaTenam
He 06HapyxeHo. OfHaKo 6bIKM FPYNMbl KPacHbIX MOPOA (KpacHow fat-
CKOW, aHrNePCKOi) 1 CUMMEHTaJIbCKOM MOPOAbI OTINYANMCH OT GbIKOB
YepHO-NecTpol NOPOAbI MOBbILLEHHOW BCTPEYAEMOCTbI0 aMOPHbIX 1
rpyLeBUAHbIX FOIOBOK CMEPMaTO30MA0B COOTBETCTBEHHO. INpun cpas-
HUTENbHOM aHann3e rokasaresiell KauecTBa CcrepMbl Y 6bIKOB pa3HbIX
JIMHWI YePHO-NECTPON NOPOAbl YCTAHOBNEHO, YTO NMOABUXKHOCTb Crep-
MaTo301goB Yy 6bikoB NHUK PednekiuH CoBeprHra 198998 Gbina Huxke,
yem y 6bIKOB IMHKM B.B. Aiigrana 1013415. MeXNMHeNHbIX pa3nunynii
Mo KOHLeHTPpaL M1 CnepmMaTo30MAOB B AKyNATe, fone mopdonoruye-
CKU aHOMaJIbHbIX CMEePMaTO30MA0B, a TakXke BCTPe4yaeMoCT/ OTAENb-
HbIX TVMNOB aHOManuii CNepPMaTo30MA0B He OTMeUeHo. TakM obpasom,
NPUPOAHO-KIMMAaTUYeCKMe ycroBua tora 3anagHoi Cnbupu He okasbl-
BalOT HEraTVBHOMO BAVAHNA Ha MPOAYKLMIO CMEPMATO30MA0B, a TakxKe
Ha copepKaHune NoABMKHbIX 11 MOPGONTOrMYECK HOPMabHbIX MOO-
BbIX KNETOK B 3AKyNATe y 6bikoB. OfHaKO NOBbILWEHHAA BCTPEYaeMoCTb
aMOPQHBIX 1 IPpyLIEBUIHbIX FO/IOBOK CMepMaTo3010B Y ObIKOB 3apy-
6eXXHOW cenekuymm yKasbiBaeT Ha BO3MOXHbIe PUCKM Pa3BUTUA Y HUX
Cy6depTUNBHOCTU 1 HEOOXOAMMOCTb UCCNIEAOBaHMA dparmeHTaLun
[HK cnepmaTto3oupaos.

KnioueBble cfioBa: ObiKY; KOIMYECTBO CNepMaTo3010B; MOABMKHOCTL
CnepmaTto30o1aoB; Mopdonorus cnepmaTosonios; GepTUIIbHOCTD;
OKpYy»KalolLan cpeaa; Nopoaa; NMHUA.

Semen quality and diversity
of morphological sperm
abnormalities in bulls:
breed and strain effects

M.A. Kleshchevl®), V.L. Petukhov?, L.V. Osadchuk!
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At present great attention is paid to studying genetic
regulation of farm animal adaptations to environmen-
tal conditions. This problem is very important due to a
wide expansion of highly productive cattle breeds cre-
ated in Europe and North America. However, until the
present no investigation of changing semen quality in
bulls of imported breeds during their adaptations to
environmental conditions of Western Siberia has been
conducted. The aim of this study was to investigate se-
men quality peculiarities and the diversity of morpho-
logical sperm abnormalities in bulls of imported and
local breeds kept in the environmental conditions of
the southern part of Western Siberia. We determined
sperm concentration, sperm count, and rate of sperm
with progressive motility and percentage of morpho-
logically normal spermatozoa. The rate of sperm ab-
normalities according to Blome’'s classification was
determined too. It was found that the mean values

of sperm concentration, sperm motility and percent-
age of morphologically normal spermatozoa in the
bulls investigated were similar to those in bulls kept in
European countries. Inter-breed differences in these
parameters were not found. However, bulls of the Red
Danish, Angler, and Simmental breeds had a higher
percentage of misshapen sperm head and pyriform
sperm head than bulls of the Black-White breed. An
inter-strain difference in sperm motility in bulls of the
Black-White breed was observed. It was found that
bulls of Reflection Sovereign 198998 strain had lover
sperm motility than bulls of Wis Burke Ideal 1013415
strain. No inter-strain differences in sperm production,
percentage of morphologically normal spermatozoa
and rate of main sperm abnormalities were found.
Thus, it has been found that the environmental condi-
tions of the southern part of Western Siberia do not
seriously affect the sperm production, sperm motility
or percentage of morphologically normal spermatozoa
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KAK LUTUPOBATDb 3TY CTATbIO:

in bulls. However, the increased rate of misshapen
and pyriform sperm heads in the bulls of the foreign
breeds points to a need to study sperm DNA fragmen-
tation.

Key words: bulls; sperm count; sperm motility; sperm
morphology; fertility; environment; breed; strain.
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HacTosiIee BPeMs 3HAYUTENIbHOE BHUMAHHE YIEJSIeTCs
N3Y9IEHHIO MEXaHM3MOB Al TaINN CEITbCKOX035ICTBEH-
HBIX KMBOTHBIX K HEOJIArONPHUATHBIM yCIOBUSIM OKpPY-

JKAroLIel cpelibl B CBSI3H C PaclpOCTPAHEHUEM B PA3IIMYHBIX

PETHOHAX MUPA C pa3HOOOPA3HBIMHU HKOJIOTO-KINMATHIECKH-

MU YCJIOBHSIMH OTPAaHHYEHHOTO YHCIIa BBICOKOMPOTYKTHB-

HBIX OPOJ] KPYITHOTO POraToro CKoTa, Co3/[aHHbIX B EBporie u

Cesepnoit Amepuke (Canario et al., 2013). Takas aganranus

oTpaxaeTcs Ha PyHKIIMOHUPOBAHWH BCEX OPTAHOB U CUCTEM,

B TOM YHCJIE U Ha CIEPMATOTeHHON (DYHKIMHM CEMEHHHKOB,

MOCKOJIBKY CTIEPMATOTeHE3 SIBIISIETCS CIIOKHBIM TIPOIIECCOM,

YYBCTBUTEIBHBIM K U3MEHEHHSIM OKpYJXKaloIIed cpeibl U

310poBbst sxkuBoTHOrO (Omu, 2013). YcTaHOBICHO, YTO CITO-

COOHOCTB XHMBOTHBIX Pa3HbIX T€HOTHUIIOB aJaNTHPOBATHCS K

HeOJIaroNPUSATHBIM YCIOBHSIM OKPYXKAIOIIEH Cpebl He Ofn-

HakoBa (Porto-Neto et al., 2014). [eneTHuecKue pa3anuyus M0

a/IalTaI[IOHHON CTIOCOOHOCTH JKUBOTHBIX, BEPOSTHO, MOTYT

OBITH OJTHOI M3 NPUYMH MEXKITOPOAHBIX PA3INYMil 1O KO-

YECTBY IIPOU3BOANMBIX CIIEPMATO30H/0B, HX MTOJABHKHOCTH,

Mopomnorun (Menon et al., 2011), ycToifunBocTH criepMaro-

30mu70B K kpuokoHcepBanuu (Ntemka et al., 2016), koropsie

HaOJIIOIAFOTCS y OBIKOB IPOM3BOIUTENICH.

W3y4yeHne KUBOTHBIX Pa3HBIX MOPOJ, TEPEMEIIAaEMbIX B
9KOJIOTO-KJINMAaTHYECKHE YCIIOBHS, OTIUYHBIE OT TEX, I7Ie
3TH NOPO/bI POPMUPOBAIUCH, U CPABHEHHE UX C )KUBOTHBIMHU
MECTHBIX MTOPOJ] MOXKET OBbITH NOJIE3HBIM [UIS TTOHUMaHHUS
TCHETHYECKON PEryJISIUU TPOLECCOB, MPOUCXOISIINX TPH
aJlanTanyy PEenpOAYKTHBHON CUCTEMBbI K HEOIaronpHaTHBIM
ycnoBusiM. Takue uccae[oBaHus B HACTOSIIEE BPEMsI TIPOBO-
JUITCS B TPOTIMUECKHX U CyOTPONMYECKHX CTPaHax, I/Ie TeILIo-
BOW CTpECC NMPHUBOJMT K CHIKCHHUIO Ka4eCTBa U KOJINYECTBA
crepMaro30u10B y ObikoB-mipom3BoauTeneit (Koivisto et al.,
2009; Menegassi et al., 2016).

st ocemenenus kopoB B CHOMPH, Kak ¥ BO BCEM MHpE,
IINPOKO UCTIONB3YETCsI CriepMa OBIKOB BBICOKOTIPOTYKTHBHBIX
MIOPOJ, IMIOPTUPYEMBIX 3 cTpaH 3anaanoi EBporrst (VitbuH,
2012). Onnaxo Teppuropus 3anaanoir CHOUPH OTIHYAETCs
OT TeppuTOpUH EBPOITBI Pe3K0 KOHTHHEHTAIBHBIM KIIMMATOM,
JUISI KOTOPOTO XapaKTepHa XOJIO/HAS TPOOJIKUTEIbHAS 3UMa,
HO JKapKoe JIeTO, 3HAYUTEJIbHbIe KoJeOaHHus TeMIIepaTypbl
BO3[yXa B TEUCHUE rojla U B TeUeHUe cyTok. Kpome storo,
CBOE0Opa3ue reoornIeckoro crpoeHust 3anaaHo-CruonpceKkoit
PaBHHUHBI, 0COOCHHOCTH XO3sIHCTBEHHOTO HCIOJIb30BAHUS TEP-
PUTOPHHN U TEXHOTCHHOE 3arpsi3HEHUE OKPYKAIOIIEH Cpebl
OKAa3bIBAIOT BJIMSHHE Ha MUKPOAJIEMEHTHBIH COCTaB KopMa
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" BOJIBI. TaK, H3-3a UCTOILICHUA IUIOAOPOAUA IMOYB Ha HOTC
3amagHoit Cubupu ycunuBaeTcs AeUINT B KOPMax psna
9CCEHIMAIBHBIX MaKpO- U MHKPO3JIEMEHTOB, B YaCTHOCTH
HKa (Ceico, Wnbun, 2008), koTopkiii HeooxoauMm Juist op-
MHUPOBaHMS U (PyHKIMOHUPOBAHHS CEMEHHUKOB, CTa0MIN3a-
MM XPOMaTHHA CTIEPMATO30HI0B, AaHTHOKCHIAHTHOH 3aIINThI
nosnoBbIX Kietok (Bjorndahl, Kvist, 2010). Takum o06pazom,
KJIMMAT, HEJJOCTaTOK Ba)KHBIX MUKPO3JIEMEHTOB U IPyTHE He-
OnaronpusTHBIE ()aKTOPHI MOTYT OKa3bIBAaTh HETATHBHOE BIIU-
sIHHE Ha KA4€CTBO CIIEPMbI OBIKOB, 0COOCHHO MpEeACTaBUTEICH
TOpOA 3apyOeKHOI CeNeKIn, KOTOPBIE MOTYT OBITH CI1abo
a/IalTUPOBAaHBl K MECTHBIM YCJIOBHsAM. OHAKO M3MEHECHUS
B CIICPMATOI'CHHLIX IMapaMeTpax Mpu ajanTalun XUBOTHBIX
€BPONEHCKON CENEeKIINH B HKOJIOTO-TeOrpaUIeCKUX YCIOBH-
ax CubupH He MOJTy4mIn JODKHOTO BHUMaHMA. B HacTos-
mee BpeMsa MMCIOTCA JIUIIb CIUHUYHBIC paGOTLI, IMOCBA-
IIEHHbIE MCCIIEIOBAaHHUIO KOJIMYECTBA M KadecTBa CIIepMaro-
3ounoB (Yersepraxosa, 2012; 3enxos, Tomypwus, 2014) y
6]:-IKOB rnopoxa OTEYECTBECHHOM CCJICKIMH 1 UMIIOPTHBIX JKUBOT-
HBIX, KOTOPBIE TTO3BOJIMIIN YCTAHOBUTH HAJIMYUE MEXKITOPOI-
HBIX W MEXJIMHEHHBIX Pa3IW4uid MO CIepMAaTOreHHBIM I1a-
pameTpam.

IIpu 3TOM 3HAYUTENBHBIN TEOPETUUECKUI U IPAKTUYECKUI
MHTEPEC MPEICTABISACT N3YUEHHE BCTPEIAEMOCTH Pa3IMUHbIX
MOP(]OJIIOrMYECKUX aHOMAJINI CIIEPMaT030H/I0B, ITOCKOJIBKY
OHHU MOTYT CIIY>KHTh OTHOCHTEJIEHO TIPOCTHIM MapKepoM Ha-
PYILLICHHUH CLIEPMHOTEHE3a, B TOM YHCIIC B PE3YJIBTATE BIUSHUS
HeOJIaronpusITHIX 3KoJIornueckux dakropos. HapynieHus B
MPOLIECCEe CIIEPMUOTEHE3a ITPUBOASAT HE TONIBKO K H3MEHEHHIO
(hOpPMBI OJIOBBIX KJICTOK, HO ¥ K ITOBBIIIEHHIO (hparMeHTalNH
JIHK criepMaTo30u/10B, 4TO MOXKET 00YCIIOBIUBATh HAPYIIIC-
HUs B pasButuu smOpuona (Evenson, 2016). ITostomy uc-
cireioBaHre MOP(OJIOrHIECKUX aHOMAIINH CIIepMaTO30H/10B
Ba)KHO JUTS IPOTHO3a (hepTHIIBHOCTH OBIKOB-TIPOU3BOIUTEIICH
U JaeT HHPOPMALHUIO O BO3MOXKHBIX ITPUUNHAX €€ CHIDKCHUS
(Freneau et al., 2010).

Lenb paboThl — M3yYHTh CLIEPMOIPOJLYKIIHIO, TOIBUKHOCTh
CIIepMAaTO30H 0B U Pa3HOOOpa3ne MOp(HOIOTHIECKUX aHOMA-
JIMH TIOJIOBBIX KJIETOK y OBIKOB-IIPON3BOAMTEINCH PA3IMIHBIX
MOpOJI 3apyOeKHOW CEJIEKIMU U OTEYECTBEHHOW YepHO-TIe-
CTPOH MOPOJBI, MPOKUBAIOLINX B IKOJIOTO-KINMATHIECKUX
ycnoBusix 3ananHoit Cnbupu. J[OMOTHUTENBHO TTPOBOIMIN
cpaBHEHHE ABYX reHeanornueckux jqunuii (Buc buc Ainu-
ain 1013415 u Pepnexura Cosepurr 198998) wepHo-niectpoit
TIOPOJIBI TT0 BCEM TIEPEUHCICHHBIM BBIIIE TTOKA3aTeIsIM.

Animal gene pool and breeding
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MaTepmanbl n Mmetoabl

JKuBoTHble. VccnenoBanue nMpoBOANIOCH B CEHTAOpE—OK-
1a6pe 2015 . B8 OAO munemmnpennpusitue «bapHayabckoey»
(Anraiickuit kpaii, T. bapraym). brino m3yueno 44 Owika-
Ipou3BOAUTENS B Bozpacte oT 2 10 10 net. XKuBoTHbIe npH-
HaJJIekKANIN K aHTIIEpPCKOH (17 = 6), KpacHOW Aarckoii (n = 5),
CUMMEHTABCKOH (7 = 10) 1 uepHO-TIeCTpoii (17 = 23) mopomam.
BrIky yepHO-TIecTpoii MOpOJIbl OTHOCHIINCH K TPHOOCKOMY
(n=20) n neruHrpagckoMy (n = 3) THIaM 310 mopossl. [Tpu
aHaJIM3€e JAHHBIX OJTM3KOPOJICTBEHHBIC aHITIEPCKAs M KpacHast
JIaTcKasi MopoJibl ObUIN 00BEANHEHBI B IPYIITY KPACHBIX TOPO]
(n = 11). V3yueHHbIe )KUBOTHBIE TPUHAICKATHN K 13 TeHe-
AJIOTUYECKUM JIMHUSAM, KPYIHEHIINE U3 KOTOPBIX — JIMHUHU
Buc buc Afinnan 1013415 u Pednexmn Coepunr 198998.
BbIky mOCTYnHIIN Ha MPEANpPHITHE B Bo3pacte 1 -2 jeT u mpo-
JKHMJIM TaM B cperiHeM 4.7 rozia. JKuBoTHBIE ObUTH 3aKyTIIIEHBI B
I'epmanuy (Bce ObIKH aHTIICPCKOH 1 3 ObIKa CHMMEHTAIbCKON
nopoasl), lanun (kpacHas garckas mopoaa), ABcTpud (7 ObI-
KOB CHMMEHTAJIbCKOH IIOPO/IbI) M HA INIEMEHHBIX XO3SHCTBAX
Aurraiickoro kpast u JIeHuHrpaicKoi 00nacTy (4epHo-TiecTpast
nopoza).

BbIKM HaXOMIIUCh HAa CTOMJIOBOM COZIEPXKAHUM B KPBITHIX
BEHTHJIUPYEMBIX TOMEIIECHUSX, )KUBOTHBIM PEI0CTABIISIICS
eXeTHEeBHBII MoLnoH. KopmileHHe oCyIecTBIsIIH KOMOH-
xopmoM npomsBozicTBa OAO «bapHaymsckoe» (Mpun, 2012).

Mosny4yenne n anaan3 IKyasiTa. OT Kaxa0ro ObIKa 1Mo-
Jy4anu TPU 3KyIsATa ONWH pa3 B HEAETIO, KOTOPBIE 3aTeM
o0beauHsTH. OTOOP TPOO IAKYIATA TPOUBOIIITH B COOTBET-
ctBuu ¢ [OCT 20909.1-75 ¢ ucnonab3oBaHUEM HCKYCCTBEH-
HOM BarvHbl B CTEPUIIbHBIHN MJIACTUKOBBIN CIIEPMONPUEMHHUK.
DSKyIAT nccaenoBany B TeueHre 30 MUH 1ocie HOoJTydeHusl.
OO0mmit 00beM NOTyYeHHON CHEpMbI OIIPE/IEIISIIN, B3BEIIN-
Bas 2AKYJIAT Ha AMekTpoHHbIX Becax EK-2001 u nmpunumas,
yTto 1 Mi1 3sKynsaTa Becut 1 1. Jlajiee aduKBOTY CIEPMBI pa3-
Boawu 3 % pacTBOPOM JIMMOHHOKHCIOro Hatpus B 10 pas.
B mony4yeHHO# cycnieH3uM Ompenessii CyMMapHYyIO JI0JIt0
MIPOrPECCUBHO MOABIKHBIX CIIEPMATO30UA0B, NCIOIb3YS
ananm3zarop depruinsHocTH criepmbl ADC 500-2 (HITD «buo-
nay, Mockga).

KoHneHTpanuo crepmMaTo30onoB ONPEASIIN B KaMepe
lopsieBa mO/1 CBETOBBIM MHUKPOCKOTIOM (TIPH yBEITHYECHUHU
%200) mocne OKpacku aTMKBOTHI CyCIIEH3UH CIIEPMATO30H/I0B
TPUMAHOBBIM CHHUM B TeueHne Houn. [TosrydeHHbIH pe3yasTar
NEePEeCUYUTHIBAIMN HA | MJT HATUBHOTIO JSIKYJIATA.

st uccnenoBanust MOp(HOJIOrHH CHEPMATO30HUI0B aJIH-
KBOTY HATHBHOTO JSIKYIISATA pa3BOIUIHN ocdaTHBIM Oyhepom
B 10 pa3 u nenanu Ma3ok Ha IPEeAMETHOM cTekse. Ma3Kku BbI-
CYIIMBAJH HA BO3yXe U (PUKCHPOBAIHA METAHOJIOM B TCUCHHE
2 mMuH. OUKCHPOBAHHbBIE W BHICYIICHHBIE HAa BO3/LyXe Ma3KH
okpammBaiy kpacuresem [ umssl («bruoBurpym», Cankr-Ile-
TepOypr) B COOTBETCTBHM C MHCTPYKIIHEH MPOU3BOTUTEIIS.
ITocie oxpacku mpemapar 3aKIIouain B KaHaICKUH 0ambh3am.
Uccnenosanu nepseie 200 ciepMaTo30U10B MO CBETOBBIM
MHUKpOCKoIioM mipu yBenuueHuu %1000 ¢ macisHOl nMMep-
cueir. Mopdorornaecks HOpMaIbHBIM CYATAJICS CIIEPMaTO-
3041, y KOTOPOTO FOJI0BKA, CPEIHSS YaCTh U XBOCT COOTBET-
cTBOBaJM orpezieneHHbM kputepusm (Hopper, King, 2014).
OcranbHble CIIEPMATO30M/IbI OTHOCHIIN K aHOMAJIbHBIM.

ITo mecTy pacnonokeHus aHOMaJIUK CIIEPMATO30U] OT-
HOCHJIM K OITHOH M3 CJICAYIOIINX TPYII: AHOMAJINH TOJIOBKH,
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CpeaHel JacTH, XBOCTa, COYCTaHHbIC AHOMAJIMU T'OJIOBKH U
XBOCTA, TOJIOBKH U CPEJIHEN YaCTH, CPEAHEN YacTH U XBOCTA,
a TaKKe COYETaHHbIC AHOMAJIMHU TOJIOBKH, CPETHEH 4acTH U
XxBocTa (Tpoiinbie). Ha ocHOBaHMM 9THX JTaHHBIX PACCUUTHI-
Baym uHeKc Tepatocnepmun (TZI), koTopsrii npeacTaBiseT
co00if OTHOIIEHNE YHCIIa BBISBICHHBIX aHOMAIUH K YHCITY
Je(eKTHBIX CIIepMaTO301I0B.

[To ¢popme m pa3Mepy TOIIOBKH, CpPEIHEH 4acTH U XBOCTa
CIIEpPMaTO30M]l OTHOCHJIM K OJJHOM 13 21 rpynmsl B COOTBET-
cTBuM ¢ kiaccuduranueit bioma (Ball, Peters, 2004). Pac-
CUMTBIBAIM JIOTIO KaXIOTO NeekTa OT 00IIero yrcia mpo-
CUMTAHHBIX CIIEPMATO30H/IOB (4aCTOTa BCTPEIAEMOCTH). AHO-
MaJIiH, 4aCTOTa BCTPEYaeMOCTH KOTOPBIX COCTaBIIsAIa MEHEE
1 %, cunTanuch MUHOPHBIMHU, U JaHHBIE IO HUM HE Tpel-
CTaBJICHBI.

CraTtucTtudeckyo o0pabdoTKy TaHHBIX BBITOIHSIN C
MCTIOB30BAHNEM MMaKeTa KOMIBIOTEPHBIX Tporpamm STA-
TISTICA (Bepcus 6.0), mpoBepKy Ha HOPMaJILHOCTb pacIipe-
JIeJIeHuUs IPOM3BOIUIIH 110 KpuTeputo Koinmoroposa—CmupHo-
Ba. JIJ1 JaHHBIX, UIMEIOIIIX HOPMAIIbHOE PACTIPEAEIICHNE (BEC
Tena, 00bEM CriepMbl, 00I1Iee KOJIMYECTBO CIIEPMaTO30H/I0B,
KOHIOEHTpAaLKrd CI€pMaTo30UuA0B B SAKYIIATE, OO TOABHXK-
HBIX CTIIEPMATO30HJI0B, 10T MOP(OIOTHIECKH aHOMATBHBIX
CIIEPMAaTO30H/I0B), TIPOBOIMIIH OJJHO(DAKTOPHBIH TUCTICPCHOH-
HbII aHanu3. PakTopamu ABISIIUCH OPoAa (IIPU CPaBHEHUU
MOPOJ KUBOTHBIX) W JHHUA (TIPH aHATIM3E MEXKIMHEHHBIX
pa3numii y OBIKOB UepHO-TIeCTpOH noposl). st cpaBHEHUS
TPyNI B paMKax AMCIEPCHOHHOTO aHaJIN3a MCIIOIb30BaIU
TECT MHOXKECTBEHHOTO cpaBHeHMs JlyHkaHa. [y DaHHBIX,
MMEIOIINX pacrpe/esieHne, OTInJaronieecs OT HOpMaJIbHO-
ro, CpaBHUBAJIU I'PYNIbLI C MIOMOLIBIO HETTApaMETPHUYECKOTO
Kputepust ManHa— YUTHH. Pa3zinuuus cuuTanu CTaTUCTUYECKU
3HauuMbIMU IIpH p < 0.05. 11151 Bcex UccaeyeMbIX HapaMeT-
POB BBICUMTBIBAIIU Cpe/iHEe aprU(PMETHIECKOE U €ro OLIHOKY.

Pesynbratbl

CnepmatoreHHble 1 MopdomeTpuyecKe nokasarenu
OnHOaKTOPHBIN TUCTICPCHOHHBINA aHAIN3 MMOKa3al OTCYT-
CTBUE reHepanbHoro BausHus nopoasl (F,. ,, = 2.57, p =
= (0.089) Ha Bec Tena ObIkoB (Tabm. 1). OxHako Macca Tena
OBIKOB CUMMEHTAIBCKOW MOPOJBI OKa3ajlach JOCTOBEPHO
BBIIIE, Y€M Macca Tesia OBIKOB TPYMIBI KPACHBIX IOPOJ
(p <0.05, Tect lynkana).

OnHO(aKTOPHBII TUCTIEPCHOHHBII aHaIM3 TOKa3aJl J0CTO-
BepHoe (F,. ;¢ = 13.47, p < 0.05) BiusHME reHeanorndeckon
JIMHUH HA BeC Teya GbIKOB YepHO-MeCTPOit Hopos! (Tad. 2).
[Toromku B.b. Alinuana Becuiu JOCTOBEPHO BHIIIIE, YEM MO~
tomku P. Coepunra (p < 0.01, rect lynkana).

He ycraHoBIeHO 10CTOBEPHOTO BIMSHHS TTOPOABI HA 00-
Ui 00beM dSIKyIIsITa, 00Ilee KOJINYECTBO CIIEpPMaTO301I0B,
JIOJTIO TIOJIBMKHBIX U ZIOJIF0 aHOMAJIBHBIX CIIEPMATO301I0B, a
TaKkKe MHJAEKC Teparocrepmuu (cM. Tadmd. 1). OxHako momst
AQHOMAJIBHBIX CIIEPMAaTO30HM/I0B Y OBIKOB CHMMEHTAJIbCKOM
MOPO/IBI ObLIA BBIMIE, Y€MY OBIKOB UEPHO-TIECTPOH MTOPOABI
Ha ypoBHe TeHeHuuH (p < 0.07, tect [lynkana). [1o npyrum
MOKA3aTesIsIM KaueCcTBa AIKYIATA JOCTOBEPHBIX MEKITOPOHBIX
pa3auuui HE OTMEYAJOCh.

OnHO(AKTOPHBII TUCIEPCHOHHbINA aHAIN3 TIO3BOJIMIT yCTa-
HOBHTB 0CTOBepHOE BimsiHue mHu (F. 1 =8.44, p <0.01)
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Semen quality and diversity of morphological sperm
abnormalities in bulls: breed and strain effects

Table 1. Body weight and sperm quality in bulls of different breeds

Index

M.A. Kleshchev, V.L. Petukhov
L.V. Osadchuk

2 Differences between the Simmental and red breeds are significant at (p < 0.05).

Table 2. Age, body weight, and sperm quality in bulls of different strains

Index

Strains

aa Significance of interstrain differences (p < 0.01).

Ha JIOJII0 MPOTPECCHUBHO MOABMIKHBIX CIIEPMATO30HUIOB Y
OBIKOB YEPHO-TICCTPON MOPOABI (CM. TabI. 2). Y MOTOMKOB
B.b. Aiinnana 1os noaBMKHBIX CIEPMATO30UI0B OKa3alach
nmoctoBepHO BhImIe (p <0.01, rect [lyHKaHa), 4eM y TOTOMKOB
P. CoBepunra.

MexIIMHEHHBIX pa3Iudui M0 00beMy ISKYJsATa, KOHIICH-
Tpanuu 1 00IIeMy KOJMYECTBY CIIEPMaTO30MI0B B ISKYIATE,
JIOJIe aHOMAJTBHBIX CIIEPMATO301I0B U HHAEKCY TepaTocIep-
MHUH HE OTMEYCHO.

Pa3Hoo6pa3une mopdonornyeckux popm
cnepmaTto3ounfios
Cpenn anoMannii CTpOEHHS OJIOBBIX KIIETOK 00CIIEOBAHHBIX
OBIKOB-TTPOM3BOIUTEINECH IPE0OIa aIl OTMHOUHBIE A (EKTHI
TOJIOBKM M XBOCTa, PeXe BCTPEYATUCh aHOMAJIMK CPEAHEeH
yacTy. J{0J1s1 COueTaHHBIX AHOMAJINII B Pa3HBIX YaCTAX CIIep-
MaTo30M/Ia He MPEBBIIIaTa OHOTO MponeHTa (Tadm. 3 u 4).
Cpenu aHoOManuii TOJIOBKH Ipeodianand aMmopdHble To-
JIOBKH, OTHOCHTEIILHO YacTO BCTPEUAINCH TAKXKE T'OJIOBKU C
rpyuIeBuaHON (POPMOH M OTJEIBHO JIeXKAIINE TOJIOBKHU (CM.
Tabn. 3 u 4). Jloyis OCTalbHBIX aHOMAJIHI TOJOBKU, TAKUX
Kak y3Kas, KOHHYecKasi, 00JbIlIast, MaJICHbKas, BAKYOIH3HPO-
BaHHAsl, C AHOMAJIMSIMU CTPOEHHSI aKPOCOMHOI 001acTH, He
MIPEBBIIIATA OTHOTO MPOLIEHTA (JIaHHBIE HE TIPEICTABJICHBI).
Cpenu nedexToB MEHKHA M CpeaHe YacTH Mpeodianatn
CKJIOHCHHAsI TOJIOBKA (TOJIOBKA C M30THYTOH CpeiHel 4acThIo)
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U aCHMMETPHUYHOE NPHUKPETIIICHUE JKI'yTHKa CIIEPMaTO30Ma
K rojnoBke. Joasl ocTaabHBIX aHOMAIMN MIEHKH U CpefaHen
94acTH HE IPEeBBIIIaa OHOTO MPOLIEHTA.

Cpean anoManuii XBoCTa Mpeo0i1a1aiy CepMaTo30HuIbI CO
IIITHIIBKOOOPa3HBIM XBOCTOM. OcCTaIbHbBIE aHOMAIIUH CTpPOE-
HUS XBOCTA (3aKPYUYEHHBIA M KOPOTKHM XBOCT, HATMYHE JTUC-
TaJIbHOM IUTOIIA3MaTHIECKOH Karlti) OblIM MUHOPHBIMHU.

[Ipu ananu3e BCTpeuaeMOCTH aHOMAIUI CTPOSHHUS CIIepMa-
TO30HUJI0B y OBIKOB pa3HbIX MOPOI (cM. Ta0JI. 3) yCTAaHOBJICHO,
YTO YaCTOTA HAPyIIEHUH CTPOEHHS TOJTOBKH CIIEPMATO30H,1a
y OBIKOB CHMMEHTAJILCKOH TTOPOABI ObLIa TOCTOBEPHO BHIIIE
(p <0.01, xpurepuii ManHa—YUTHH), 4eM y ObIKOB YepHO-
MIECTPOH TOPOJIBL, ITIABHBIM 00Pa30oM 3a CUET TPYIICBHIHON
TOJIOBKH.

BerpeuaeMocTh rpyIIeBUIHOMN TOJIOBKH Y OBIKOB CHMMEH-
TaJBCKOM MTOPOIBI OBITa TocTOBepHO BhIIE (p < 0.05, kpuTe-
puii ManHa— YHUTHH), 4eM y OBIKOB YEPHO-TIECTPOI MOPOJIBI.
BbIky Tpynmsl KpacHBIX MOPOA XapaKTepU30BAIHNCH JTOCTO-
BepHO Ooree BbIcoKoit (p < 0.05, kputepuit ManHa— YHUTHH)
BCTPEYAEMOCTBIO AHOMAJIUH CPETHEHN YacTh CIepMaTo3011a
10 CPAaBHEHMIO C KMBOTHBIMU CUMMEHTAJILCKOI U YepHO-TIe-
CTpoH 1mopoz. BeIkK KpacHBIX MOPOJ OTIIMYAINCH OT OBIKOB
YepHO-IIeCTPOii mopoabl Oosee BrIcoKoi (p < 0.01, kpurepnit
MaHHa— YUTHH) BCTPEUAEMOCTBIO COUETAaHHBIX aHOMAJIUi
CpeIHEN YaCTH U FOJIOBKH, a TaKXKe TPOMHBIX aHoMasni. Kpo-
Me€ TOT0, Y OBIKOB KPAaCHBIX MOPOJ] aMOp(hHAs TOIOBKA CIIepMa-

Animal gene pool and breeding
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Table 3. Occurrence (%) of different sperm defects in bulls of different breeds

Defect category Breeds
B|ackp|ed5|mmenta| ............................. R edbreeds ...........................
.................................................................................. c |a55|ﬁcat|onaccordmgto|ocat|onofdefects
Head49810568301086aa ........................... 6 32i073 ............................
M|dp|ece245io35 .............................. 195i047b ............................ 3 73105](: ...........................
Ta”538i093 .............................. 7 101131 .............................. 5 521082 ............................

Multiple anomalies

Head and midpiece

Notes: Significance of differences @ (p < 0.01) and @ (p < 0.05) significance of differences between Simmental and Black Pied breeds; b between Simmental and
red breeds (p < 0.05); “ (p < 0.01) and € (p < 0.05) between red breeds and Black Pied breed.

TO30M/1a BCTpeyasiach JocToBepHo vate (p < 0.05, kpurepnit
ManHa—YuTHH), 4eM Yy OBIKOB YEPHO-TIECTPON MOPOJIBI.
IIpu aHanu3e BcTpeuaeMoCT aHOMAJIMH CIIEPMATO30UI0B Y
OBIKOB pa3HbIX JINHUH YEPHO-TIECTPOH TTOPOIBI YCTaHOBIICHO,
410 y noToMkoB P. CoBepuHra codeTaHHbIC aHOMAJIHU CPE-
Hell 9acT U XBocTa BeTpedatorcs yamie (p < 0.05, kpurepuit
ManHna—YuTHn), ueM y motoMkoB B.b. Alinnana (cMm. Tadn. 4).
MesxIMHERHBIX OIMYUH 110 YaCTOTE BCTPEYAEMOCTU APYTUX
THUTIOB aHOMAJIMH CIIepMaTo30UI0B (KaK 1Mo GpopmMe, TaK U 10
MECTY PaCIOJIOXKEHHS B CIIEPMaTO301Ie) HE OTMEUCHO.

O6¢cyxpeHue

[IpoBeneHO KOMIUIEKCHOE HMCCIIEIOBaHHE OCHOBHBIX ITOKa-
3areseil KauecTBa ISKYJSATa y UMIIOPTHBIX OBIKOB MOPOJ
3apyOeKHOW CEeNEKLUH, COACPIKAIINXCS B HKOJIOTO-KINMa-
THYECKUX yCIOBUSIX 3anafHoii CHOMpPH HECKOIBKO JIET, U y
OBIKOB YEPHO-TIECTPOI ITOPOIBI, XOPOILIO aAaITHPOBAHHBIX K
MecTHBIM ycnoBusaM (Kopocrenesa, Pyaummiaa, 2007). [po-
JYKIHSI CTIEPMaTO301I0B, MX MOIBI>KHOCTD U BCTPEUYAaEMOCTh
AQHOMaJIbHBIX MOJIOBBIX KJIETOK Y OBIKOB, HIMIIOPTHPOBAHHBIX
n3 3anagHoil EBporbl, He OTIIMYAINCh OT TAKOBBIX Y OBIKOB
YepHO-1IeCTpoit opossl. CpeaHne 3HaYeHUs BCEX 3THX I10-
KaszaresieH y )KUBOTHBIX B HCCJIEI0BaHHON BHIOOPKE OKa3aJIHCh
ONM3KHM K TAaKOBBIM y OBIKOB, Pa3BOJMMBIX B €BPONEHCKUX
crpanax (Tabi. 5). CpenHye 3HaYeHHs] KOHIICHTPAIIUH CTIepMa-
TO30H/IOB B JSIKYJISITE, JOJIU MOABMKHBIX 1 MOP(OIOTHIECKU
HOPMAaJIbHBIX CLIEPMAaTO30MI0B Y )KHBOTHBIX B U3y4E€HHOM BBI-
0opKe OBIKOB HAXOJMIIKCH B MPEJeiiax, yCTaHOBIEHHBIX pOC-
cutickuM [ocynapctBennsim ctangaptom (I'OCT 23745-79)
JUISL CBEXKETIOTYYCHHON CIepMBbl OBIKOB, MPUTOAHON IS
JTaTbHEHIIIeTro 3aMopakuBaHus (CM. Tad. 5).

FeHODOHA 1 ceneKkLmsA XXNBOTHbIX

Table 4. Occurrence (%) of different sperm defect
in bulls of different strains of the Black Pied breed

Index Strains

V.B.Eidial R Sovering
"""""""""" Classification according to location of defects
Head453¢053 ........ 5 301101 ......
M,dp,ece .................................................. 2 3110582641058 .....
Ta|| ............................................................. 5 23 i 1 . 32 ........ 5 7 5 i 129 .....
Mu|t,p|eanoma|,es .................................................................................

Head and midpiece 0.08+0.06 0.00

2 significance of interstrain differences (p < 0.05).
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Table 5. Comparison of data on sperm quality in studied bulls with those in bulls from other countries

and the Russian Government Standard

Country, reference Breeds

Russia, Altai region,
our data

Angler, Danish Red,
Black Pied, Simmental

Netherlands
(Holflack et al., 2007)

Sweden
(Al-Makxoomi et al., 2009)

Austria
(Fuerst-Waltl et al., 2006)

Russian Government Standard
(No. 23745-79)

Sperm Percentage of sperm, %
concentration, e
progressive sperm  total normal sperm
bn/ml -
motility
1.10+£0.05 79.03+1.19 84.78 £0.95
No data 689+11.7 79.7+7.0
1.25+2.1 71.8+£3.0 84.9+10.7
1.28£0.01 56.94 £0.51 No data
1.2+03 66.5+5.3 No data
0.8 70 82

Notes. The data on studied breeds are combined. The data are presented as mean value + error of the mean.

B npyrux crpaHax mpu OIEHKE MPHUIOJHOCTH OBIKOB K
Pa3BEICHUIO OLICHUBAIOT JIOTIO MPOTPECCHBHO MOABHKHBIX
1 MOpP(OJIOrHIeckr HOPMaJIBHBIX criepMaro3onos. ITopo-
rOBBIE 3HAYEHHS STHX MOKa3aTelell pa3In4yaloTcsi B Pa3sHbIX
cTpanax u xoneomrores ot 30 10 70 % Ay oM TOABMYKHBIX
cniepmaTo30unoB U 0T 70 10 75 % 11t o MOP(OIOTHIECKU
HOpMauIbHBIX criepmarozonioB (Ball, Peters, 2004). Takum
o0pa3om, cpemHIe 3HAYCHUS KauecTBa dAKYIATa y 00cIeno-
BaHHBIX HAMH JKUBOTHBIX MOPOJI 3apyOSKHOM 1 OTE4ECTBEH-
HOM CEJIEKIIMU COOTBETCTBYIOT POCCHUCKUM M 3apyOeKHBIM
HOPMaM I10 KaueCTBY CIIEpMBbI OBIKOB-TIpon3BoauTeneil. Iomy-
YEHHBIC JJAHHBIEC TOBOPST O TOM, UTO XMBOTHBIE 3aPyOEKHBIX
AHIVIEPCKOM, KPAaCHOW JaTCKOM, CHUMMEHTAJIbCKOU IIOPOJ A0-
CTAaTOYHO OBICTPO ATANTUPYIOTCS K 3KOIOTO-KIMMAaTHIECKUM
ycnoBusiM 3aragaoii CHOMPH M B TIOJTHOH Mepe pean3yioT
CBOM HACJICJICTBEHHBII MMOTEHIIMAJI B OTHOIIEHHH Ka4yecTBa
ISIKYIISTA.

OnHako B pe3ysbTare JIeTaabHOTO U3y4eHHs MOp(OIoTrH-
YECKOTO CTPOEHUS CIIEPMATO30M10B OBLIO YCTaHOBJIEHO, UTO
OBIKM CHMMEHTAJIBCKOM M KPACHBIX TOPOJ OTIMYAIOTCS OT
JKMBOTHBIX YEPHO-TIECTPOH IOPObI MOBBIIIEHHOI BCTpeda-
€MOCTBIO OTIENbHBIX AaHOMAJHI TOJOBKH CHEPMaTO30HaA.
BbIKM TPyHNbI KPacHBIX MOPOJ OTIMYAINCH MOBBIIEHHOMN
BCTPEYAEMOCTHI0 aMOP(HBIX TOJIOBOK CIIEPMAaTO30HI0B, a
JKMBOTHBIE CUMMEHTAJIbCKOI OPOJIbI — IPYILEBHIHBIX FOJIO-
BOK. B cooTBeTcTBHH ¢ Kitaccudukanueii bioma, amopdaas
U TPYyLIEBUIHAS TOJIOBKA OTHOCSTCS K TPYIIE TaK Ha3bIBa-
eMbIX MakopHbIX aHomanuii (Ball, Peters, 2004). IIpucyr-
CTBHE TAKHX CIIEPMATO30H/I0B B SIKYJISITE CBUICTEIBCTBYET O
CepBhEe3HBIX HAPYIICHUSX B CIIEPMATOI€HE3€ M OTPUIIATEIHHO
KoppenupyeT ¢ (epruibHOCTbIO KUBOTHBIX (Enciso et al.,
2011). OT0 00YyCIOBICHO TEM, UYTO TAKHE CIIEPMATO30MIBI
HE CITOCOOHBI TPEO/I0NICTh )KCHCKUH PENPOAYKTHBHBIN TPAKT
13-3a HapYyLIEHHOM IreéOMETPUU IOJIOBKU U CHUKEHHOH I10OJI-
BIKHOCTH. Kpome Toro, 1axe Mop(oorniaeckn HopMaabHbIE
CIIepMaTOo301 16l B 00pasIie SIKYIIATa C OBBIIICHHBIM YHCIOM
MayKOPHBIX aHOMAJIMH CIIEpMATO30MI0B, TAKHX KaK aMOpQHast
ronoBka (Saacke, 2008) u nedexTsI cTpOeHHUS aKPOCOMHON
obomactu (Thundathil et al., 2000), o6nagaroT CHIKCHHON
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OILIOIOTBOPSIONIEH CIIOCOOHOCTHIO. ABTOPBI II0JIAratoT, YTO
MOBBIIIIEHUE BCTPEYAEMOCTH MOAOOHBIX aHOMAIHMH B ISIKY-
JISITE SIBIISIETCS MAPKEPOM TTOBBIIICHUS YaCTOTHI HAPYIICHNH
yHakoBKH xpoMaTuHa 1 nenoctHoctd JIHK ciepmaro3onios.
Om1010TBOPEHUE SHIEKIETKH CIEPMATO30HMI0M C TTOBPEK-
nennoit JIHK npuBomuT K HapyIeHUIo pa3BUTH SMOPHOHA.
[Tosromy naxke HeOOIIbIIOE BO3pACTaHUE BCTPEUAEMOCTH
aMOp(HOM U TPYIIEBUIHOMN TOJOBKH y OBIKOB KPAacHBIX MO-
PO M CHMMEHTAIIECKOM MOPO/IBI MOYKET CBHAETEIHCTBOBATH O
pHCKe pa3BUTHS y HUX CyO(QepTHIILHOCTH, HECMOTPS Ha HOP-
MaJlbHBIE 3HAYEHMS TIOKa3aTeNel TOABHKHOCTH U CIEPMOIIPO-
nykiuu. [TomydeHHble TaHHbIE YKa3bIBAIOT HA HEOOXOANMOCTh
M3Y4eHUsl [IeJIOCTHOCTH XpoMaTtuHa U ¢parmenranun JJHK
CIIEPMaTO30H/I0B y OBIKOB-ITPOU3BOIUTEINEH, HCTIONb3YEMBIX
Ha TeppuTopun 3anaHoit Cubnpu.

B pesynbprate cpaBHUTENBHOTO aHaNIM3a MOKa3zaTeael Ka-
YecTBa ISKYIATa OBIKOB, MPUHAISKAIIUX K JABYM JHHUSAM
YEepHO-IIECTPOH TIOPOIBI, YCTAHOBIICHO, 4TO MOoToMKH P. Co-
BEpUHIa 00J1a/1al1K O0Jiee HU3KOMH J0JIel OJIBIIKHBIX CliepMa-
TO30MIOB, YeM IMoToMKH B.b. Alinnarna, ogHako ocTajJbHEBIC
napaMeTphl KauecTBa CIIEPMBI, BKJIOYas BCTPEUAEMOCTh
pa3HbIX MOP(OJIOrHYECKUX aHOMAJIMH CIIepMaTo30H/I0B,
y 3THX XHMBOTHBIX HE pazinuyanuch. [IpnunHbl MOKOOHOTO
M30JIMPOBAHHOTO CHIYKEHHS TTOJIBHYKHOCTH CIIEPMATO30M/10B
y ObikoB suHuM P. CoBepuHra HesicHbl. [lockonbky ObIKH
COZIEPKAJNCh B INIEMEHHOM XO3S1CTBE B OIMHAKOBBIX yCIIO-
BUSIX M JIOCTOBEPHBIX MEIJIMHEHHBIX pa3JIMunii O BO3pacTy
JKUBOTHBIX HE OTMEUEHO, TO YCTAHOBJICHHBIE PA3IHUUS IO
MOIBUKHOCTH CIIEPMATO30M/10B, BEPOSTHO, UMEIOT I'€HETHU-
YEeCKy0 MpHUpoy. [IBIKEHHE CIIepMaTo30M/a 3aBUCUT OT
COIVIACOBAaHHOW pabOThl 3HAUUTEIBLHOTO KOJIMUECTBa OEITKOB,
KOTOpBIE YYacTBYIOT B 00€CIIEUEHHUHN JIBIKYIIUXCS CIIepMa-
TO30M/IOB HEPTUEH, BXOIAT B COCTaB aKCOHEMBI M BHEIITHEH
000JI0YKH XBOCTA CIIEPMATO30M/Ia, & TAKIKE SIBJISIFOTCS] KOMIIO-
HEHTaMH CUTHAJIBHBIX Iy TeH, PETyIUPYIONINX OBIKHOCTD
(Ashrafzadeh et al., 2013). UccienoBarus SNP u momHOTE-
HOMHBIN aHaJIU3 acCOIMaIMii y OBIKOB-IIPOU3BOAUTENEH MO-
3BOJIMJIM YCTAHOBUTH OOJIBIIIOE KOJTUIECTBO TCHOB, MyTallul
B KOTOPBIX MOT'YT OBITH IPUYUHON CHHXKEHHOM MOABIYKHOCTH
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BnuaHve nopoabl 1 reHeanornyeckom IMHUM Ha NoKasaTtenu
CMepMOnpoAyKLMM y ObIKOB-NPor3BoOAMUTENe

cnepmaro3ouzioB. K TakuM reHam OTHOCSITCS, HalpuMmep,
reHsl CatSper, KOHTPOIUPYIOIIHE OCITKH KAaTHOHHBIX KaHAJIOB
cnepmaro3onnoB (Sivakumar et al., 2018), ren MARCHI,
konupyroumi youksuruH-iurasy (Liu et al., 2017), kotopast
HEeo0XomMa JUIs HOPMaJIBHOTO IPOTEKAHMS CIEPMUOTECHE3a,
u ap. [TomHOreHOMHBIN aHaNM3 acconuanuii y ToJNMITHHO-
(pusckux ObikoB B [Tosbiiie mo3BosmII BhISIBUTD 20 3HAUMMBIX
SNP, pacronokeHHBIX Ha 12 ayTocoMax 1 aCCOIMAPOBAHHBIX
CO CHIDKCHHOH TTOJIBIKHOCTBIO criepmaro3onios (Hering et
al., 2014a). He uckiitoueHo, 4To noauMoppu3Mbl B TUX HITH
KaKUX-JTM00 JPYTHX T€HaX CTaJId NPUYNHON MEXIMHEHHBIX
pa3mumi y OBIKOB YepHO-TIECTPOH ITOPOJIBI, OTHAKO UX UJICH-
TUQUKaLKs TpeOyeT AajabHEHIIero n3yyeHusl.

Takum 00pa3oM, KOMIUIEKCHOE HCCIEJOBaHHE KauecTBa
CTIepMBI OBIKOB-TIPOM3BOUTEINECH U CPaBHEHHUE MOITYUCHHBIX
JIAHHBIX C JINTEPATYPHBIMU CBEICHUSIMH TT03BOJISIET IIPEJIIIoa-
raTh, YTO IPUPOJHO-KIMMATHIECKUE yCIOBUSI fora 3arna Hoi
Culupy He OKa3bIBAIOT CYIIECTBEHHOTO HETATUBHOTO BITMSTHUS
Ha MPOJIYKIHMIO CIIEPMATO30HMJIOB, a TAK)KE Ha COJIEpIKAHUE
MO/IBMXKHBIX M MOP()OTOTHUECKH HOPMAJIbHBIX MOJIOBBIX KIle-
TOK B 3SIKYJISITE.

B pe3synbrare nccienoBaHus oka3aHo BIUSIHAE FeHEalo-
THUYECKOW JINHUM Ha JJOJI0 MOJABM)KHBIX CHEPMATO30HI0B y
OBIKOB-TTPOM3BOANTEINICH YepHO-TIECTPOi mopoabl. Mexno-
POZIHBIX pa3IM4Mi 1O CIEPMOINPOAYKIIMU U TTOJBHKHOCTH
CIIEPMaTO30MI0B HE YCTAHOBJIEHO, HO XKMBOTHBIC CHMMEH-
TaNbCKOM, aHINIEPCKON M KPACHOM JATCKOM MOPOJ OTINYAIHCh
OT OBIKOB YEPHO-NECTPON MOPOJIBI MOBBINIEHHOW BCTpeya-
€MOCThIO aMOP(HBIX U TPYIIEBUAHBIX TOJIOBOK CHEPMATO-
30MJ0B. DTH aHOMAJIMM CTPOCHHS CIEPMATO30UI0B MOTYT
OBITH aCCOLIMMPOBAHKI ¢ MOBbILIeHHEM (pparmenTannu JJHK
B MOJOBBIX KJIeTKax. [lodydeHHbIe JaHHbBIE yKa3bIBAIOT Ha
TO, YTO JIeTaJIbHAs OLCHKa MOP(OJIOTHH CIIEPMaTO30H/I0B
u ¢parmenramun JJHK B 1mosioBbIX KiIeTKax MOXET OBITH
TMIOJIE3HON NPH PYTHHHOMN OIIEHKE KaueCTBa ISKYJISITa OBIKOB-
MIPOU3BOJUTEIICH B )KHBOTHOBOJICTBE.
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BennuyHa 11 CTabUJIbHOCTDH VPOKAMHOCTU
COBPEMEHHOT'0 CeJIEKIIMMIOHHOI'0O MaTepuasia
SIpOBO TBepaou nuieHubl (Triticum durum Desf.)
113 Poccun n KaszaxcTaHa

IT.H. Maabunkos! @, M.A. Pozosa?, A.l. Mopryuos?, M.I. Msacuukosal, [0./. 3eaencknmir*

T Camapckuit HayYHO-UCCNAOBATENbCKUI HCTUTYT CeNbCKOro X03aicTBa uM. H.M. Tynaitkosa, n.r.T. BeseHuyk, Camapckas o6nacTs, Poccus

2 DepepanbHblii ANTaNCKUIA HayUHbI LeHTp arpobuoTexHonoruin, bapHayn, Poccna

3 MpepacraBuTenbcTBo MexayHapOAHOTO LieHTpa ynyulleHnA KyKypy3sbl 1 nweHnLpbl B LieHTpanbHo A3nm n 3akaekasbe (CIMMYT), AHkapa, Typuua

4 MNpepacTaBUTeNnbCTBO MeXAyHapPOAHOTO LieHTPa yNyuULlleHnaA KyKypy3bl U nweHunubl B LieHTpanbHon Asun n 3akaBkasbe (CIMMYT), ActaHa, KasaxctaH

OnpepeneHne aaanTMBHbIX peakunii CeNeKkLMOHHOro MaTepuana,
NONyYeHHOTrO B Pa3fINYHbIX CENEeKLMOHHbIX LleHTpax, no3sonseT
npvi HEO6XOAMMOCTU LieNleHanpPaB/IEHHO KOPPEKTNPOBaTb 3TN
cBoOWCTBa. B cBA3M ¢ 3TUM B 2015-2017 rr. 66111 U3yyeHbl 42 co-
BpPEeMeHHbIe cenekLOHHbIE TMHWN TBEPAON MLUEHNLbl U3 BOCbMM
yupexaeHuin Poccum n KasaxctaHa B CpaBHeHUM C cTopurye-
CKMM cTaHpapTom — beseHuykckon 139 B cucteme 16-17 1 18
KACWUB-ATT. NoneBble 3KCNeprMeHTbI 1 YYeT ypoxas B KaKaom
JKOJNOTMYECKO ToUKe ObIIN OpraHN30BaHbl MO eAUHON CXeMe.
[lna pelleHra NOCTaBNEHHbIX 3aAay NPUMEHANNCH ABYXpaKTop-
HbI AUCMEPCUOHHDBIN aHaNN3, METOANKY OLIeHKM afanTUBHOCTY,
KNnacTepHbIA aHanM3 1 METOZ, IMaBHbIX KOMMOHEHT. B pe3ynbraTte
nccnefoBaHuii yCTaHOBNEHO: 1) 3HaUMMoe BAVAHUE reHoTrNa 1
reHoTUN-CPeAoBbIX B3aUMOAENCTBUI (CymmapHO 15.8-23.5 % ot
obuelt anucnepcrn) Ha UBMEHYNBOCTb YPOXKANHOCTY; 2) TeHOTUM-
cpefoBble B3aUMOAENCTBUA NPOABUAN IMHENHBI XapaKkTep 1

He BHoCunu fectabunusmpyoliero 3¢dekTa; 3) Bce nyyeHHble
reHOTVMNbI pacnpeaensanycb No TPeM Knactepam, Nepsblil 06paso-
Baslv COpTa JIOKaJIbHOrO 3HaUYeHA, TPETUI — LUIMPOKOTO apeana,
BTOPOV 06beMNHII FeHOTUMbI C IPOMEXYTOUYHBIMY CBONCTBaMU;
4) ceneKkymnoHHble LeHTpbl OIBHY OepepanbHblii ANTaicKnin Hayy-
HblIl1 LeHTp arpobuoTtexHonoruin (DAHLA) n ®rbHY HAW cenb-
cKkoro xo3sancTaa loro-Boctoka npenmyLlectBeHHO NpoayLMpyoT
copTa nokanbHoro 3HauyeHus, Camapcknin HAW cenbckoro xo3am-
CTBa — COpTa LUMPOKOro apeana; 5) yCToNYMBoe OTHOCUTENIbHO
ncTopuyeckoro ctaHpapTa beseHuykckasa 139 npenmyLyecTso no
BeNMUMHE CPeAHEl YPOXKaNHOCTIN, PaCcCYMTaHHON NO JaHHBIM KO-
NOTNYECKMX MYHKTOB, OTMEYEHO TONbKO ANA copToB CamapcKoro
HUWNCX; 6) copTa Bcex ceneKkUMOHHbIX yUpeXxaeHnin no ctabunbHo-
CTV 1 OT3bIBYMBOCTY HE UMEIOT YCTOMUMBbLIX M3MEHEHNIA OTHOCK-
TenbHO beseHuykckon 139, uTo 06bACHAETCA He3aBEPLUEHHOCTbIO
cenekLMOHHOro npoLiecca no 3TM CBOMCTBaM U NOATBEepKAAeT
LienecoobpasHoCcTb GYHKLUMOHUPOBaHUA nporpammbl KACUB;

7) TPeHA yBENNYeHNA YPOXKaNHOCTU OTHOCUTENbHO be3eHuyk-
cKoW 139 B yCNoBUAX NOKaNbHOro UCMbITaHNA nmen 6onee ycTon-
YMBble TEHAEHLMM, HAUBONBLLNIA MPOrPecc OTMeYeH B ANITalickom
HUNCX (135.4 1 163.2 % k beseHuykckow 139), 4UTO MOXKHO 06bAC-
HUTb BbICOKOV 3DHEKTUBHOCTBIO CENTEKLMY MO CO3AaHNI0 COPTOB
NOKanbHOro 3Ha4YeHNA B 3TOM CeNEKLNOHHOM LieHTpe.

KntoueBble cnosa: TBepAaA nuweHnua; cenekuna; ypomaMHOCTb;
afanTUBHOCTb; CTabunNbHOCTb; OT3bIBUMBOCTD; COpT; cenekynoHHanA
NINHNA; KnacTep.
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Identification of adaptive responses of breeding material,
developed in different breeding centers, helps to pur-
posefully correct these traits where it is necessary. Thus,
42 modern breeding lines from eight institutions of Russia
and Kazakhstan were studied in comparison with the
historical standard Bezenchukskaya 139 in trails of 16-17
and 18 KASIB-SDW (Kazakhstan-Siberian net for wheat
improvement, spring durum wheat) in 2015-2017. Field
experiments and yield measurements in each ecological
cite were similar. To solve these tasks of the experiment,
two-factor ANOVA, methods for adaptability assessment
cluster analysis and principle component method were ap-
plied. As a result, it was established that 1) genotype and
genotype - environment interaction (overall 15.8-23.5 %
of total dispersion) had significant effect on yield variabi-
lity; 2) genotype - environment interactions were of linear
nature and had no destabilizing effect; 3) all the genotypes
tested can be distributed in three clusters, the first one

for locally adapted varieties, the third for varieties of a
wide areal, the second included genotypes with interme-
diate characteristics; 4) breeding centers of the Federal
Altai Scientific Centre of Agro-Biotechnologies and of the
Research Institute of Agriculture of South-East produced
predominantly varieties of local importance, the Samara
Research Institute of Agriculture - varieties of wide area;
5) a stable trend of increased mean yield compared to
historical standard Bezenchukskaya 139 over ecological
sites was observed only for Samara varieties; 6) varieties
of all the breeding centers had no stable difference from
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KAK UUTUPOBATbD 3TY CTATbIO:

ness, which can be explained by an incomplete breeding
process for these parameters and confirms the importance
of the KASIB program; 7) a trend of yield increase com-
pared to Bezenchukskaya 139 under testing in definite
local environments had more stable parameters with the
largest progress observed in the Altai Research Institute

of Agriculture (135.4 and 163.2 % to Bezenchukskaya 139),
which can be explained by a high efficiency of breeding of
locally adapted varieties in the breeding center.

Key words: durum wheat; breeding; yield; adaptability;
stability; responsiveness; variety; breeding line; cluster.
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CIIICHHE MIPOOJICMBI MTOBBIIICHHS YPOBHS U CTA0UIBHOCTH
YPOXKaiHOCTH B TIPOIIECCE CENEKITIH COTIPSKEHO C Mpe-
OJIOJICHUEM psifia OTPAHWICHUH, BOSHUKAIOIINX B CBSI3H
CEJICKIIMOHHBIM YIIYUYIIICHHEM JIByX ICHETHYCCKUX CHCTEM
OJHOBPEMEHHO — OT3BIBUNBOCTH Ha OJIATOTIPHSITHBIC yCIOBHUS
1 YCTOHYHUBOCTH K CTPECCOBBIM (haKTOpaM. YCTaHOBIICHO, YTO
CTaOMIIBHOCTD YPOXKAHHOCTH ONPEACISICTCS YCTOMYHUBOCTHIO
K cTpeccaM pa3HOW ITHOJOTHH M XapaKTepHa JJs COPTOB
mmpokoro apeana. Copra, aganTHPOBaHHBIC K KOHKPETHBIM
YCIIOBHSIM CPEJIbI, B TOM YHCIIC U K BBICOKOIIPOIYKTHBHBIM,
KakK TPaBWIIO, Y3KOCTCIIHAIN3UPOBAHBI, IMEIOT JOKaJIhHOE
snaueHue (Tollenaar, Lee, 2002; Duvick et al., 2004). B ce-
JICKIIHOHHOM MPAKTUKE STH JBa HAMIPABJICHUS PCAIU3YHOTCS
B 3aBHCHMOCTH OT IIUPOTHI MPEANOIaraeMoro apeaja pac-
MIPOCTPaHCHHS CO3/IaBaCMBIX COPTOB. [Ipu 3TOM HEOOXOTUMO
YYUTBIBATh, YTO BAPbUPOBAHUE YPOIKANHOCTH FTEHOTUIIOB 10
cpemaM BO MHOTOM OMpEAeseTCs B3aUMOACHCTBHEM T€HO-
tuni—cpena (GE). C omHOM CTOPOHBI, CEICKIIMOHEP AODKCH
CTPEMUTHCS K CHIDKeHHUIO0 BennunHbl GE u yBenunueHuto
3¢ PeKTOB TeHOTHTIA, 00ECTIEUNBAIOIINX yCTOWIHBOE (hop-
MHUpPOBaHHE MMPU3HAKA B pa3HBIX cpenax. C qpyroil CTOPOHEL,
GE oTkpbIiBaeT BO3MOXKHOCTH OTOOpa MCHOTHIIOB, aJalTH-
POBAHHBIX K OINpPEACICHHOMY MECTYy W IpPeo0Iiaaronum
YCIIOBHSIM OKPYIKAFOIIEH CpPejIbl 3TOTO MeCTa (IKCIUTyaTaIlHs
KOHKpeTHbIX agantanuii) (Lin, Binns, 1991; Ceccarelli, 1996).
TeMm He MeHee B OONBIIMHCTBE YKOJIOTHYECKUX PETHOHOB Ce-
JICKITMOHEPHI HAIICJICHBI Ha Pa3paboTKy COPTOB C yCTONYHBOM
YPOXKAHHOCTHIO U IIUPOKOH ajanTanueii K pasHOOOpa3HbIM
yenosusiM cpensl (Lin, Binns, 1988; Evans, 1993), uro mpe-
UMYIICCTBEHHO CBSA3aHO C MIMPOKOH aMILTUTYAOH BapHauu
KJIMMaTH4eCcKuX (akTopoB IO rojaM. MeanabHbld TeHOTHIT
JTOJDKEH XOPOIIIO paboTaTh Kak B TEUEHHE MHOTHX JIET B OJTHOM
MecTe (OIpeeICHHBIX CPEIOBBIX YCIOBHSAX ), TAK U B IITUPO-
KOM JIHara3oHe cpell, GOPMHUPYEMbIX BHCITHIUMHU YCIOBHSIMU
B pa3HBIX MecTHOCTAX (Romagosa, Fox, 1993).
[IpenrmonoxeHne 0 TOM, 9TO COBPEMECHHBIE COPTA MIIICHHIIBI
0oJiee BOCIIPUMMYHUBBI K U3MECHCHUSIM OKPYIKAFOIICH CpPElIbl,
4eM JIAaHIPACHl ¥ COPTA MPEIISCTBYIOMINX 3TATIOB CENEKIINH,
BBICKa3bIBAIOCH HeomHOKpatHO (baterun, 1995; Calderini,
Slafer, 1998; Fufa et al., 2005). B To »e Bpemsi B psie my0iu-
KaIiii pUBeICHbI TaHHBIE, TIOKA3BIBAOIIHE IPEBATHPOBAHIE
BEKTOPA 3aCyXOyCTOMYMBOCTH B IIPOIIECCE CO3MAHUS BBICOKO-
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npoayKTuBHBIX copToB (Kymakos, 1985; Bacuibuyk, 2001).
B pab6ore (De Vita et al., 2010) mpencraBieHbl pe3yabTaTsl
n3y4deHust 65 TeHOTUIIOB TBEP/IOH MIIEHHUIBI Pa3HBIX MEPHO-
JIOB HCIIOJIb30BaHUS (JIAHJPACHI, CTApble CEJICKIIMOHHBIC U
HOBBIE COPTA PA3IMYHBIX TATIOB BBIITYCKa M IIEPCIIECKTUBHBIE
CCJICKIIMOHHBIC JIMHUN) B PAJE cpel Ha Teppuropuu Mra-
JIMU, TAC MOKAa3aHO, YTO CTpATCrus CCJICKIUH, MIpUHATad B
TEUCHNE MOCTIECHNX ACCATUIICTHH, IPUBENa K YMEHBIICHUIO
3¢ deKTOB B3aNMOACHCTBHS TeHOTHII—Cpeaa U 0TOopy Te-
HOTHIIOB C JIy4lllel CTaOMJIbHOCTBIO B IIIMPOKOM JIHaIia30He
cpen. HekoTopele COBpeMEHHBIE TEHOTUIIBI TIPEBOCXOJIAT 110
YpOXalo CTapble cOpTa BO BCEX TECTOBBIX CPEAax, II€ B CO-
OTBETCTBHH C KOHICHIMEH «OHUOJOrHMYCCKOIN» MIIH «CTaTH-
YECKOI» CTaOMIBHOCTH HEOOXOINMO Pa3BUTHE CBOMCTB Kak
CHIIBHOM ITPHUCTIOCOOISIEMOCTH K CTPECCOBBIM (haKTOpam, TaKk
M MOBBINIEHHON OT3BIBUMBOCTH Ha 6J'laF0le/IHTHI)Ie yciaoBus
cpensl. S. Rajaram (2003) mpuBoauT yOeqUTEIHHEIEC JaHHBIC
0 BO3MO>KHOCTH CO3/1aHHs1 BEICOKOYPOJKaHHBIX COPTOB, a/1arl-
TUPOBAHHBIX K CTPECCOBBIM (haKTOpaM, MOATBEPIKIACHHbBIE
npyrumu uccrnepoBanmsiva CIMMYT (Braun et al., 1996;
Crossa et al., 2014).

B Poccuu n Kazaxcrane cenekuus spoBOi TBEpIOH Tiiie-
HUIIBI TIPOIIIa HECKOIBKO 3TANoB. B HacTosiiee Bpems co-
CTOSIHUE COPTOBOTO pa3HOOOpa3usi B pallOHMPOBaHUH 10 pe-
I'MOHAaM OTYETJIMBO JIEMOHCTPUPYET NpPEBAIUPOBAHUE COP-
TOB, CO3/IaHHBIX PETMOHAIBHBIMU CENCKIIMOHHBIMU yUpPEXK-
JICHUSIMH. B CBsI3M ¢ 3TUM NpaBOMEPHO IPEATIONOKEHUE O
JIOMHHUPOBaHHH B COBPEMEHHOM CEJIEKI[HIOHHOM IIpoliecce
a/IalITUBHBIX CBOWCTB JIOKAJIBHOTO 3Ha4deHUs. BMecTe ¢ Tem
B TIPE/IIICCTBYIOIINE TTEPUOABI CENICKIIMN HAOII0AAI0Ch pac-
MIPOCTpaHEHHe COPTOB MOHOIOANCTOB (MensHomyc 69, Xapb-
KkoBckas 46, besenuykckas 139), T.e. COPTOB C BBHICOKUM
YPOBHEM CTaOMIIBHOCTH YPOXKaHHOCTH B IITMPOKOM JTHAIIa30HE
cpeoBbIX ycioBui. [loHMMaHue TUHAMUKK aJanTUBHBIX
peakuuii COpTOB TBEPIOH MILIEHUIBI B IPOLIECCE UX CO3MaHUS
B Pa3JIMYHBIX CEJICKIIMOHHBIX IIEHTPaxX MO3BOJISIET P HEOO-
XO/IMMOCTH LIEJICHAIIPABIICHHO KOPPEKTUPOBATh 9TH CBOWCTBA.
J171s1 9SKCTIEpUMEHTAJIBHOTO PEIICHUS 3a/1a4H 110 OTIPECIICHNIO
9BOJIIOLMOHHBIX TEHACHIUH aJlaiTHBHOCTU B PA3IHYHBIX
pErroHax 3a OIpe/IeNICHHbIH IePHO]] CEIEKIUH HEOOX0IUMO
UMETh OOIIYI0 «TOYKY OTCUETa» HE TOIBKO BO BPEMEHH, HO U
B OnonornueckoM cMeicie. B aTom ciydae HeoOXoauMm copr,
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YpoXKaHOCTb 1 CTabUNbHOCTb COPTOB
TBepzoi nweHwuupl (T. durum) ns Poccun n KasaxctaHa

KOTOp];Iﬁ ABJISICTCSA UCTOPHUUCCKUM COPTOM IJIsI BCEX PEruo-
HOB 1 MOXKET BBITIONTHATH (DYHKIMK 00I1ero cranaapra. B ka-
YeCcTBE TAKOTO COpTa Iesiecoo0pa3Ho HCIONb30BaTh besen-
gykckyto 139. Otor copr B 80-x rogax XX Beka ObUT HIUPOKO
parionuposan ot IloBomkbsa 1o Kazaxcrana m Cubupw, T.e.
B PErYJSIPHBIX COPTOUCTIBITAHHUAX CTAOMIIBHO MPEBBIIIAN 110
YpOXXalHOCTH 3epHa CTaHJIAPTHBIE COPTa B ATUX PErHOHaX.
O4eBHIHO, UTO B TOT nepuof copt besenuykckas 139 MmoxxHO
66110 KITacCU(UIMPOBATh KaK COPT IIMPOKOTO apeaa.
Iems rccaemoBaHmii 3aKITI0YaIach B TOM, YTOOBI HA OCHOBE
JAHHBIX 3KOJIOTO-TeorpapMueCKUX HCIBITAHUN T€HOTHIIOB
(COBpEMEHHBIX CEJICKIIMOHHBIX JINHUH) TBEPAOH MIICHHIIBI
HayyHbIx yupexnennii KACHB (Kazaxcrancko-Cubupckast
CeTb I10 YITyUIICHHUIO SPOBOH MIIIEHHUIIBI ) TP PEepeHINPOBaTH
CEJICKIIMOHHBIN MaTepHall Mo rnapameTpaM aJanTHBHOCTH,
CTaOMIILHOCTH U CEJIEKI[MOHHOW LIEHHOCTH 110 YPOXKalHOCTH
3€pHA U OINPEACIUTh HBOJIIOIUOHHBIE U3MEHEHUS 110 3TUM
rapaMeTpam B reHO(OH/IE Pa3INIHBIX CEIEKIIMOHHbIX [ICHT-
POB OTHOCHUTENNBHO HCTOpHUYECKOTo copTa bezenuykckas 139.

MaTtepwuanbl n metogbl

OObexTamMu McciieloBaHuil ObLTH cOpTa SIPpOBOW TBEPJOH
mimreHntts! 16-17 u 18 KACHB-ATII, mocTynuBIIHE OT YIpexK-
nenuii-concnoaauteneii. [uxm 16-17 KACUD (BbImonHeH B
2015-2016 rr.) BriIrO4an 22 ceneKIMOHHbIE JUHUU U COpTa!
Kaprama 66, Kaprama 1412, Kaprana 1514 (Axtio6nHCcKas
CXOC, . AktroOunck), lapuda, l'oprendopme 950/99 (Ka-
pabaisikckas CXOC, noc. Kapabaineik), Jlapuna, JlamcuHckas
robmneitaas, [llopranauackas 256 (HITL3X, . Illopranasr),
Topaendopme 18567-6, Topnendopme 18585-2 (Kazaxckuit
HUWU 3emnenenust 1 pacTeHHUEBOACTBA, MOC. AJIMAIBIOAK),
Toprendpopme 719, I'opaendopme 723, Topaendopme 748
(®I'bBHY ®AHIIA, r. bapnaym), I'opaendopme 00-178-4,
Topneudopme 01-115-5, lopaeudopme 03-20-18 (Cubupckrii
HUUCX, 1. Omck), EnmuzaBernnckas, Banentnna (HUMCX
IOro-Bocroka, 1. CapatoB), Jleykypym 130711-54, Jleyky-
pym 1469/1-21, Jleykypym 1594]1-3 (Camapckxuit HUNCX,
nmoc. besenuyk), besenuykckas 139 (umcropuyeckuil copr,
001 cTaHAapT) ¥ TPU MECTHBIX CTaHJAPTa B KOKIOM yd-
PEXIEHUU U3 PAHHECIIEIION, CPEIHECIIETION U II03IHECIIEI0N
rpym. Huxr 18 KACUB (Bermonaen B 2017 1) BKITIOYAT T€
JKE€ CTaHIapTHBIE copTa (TPH MECTHBIX CTaHIapTa M OIUH
o0t — besenuykckast 139) v HOBbIE CEICKIIMOHHBIC THHUU
u copra: Kaprama 223, Kaprana 228, Kaprana 238 (AxTroOnH-
ckast CXOC), JTunams 19003, JInaus 19029 (Kazaxckuit HU
3eMIIe/ieNidsl U pacTeHueBozcTsa), [opaendopme 69-08-2,
Topnendopme 178-05-2 (HITI3X, Kazaxcran), [opaendop-
me 2264, Topaendopme 2383, Jlunns 9-25-016 (Kapabamnbik-
ckass CXOC), Iopaeudopme 829, Iopaeudopme 864, 'op-
nendopme 881 (PI'BHY ®AHIIA), lNopaendopme 04-76-5,
Toprendopme 05-12-7, lopaendopme 05-42-12 (Cubupcknit
HUNCX), Jleykypym 1429]1-10, Jleykypym 1506/1-36, Topneu-
tdopme 1591/1-21 (Camapckuit HUMCX), Annymka, Jlyq 25
(HUNCX FOro-Boctoka).

W3zyuenne coptoB 16-17 KACHB B 2015-2016 rr. nposee-
HO B ITATH 9KOJIOTHUECKNX IyHKTaX: AKTIOOMHCK, KapaOabIk,
Bapnayn, Omck, bezenuyk. Dxcnepumentst 18 KACHUD BbI-
nosHeHsl B 2017 I. B A€BATH SKOIOTMYECKUX MyHKTax: AK-
TIoOMHCK, Kapabansik, Anmmarerx (aBa myHkTa), [LlopTanmsr,
Bapnayn, Omck, besenuyk, Capatos.
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M.H. Manbunkos, M.A. Po3osa, A.V.. MopryHos
M.I. MacHuKkoBa, K0.W. 3eneHcknin

Pazmerenue Aes1siHOK, HAOMIOACHUS 1 yYET yporKast B KaxK-
JIOW 9KOJIOTMYECKOI TOUKE OBIIIM OPraHM30BAHBI 10 €ANHON
cxeme. [IpeniecTBeHHNK — YUCTBIN Map, y4eTHas IUIONIab
nenstaku 5-10.0 M2, TOBTOPHOCTE 2—3-KpaTHast. Pasmerenue
JIETSTHOK B OJIOKax — peHjpomMusupoBaHHoe. [loceB BO Bcex
9KOIYHKTaX MTPOBOIMIICS B ONITUMAJIbHBIC arpOTEXHUIECKHE
Ccpoku. YOopKa 3epHa OCYLIECTBISUIACH MPU JOCTHIKECHUH
IIOJIHOHM CIENOCTH 3€pHa, AAHHBIE 110 YPOXKAWHOCTHU Iepe-
cunthiBasu Ha 14.0 % BIaXKHOCTB.

VYenoBusi cpeabl Kak BHemHue GoHbI popMUpOBaHUS
yporkasi 1o TIyHKTaM U rozam B 1ukiie 16-17 KACHUB (2015—
2016 rT.) MOKHO YCJIOBHO pacIpeleiuTh Ha TP TPYIIIIBL:
1) Gnaronpusitabie — Kapabanbik, 2016 r.; bapnayi, 2015 r;
Owmck, 2015 1. — co cpemueit ypoxkaiiHoCcThIO 4.62, 3.82 1
3.30 1/ra COOTBETCTBEHHO; 2) CPEJJHNE 10 IPOYyKTUBHOCTH
HeraruBHbIM (P PeKTam JIUMUTHPYIOUIHUX (HAKTOPOB CPEIbl —
Bapnayn, 2016 r.; Kapabamnsik, 2015 r.; Omck, 2016 T. — ¢ ypo-
KaiHOCThIO 2.70, 2.69, 2.13 T/Ta COOTBETCTBCHHO; 3) JKECT-
KHE C HAauOOJIbIIEH KOHIIGHTPAILUEH CTPEecCOBBIX (HhaKTOPOB
nmenu Mecto B AkTroonHcke n besenuyke B 2015-2016 T,
e ypokaifHocTh BapbupoBsaia ot 1.16 mo 1.88 1/ra. B nuk-
ne 18 KACHUB (2017 r.) ycnoBust cpelibl IO BCEM IMYHKTaM,
kpome AkTroonHcka 1 Kapabansika, Oputn OaronpusaTHEIMA
Y OYCHBb XOPOIIUMH. B AkTIOOMHCKE Ha (hoHE XOPOIINX OCEH-
He-3MMHHX 3aI1acoB BJIard B MOYBE HAOJIONAJICS CHIIBHBIHI
nedunnuT ocagkoB B meprox Bererarmu. B Kapabamnsike Ha
(hoHe cHIIBHOM 3aCyXH B TIEPHO/] IIOCEB—BCXObI M B Havaje
BEreTaluy OTMEYECHO U3PEKHUBAHKUE CTEOIECTOs! TOCEBOB I10
OTAETBHBIM copTaM. CpemHss ypoXKaifHOCTh B AKTIOOMHCKE
cocrasuia 1.25 t/ra B Kapabansike — 1.56 1/ra.

Ouenky coptoB npoenu nmo merony A.B. KuisueBckoro
u JI.B. XotsuneBoii (1997), ocHoBaHHOMY Ha MCHBITAaHUU
TCHOTHIIOB B PA3JIMYHBIX CPeJax M NMPUMEHEHHH IBYX(]ak-
TOPHOTO TUCHEPCHOHHOTO aHaln3a. MeTox TaeT BO3MOXK-
HOCTB OTIPENICNUTh OOIIYIO U CIIETM(PUIECKYIO agalTHBHYIO
CIIOCOOHOCTH TEHOTHIIOB, HX CTA0MIBHOCTD U CEIIEKIIMOHHYTO
1eHHOCTh. O0Ias ajanTUBHAS CIIOCOOHOCTh XapaKTepu3y-
eT Cpe/lHee 3HAUCHHE MPHU3HAKOB B PA3JIUYHBIX yCIOBUAX
cpenpl (OAC = X;—u, TIIE X, — CPEIHEE 3HAYCHHE TIPU3HAKA [
copTa BO BCEX cpefax; u — CpeaHee 3HaUeHUE NMPU3HAKa B
SKCIIEPUMEHTE TI0 BCEM COpTaM), CIieri(uyecKas aJanTHB-
Hast criocobHocTh (CAC — otknonenne ot OAC B KOHKpET-
Hoii cpene (02 CAC, = X.(d,+vd,)*(m—1)c¥m), tne m —
gucio cpea. Uem mesble 3HaueHue Bapuanchl CAC, TeM
cyiabee TeHOTHIT pearupyeT Ha N3MEHEHHS CPEIIbI, TEM BBIIIE
ero cTaOMIbHOCTb. {11 CpaBHEHHUS PE3yJIbTaTOB OMNBITOB C
Pa3IUYHBIM HAOOPOM COPTOB, KYJIBTYP U CPEIOBBIX YCIIOBHH,

MPUMEHSIETCS 1I0Ka3arelb OTHOCUTENbHOM CTaOMIBHOCTH
reHOTHIA S,; = G CAC,/(u+OAC;)x 100 %. OTHOWmEHHE

/ i = G(ZGX E)gi/c2 CAC, XxapaKTepH3yeT HEJIMHEHHOCTh OTBETA
reHorumna Ha cpeny. Ecin lgi—> 1, reHOTUIT HETMHENHO pea-
TUPYET Ha OOJBIIMHCTBO Cpe, TPH lgi—> 0 mpeoOmamaeT nu-
HeliHasi peaknys TeHOTHIIa Ha cpey. s TOHNMaHus CyIil-

HocTH B3aumozelcTBus GE, npu mHTEpnperannu BapuaH-

CHI G(ZGX F)gi IPUMEHsCTCs Koo duimeHT komnencaumu K, gi
— _y 2

(Ky;=0>CAC,/0* CAC",rne 6> CAC' = YA (m—1)—(m—1)x

X 6%/m), KOTOPBIH MOKA3bIBAET OTHOCHTENBHBINA BKJIA]] T€HO-
TUIIA U CPeJbl B BapuaHCy B3aumopencTBus. Ilpu Kgi—>0
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Yield and stability of durum wheat cultivars
(T. durum) from Russia and Kazakhstan

npeobnanarot 3 dexrsr KomneHcaruu B3aumoaeicTeust GE,
K,;=1—>50bbeKrs! KOMIeHCAINN 1 1eCTA0HIN3AINA PABHBI,
Kgi > 1 — a¢phexThl B3aMMOACHCTBHSI TEHOTHII—CPEia COB-
najaroT 1o 3HaKy ¢ s¢dexramu cpesl, Bapuanca 6> CAC,
BO3pacTaeT ¢ aecTabmmm3nupyomuM dpdextom. B xagecTse
CEJICKIIMOHHOTO KPUTEPHs, OLICHUBAIOIIETO BECh KOMILIEKC
aJAITUBHBIX PEAKLIUN, IPUMEHAETCS [IApaMeTpP — CEJICKLIUOH-
Has neHHocth renoruna CHI, = u+ OAC,—p <6 CAC,, yuu-
TBHIBAIOIINH KaK MMPOTYKIIMOHHBIC BO3MOXKHOCTH T'€HOTHIIA B
Cpe/iHeM IO BCEM cpejiaM, TaK M CTaOMIIbHOCTb.

JlJIs OTICHKM aanTHBHBIX CBOWCTB COPTOB B 3TOI paboTe
ObLm ucnosk3oBanbl okazareau OAC,, CAC,, 100 — Sgi (ma-
paMETp BBEACH I YIPOUICHU A MUHTEPHPETALNHA IMOJTYUCHHBIX
JTAaHHBIX, TOCKOJIBKY €ro OobIine aOCONIOTHBIE BEITUYUHbI
XapaKTepu3yloT BO3pACTaHWE YCTOMYMBOCTH B OTIIMYHE OT
aHAJIOTUYHOIO 10 cMblciy mapamerpa Sgi), CLI', paccuu-
tanHble 10 (KumsaeBckuit, XoTsutera, 1997), koadduiment
perpeccun reHoTHoB Ha cpeny b, (Eberhart, Russell, 1966)
1 TIapaMeTp TOMEOCTaTHYHOCTH, PACCUNTAHHBIH 110 popmyIie
B.B. Xaurunsauna (1978): Hom = X?/(X,,,. — X,,,) % ©),
riae X — cpesiHee 3HaUCHUE TIPU3HAKA C YUETOM BCeX (POHOB,
X, — MAKCUMAJILHOE 3HAYEHHE TIPU3HAKA, X}, — MUHUMAIIb-
HOE 3Ha4Y€HNE PU3HAKA B OMBITE, G — CPEIHEKBA[PATHIECKOE
OTKJIOHEHHUE NPU3HAKA.

Kitactepu3zanust cOpToB 10 CBOWCTBaM aJlaliTUBHOCTH
(04AC,, CAC, 100 - Sgi, CUTI",, b,, Hom) npoBeieHa Ha OCHOBE
JITAaHHBIX KJIACTEPHOTO aHAJIN3a, BHITIOJIHEHHOTO C MPHMEHE-
HHUeM nakeTa nporpamm Agros 2.13 BapuanTta J-TeXHUKHU Ha
MIEPCOHATILHOM KOMIIbIOTEpe. B makeTe peannszoBaH urepa-
IIMOHHBIN aTOPUTM, 3aKJTIOYAIOIINIICS B TOCIIEIOBATEIEHOM
00beIMHEHNN 00BEKTOB, HAMMEHEE Y/IAJICHHBIX JIPYT OT ApyTa.
Pa3zzenenne Ha KiacTepbl IPOBEIEHO HA OCHOBAHUH 3HAYH-
MOCTH KO((PHUIIMEHTOB KOPPEIISIIHA MEX/Ty KOMITOHEHTaMH
KJIaCTEPHOTO aHajM3a. JJ0cTOBEpHOCTh 00bEIMHEHUSI COPTOB
B KJIACTEPBI MOATBEPKACHA PE3yIbTaTaMU AUCIEPCHOHHOTO
aHaJM3a IapaMeTpoB aJalTHBHOCTH COpPTOB. B kauecTBe
JIOTIOJIHUTENIBHON MPOLENypbl TPYNIIUPOBKH COPTOB OBLI
MIPUMEHEH METOJ] IIaBHBIX KOMIOHEHT. Llenecoobpa3zHocTh
MIPUMEHEHHMST 3TOr0 METO/Ia OTpE/IeNsieTcsl IBYMs IpHIHHA-
MU: 1) IOATBEPXKAECHUE PE3yIbTaTOB KJIACTEPHOTO aHAIIN3A;
2) BU3yanmM3amys OUIUIOTA B CHCTEME JIBYX TJIABHBIX KOMITO-
HeHT 0oJiee HANISTHO AEMOHCTPHUPYET 00BEMHEHNUE COPTOB
B IPYIIIGL.

Pesynbratbl 1 06cyKaeHue
Pe3ynbrarsl 1ByX()aKTOPHOTO AUCIIEPCHOHHOTO aHAJIM3a JIBYX
skcriepumenToB (16-17 KACHB, 18 KACHB) noka3anu 3Ha-
yrMble 3()(EKTHI Cpeibl, TCHOTUIIOB U MX B3aWMOJICHCTBUS
(tabum. 1). B oboux sKcriepuMeHTax MpeBaaupy O BKIa B
OOTIIyIO IUCTIEPCHIO YPOXKAITHOCTH BHOCHIIH (DaKTOPHI CPEIBL.
HawnGosee 3HaunMOE BIMSIHHAE YCIIOBUI CPE/IbI HIMEIO MECTO
B [IEPBOM JKCIIEPUMEHTE, YTO, BUIMUMO, CBS3aHO C CHIIbHBIM
MIPOSIBIIEHHEM JIMMHUTUPYIOMHNX (HaKTOpOB, AEHCTBOBABIINX
Ha PACTCHUS B OT/ICJIBHBIX OMBITaX (TOA—ITyHKT).
Ymenbmenue a¢dexros cpenpl B onbitax 18 KACUB otHO-
curenbsHO 16-17 KACHUDB Ha 7.6 % B aOCONIOTHBIX 3HAYEHUAX
COIIPOBOKIAIOCH yBeanueHneM (Ha 6.5 %) Bkiaaga B o01ee
BapsupoBanue 3dpdekros B3aumoxeiicteuss GE. BrnusHue
TEeHOTUIIHYECKOTO (aKTOpa TAKKE BO3POCIO, HO HE3HAUH-
tenpHO —Ha 1.1 %. DTa nuHAMEKA MOXKET OBITh CBsI3aHA KaK C
942
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n3MeHeHneM (PaKTOPOB CPeJIbl, TAK U C PeaKIHed pa3InaHOro
COPTOBOTO COCTaBa B JIBYX JKCIIEPUMEHTax. TeM He MeHee
3HAYMMOC BIIMSIHUE TEHOTHUIA U 3 (PEKTOB B3aNMO/ICHCTBUS
MI03BOJISIET OLIEHUTH AJAlTHBHOCTh, CTAOMIBHOCTD, OT3bIB-
YMBOCTb M CEJICKIIMOHHYIO [IEHHOCTh NCCIIEYEMbIX COPTOB.

HesnaunTenbpHas 4acTh HEYUTEHHBIX (CIIy4alHBIX) (haKTo-
poB (Error) oObsicHsieTcst TeM, YTO WX BEJIMYMHA B CHCTEME
JBYX(aKTOPHOTO JNCIIEPCHOHHOTO aHAJIHM3a ONPEAENIIeTCs
JIICTIEpCHEH! TTOJIEBBIX ITOBTOPEHHH B KQYKIOM SKCIICPUMEHTE.
B 00oux omblTax BapbUpOBaHUE JaHHBIX MOJEBBIX MOBTOP-
HOCTEH OBLIO 3HAUUTENHLHO MEHBIIE JUCIIEPCHHU, ONpese-
JSIBIIEHCS M3MEHYMBOCTBIO 10 TOJAM, IYHKTaM M COpPTaM.
OOmias xapakrepuctuka copros 16-17 u 18 KACUB npen-
craBiieHa B Tabn. 2 u 3. B 00oux skcnepuMenTax, HeCMOTPS
Ha 3HAYUMBIC PAsIans 10 [,; u K, 06a napamerpa y Beex
COPTOB OBLIH OJIFDKE K HYJIEBOW OTMETKE, YTO YKa3bIBACT Ha
npeo0iagaHne TMHEHHOTO OTBETa TEHOTHUIIOB HA M3MEHEHNE
Cpe/Ibl ¥ OTCYTCTBHE 3HAYMMBIX JIECTAOMIN3UPYIOIIHNX S dek-
TOB, BBI3bIBAEMBIX COBIIAJICHUEM IO 3HAKY BKJIaJ0B B 00I1Iee
BapbupoBanue 3pdexror cpens! u GE B3aumoneicTBys, 9TO
MIPE/IIONAraeT CXOXKYI0 110 HaNpPaBJICHUIO PEAKIHI0 COPTOB
Ha U3MEHEHHE CPE/Ibl.

Jpyrue mapameTpsl B 000MX SKCIIEPUMEHTAX 3HAUUTEILHO
M3MCEHSUINCH B 3aBUCUMOCTH OT CBOWCTB COPTOB M OCOOEHHO-
cTel uX B3auMozAencTBUsA co cpeaoi. Jlis pactipenenenus cop-
TOB, IPOUCXO/SIIIINX M3 PA3JINYHBIX CEJIEKIIHOHHBIX IEHTPOB,
T10 TPYIIIaM, 00BEMHSIOIINM COPTa C OIM3KUMU XapaKTepH-
CTHKaMH NPOAYKTHBHOCTH, aJIAlITABHOCTH M CTA0MJIBHOCTH,
K MaccuBy JaHHbIX 10 OAC,, 6CAC,, 100-Sgi, CLI", b,, Hom
OBUTM TPUMEHEHBI KJIACTCPHBIN aHAIM3 U METOJ| TJIAaBHBIX
KoMITOHEHT. [1o pe3ynbraTaM KilacTepHOro aHajiu3a, B 000uX
SKCHEPUMEHTAX BBIIEJICHO 10 TPH Ki1acTepa (BHY TPUKIIAcTep-
HbIE KO(Q(OUIMEHTHI KOPPEISIIUK COCTABIIIN B SKCIICPHMEHTE
16-17 KACHB 0.634...0.995 u 8 18 KACHB 0.529...0.997),
U TI0 JIBa cOpTa B 0OOMX 3KCIIEPUMEHTaX OKa3aJoCh BHE
KJIacTepOB. DTU PEe3yNIbTAThl ObUTH MOATBEPKICHBI METOJIOM
IJIaBHBIX KOMIIOHEHT, KOTOPBIE ITPEACTaBIICHBI B BU/IE OUILIO-
Ta Ha OCHOBE TIEPBBIX JIBYX ITIABHBIX KOMIIOHEHT C JIOJEH OT
o011eH ucnepeny B epBoM 3kcriepumente — 99.9 %, Bo Bro-
poM —99.7 % (puc. 1 u 2). BHe ki1acTepoB 0Ka3aJuch B IEPBOM
skcriepumente (16-17 KACHUB) copt I'oprendopme 18567-6
(Kazaxckuit HIW 3emnenenust) n ycpeJHEHHbIC 3HAYCHUS
MECTHBIX CTaH/apTOB M3 PaHHECIIENION IPYIIIbI, BO BTOPOM
skcriepumente (18 KACUB) — muans 19003 (Kapabanbikekas
CXOC) u JIyu 25 (HUNCX FOro-Boctoka).

[epssrii knactep 16-17 KACUB o0berHII 1ECATh COPTOB:
Tpu — cenekuuu Anraiickoro HUMCX (F'opmendopme 719,
Topnendopme 748, Topaendopme 728), Tpu — celeKun
Hay4yHo-1Tpor3BOICTBEHHOTO LIEHTPa 3EPHOBOIO XO3siCTBA
(HITI3X) (JlaBuna, JJamcunckas rodunerinas, [lopranaua-
ckas 256), no ogHomy copty n3 HUMCX FOro-Bocroxka (Enn-
3aBetuHckast), Cuoupckoro HUMCX (T'opaeudopme 00-178-
04), Axtrobunckoit CXOC (Kaprana 1412) u ucropmyaeckuit
crangapt besenuykckas 139. Bo BTOpo#l KitacTep BOILLIO
geTsIpe copra — 1o onHomy u3 HUMCX FOro-Boctoka (Ba-
nenTrHa), AkTioonHcKoit CXOC (Kapramna 1514), Kapabanbik-
ckoit CXOC (Iapuda) u Cudupcroro HUNCX (Topreudop-
me 03-02-18). Tperuii knactep oObeANHUI JEBITH COPTOB:
Tpu — cenekiun Camapckoro HUNCX (Jleykypym 1307-54,
Jleykypym 1469-21, Jleykypym 1594-3), mo onromy u3 Kazax-
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Table 1. Grain yield variation in KASIB 16-17 and 18 varieties in 10 and 9 test trials in Russia and Kazakhstan, respectively

Source KASIB 16-17 KASIB 18

of variation DF MS SS Percentage DF MS SS Percentage
in overall varia- in overall
tion variation

9 6374.7** 57372 83.8 8 5684.1%* 45472 76.2

G 24 165.8** 3978 5.8 24 172.3*%* 4136 6.9

GE 216 31.7%* 6852.3 10.0 192 51.5%* 9883.5 16.6

Error 249 1.05 263 0.4 224 0.653 146.3 0.3

Notes: DF, degree of freedom, MS, mean square; SS, sum of squares; E,G, GE, effects of the environment, genotype, and genotype-environment interactions,
respectively; Error, unaccounted dispersion. ** Fisher’s significance level 1%.

Table 2. Adaptability and stability of varieties KASIB 16-17 studied in Russia and Kazakhstan in 2015-2016

Genotype

Adaptability and stability parameters

0AGXE)y

OCAC, Sy BVG, Iy Ky

108 60.7 15.9 0.080 0.12

10.2 55.0 1.7 0.130 0.10

1. 56.1 134 0.095 0.12

15 555 135 0.038 0.13 1.01
9.7 60.9 144 0.070 0.09 0.85
10.7 49.1 9.5 0.073 0.11 0.92
108 51.0 10.4 0.040 0.12 0.94
1. 523 1.4 0.027 0.12 0.98
9.8 44.1 7.0 0.059 0.09 0.86
10.2 60.1 146 0.005 0.10 091
13 56.4 13.7 0.046 0.13 0.98
10.1 61.1 15.2 0.021 0.10 0.90
12.2 56.6 15.1 0.152 0.15 1.00
12.2 496 1.1 0.052 0.15 1.06
12.2 447 9.0 0.041 0.15 1.07
12.2 496 1.1 0.052 0.15 1.06
1.8 515 1.6 0.018 0.14 1.04
14.8 437 104 0218 0.22 118
138 48.1 1.8 0.061 0.19 1.21
116 58.4 15.4 0.173 0.13 0.94
12,0 55.7 14.1 0.059 0.14 1.03
116 482 9.9 0.008 0.13 1.03
12,5 529 13.1 0.080 0.16 1.07
12,5 56.5 154 0.075 0.16 1.08
13.8 554 16.1 0.090 0.19 118
13 59.9 16.0 0.003 0.13 1.00
116 53.7 12.8 0.07 0.13 1.00
0.25 133 0.50 0.01 0.01 0.02

*Mean; ** error of the mean.

ckoro uacTHTyTa 3emurenenus (KN3) (Topnendopme 18585-2),
Kapa6ainsikckoit CXOC (Topaeudopme 950/89), Cubupckoro
HUNCX (Topneudopme 01-115-5), Axrrodunckoit CXOC
(Kaprama 66) 1 1Ba MECTHBIX CTaHAapTa (CpPeIHECIIeNbI 1

TIO3/THECTIEIIbII OMOTHIIB).

leHodoHp 1 ceneKkuma pactTeHuin

Bo Bropom skcniepumente (18 KACHB) mepsslii kimactep
obpazoBany mATh coptoB — 1o oxHomy u3 HITI3X (Topaen-
hopme 69-08-2), Anraiickoro HUMCX (Topaeudopme 864),
Kapabansikekoit CXOC (JI9-25-016) 1 1Ba MECTHBIX CTaH-
JapTa paHHECIIEJIOro M IMO3IHECIeNIoro OHoTHIioB. Bropoii
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Table 3. Adaptability and stability of KASIB 18 varieties studied in Russia and Kazakhstan in 2017

Genotype

Adaptability and stability parameters

*Mean; ** error of the mean.

Kjactep o0beauHMI 12 COPTOB — MO ABa M3 AJTalHCKOTO
HUUCX (Topreudopme 829, lNopaendopme 881), Cubupcko-
ro HUMCX (T'oprendopme 04-76-5, Topaendopme 05-12-7),
Kapa6ansikckoit CXOC (T'oprendopme 2383, Topreundop-
Me 2264), Axtroounckoit CXOC (Kaprana 238, Kaprana 228),
mo oxHomy m3 HUMCX IOro-Boctoka (Arnymika) n K3
(JTuans 19003), crannapThl — OMMH MECTHBIN CpeaHECTEN0-
ro OMOTHUIIA U UCTOPUYECKHUU CTaHaapT beseHuykckas 139.
B TpeTwii kmactep BOIIIO meCTh COPTOB: Tpu 13 CamMapcKoro
HUUCX (Jleyxypym 1506/1-36, Jleykypym 1429/1-10, Top-
neudopme 1591J1-21), mo omHomy u3 Cubupckoro HUMCX
(Topmeudopme 05-42-12), Axtrodounckoit CXOC (Kapra-
na 223), HITI3X (T'oprendopme 178-05-2).

Pesynbrarhl AMCIIEPCHOHHOTO aHanM3a (MoJellb Heopra-
HU30BaHHBIX MTOBTOPEHMI) MOKA3aIM 3HAUUMBIC Pa3IHUIUS
MEXIy KiacTepaMu B 00OMX SKCIIEPHMEHTax IO ypoxKai-
HOCTH, CeNeKIMoHHOM neHnocty (CL{I';), roMeoCTaTHIHOCTH
(Hom) n x03(PUIHEHTY OTHOCUTENHHOW CTAOMIBHOCTH
(100—Sgi) (Tabn. 4 u 5).
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B 00onx sKcriepuMeHTax OTCYTCTBOBAIIN PA3INIHUS MEXKITY
knactepamu 1o napamerpam 6CAC, u b;, XapakTepu3yIomumM
creu(pUIECKyo aJaTHBHOCTh K KOHKPETHBIM CPe/laM U OT-
3BIBUMBOCTB Ha yITy4IIECHHE CPEABIL.

Cpennue Benuuunsl ypoxaiinoct u OAC, copToB BTO-
POTO U TPEThETo KiIacTepa B ImepBoM dKcrepumente (16-17
KACWHB) paznugarorcs HeJOCTOBEPHO. B T0 e BpeMst Mex Ty
STUMHU KJIaCT€paMU OTMEUEHB! 3HAUMMBbIE PA3IUYUA MO OT-
HOCHTEIBHON CTaOMIBHOCTH M KOMIUIEKCHBIM HapaMeTpam
CLI"; u Hom, OllcHUBAIOIIMM B OJHOH IE(ppe CTaOUIEHOCTh
U IPOLYKLIMOHHBIE BO3MOKHOCTH cOpTOB. Yem Hike 6CAC,; n
Bbiie OAC, (ypoiKallHOCTB), TEM BbILIE OTHOCHTENIBHAS CTa-
ounenoCTh CL{I'; 1 Hom. Hanboree cylecTBEHHbIE Pa3IIHIus
0 3TUM IapaMeTpaM OTMEUEHbl MEKIY COPTaMH MEPBOTo U
TPEThETO KJIacTepoB. [IpenMyIecTBo TPETHETO KiacTepa Ha
nepBbIM (kpome napameTpoB 6CAC, u b, IO KOTOPBIM pas-
JIMYMsT HE3HAYMMBI) cocTaBuiIo oT 17.4 % 1o ypoxaitHOCTH
10 56.1 % no Hom. OnuH copT U3 HCCIeqyeMoro Habopa,
Topnendopme 18567-6 (KN3), He Bomenmuii B KiIacTepsl,

Plant gene pool and breeding
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Fig. 1. Clustering of KASIB 16-17 varieties in the set of two principal components (PC1; PC2) calculated from parameters of adapt-
ability and responsiveness: GAA;, 0SAA;, 100—5g,«, BVG, b;, and Hom. Numerical designations of varieties:

1,Kargala 66; 2, Kargala 1412; 3, Kargala 1514; 4, Sharifa; 5, Hordeiforme 950/99; 6, Lavina; 7, Damsinskaya yubileynaya; 8, Shortandinskaya
256; 9, Hordeiforme 18567-6; 10, Hordeiforme 18585-2; 17-13, Local standards; 74, Hordeiforme 719; 15, Hordeiforme 723; 16, Hordeiforme
748; 17, Hordeiforme 00-178-4; 18, Hordeiforme 01-115-5; 19, Hordeiforme 03-20-18; 20, Elizavetinskaya; 21, Valentina; 22, Leucurum

1307D-54; 23, Leucurum 1469D-21; 24, Leucurum 1594D-3; 25, Bezenchukskaya 139.
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Fig. 2. Clustering of KASIB 18 varieties in the set of two principal components (PC1; PC2) calculated from parameters of adapt-
ability and responsiveness: GAA;, 0SAA;, Sg,», BVG;, b;, and Hom.

Numerical designations of varieties: 7, Kargala 223; 2, Kargala 228; 3, Kargala 238; 4, Line 19003; 5, Line 19029; 6, Hordeiforme 69-08-02;
7, Hordeiforme 178-05-02; 8, Hordeiforme 2264; 9, Hordeiforme 2383; 70, Line 9-25-016; 11-13, Local standards; 74, Bezenchukskaya 139;
15, Hordeiforme 829; 16, Hordeiforme 864; 17, Hordeiforme 881; 18, Hordeiforme 04-76-5; 19, Hordeiforme 05-12-7; 20, Hordeiforme 05-42-

12; 21, Leucurum 1429D-10; 22, Leucurum 1506D-36; 23,

XapaKkTepu3yeTcs OYeHb HU3KOU CpeJHEH YpPOKalHOCTBIO
(—23.4 % x ypOBHIO NEPBOTO KJIACTEPA) U OJHOBPEMEHHO
HU3KOU cTabMiIbHOCTRIO — Tapametp 100—Sgi (—13.0 %), ce-
JIEKIIMOHHOM IIEeHHOCThI0 TeHotuna (—34.5 %), Hom (-28.1 %)
U OT3BIBYMBOCTBIO Ha cpeny b, (—=16.5 %).

Bo Bropom sxcniepumente (18 KACHB) copra, Bommeamme
B TPETUH KiacTep, 3HAaYMMO NPEBOCXOJIWINA COPTa MEPBO-
TO ¥ BTOPOTO KJIACTEPOB MO ypPOKAWHOCTH, CTAOMIBHOCTH
(100—5gi), cenexunonnoi nennoctu (CLI";) u romeocTaTud-

leHodoHp 1 ceneKkuma pactTeHuin

Hordeiforme 1591D-21; 24, Annushka; 25, Luch 25.

Hoctu (Hom). Copra BTOporo kiactepa Obutd 000CO0JICHBI
OT TIEPBOTO B OCHOBHOM B CHITY Pa3IWYHiA 1O CTAOMIBHOCTH
(100-Sgi), CLI'"; u Hom.

B cpennem no nBym sxcnepumentam (16-17, 18 KACHB)
M0 JI0JI€ COPTOB, BOIICAIINX B PAa3NIUYHBIC KIACTEPHI, OPH-
THHATOPHI OTYCTIIMBO PACIPEACIIIUCh Ha TPyl (puc. 3).
Bce uzyuennsie copra Camapckoro HUMCX Bomwnu B TpeTuit
KJacTep, B 3ToT e kiactep Bouuio 50.0 % copros K13, mpu
atoM 25.0 % copTOB ATOTrO LIEHTPA OTHOCUIIUCH K TIEPBOMY
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Table 4. Mean values of yield, stability, responsiveness, and breeding value for varieties in clusters, data on KASIB 16-17,2015-2016

oCAC;
0SAAi Specific
adaptive ability

Cluster

100-Sg; BVG; . Hom
. ... Breedingvalue b Homeo-
Relative stability -
of the genotype stasis

* %

Duncan’s test

*indicate 5 % and 1 % significance levels according to Fisher’s test, respectively. Numerals followed by the same letters differ insignificantly according to

Table 5. Mean values of yield, stability, responsiveness and breeding value for varieties in clusters, data on KASIB 18,2017

oCAG;
0SAAi Specific
adaptive ability

Cluster

100-Sgi BYG: fiom
. ... Breedingvalue b; Homeo-
Relative stability -
of the genotype stasis

* ** indicate 5 % and 1 % significance levels according to Fisher’s test, respectively. Numerals followed by the same letters differ insignificantly according to
Duncan’s test.
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Fig. 3. Distribution of genotypes from different originators over clusters
as percentages of the total number of genotypes, averaged over two
experiments: KASIB 16-17 and 18.

KJIaCTE€py U CTOJIBKO XK€ OKa3aloCh BHE KIacTepoB. AKTIO-
ounckas CXOC n Cubupckuit HUMCX umMenu opnHakoBoe
pacupenesieHne COpToB 10 KiacTepam — B IEPBBIN, BTOPOH U
TpeTHil Bonuti coorseTcTBeHHO 16.7, 50.0 1 33.3 % coptoB
9TUX yupexaeHui. bin3koe K 7ToMy COOTHOLIeHHE Ha0ro/1a-
nocs 11 coptoB Kapabamsikekoit CXOC. Copra HITL[3X pac-
MIPEe/IeNsUINCH 10 1BYM Kitactepam: 80.0 % BOIIIM B EPBBIH,
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20.0 % — B Tpetuit. Copra HUMCX IOro-BocToka Bonutu B
nepBslit (25.0 %), Bo Bropo# (50.0 %) kmacteps! n 25.0 %
OKa3aJInCh BHE KiacTepoB. Bee copra Anraiickoro HUMCX
BonwtH B TiepBeIi (75.0 %) u Bo BTOpOit (25.0 %) KItacTepsl.

OueBUIHO, YTO B MPOLECCE CEICKINU IPOUCXOIAT IBO-
JIOIMOHHBIE U3MEHEHHUsI, IPUBOSLINE K (POPMHUPOBAHUIO
COPTOB Kak IIMPOKOTO apeasa, TaK 1 JOKaJIbHOTO 3HAUCHNS,
MIPUCTIOCOOJICHHBIX K KOHKPETHBIM PETrHMOHAM U YCIOBHUSM
cpenbl. [eHOTHIIBI, BOIIEANINE B TPETHH Kilactep B 000MX
9KCIIEPUMEHTAX, MOKHO OTHECTH K COPTaM IIMPOKOTO apea-
J1a, COOTBETCTBEHHO, TEHOTHUIIBI IIEPBOTO KiIacTepa MMEIOT
JokasibHOe 3HaueHune. Copra, BoIle/IINe BO BTOPOIi KilacTep,
10 CBOMM CBOICTBAM 3aHUMAIOT TPOMEKYTOUHOE TTOJIOKEHHUE
MEXKIY 9THMH JBYMS TPYTIIIAMH.

OTyenMBO HAOIIONAINCH CYIIECTBEHHBIE PA3INYHS MEXK-
Iy CPEIHUMH 3HAYCHHUSMH, BBIYUCICHHBIMH 110 KaXJIOMY
OpPHUTHHATOPY (CENEKIIMOHHOMY LEHTpY). [nist onpeneneHus
a¢dekra opurnHaropa ObLI IPUMEHEH 0IHO(MAKTOPHBIH JHC-
MIEPCUOHHBIN aHaJIN3 HEOPraHW30BAHHBIX MOBTOPEHMH, TIIE
B Ka4deCTBE BapHaHTa pPacCMaTPUBAIIUCH CPEIHUE 3HAYCHUS
[apamMeTpOB 110 BCEM M3yUEHHBIM COPTaM JIAHHOTO YUpesK/ie-
HUSI, @ B KAYE€CTBE TTOBTOPHOCTH TIPHUBIIEKAINCH 3HAUCHNUS T10
OTZIeNBHBIM copTaM. CpaBHEHHE ITOTYUCHHBIX PE3YIIBTATOB 110
CEJIeKIIMOHHBIM LIEHTPAM ITPOBEJIH C HICTOPUUECKUM CTaH/1ap-
ToM — copTroM beseruykckas 139 (Tabm. 6). B axcriepumente
16-17 KACHB Bce u3ydeHHbIE TapaMeTpPhI 10 OPUTUHATOPAM
JIOCTOBEPHO pa3Iuyaiuch no kpureputo duiepa. [Ipu arom
3HAYMMOE TIPEBOCXOCTBO Haa copToM beseruykcekas 139 mo
ypoxkaitHOCTH oTMedeHO Tosbko it Camapckoro HUNCX.
Copra storo yupexaenus u emie Tpex (Axkrroounckas CXOC,
Kapabansikekas CXOC u Cubupckuit HUMCX) nocroBepHO
npeBocxoammn bezenuykckyio 139 mo koadduuuenty cra-
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YpoXKaHOCTb 1 CTabUNbHOCTb COPTOB
TBepzoi nweHwuupl (T. durum) ns Poccun n KasaxctaHa

Table 6. Advance in yield, stability, and responsiveness to environments according to the results of ecological trials
of the set of varieties over all sites, KASIB 16-17 (2015-2016), % with reference to Bezenchukskaya 139

Breeding centers U+V; 0CAC;, 0SAA;
Aktyubinsk agricultural station 103.8a-d 87.6ab
Karabalyk agricultural station 104.8a-d 86.9ab
Resear'ch.& production center 91.1a 88.8ab
forgrainindustry e,
Kasakh Institute of Agriculture 88.9a 81.8a
Bezenchukskaya 139 100.0a-c 100.0bc
Federal A_Ital Saentlﬁ_c Center 99.8a-c 105.7¢

of Agrobiotechnologies T
Slberlz?m Research Institute 111.9¢d 101.8bc

of Agriculture
Research Institute of Agriculture

for South-East 10082 b
Samar.a Research Institute 120.8d 102.5b¢

Of AGriCUITUIe e
Fisher's test 3.23% 3.01%

Error of the mean, % 5.4 5.03

* 5 9% significance level according to Fisher’s test. Numerals followed by the same letters differ insignificantly according to Duncan’s test.

Table 7. Advance in yield, stability, and responsiveness to environments according to the results
of ecological trials of the set of varieties over all sites, KASIB 18 (2015-2016), % with reference to Bezenchukskaya 139

Breeding centers U+V; 0CAC;, 0SAA;
Aktyubinsk agricultural station 108.3abc 113.5

Karabalyk agricultural station 98.7a 110.9

Research & production center 1102abc ............ 1254 ..................
forgrainindustry
Kasakh Institute of Agriculture 100.9a 89.2
Bezenchukskaya 139 100.0a 100.0

Federal Altai Scientific Center 1038ab """""""""" 1270 """""""""""
of Agrobiotechnologies
Siberian Research Institute 117.3bcd 1328

of Agriculture
Research Institute of Agriculture {53 gcq 136.7
forSouth-East
Samara Research Institute 129.0d 1294

of Agriculture

Fisher's test

Error of the mean, %

M.H. Manbunkos, M.A. Po3osa, A.V.. MopryHos 2018

M.I. MacHukoBa, t0./. 3eneHckun 22.8
100 - Sg; BVG; b; Hom
115.5bcd 122.9b-d 85.8ab 139.8b-d
117.5d 126.0cd 87.5a-c 149.2d
102.5ab 93.9a 89.1a-d 103.6a
105.1ab 97.3ab 83.4a 115.6abc
100.0a 100.0a 100.0b-d 100.0a
94.0a 92.8a 103.1d 106.8ab
109.1bcd 124.0cd 99.9b-d 141.7cd
102.0ab 103.7a-c 98.8d-d 102.3a
115.6dcd 142.6d 102.5cd 144.7cd
437% 5.9% 2.82% 5.4%
3.9 6.6 4.4 8.3

100 - Sg; BVG; b; Hom

97.5 104.2 114.9 109.1

93.1 89.0 108.4 81.1

91.4 98.0 122.5 814

106.4 110.2 81.8 119.7

100.0 100.0 100.0 100.0

88.3 85.3 128.6 74.0

929 105.0 133.1 81.6

92.6 106.7 116.7 84.4

100.0 128.7 125.7 109.3

*5 9% significance level according to Fisher’s test. Numerals followed by the same letters differ insignificantly according to Duncan’s test.

ounpHOCTH (100—Sg7) M KOMIUIEKCHBIM ITapaMeTpam, YIHUThI-
BAIOLIUM CTaOMIIBHOCTB U NPoRyKTUBHOCTL (CL{I"; u Hom).
IMapametpsl 6CAC; u b, 10 BceM OpUIHHATOPaM, 33 UCKIIIO-
uenneM K13, e otnmuuanuce ot yposHs be3enuykckoit 139.
Y KU3 oHu OBIIM MEHBIIE CTaHIApTa, YTO B COYETAHHU C
HU3KOH cpefiHel ypOKallHOCTBIO XapaKTepU3yeT COpTa 3TOr0
LEHTPa, BKJIIOYEHHBIE B JKCIEPUMEHT KaK 3KCTEHCUBHBIE,
c11a00 OT3BIBUMBBIC HA yJIydllIeHHEe cpeabl. Takum o0pazom,
CEJIEKIIMOHHBIE LIEHTPHI B IIPOIIECCE CO3aHNUs COPTOB, Iepe-
nmaeHbIX B 16-17 KACUDB, peannzoBaiu (ecu BECTH OTCUET OT
Bbesenuyxckoii 139) cnenyromye HampaBieHHUs O U3MEHEHUIO
CBOWCTB MPOAYKTUBHOCTHA W yCTOWYMBOCTH: 1) 3HAYUTEIH-
HBII IPOrpecC MO CPeIHEN ypOKallHOCTH, €€ ONTUMAIIbHOE
COYETaHUE CO CTAOMIBLHOCTBIO, COXPAHEHHE OT3bIBYNBOCTH
Ha ypoBHe ctanmapra (Camapckuiit HUMCX); 2) cpemass
YpOXKalHOCTB B IIPEAEIax BapbUPOBAHHsI CTAHJAPTHOTO COPTA

leHodoHp 1 ceneKkuma pactTeHuin

1 BBICOKas ee cTabmibHOCTh (AKTIOONMHCKast CXOC, Kapaba-
abikekass CXOC, Cubupckuit HUMCX); 3) Huzkas ypoxaii-
HocTh (Ha 11.1 % MeHbIlne cTangapra), HU3Kas BapuaHca
crienuQuIecKoll alalTHBHOCTH (M3MEHUYMBOCTD 110 CPEIAM)
u cinabast oT3pIBUMBOCTD Ha cpeny (KU3); 4) ypoxaitHOCTb 1
BCE OCTAJIbHBIE TAPAMETPBI HE OTIIMYAIOTCS OT YPOBHSI CTaH-
nmapta (OPI'BHY ®AHIIA, HUMCX FOro-Boctoka, HITL[3X).

B omnsitax 18 KACHUB nocToBepHBIE pa3snuuus MEXIY
«OpUTHMHATOPaMI» HaOIIOJANCh TONBKO MO yPOXKAWHOCTH
3epHa (Tadm. 7). 3HaYMMOE MPEBOCXOACTBO HaJ/T COpTOM besen-
yykckas 139 orMedeHo asist Tpex opuruHaTopoB: CamMapcKoro
HUNCX, HUNCX FOro-Boctoka, Cubupcxkoro HUMNCX.
OTcyTcTBHE pa3IM4Hid O APYTHUM ITapaMeTpaM 0ObsSCHSIETCS
CHJIBHOM M3MEHUYMBOCTBIO MEXK/TYy COPTaMHU, IPEICTABIISIOIH-
MH OJHO U TO 7K€ CEJIEKIIMOHHOE yUpex ieHne. KontpacTHocTh
apaMeTpoB MEX/Ty COpTaMH 0COOEHHO 3aMEeTHA B MaTepHa-
947
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Yield and stability of durum wheat cultivars
(T. durum) from Russia and Kazakhstan

P.N. Mal'chikov, M.A. Rozova, A.l. Morgunov
M.G. Myasnikova, Yu.l. Zelensky

Table 8. Advance in yield according to local tests in the originator institutions, KASIB 16-17 and KASIB 18,

% with reference to Bezenchukskaya 139

Originator Yield, % with respect to Bezenchukskaya 139
KA5|B1617 .................................................................................... KA5|B18 ................................
. 20 15 ............................................ 2 016 ............................................ 2 0 17 .......................................
mean ................ m mmax ........... m ean ................. m mmax ........... m ean ............... m mmax .........
Aktyubinskagricultural station 1511 1264-1714 1620 1347-1842 1036  870-1229
Karaba|ykag ”c u |tura | stanon ..................................... 9 5 7 ................... 9 13_100 0 ........ 8 44 ................... 7 76_91 3 .......... 8 28 2 82_”04 .....
Federal Altai Scientific Center 1134 944-1354 1315 1136-1632 1418 1309-1442
of Agrobiotechnologies
Siberian Research Institute of Agriculture 1126 1061-1242 1352 1254-1535 1048 999-1098
Samara Research Institute of Agriculture 1326 1211-1410 1320 1235-1369 1146 1034-1364
Kasakh|n5t.tuteongncu|ture_ ......................... S R 1197 ............... 1167_1226
Researchproducuoncenterofgrammdustry_ ......................... e e 1252 ............... 1201_1304
Research|nst.tuteongr.cu|turefor50uthEast_ ......................... e s 1027997_1057 .....

JIe cAeayIomuXx opuruHaTopos: Aktroounckoit CXOC (Hom,
100-Sgi), KU3 (cCAC,, b,, Hom), HIIU3X (CLI",, Hom,
100—Sgi), Anraiickoro HUMCX (b,), Kapabansikckoit CXOC
(CL4r), Camapckoro HUMCX (b,), Cubupcroro HUUCX
(cur)).

Taxum 06pa3om, IO CpeAHer ypOKaWHOCTH B 000X IKC-
nepuMeHTax TosbKo copra Camapckoro HUMCX cradunbHo
1 JIOCTOBEPHO IIPEBOCXOIAT MCTOpUYECKUi cranuapt. Ilo
rapaMeTpam CTaOMIbHOCTH U OT3BIBUMBOCTH COPTA BCEX Ce-
JICKIIMOHHBIX YUPEK/ICHNH HE UMEIOT YCTOHYHMBBIX U3MEHEHNH
oTHOcHUTeNbHO be3eHuykckoit 139. MoXXKHO MPEONOKHUTD,
YTO B NPOIIECCE CENIEKIH B OJHOM CEJIEKIIHOHHOM IIEHTpE
Hapsily ¢ IPEBAJIMPOBAHNEM OIPEEICHHBIX CBOWCTB MOTYT
OBITh Pean30BaHbl Pa3INYHbIC BAPUAHTHI TEHOTUIIOB B KOOP-
JIMHATaX aJalTHBHOCTH, CTAOMIBLHOCTH U TMPOLYKTUBHOCTH.
OueBHUTHO, YTO COPTA, CO3/IaHHBIE B Pa3HbIX YUPSKICHUSIX,
MOTYT UMETh OOIIMe YepThl U OJHOTHIIHO pearupoBaTh Ha
WU3MEHEHHUS CPETIbI.

OTH pe3yabTaThl HABOASAT HA MBICIB O TOM, YTO CBOICTBa
aJaNTUBHOCTH, CTAOMJIBHOCTH M OT3BIBUYMBOCTH Ha Cpeay
B 3HAYMTEIBHON CTENEHH 3aBUCAT OT BCEH COBOKYIMHOCTH
YCIIOBHI CEJIEKIIMOHHOTO IIEHTPa, BKIIIOYAIOIIEi OMoKImMma-
TUYECKHUH MOTEHIINAJ, YACTOTY OJIarONpHSTHBIX U CTPECCOBBIX
MEPUOAOB B IKOIYHKTE CEIEKIIMU, UCXOJHBII MaTepuan u
pea3yeMble CEIeKIIMOHHbBIE CTPATETHH.

CucteMatu3upys NoTy4eHHbIE JaHHbIE [0 CBOWCTBAM ITPO-
U3BOJUMBIX COPTOB, MOXHO BBIUJICHUTH JOMUHHUPYIOIIUE
(hakTops! OTOOPA, IEHCTBYIONINE B CEIEKIIMOHHBIX IEHTPaXx.
B sxonynkre Camapckoro HUMCX (oTcyTcTBYIOT copTa nep-
BOTO W BTOPOTO KJacTepa) ¢ OOIBIION JOJeH BEpOATHOCTH
MIPEe/IIoNIaraeTesi CTabMIIbHOE JIeiicTBIE 0TOOpa, IPUBOJISIICE
K CO3/IaHHIO COPTOB IIMPOKOTO apeaja. YCIoBus GpyHKIHMOHHU-
POBaHUS CENEKIMOHHOTO porecca B Anraiickom HUMCX n
HUNCX FOro-Bocroka (0TCYyTCTBYIOT COPTa TPETHETO KiIac-
Tepa) CHOCOOCTBYIOT CO3/IaHUIO COPTOB JIOKAJIbHOTO 3HAUECHUS,
XOPOIIO MPUCTIOCOOIEHHBIX K MECTHBIM YCIIOBHSIM CPEIIBI.
Bce ocranbHble ceNeKIMOHHbBIE HEHTPHI (BKIIOYAIOT cCopTa
MIEPBOTO U TPETHETO KJIACTEPOB) C OMPEAEICHHON BEPOSITHO-
CTBIO MOTYT NIPOU3BOANTH COPTA KaK IIHPOKOTO apeasa, TaKk
U JIOKAJIbHOTO 3HAYEHUSI.
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ITo pesynpraTam H3ydeHHs NUTOMHUKOB 16-17 n 18
KACHB, k copTaMm IIHMPOKOTrO apeajia OTHECEHHI 13 copToB
(30.9 %): Jleykypym 13071-54, Jleyxypym 1469x1-21, Jley-
kypyMm 15941-3, Jleykypym 1429-10, Jleyxypym 1506-36,
Topneudopme 1591-21 (Camapckuit HUMCX), T'opneundop-
Mme 18585-2 (KU13), l'opaendopme 950/899 (Kapabamsikckas
CXOC), TI'oprendopme 01-115-5, Topaendopme 05-42-12
(Cubupckuit HUNCX), Kaprana 66, Kaprana 223 (Ak-
tiobunrckas CXOC), T'opnendopme 178-05-2 (HITL3X).
B rpynmy copToB JIOKaJIbHOTO 3HAYCHUS BOIIIM Takxke 13
coptoB (30.9 %): T'opaeudopme 719, lopneudopme 748,
Topaendopme 728, T'opaendopme 864 (PI'BHY DAHIIA),
JlaBuHa, lamcuHckas roOwieitnas, [llopranauackas 256,
Topnendopme 69-08-2 (HITL[3X), Ennzaserunckas (HUMCX
IOro-Bocroka), 'opaendopme 00-178-04 (Cubupckuit
HUUNCX), Kaprana 1412 (Aktioounckas CXOC), JI9-25-
016 (Kapabansikckass CXOC) u ucTopuueckuii craHaapT
besenuykckas 139.

OTH copTa PEeKOMEHJIyeTCsI HCIONb30BaTh B CEJICKIINU B
KaueCcTBE MCXOJHOTO Marepuaja Mo COOTBETCTBYIOIIMM Ha-
npasieHnsM. CopTa IMHUPOKOTO apeana Ienecoodpa3Ho Uc-
TIOJTb30BaTh TAK)KE B KaUeCTBE MCXOAHOTO Marepuaya B ce-
JIEKIIUU COPTOB JIOKAJBHOTO 3HAUEHUS I YCHJICHUS CTa-
OMIBHOCTH UX MPOAYKIIMOHHBIX CBOHCTB.

Hapsimy ¢ aTum nporpecc yBelMueHHsT YPOKAHHOCTH OT-
HocuTeNnbHO besenuykckoit 139 B KaK0M CEJIEKIIMOHHOM
LIEHTpe nMel Ooree ycToiunBeie TeHaeHmH (Tadm. 8). Cop-
Ta MecTHOM cenekuuu AktroouHckoii CXOC, AnTaiicKoro
HHNUCX, Cubupckoro HUMCX u Camapckoro HUMCX npu
n3ydeHnn B skcriepumente 16-17 KACHUB (2015-2016 tr.)
3HaunTEeNBHO (Ha 112.6-162.0 %) IpeBhICHIIH B 3TUX CEJICK-
LIUOHHBIX LIEHTpax ypoBeHb be3enuykckoit 139 u Tonpko Ha
Kapa6ansixckoit CXOC momyyeH oTpHIIaTeNbHBIN Pe3yIbTar.
Amnanornynoe uccienoanue B 18 KACHUDB nmokazano moo-
JKUTEIBHBIN TpeHn mo ypokaitHoctu (114.6-141.8 %) s
YeTBIPEX CeNeKIMOHHBIX IIEHTPOoB — Antarickoro HUMCX, Ca-
mapckoro HUMCX, KU3 u HITL3X. [Ipu aToM cpeau copToB
BCEX CEJICKI[IOHHBIX LICHTPOB 00OHAPYKEHBI TEHOTHUIIBI, O0JIee
npoxyktuBHbie (109.8—144.2 %), uem besenuykckast 139.
Ecnu opreHTHpOBAaThCSl TONBKO HA JIyYIIME T€HOTHIIBI, TO
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YpoXKaHOCTb 1 CTabUNbHOCTb COPTOB
TBepzoi nweHwuupl (T. durum) ns Poccun n KasaxctaHa

HanOoJsee 3HAYUMBIA M YCTOHYMBBINA mporpecc B 000uX
SKCIepUMeHTax oTMedeH ais Antaiickoro HUMCX (135.4
n 163.2 % x beszenuykckoit 139), 9T0 MOXHO OOBSICHUTH
BBICOKOU 3(p(hEeKTHBHOCTBIO CEJIEKIMH 110 CO3/IaHHI0 COPTOB
JIOKQJILHOTO 3HAYEHUS B ATOM CEJIEKIIHOHHOM IIEHTpE.

3HaUUTENbHBIC PA3INYNS MKy COPTaAMHU OJHOTO M TOTO
JKE YUPEKIEHHUS 110 YPOXKAUHOCTH, JPYTHMM W3YyYESHHBIM T1a-
paMeTpaM B 00OMX SKCIIEPUMEHTAX, TPEHIY ypPOKalHHOCTH
oTHOcUTENbHO besenuykckoit 139 B kaxk/10M CEIEKIMOHHOM
LEHTPE MOXXHO OOBSICHUTH TEM, YTO HCCIIEJOBAHHBIH B HAIIIMX
9KCTIEPUMEHTAX CEIEKIIMOHHO-TCHETHUECKHI MaTrepuan He
TPOIIIEJT BECH IIMKJT CETIEKIIOHHOTO Tpoliecca (3a HCKIFOYeHH-
em coproB HUMCX FOro-BocToka), 3aBepiieHneM KoToporo
CTPaBEATIMBO CUUTACTCS JJOIMYCK COPTA K KOMMEPYECKOMY HC-
TMIOJTE30BAHUIO. DTO CBSI3aHO C MOAX0JaMHU K (POPMUPOBAHHIO
nuToMHHUKOB riporpammbl KACUB, GyHKIIMOHANBEHBIM TIpe-
Ha3Hau€HUEM KOTOPOM SIBIISIETCS paCIIMPEHUE BO3MOKHOCTEN
CEJICKLIMOHHOTO MPOIiecca Ha 3aBePIIAIOIIEM ITare CEICKIUH.
[Tony4yeHHbIe pe3yibTaThl IOATBEPIKAAIOT LIEeCO00pa3HOCTh
U HEOOXOIMMOCTD IITMPOKOTO HKOJIOTHYECKOTO MCTIBITaHUS
COPTOB Ha TOM 3Tare CEeJICKIMU, YTO COOTBETCTBYET METO-
JIOJIOTUH, pa3paboTaHHOM MeXayHapOIHBIM [IEHTPOM YiIy4-
meHus KyKypy3sl u mmeHuts (CIMMYT). DddexruBHOCTD
ME>KTyHapOTHBIX MHOTOYPOBHEBBIX HCIIBITAHUN TIICHUIIBI,
npoBoauBiuxcs B Teuenue XX seka CIMMYT ¢ ucronb3oBa-
HHMEM COOTBETCTBYIOIINX TCHETUUECKHIX BapHalliii, OKa3a1ach
OYeHb BBICOKOH. Pe3ymbrar 3Toro noymxona u3BecTeH B popme
3enenoit peponmonuu (Trethowan et al., 2007). B Hacrosiee
BPEMSI METOZI0JIOTUSI HYKAAETCs B TOHKOHM HACTPOIKE B CBSI3H
C M3MEHEHHEM KJIMMara M OCOOCHHOCTSMH YCIIOBHH KpyTI-
HBIX pernoHoB. CTparerust yiy4lleH s MIIEHULIbI BKII0YaeT
BBE/ICHNE HOBBIX HCTOYHUKOB IT€HETHUECKOH N3MEHUYNBOCTH
yepe3 AWKWE BHUJIBI, UCIIOJIb30BAaHUE CHHTETHYECKUX (hopm
Ha ocHOBe Aegilops tauschii, Triticum dicoccum, MECTHBIX
coproB (landraces) 1, BO3MOXXHO, TpaHCT€HO3a ISl TPYIHO
nepeaBaeMbIX IIPU MOJOBON TMOPUAN3AIMN NPU3HAKOB.
DTOT BapuaHT coueTaeTcs ¢ (pyHKIMOHHUPOBAHUEM MEXIy-
HApPOJHBIX TUTOMHUKOB MCITBITAHUI U CUCTEMOM YETTHOUHOM
cenekiyn. IPPEKTUBHOCT CENICKIIMN MOBBIIIACTCS 33 CUET
MPUMEHEHHUST MOJIEKYJISIPHBIX MapKepoB, OoJiee [eeHarpan-
JIEHHOT'O HCTIOJIb30BaHUS (PU3MOTOTUUECKUX IPH3HAKOB (Op-
MHUPOBAHHS yPOXKasi, TCHETUKN PACTEHUH, ONOCTATUCTUKH U
OounonHdpopmaTrku. BaxkHast poiib B 5TOM MPOLIECCE OTBOIUTCS
noncky QTL amanTanuii u nx mapkupoBaruio. [1epBsrit aTam
9THX UCCIIEI0BAHNH ITPELyCMaTPUBACT MYJIBTHIIOKAIIBHBIC UC-
MBITaHKs SKCIIepUMEHTaNbHbIX nomyisiiuii (Lage, Trethowan,
2008; Crossa et al., 2014).

Pesynbrarsl, IpecTaBICHHBIC B HACTOSIIECH CTaThe, MOX-
HO paccMarpuBarh Kak NMepBOHAYAIBHBIN JTall MTOMCKa Iep-
CTHEKTUBHBIX Ul CEJIEKI[MM I'CHOTHUIIOB M XapaKTEPHUCTUKU
UX aJlaNTHBHBIX CBOWCTB, CBSA3aHHBIX ¢ (popMHpOBaHHEM
YPOXKaitHOCTH U MOJTyueHUs1 HH(POPMAIIUH, HEOOXOIUMOM JIst
Pa3BUTHS COBPEMEHHBIX METOJIOB CEJICKIINH.

Taknm o6pa3om, B mporiecce Kosoro-reorpaduiaeckoro
U3YYEHUs] COBPEMEHHOTO CENIEKIIMIOHHOTO MaTepHaa TBepoi
meHnnsl 13 Pocenn u Kazaxcrana BBISIBIEHBI 3HAUHUMBbIE
3¢ PEKTH TEHOTHIA U TCHOTUII-CPETOBBIX B3aUMOJICHCTBHH,
cymmapHo cocraBuBmme 15.8-23.5 % ot obuieit qucrniepcun
YpOKaHOCTH. | eHOTUII-CpelOBbIE B3aUMOJAEHCTBUS HOCHIIN
JMHEHHBIH XapakTep, 3 deKTs ecTadbnmnsayy OblIn He3Ha-

leHodoHp 1 ceneKkuma pactTeHuin
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M.H. Manbunkos, M.A. Po3osa, A.V.. MopryHos
M.I. MacHuKkoBa, K0.W. 3eneHcknin

YUTCIIbHBIMU, YTO NPEAIOJIAracT CX0XKYyro 110 HallpaBJICHUIO
PEaKLMIO COPTOB HAa U3MEHEHHE YCIIOBUIL cpenibl. Bee n3yden-
HBIC B 000MX 9KCIIEPUMEHTAX FCeHOTHITBI B PE3yJIbTaTe IpHMe-
HCHHS METOOB KJIIACTEPHOT'0O aHaJI1M3a U INTaBHBIX KOMIIOHEHT
K MaccuBy JaHHbIX 10 OAC, cCAC,, 100—Sgi, CUI",,b,, Hom
pacnpenersutich Ha Tpu kinacrepa. Anddepennuarys copToB
10 OAC, (cpenneii ypoxaiinoctn), 100—Sgi, CLI",, Hom crana
OTIpeIeNAIOMNM (aKTOPOM POPMHUPOBAHUS KiTacTepoB. [1ep-
BBII KJ1acTep OObEAMHMI TCHOTHUIIBI, NMEIOIIHE JIOKAIbHOE
3HaueHHE, XOPOIIO MPUCIIOCOOIEHHBIE K KOHKPETHBIM YCIIO-
BUSAM cpenbl. TpeTuii kiractep 00pa3oBasii COPTa MIMPOKOTO
apeaia, ¢ BBICOKOH CpeJJHEH ypOsKalHOCTBIO, CTAOMIIBHOCTBIO,
FOMEOCTATUYHOCTBIO U CEJIEKIIMOHHOW 1IEHHOCThI0. BTopoit
KJIacTep BKJIIOYAJ T€HOTHITBI C TPOMEKYTOUHBIMH BEJINYH-
HaMy OOJIBIIMHCTBA MapaMeTpoB. B sxkonmynkre Camapckoro
HUUCX npenmnosaraercs ctabuibHOE AeHCTBHE (PAKTOPOB,
MPUBO/IIINX K CO3JaHUIO COPTOB IIUPOKOTO apeana. YCIOBUs
(DYyHKIIMOHMPOBAHMS CEIEKIIMOHHOTO Mpoliecca B ANTaickoM
HUNCX u HUMCX FOro-BocTtoka criocoOCTBYIOT CO3aHUIO
COPTOB JIOKAJILHOTO 3HAYEHUS, XOPOIIO TMPHCIOCOOICHHBIX
K MECTHBIM (pakTopam cpersl. BrineneHHble TeHOTHUIIBI N~
POKOTro apeaja M JOKaJIbHOTO 3HaUeHUs] PEKOMEHIYETCs MC-
MOJIb30BATh B CEJIEKIMH B Kau€CTBE MCXOJHOTO Marepuaia
[0 COOTBETCTBYIOUIMM HampasieHusM. [lo cpenneii ypo-
JKAMHOCTH CTaOMIIbHOE MPEBOCXOJCTBO HaJl UCTOPUYECKUM
CTaHJIapPTOM IOKa3asu ToibpKo copta Camapckoro HUMCX.
ITo mapameTpam CTaOMIBHOCTH U OT3BIBUMBOCTH COPTA BCEX
CCIICKIIMOHHBIX yqpemaeﬂuﬁ HE UMCHOT yCTOFI‘IMBbIX u3Me-
HEHHUH OTHOCUTENhHO beseruykckoit 139, uro oOwscHIETCS
HE3aBEPIICHHOCTHIO CEJIEKIMOHHOIO IMpolecca Mo 3THM
CBOMCTBaM U IIOATBEPXK/IACT 11€71€C000pa3HOCTh (PYHKIIMOHHU-
posanus nporpaMmMbl KACUB. B To jxe Bpemst yBeInm4ueHHe
ypoxkaliHOCTH OTHOCHTENBHO be3eHuykckoit 139 B kaxaoM
CEJICKIIHOHHOM IICHTpPE ObLTO 00J1ee OOJBIINM U CTAOUITEHBIM
B 000MX dKcriepuMeHTax. Hanbonee 3HaYMMBIN U yCTOWINBBIN
TpEHI B 000MX SKCIIEPUMEHTAX OTMEUEH JUISI COPTOB AJlTaii-
ckoro HUMCX (135.4 u 163.2 % x bezenuykckoit 139), uro
MOYXHO OOBSICHUTB BBICOKON 3(h(heKTHUBHOCTHIO CETIEKITHH TI0
CO3/IAHUIO COPTOB JIOKAIEHOTO 3HAYCHUS B 9TOM CEJICKIINOH-
HOM LIEHTpE.
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Development and investigation of common wheat lines
of winter cultivar Bezostaya 1 with combinations
of dominant alleles of VRN-1 loci

E.V. Chumanova! @, T.T. Efremoval, Y.V. Kruchininal 2, L.A. Pershinal

TInstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2 Novosibirsk State Agrarian University, Novosibirsk, Russia

VRN genes, determining wheat sensitivity to vernalization, are
the main genetic system that defines the duration of the entire
growing period and the durations of the main organogenesis
phases. To date, several alleles have been described for VRN-1
loci, and allele-specific primers have been developed that allow
rapid identification of allelic spectra in common wheat vari-
eties and lines. The unequal influence of different alleles of
VRN-T1 loci on the duration of the growing period has also been
shown; however, there is little information on the effect of the
combination of different alleles on heading time. In develop-
ing genotypes having different alleles of dominant VRN genes
on the base of the same genetic background, it is necessary

to study the genetic effects of VRN genes on the duration of
the growing season and the individual developmental phases,
as well as on productivity. Most varieties presently grown in
Russia carry the dominant alleles of two VRN-1 genes: Vrn-Ala
and Vrn-B1a or Vrn-B1c; thus, the task was to create lines
combining the dominant alleles of Vrn-A1a with Vrn-B1a and
Vrn-B1c against the genetic background of the winter variety
Bezostaya 1 (Bez1 Virn-Ala/Vrn-B1a and Bez1 Vrn-Ala/Virn-B1c).
Homozygous plants were isolated in the F, generation by
using known allele-specific primers for the Vrn-A1 and Vrn-B1
loci. The durations of the tillering-first node period, which is
the key stage determining growing duration, and the period
from shoots to heading were significantly reduced in lines with
a combination of two dominant alleles of VRN-1 loci compared
to isogenic lines of Bezostaya 1 with the dominant alleles
Vrn-B1a and Vrn-B1c. The duration of these developmental
phases also decreased in the obtained lines as compared to
the isogenic line containing the dominant Vrn-ATa allele, but
the differences were not significant. No substantial differences
were found in the duration of other growing phases in lines
with two dominant alleles of the VRN-1 loci as compared to
isogenic lines of Bezostaya 1.

Key words: common wheat lines; duration of growing phases;
alleles of the VRN-1 loci; allele-specific primers.
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ITonyueHue u sydyeHre

JIMHUT MSITKOI IIILeHUIIbI

10 03MMOMY cOopTy be3ocTada 1
C KOMOMHAaIIe TOMUHAHTHbBIX
asutenei 10KycoB VRN-1

E.B. l{yMa\HOBa1 ®,TT ECl)peMOBal, 10.B. prqMHMHaL 2
A.A. Tlepumnal

! DepepanbHblii UCCNeAoBaTENbCKUIN LeHTP VHCTUTYT uyutonorum
1 reHeTnKn CbrpcKoro oTaeneHna POCCUncKon akagemmnmn Hayk,
HoBocnburpck, Poccus

2 HoBocrbrpcKmii rocyaapCTBEHHDIN arpapHbiil yHUBEPCUTET,
HoBocnburpck, Poccus

leHbl YyBCTBUTENBHOCTY K ApoBM3auun (VRN) ABnATCA OCHOB-
HbIMW FEHETUYECKUMW CUCTEMAMU, ONPeaeNsoLWMMN NPOA0S-
XKUTENIbHOCTb BEreTaLMoOHHOIo nepropa B LeNoMm, a TakKe
ONNTENbHOCTb OCHOBHbIX 3TanoB opraHoreHesa. K Hactos-
Lwemy BpemeHn ana nokycos VRN-1 onucaH pag annenen n
pa3paboTaHbl annenb-cneuudryHblie Npanmepbl, NO3BONAIO-
e NpoBOANTb BbICTPYIO NAEHTUOMKALMIO annenbHOro
CoCTaBa y COPTOB U JINHNI MATKON NLIEHULbI. YCTaHOBNEHO
Heo[MHAKOoBOe BMAHME pa3NiNyHbIX annenen nokycos VRN-1
Ha NPOAOMKNTENIbHOCTb BEreTaLMOHHOro Neproaa, O4HaKo
NCCNefoBaHN, KacalowWwmMxca BANAHNA KOMOVHaLUM pa3nmny-
HbIX annenemn Ha Bpems KOoJoLeHns, HefocTaTouHo. Monyye-
HUEe MOJTHbIX HABOPOB BCEX BO3MOMHbIX FTEHOTUMOB MO Pa3HbIM
annenAam JOMUHaHTHbIX reHoB VRN Ha 04HOM reHeTuyeckom
¢doHe HeobxonmMmo ana 6onee rnyboKOro n3yyeHus reHeTmye-
cKkux 3ddekToB reHoB VRN Ha MPOLOMKUTENBHOCTL BEreTa-
LIMOHHOTO Nepuroga 1 oTaenbHbiX $pa3 pa3BUTKSA, a TaKKe Ha
NPOAYKTUBHOCTb. MOCKOIbKY 60MIbLUIMHCTBO COBPEMEHHbIX
copToB Poccnn HeceT AOMUHaHTHbIe annenu aByx reHos VRN
(Vrn-Ala v Virn-B1a wnwu Vrn-B1c), Hamu 6bina noctasrieHa 3a-
[laya — NoNyuYnTb IMHUK, COYETAloLMe AOMMHAHTHbIE annenu
Vrn-Ala c Vrn-Bla v Vrn-B1c Ha reHeTnyeckom ¢poHe 03Mmoro
copta besoctana 1 (be31 Vin-Ala/Vrn-Bla v be31 Vrn-Ala/
Vrn-B1c). C ucnonb3oBaHneM 13BECTHbIX annesb-creunduy-
HbIX NpanmepoB ana nokycos Vrn-A1 n Vrn-B1 B nokonexnnmn

F, 6b1n1 BbiAeneHbl FOMO3UrOTHbIE PacTeHuA. Y MOnyUYeHHbIX
NNHUIA C KOMOUHaLMen ABYX JOMUHAHTHbIX afnesiei ToKyCcoB
VRN-1 pocToBepHO yMeHbLUanacb NpofoKUTENbHOCTb Nepro-
[ «KyLLeHne—-NepBblil y3em», KOTOPbI NpeAcTaBnAeT cobon
KNoYeBOW 3Tan, onpefenaownii NPOACIKUTENbHOCTb Bere-
TaUMOHHOTO Nepuoga 1 nepuoga oT BCXO40B A0 KONOLEHMSA
MO CPaBHEHMIO C U30TE€HHbIMU TMHUAMM NO copTy be3socTan 1

C AOMVHaHTHbIMK annenamu Vin-Bla vn Vrn-Blc. o cpaBHeHMto
C VI30reHHOW NINHMEN C LOMUHAHTHbIM annenem Vrn-Alay nony-
YEHHDbIX IMHWI TaKXe MPOU30LLI0 YMEHbLUEHVE MPOLOSTKM-
TeNIbHOCTY 3TKX $a3 pa3BUTUA, OLHAKO Pa3nnums GbIn Hefo-
CTOBepHbI. [JOCTOBEPHbIX Pa3nuunii No NPOAOCIHKUTENIBHOCTA
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is an important adaptive trait, which determines plant

productivity and resistance to biotic and abiotic stress
factors: drought, low temperatures, diseases, and pests (Stel-
makh, 1990; Worland, 1996; Snape et al., 2001; Cockram et
al., 2007; Kamran et al., 2014). The main genetic systems
that initiate the transition of wheat plants from the vegetative
to the generative stage of development are the genes for ver-
nalization (VRN) and photoperiod sensitivity (PPD) (Snape
etal., 2001; Kamran et al., 2014).

The main loci that determine sensitivity to the photoperiod
(PPD-1) in wheat were mapped on the short arms of the second
homoeologous group chromosomes: 2D, 2B, and 2A (Worland
et al., 1998; Snape et al., 2001).

The duration of the wheat growing period is determined by
three main VRN genes: VRN-1, VRN-2, and VRN-3. The genes
VRN-1 and VRN-3 were mapped on chromosomes of groups
5 and 7, respectively (Yan et al., 2003, 2006).

Common wheat has three homoeologous VRN-/ loci:
VRN-A1, VRN-B1,and VRN-D1. They are located on the long
arms of chromosomes 5A, 5B and 5D, respectively (Snape et
al., 2001; Yan et al., 2003). The spring habit of development
is determined by the presence of at least one dominant allele;
the presence of all the three recessive vrn alleles defines the
winter habit of wheat varieties. Cultivars bearing the dominant
VRN-AI allele are completely insensitive to vernalization,
whereas cultivars with the dominant alleles VRN-BI and
VRN-DI are slightly sensitive to vernalization (Pugsley, 1971).

For VRN-1 loci (VRN-A1, VRN-B1, VRN-DI), a series of
different alleles was described, mutations resulting in changes
in the structure of these alleles were cloned and characterized,
and allele-specific primers were designed for rapid genotyping
of common wheat varieties and lines (Yan et al., 2004; Fu et
al., 2005; Milec et al., 2012; Shcherban et al., 2012). It was
found that the dominant alleles of these loci had insertions or
deletions in the promoter and the first intron.

It is known that wheat cultivars bearing the dominant
Vin-Ala allele are the earliest ripening. The Vrn-A1b allele,
on the contrary, increases the duration of the heading period
(Koval, Goncharov, 1998; Kamran et al., 2014). Genotypes
with the dominant Vrn-Blc allele ripe earlier than genotypes
with Vin-Bla allele (Efremova et al., 2011).

It has been shown that various combinations of alleles of
the VRN and PPD loci differently affect the lengths of the
growing period and phases of plant development, as well as
productivity. The earliest ripening genotypes are those with
three dominant genes (VRN-A1, VRN-B1, VRN-D1); however,
they tend to have lower yields, and, for this reason, they are
seldom used in breeding. The habit of most Russian varieties
(including Siberia), Europe, North America and Australia is

e duration of the growing period in common wheat
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determined by two dominant genes VRN-A/ and VRN-BI.
These varieties ripe earlier, and they are more productive than
varieties with one VRN gene, because such allelic composition
of the VRN-1 genes allows the plants to sustain late spring
and early autumn frosts (Stelmakh, 1998; Goncharov, 2004;
Efremova et al., 2016). Genotypes with the dominant VRN-D1
gene are advantageous in regions with extreme conditions
such as drought and high temperature during grain filling
(Stelmakh, 1993).

In particular, the varieties predominant in Russia and West
Siberia have two dominant alleles: Vin-Ala and Vin-Blc or
Vin-Bla (Shcherban et al., 2012; Likhenko et al., 2014; Efre-
mova etal., 2016). Thus, according to (Efremova et al., 2016),
the Vrn-Ala allele, which has the greatest effect on the length
of'the growing period, occurs in about 80 % in the investigated
varieties of West Siberia. The frequencies of the Vrn-B1c and
Vrn-Bla alleles vary among accessions within 40-50 % and
30-50 %, respectively. It was also found that the Vrn-A1la al-
lele, along with Vrn-Bla and Vin-Blc, was typical for spring
varieties in Europe (Milec et al., 2012; Shcherban et al., 2014).
The Vrn-Ala allele is widely distributed among the spring
varieties of Canada, USA, Argentina, and China (Yan et al.,
2004; Igbal et al., 2007; Zhang et al., 2008; Santra et al., 2009).

Isogenic lines created on the basis of winter varieties with
known alleles of PPD genes play an important role in the
detailed analysis of the VRN genes, which control the duration
of the growing period (Stelmakh, Avsenin, 1983; Voronin,
Stelmakh, 1985; Koval et al., 2001; Efremova et al., 2011).
Study of such lines permits one to single out the effect of al-
leles of each of the VRN genes or different alleles of the same
gene, as well as of their combinations, on the duration of the
heading period (Merezhko, 1994; Koval, Goncharov, 1998;
Stelmakh et al., 2000; Efremova et al., 2011), the duration of
the main stages of organogenesis (Voronin, Stelmakh, 1985;
Emtseva et al., 2013), and productivity and fitness (Voronin,
1988). In addition, isogenic lines are suitable models for
studying the primary structure and expression of VRN alleles
(Loukoianov et al., 2005; Shcherban et al., 2013).

A series of near-isogenic lines of winter Bezostaya 1 cv.
(Bezl) possessing one dominant Ppd-D1a gene (determining
weak sensitivity to day length (Worland et al., 1998)), with two
different alleles of the VRN-BI gene (Efremova et al., 2011),
as well as on the VRN-41a and VRN-D4 loci were raised at
the Institute of Cytology and Genetics, Novosibirsk. In these
lines, different alleles of the dominant VRN-BI gene (Vin-Bla
and Vrn-Blc) were in the same genetic background, and this
fact allowed more accurate identification of differences in
the duration of the period from shoots to heading. With these
lines, it was shown that the Vrn-A1a allele determined earlier
heading than the Vrn-Blcand Vrn-Bla alleles, and the Vin-Blc

Plant gene pool and breeding
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Table 1. Isogenic lines of Bez1 cultivar used to obtain lines with two dominant alleles of the VRN-T loci

Isogenic line Haploid genotype for VRN genes ~ Donor of the dominant VRN gene  References
|BeZ1VmA1a .......... V mAIawnB,va,TanEDIrkD ........................................... Efremova(unpUthhEd) ......................................
‘iBezIVm-Bla  vm-AlVm-Blavm-DI | Diamantl | Efremova et al, 2011; Shcherban etal, 2012
| Bez1 Vm37c ........... v mA;va 7C va; .......................... 5 aratov S kaya 29 ..................................... L

Table 2. Primers for identifying alleles of the VRN-AT and VRN-B1 genes in common wheat lines

Allele Allele-specific primers

Vrn-Ala VRNTAF  GAAAGGAAAAATTCTGCTCG
Vrn-A1b VRNT1R  TGCACCTTCCC(C/G)CGCCCCAT
vrn-Al

Vrn-Bla Ex1/B/F3  GAAGCGGATCGAGAACAAGA
Vrn-Blc Intr1/B/F  CAAGTGGAACGGTTAGGACA
vrn-B1 Intr1/B/R3 CTCATGCCAAAAATTGAAGATGA

Intr1/B/R4 CAAATGAAAAGGAATGAGAGCA

Amplicon size, bp References

650+750
480

Table 3. PCR schedules with allele-specific primers for the VRN-AT and VRN-B1 genes

Allele PCR conditions
Predenaturation,  Number Denaturation, Annealing, Elongation, Final elongation,
t (min) of cycles t(s) t(s) (s) t° (min)

Vrn-Ala 94 (10) 40 95 (30) 55 (30) 72 (60) 72(10)

Vrn-A1b

vrn-Al

Vrn-Bla 94 (2) 35 94 (30) 52 (30) 72 (90) 72 (5)

Vrn-Blc

vrn-B1

allele, in turn, reduced the duration of the period from shoots
to heading as compared to the Vrn-Bla allele (Emtseva et al.,
2013). However, since most modern commercial varieties in
Russia carry the dominant alleles of two genes, Vrn-41a and
either Vrn-Bla or Vin-Blc, it should be found out how the
combination of different alleles of the two genes can affect the
time before heading. Therefore, it is advisable to obtain lines
with two alleles of these genes against the genetic background
of Bezl cv. This would allow a more detailed study of the con-
tribution of VRN alleles to early maturity and productivity. It
should be noted that all previously created isogenic lines and
lines with two or three dominant VRN genes were obtained
without taking into account the presence of alleles of the VRN
genes and their role in controlling heading time. Therefore, the
raise of complete sets of all possible genotypes for different
alleles of the VRN-1 loci against the same genetic background
is necessary for a more comprehensive study of the genetic
effects of the VRN loci.

The objectives of this work were (1) to obtain lines combin-
ing two different VRN-1 loci (Vin-Ala/Vin-Bla and Vin-Ala/
Vrn-Blc) in one genotype on the base of previously obtained
isogenic common wheat lines with dominant Vin-Ala, Vin-
Bla and Vin-Blc for the winter variety Bezl (Efremova et
al., 2011) and (2) to determine the effect of the combination
of alleles on the duration of individual development phases
under the conditions of the forest-steppe zone of the Novosi-
birsk region.

leHodoHp 1 ceneKkuma pactTeHuin

Materials and methods
Plant material. Experiments were performed with (1) lines
of winter cultivar Bezl with combinations of two alleles of
the VRN-1 loci: Bezl Vin-Ala/Vin-Bla and Bezl Vin-Ala/
Vin-Blc and (2) the parental isogenic lines of Bezl with
dominant alleles Vin-Ala, Vin-Bla, and Vin-Blc (Table 1).
The design of the raise of isogenic lines carrying the Vin-Bla
and Vrn-Blc alleles from the Saratovskaya 29 and Dia-
mant II varieties, respectively, was described in (Efremova
et al., 2011). The isogenic lines of Bezl with the dominant
Vrn-Ala allele were obtained in a similar manner (Efremova,
unpublished). The donor of the dominant Vrn-41a allele for
isogenic line i:BezlVin-Ala was a Triple Dirk D isogenic
line (Pugsley, 1971).

DNA isolation and PCR. Genomic DNA was isolated
from leaves of adult plants after digestion with proteinase K
according to a previously described method (Edwards et al.,
1991). All amplification reactions were carried out in a 25 pl
volume containing 50—-100 ng genomic DNA, reaction buffer
(67 mM Tris HC1pH 8.8, 1.5 mM MgCl,, 18 mM (NH,),SO,,
0.01 % Tween 20), 0.2 mM each dANTP, 0.25 uM primer pair,
and 1 unit of 7aq polymerase.

Amplification of DNA was carried out according to our do-
mestic protocols. The nucleotide sequences of the primers and
PCR conditions are shown in Tables 2 and 3. Amplification
products were resolved by electrophoresis in 1.5 % agarose
gel in 1XTAE buffer with the presence of ethidium bromide.
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The gels were photographed under UV illumination with the
Doc-Print IT documentation system for gels (Vilber Lourmat).

Study of the duration of developmental phases. The
durations of individual phases of development in the lines
of common wheat with dominant alleles of the VRN-/ loci
were studied in an experimental field of the Institute of Cyto-
logy and Genetics SB RAS at natural daylength (At 55°2" N,
82°56' E, the daylength in May-Augustis 17 h.) in 2017. The
following phases of development were recorded: shooting, the
emergence of the third leaf, tillering, the emergence of the first
node, stem elongation, and heading. Tillering was recorded
when the second shoot began to depart from the main shoot.
The first node phase was recorded when the first node was
palpable on the main shoot at a height of 1 cm above the soil
surface. The stem elongation phase was recorded when the
first node rose to a height of about 5 cm and the second node
began to separate from it. Heading was recorded when the
spike was completely out of the flag leaf. The dates of deve-
lopmental stages were recorded for each plant individually,
and the mean values were calculated. Twenty-five plants of
each line were studied.

The statistical evaluation of the data was carried out with
Microsoft Excel 2013. The statistical significance of the dif-
ferences between mean values was assessed by Student’s #-test
(Rokitskii, 1974).

Results and discussion
Raise of common wheat lines of winter variety Bezl with
a combination of dominant alleles of the VRN-1 loci. Two
near-isogenic lines, i: Bez1 Vin-Bla and i: Bez1 Vin-Blc, were
crossed to the isogenic line i: Bezl Vrn-Ala. The resulting F,
hybrids were self-pollinated. Homozygous plants with two
dominant alleles of the VRN genes, Vin-Ala/Vin-Bla and
Vin-Ala/Vin-Blc, were selected with known allele-specific
primers for the VRN-AI and VRN-BI genes presented in
Table 2 in the F, generation. Amplification of the dominant
allele Vrn-A1la with the allele-specific primers VRN1AF and
VRNIR revealed two fragments approximately 650 bp and
750 bp in size, and in the PCR of the recessive vrn-A1 allele
one fragment of about 500 bp was obtained. Correspondingly,
three fragments were amplified in heterozygous plants.
Multiplex PCR with four primers Ex1/B/F3, Intr1/B/F,
Intr1/B/R3, and Intr1/B/R4 was used to detect three alleles of
the VRN-BI locus: Vin-Bla, Vin-Blc and vrn-BI. In case of
the dominant Vrn-Bla allele, the PCR products included two
fragments, 709 bp and 1235 bp. For the dominant Vin-Blc
allele, a fragment of 849 bp was typical. The presence of
the recessive vrn-B1 allele was judged from the presence of
a 1149 bp fragment. In heterozygous Vrn-Bla/vrn-Bl and
Vrn-Blc/vrn-B1 plants, fragments characteristic of both the
dominant and recessive alleles were present (Fig. 1 and 2).
Twenty-eight plants were analyzed in the Vin-Ala/Vin-Bla
combination and nineteen, in Vin-Ala/Vin-Blc. In the Vin-
Ala/Vrn-Bla combination, fourteen plants with two dominant
alleles were isolated, five of them being homozygous, two with
the dominant Vrn-A41a allele and recessive vrn-B1, ten plants
with the dominant Vin-Bla allele and recessive vin-A1, and
two winter plants with recessive alleles vrn-41 and vrn-B1.
In the Vin-Ala/Vin-Blc combination, nine plants with two
dominant alleles were isolated. Four of them were homozy-
Vavilov Journal of Genetics and Breeding - 201822 -8
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Fig. 1. Identification of alleles of VRN-T loci in F, hybrids in the raise of the
Bez1 Vrn-Ala/Vrn-B1aline with allele-specific primers.

a - VRN-A1; b - VRN-BI. Lanes: M, 100-bp ladder; 7-8 - plant genotypes:
1 - Vrn-Ala Vrn-Ala Vrn-Bla Vrn-Bla; 2 — Vrn-Ala vrn-A1 Vrn-Bla vrn-B1; 3 —
Vrn-AlaVrn-AlaVrn-Blavrn-B1;4-Vrn-Alavrn-A1 Vin-Bla Vrn-Bla; 5 — vrn-A1
vrn-A1 Vrn-Bla Vrn-Bla; 6 — Vrn-Ala Vrn-Ala vrn-B1 vrn-B1; 7 — vrn-A1 vrn-Al
Vrn-Blavrn-B1;8 —vrn-A1vrn-Al vrn-B1 vrn-B1.

700
600
500

1000
800

Fig. 2. Identification of alleles of the VRN-T loci in F, hybrids in the raise of
the Bez1 Vr-Ala/Vrn-Bic line with allele-specific primers.

a - VRN-AT; b - VRN-B1. Lanes: M, 100-bp ladder; 7-6 - plant genotypes: 1 —
Vrn-AlaVr-Ala Vrn-BicVrn-Bic; 2 - Vin-Alavrn-A1 Vin-B1c Vin-Bic; 3 —vrn-Al
vrn-A1Vrn-BlcVrn-Bic;4-Vrn-AlaVi-Alavrn-B1vrn-B1;5-vrn-A1vrn-A1 Vrn-
Blcvrn-B1; 6 —vrn-A1vrn-Alvrn-B1vrn-B1.

gous, one plant had the dominant Vrn-41a and the recessive
vrn-B1 allele, eight plants had the dominant Vrn-Bla allele
and recessive vrn-A1, and one plant showed the winter habit.

Thus, by using molecular markers already in the F, gene-
ration, we managed to isolate homozygous plants with two
dominant alleles of the VRN-AI and VRN-BI genes. This
approach is the most effective in isolating genotypes for a
target gene, as it shortens the time for selecting the desired
genotype significantly and permits one to determine the pre-
sence of VRN loci at early stages of plant development. At
present, marker-assisted selection complements traditional
methods, and it is widely used to introgress target genes and
create near-isogenic lines, especially in the breeding of lines
with genes that control the resistance to various types of stress
(Leonova, 2013).

Determination the effect of the combination of dominant
alleles in the VRN-I loci on the duration of individual
developmental phases in the forest-steppe zone of the
Novosibirsk region. We studied the duration of individual
developmental phases of the common wheat lines with two
dominant alleles of the VRN-1 loci obtained in the present
work, Bezl Vin-Ala/Vin-Bla and Bezl Vin-Ala/Vin-Blc,
in an experimental field of the Institute of Cytology and Ge-
netics with natural daylength in the spring of 2017. Isogenic
lines of Bezl with dominant alleles Vin-Ala, Vin-Bla, and
Vrn-Blc were used as controls. The results are presented in
Table 4 and Fig. 3.

Isogenic line i: Bez 1Vrn-Ala headed on day 42. Plants
of isogenic lines with dominant alleles in the VRN-B1 locus

Plant gene pool and breeding
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Table 4. Duration of developmental phases in common wheat lines with dominant alleles of the VRN-1 loci (field, 2017)
Line Duration of individual phases of development, days
‘shoots—  thirdleaf- tilering-  fistnode-  stemelongation- flagleaf-  shoots-
third leaf tillering first node stem elongation flag leaf heading heading

,BeszA;a ..................... 5 2i07 ............ 5 6i14 ............ 129i2437i10 ................... 2 9i12 ...................... 105116418122 ........
,BeszBM ..................... 6 3+24 ............ 5 6i18203i1736i12 ................... 2 1i10 ...................... 106114485129 ........
,BeszB;c ...................... 5 3111 ............. 5 7113 ............ 173120 ............. 3 61.11 .................... 3 0113 ...................... 9 5113448120 ........
‘Bezl Vin-AlaVm-Bla  51+11  55+08  110+1.1% 41:04 3615 106412 399+11%
‘Bezl Vin-AlaVm-Blc 67415 5322  102£15%% 40+04 26£15 110415  398+14%

Significant differences: ! - from i: Bez1Vim-B1a; % - from i: Bez1Vrn-Blc. *p < 0.05, **p < 0.01, ***p < 0.001.

[0 Shoots-tillering

i: Bez1 Vrn-Ala 12 H 13 |—|—| 17 |—|—|
i Bez1 Vin-Bl e T - O Tillering—first node
i:Bez1 Vrn-Bla —t— |—|—| |—|—|
O First node-heading
i: Bez1 Vrn-Blc 1 |—|—| 18 I—|—| 16 |—|—|
Bez1 Vrn-Ala/Virn-Bla 11 »—|-| 17%%1 L 18 —
Bez1 Vrn-Ala/Vrn-Blc 12 o—|—| 10%*%2 | 18 —
0 10 20 30 40 50

Fig. 3. Durations of developmental phases in common wheat lines with dominant alleles of VRN-1 loci (field, 2017).

Significant differences: ! - from i: Bez1Vin-B1a; 2 - from i: Bez1Vrn-B1c. ***p < 0.001.

headed later than the isogenic line with Vrn-41a. The differ-
ence between the isogenic lines with the Vrn-Bla and Vin-Blc
alleles in this experiment was four days. The isogenic line
with the Vin-Bla allele headed on day 49, and the line with
Vrn-Blc, on day 45. This result is consistent with the previ-
ous work (Emtseva et al., 2013). In the lines obtained in this
work with the combination of two alleles of the VRN-1 loci
(Bezl Vrn-Ala/Vin-Bla and Bezl Vin-Ala/Vin-Blc), the
period from shooting to heading was forty days, which was
two days less than in the isogenic line with the Vrn-Ala al-
lele (differences are not significant), and significantly shorter
than in the isogenic lines i: Bezl Vrn-Bla (nine days shorter)
(p<0.01)and i: Bezl Vrn-Bic (five days shorter) (p <0.05).
It was shown that varieties with two alleles, Vin-4A1a and Vin-
Blc, headed earlier than varieties with one dominant allele,
Vin-Ala or Vin-Blc (Efremova et al., 2016).

The durations of the main phases of development, which
ultimately determine the duration of the period from shoot-
ing to heading, are shown in Fig. 3. The duration of the
shoots—tillering period was approximately the same in all lines
examined, 11-12 days. The length of the first node—heading
period, which was 1618 days, did not vary significantly either.
Significant differences were observed only in the tillering—first
node period. For lines with two dominant alleles of VRN-1
loci (Bezl Vin-Ala/Vin-Bla and Bezl Vin-Ala/Vin-Blc), the
tillering—first node phases were 11 and 10 days, respectively.
In comparison to the isogenic line with the Vrn-41a allele, for
which this phase lasted 13 days, the differences were insignifi-
cant. For isogenic lines i: Bezl Vrn-Bla and i: Bezl Vin-Blc,
the durations were 20 and 18 days, respectively. The combina-
tion of the dominant Vin-A1a allele with Vin-Bla and Vin-Blc

leHodoHp 1 ceneKkuma pactTeHuin

in the genotype resulted in a decrease of the tillering—first node
phase compared to the isogenic lines i: Bezl Vin-Bla and i:
BezlVin-Blc: nine and eight days respectively (p < 0.001).
Several studies of the duration of developmental phases of
substituted and isogenic common wheat lines with different
alleles of the VRN-1 loci show that the key stage determining
the duration of the vegetation period is just the length of the
tillering—first node period (Voronin, Stelmakh, 1985; Pankova,
Kosner, 2004; Emtseva et al., 2013).

Thus, lines derived from the Bez1 cultivar with two domi-
nant alleles of VRN-1 loci (Bezl Vin-Ala/Vin-Bla and Bezl
Vrn-Ala/Vrn-Blc) turned out to be earlier ripening than the
isogenic lines i: Bez1 Vrn-Bla and i: Bezl Vin-BIc and slightly
earlier than the isogenic line i: Bez1Vrn-A41a (difference about
two days). Differences in the duration the shoots—heading
period were associated with a decrease in the duration of the
tillering—first node period.
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B Poccuiickon OepepaLyy MoxeT 6bITb OTYACTU JOCTUTHYTO
WHTPOAYKLMEN 1 NPMBAIEYEHNEM B NPOV3BOACTBO Malopacnpo-
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wapa. B Poccuinckon Gepepauy 3Tn KynbTypbl MOXKHO C yCriexom
BblpalUyBaTb Ha NOMMBE B pALe PErvoHoOB tora EBponeiickolt yactn
cTpaHbl 1 [lanbHero BocToKa, rae Temnepatypbl BO BpemMs 1X Bere-

Tauum okono 28-30 °C n Bcerpa Bbiwe 15 °C. Llenb 3Tol cTaTbhy —
0600LLeHVe MAPOBOrO ONblTa BO3AesblIBaHUA U CENEKLMOHHOIO

ynydlweHuAa Mallla U ypa Kak KyJibTyp, NepCrneKkTUBHbIX AJ1A Bblpa-

LMBAHMA B ONpeAeNieHHbIX MOYBEHHO-KIMMATAYECKUX 30HaX
Poccuiickoin ®epepaunn. OceLaoTcsa MUPOBOE NPOU3BOACTBO,
HanpaB/ieHNA NCMONb30BaHNA STUX BbICOKOOENKOBbIX KyNbTyp,
ncTopus n ocobeHHoCTH cenekuymm, B Tom yncne B CCCP. ina pac-

LIMPEHVA KyNIbTUBMPOBAHNA 06erx KynbTyp B PO Heo6xoanmbl 1x

nonynAapusaumna n passutue cenekuymmn. OcCHOBHble Tpe6OBaHI/Iﬂ K

COBPEMEHHDbIM COPTamM BK/KO4YatoT yCTOVI‘-WIBOCTb K 6MOTUYECKIM 1

abroTNYeCKNM CTpeccopam, KOTopasi MOXKeT ObITb HTPOrpeccy-
poBaHa 13 AnKNX poanyeii. bonbLuoe 3HaueHne 06eunx KynbTyp B
CTpaHax A3vn NpuBesio K 6ypHOMY pa3BUTHIO TaM MOJIEKYSISIPHBIX

nccnenoBaHuin. feHom ypia CeKBEHMPOBAH, FeHOM Mallla CEKBEHU-
POBaH YacTMYHO. MapKrpoBaHbl 1 KapTMPOBAHbI HEKOTOPbIE reHbl
1 QTL npmn3HakoB afanTUBHOCTW Yy paAa AVKKX BUAOB poda Vigna.

O6cy»aaeTcs ponb ANKKX POAMYEN B CeleKLMmn Malla v ypaa.

B MVpoBbIX reH6aHKax HaKOMEHbI 3HAUMTESNIbHbIE FEHETNYECKME
pecypcbl 06erx KynbTyp. Bce 310 co3pgaeT npeanocbinky ans pas-
BUTUS MapKep-ornocpefoBaHHON 1 TeHOMHOW CenekLuu.

KnioueBble cioBa: MaLw; ypa; 3epHO6060BbIe KyNbTypbl; MPU3HaKY;

BO3[1€/bIBaHE; CENEKUUs; reHETUYECKNE PeCypCbl; FeHOMHbIE
pecypcbl.
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Diversification of crop production in the Russian Federa-
tion could be partly achieved by the introduction and
production of minor and underutilized crops. Green gram
or mung bean (Vigna radiata (L.) R. Wilczek) and black
gram or urd (V. mungo (L.) Hepper) are grain legume crops
cultivated in limited areas in the Russian Federation. Mean-
while, green gram occupies about 8.5 % of the world pro-
duction area under pulses (without soybean). It is cultivat-
ed mainly in countries of Southeast Asia, but production

is expanding to the entire subtropical belt of the globe. In
our country these crops can be successfully grown on irri-
gation in a number of regions in the southern area of the
European part and the Russian Far East, where the tempe-
ratures during their vegetation are about 28-30 °C and
always above 15 °C. The purpose of this paper is to sum-
marize the world’s experience in breeding improvement of
mung bean and urd as crops with promise for cultivation
in certain soil and climatic zones of the Russian Federation.
The world production, use of these high-protein crops, his-
tory and peculiarities of breeding, including in the USSR,
are covered. To expand the production of both crops in the
Russian Federation, their popularization and development
of breeding are required. Basic requirements for modern
varieties include resistance to biotic and abiotic stressors
which can be introgressed from wild relatives. The great
importance of both crops in the Asian countries led to

the rapid development of molecular researches there.

The genome of black gram has been fully sequenced, the
genome of green gram has been partly sequenced. Some
genes and QTL of adaptability traits have been marked
and mapped in a number of wild species of the genus
Vigna. The role of wild relatives in the breeding of crops
concerned is discussed. In the world genebanks, signifi-
cant genetic resources of mung bean and urd have been
accumulated. All this creates prerequisites for the develop-
ment of marker-assistant and genomic breeding.

Key words: green gram; black gram; pulses; biological fea-
tures; production; breeding; genetic resources; genomic
resources.



amr (Vigna radiata (L.) R. Wilczek) u ypa (V. mun-

go (L.) Hepper) — 3epH00000BBIE KYNBTYpHI, MPaK-

THUYECKHU HE U3BECTHBIC OOJIBINIMHCTBY *kHTenel Poc-
cuiickoit Denepanyu, oHAKO MOJIb3YIONIHECcs OOJBIION HO-
MyTSAPHOCTHIO Y BO3IEIBIBAIONINX MX OTOPOIHUKOB IEJIOTO
psija permoHOB Hamieil cTpaHbl. B 3apyOexxHON HaydHOH
JUTEPAType UX OTHOCST K KaTErOPHH «MaJIbIx» (minor) 3ep-
HOOOOOBBIX, B CHITY HX HEBBICOKOH COIMATIBLHON M YIKOHOMH-
YeCKOW 3HAYMMOCTH, ONIPEEIsIeMOl UX MECTOM B MHPOBOM
MIPOU3BOJICTBE, HEAOCTATOYHBIM HCIOIb30BaHUEM, MaIOH
CEJIEKIIMOHHON TIpopaboTKoil. TepMuH «Manbie» KyIbTypHI
OTpaXKaeT TAaKXKe UX CPAaBHUTEIIHHO Y3KOE PETHOHAIILHOE 3HA-
YeHHe, He JIOCTUTTIIee [T0Ka MUPOBOr0O MacliTada B pezesax
MOAXOAAIINX U HUX TTOYBEHHO-KIMMATHYECKUX yCIOBHA
(Chivenge et al., 2015). [To MHEHHUIO CIIENHATUCTOB, 3TH
KYJIBTYPBI 3aCJTy)KHBAIOT IPUCTATILHOTO BHUMAHHS B CUITY X
BBICOKOH NUTATEIbHOM M KOPMOBOM LIEHHOCTH U KaK HOBBIE
WCTOYHHKH HHTPETUCHTOB IS POMBIIIIICHHOCTH, (hapMaKo-
JIOTHH U T. 1. DTH KYJBTYPBI Hapsiy € JIpyTrHMH, Ha3bIBAEMBIMU
TakKe «Henoucmoap3yeMeiMmy (“underutilized”), HaxomsTes
noxr HeyctanHbeiM BHUManneM ®AO (FAO) — Opranuszanuu
0 TMPOAOBOIBCTBUIO U CEINBCKOMY XO3AHCTBY — C LIENBIO MX
MIpoTara” bl ¥ MacIITaOHOTO TPOIBIKEHHS B CEITHCKOXO03STii-
cTBeHHOE mpou3BoacTBO (Padulosi et al., 2002).

Mai 1 ypJ1 — BBICOKOOEJIKOBBIE PACTEHUS, CeMEHa KOTOPBIX
YHOTPEOIIAIOTCS TPEUMYIIECTBEHHO IS TPOJOBOIECTBEH-
HBIX IIeJiell. B onpeeieHHOM cTeneHn X MPUMEHSIOT U KaK
KOPMOBBIE KYJIBTYPBI: B KQU€CTBE BHICOKOOEGIIKOBBIX J100aBOK,
ceHa, cmitoca u coomsl (Mogotsi, 2006). Kak Bce 6000BEIe,
3a cueT cuMOM03a C T0JIe3HOH ITOYBEHHOH MUKPOOHOTOH OHI
UIPAIOT 3HAYUTENIBHYO CPeI000pasyrolyro GpyHKIH0. Maii
HakarumuBaeT 58—109 kr/ra armocdeproro asota (Ali, Gupta,
2012), 4TO MO3BOJISIET UCIIONIB30BATh 00€ KYJIBTYPHI TaK )Ke,
Kak cujepaibHble U MOKpoBHbIE. KpoMe TOro, oHM MMEIOT
3HAYUTENEHYTO arPOHOMHYECKYTO IIEHHOCTH Il MAapTHHAIb-
HBIX 00JIacTel pacTeHHEBO/ICTBA, MTOCKOJIBKY MpHUCIIOCOOITe-
HBI K 9KCTPEMaJIbHBIM YCJIOBHUSIM 3e€MIIEIEIIHs, B YACTHOCTH
K 3aCyIIIMBBIM U TOTY3aCyIUIMBBIM paiioHam (Stagnari et
al., 2017).

Maiir ¥ ypji OTHOCSITCSL K TEIUIOIFOOUBBIM KysibTypam. Oc-
HOBHBIE PalfOHBI UX MPOM3BOACTBA orpaHmdeHs 40° ceBep-
HON W IOKHOH IIMPOT CO CPEAHECYTOUHBIMU TeMIIeparypa-
MU Bo Bpemst Bereraiuu He meHee 20 °C (Lawn, Ahn, 1985).
OpHAaKO UCTOPUIECKIE U COBPEMEHHBIC TaHHBIC CBHICTEIh-
CTBYIOT 00 YCHENIHOH MHTPOLYKLHUH 3THX KYJIBTYp B T0OY-
BEHHO-KIMMAaTHYECKUE YCIOBHS, IPUCYIIIE PSAY PETHOHOB
Poccuiickoit @enepanuu: rora EBponeiickoil yacTu cTpaHbl U
Jamsaero Bocroka (ITaBnoBa, 1952; Hocuposa, 2012; Kypssi-
HoBHY, 2017; Bypnsiesa u ip., 2018). O0e KynbTypbl OMYJISIp-
HBI Y OTOPOJTHUKOB M BJIa/IENbIIEB MEIKUX X03IHCTB. MHOTO-
JIeTHee N3ydeHne TeHO(oH 1a Mallla U yp/ia, UMEIOILIErocs B
kosiekunu BUP, B AcTpaxaHckoii 001acTi CBHIETEILCTBYET
0 XOpOoIIeM TMOTEHIIHaJe MPOTYKTUBHOCTH CKOPOCIIEIBIX
u cpegHecnensix coproB B Hwxnem IloBomxbe. Cpennuit
MHOTOJIETHUM [10Ka3arellb CEMEHHOU IPOLYKTUBHOCTH IIPU
BO3/ETBIBAHUN Ha TonnBe pocturaer 41-60 r/pactenne y
00pa3ioB, co3penaromux 3a 69-80 mqueit, u 6omee 80 1/pac-
TeHUe — pH BereTarmonHoM nepuoae §1-90 aueii (bypnsesa
u ap., 2014), B mepecuere Ha ypoxkaitHocTsh 310 2.0-3.0 1
4.0 T/ra coorBeTcTBeHHO. B Poccuiickoit denepanun He 3a-
958

Vavilov Journal of Genetics and Breeding - 201822 -8

HUMAIOTCS ceNleKiueld Mama u ypaa. OmgHako enie B Hadane
1930-x rr. mepBrIe copTta Mama OsuH co3pansl B CCCP Ha
ocHoe kouekuuu BUP na Cpenneaszuarckoil onbITHOM
CTaHLIUU I/IHCTI/lTyTa.

Henp HacTosAMmIEH cTaTby — 0000IIEHNE MUPOBOTO OIIBITA
MIPOU3BOJICTBA M CEICKIIMOHHOTO YIYYIICHUS Malla U ypra
KaK KyﬂbTyp, HepCHeKTI/IBHI)IX JJIs1 BO3ACJIBIBAHUS B onpe—
JICJICHHBIX TTOYBEHHO-KIMMATHYECKUX 30HAX Poccuiickoi
denepanui.

Borannueckas xapaktepuctuka. Vigna Savi (Fabaceae) —
Oonpioii pox u3 Tpudsl Phaseolinae cem. Fabaceae ¢ nan-
Tponu4ecKuM apeasioM. CBeIeHHs O YHUCIIE BUJIOB, BXOISIIHX
B pon Vigna, NpOTHBOPEUUBHI: OTHM CUCTEMATHKH CUUTAIOT,
yro ux 82 (Marechal et al., 1978), npyrue otHocsT K pomy
6oniee 100 nukux u 10 okynbrypennsix BunoB (Takahashi et
al., 2016), B MmexxyHapoaHOi 6a3e naHHBIX 0000BBIX (ILDIS
World Database of Legumes, 2009) — 118 Bumos.

[To cucremMarnuecKoMy IMOJIOKEHHIO BUAIbI Vigna Hanbosee
6mu3ku k pogam Phaseolus L. (©acons) u Dolichos L. (I'na-
HTOBBIE 00081) (Jut™mep u ap., 1937).

Vigna radiata v V. mungo — GIIM3KOpOACTBEHHbIE BUbI, pa-
Hee OTHOCUMBIE K poxy Phaseolus. CrucTeMaTHKa 3THX BUIOB
He obonurack 6e3 HekoTopoit mytanuisl. CHavana V. radiata
(urypuposai kak Phaseolus mungo L., B mociemyromiem ObL
y3akoHeH Kak P. aureus (Roxb.) Piper. u Tonpko B cepenune
XX Beka — kak Vigna radiata (L.) R. Wilczek). Onaum u3
CJIC/ICTBHMI ATOW Iy TaHUIIBI SIBJSIETCS] BTOPOE Ha3BaHKE Mallia
B PYCCKOM SI3bIKE — MYHI M aHDJIMIICKOE Ha3BaHUE KyJbTY-
pel — mung bean. [Ipy HaTMYUK CaMOCTOSITEIBHOTO BHJA
V. mungo (L.) Hepper, Ha3pIBaeMOT0 B PyCCKOM SI3bIKE YPII,
a B aHmMiicKkoM urd bean, 3T0 BBIVISITUT HEKUM aJIOTU3MOM.

O0a Buyia — TpaBsIHUCTHIE OTHOJICTHUE pacTeHus. Mopdo-
JIOTMYECKHUE PA3JINYUs MEXKLy HUMH KacaroTCs IIPEIK/Ie BCETO
6000B: UncIIa CeMSIH B HUX, UX JUIMHBI U TIOJIOXKEHHS Ha I1Be-
tonoce. Y V. radiata 600s! qnuHHBIE, 618 cM, ¢ 7—15 ceme-
HaMmu, y V. mungo — KOpOTKHUe, He JUIMHHEE 6 CM, BOJIOCUCTBIE,
pacmonokeHsl BepTuKaibHO, nMeioT 4—10 cemsan. Cemena
y V. radiata 3enenoBarsie, XeNThIC, JKEITO-KOPUIHEBHIC,
4yepHble, pyounk Oenbiii. Macca 1000 cemsn — 12-100 r.
YV V. mungo ceMeHa uyepHble, CEpO-UYE€pHbIE WM IECTpPHIE,
XOPOILO OTIINYUMBIE TT0 OEIIOMY CHIIBHO BBIJIAIOIIEMYCSI Ha 110~
BEPXHOCTH ceMeHH pyOunky. Macca 1000 cemsin — 15-100 .

Bricora pactenuit mama cocrasmser 15-120 cm, ypra —
30-100 cm. Y 00onx BHIIOB CTEP>KHEBBIE KOPHHU, OUEPE/IHBIC,
TpolYaThlie JHUCThS; (hopMa PACTCHUH CHIILHO BapbHpYeT:
OT IPSIMOCTOSIUEN 10 cremouleiics. Pactenus ypra cuiibHO
OITyIIEHBI CPABHUTEIBEHO KOPOTKUMH TIPHKATHIMK BOJIOCKA-
MH. BeHuuk y 00OMX BHJIIOB CO CHHMPaJIbHO M30THYTOH JIO-
JIOYKOH C POTOBU/IHBIM TMPHIATKOM. Y Mallla IBETKH KEIThIE,
JKEJITO-3€JICHbIE, HHOT/IA C PO30BATHIM OTTECHKOM, Y YpAa — sIp-
Ko-xkenThie u xenteie (MBanos, 1949; I1asnosa, 1952; Watt,
Marechall, 1977; Bypnsesa u ap., 2016).

O0a Bu/1a NIMEIOT OAMHAKOBOE YUCIIO XpOMOCOM (21 = 2x=
=22), cXO/IHbIe KapHOTHIIBI ¥ JAIOT YACTUYHO (PepTHIIBHOE 110~
TOMCTBO IIPH CKPELUBAHUSAX, Koraa V. radiata Ncrionb3yeTrcst
Kak MarepuHcKoe pactenue (Sen, Ghosh, 1963; Dana, 1966;
De, Krishnan, 1966; Verma, Singh, 1986). B peunnpokusix
CKPELIMBAHMSIX MOIYyYaloT HEXKHU3HECHOCOOHOE MOTOMCTBO
U TIOHIKEHHYIO (epTUIIBHOCTH MBUIbIEL. LluTonornueckue

Plant gene pool and breeding



Malu 1 ypa: nepcnekTBbl BO3AeSbIBaHNA
1 cenekummn B Poccuniickon Oepepaumm

WCCIICIOBAHMUS BBISIBIIH PA3ITUINS BUIOB IT0 XPOMOCOMHBIM
TpaHCIOKaMsM, aenenusaM u aymukaiusM (De, Krishnan,
1966; Ravi et al., 1987). CamocTosATeIbHBII BHIOBO# CTATyC
JUTsE 000MX BHJIOB JTOKa3aH TAaKKe C IMTOMOIIBI0 OCITKOBBIX
(Jaaska V., Jaaska V., 1989) u monexynspubix (Dikshit et al.,
2007) mapkepoB.

IIpoucxo:xaenne. Mami u ypa — MPeACTaBUTEIN TPYIIITBI
HanOosee IPEeBHUX CEIIbCKOXO3SHCTBEHHBIX KyabTyp. Poin-
Ha V. radiata u V. mungo — llepcus (Mpan), rae oHu Obu1H
okysTypensl (Tomooka et al., 2003; Fuller, 2007). IIpu
9TOM HE HMCKJIIOYAIOT BO3MOXKHOCTH JIOMECTHKALMU Mala
eme B IByX pernoHax: Ceepo-3anagnoii MHmuu, tae ero
00yTIIeHHBIE OCTATKH OTHOCAT K bpon3zoBomy Beky (4500 et
Hazan) u FOsxHoit Mnanu (4000 et Ha3an), T1e MpOMCXOANIIO
ykpynHenue cemsit (Fuller, 2007). Apxeonornieckue Haxog-
KW CBHIIECTEIBCTBYIOT O TOM, YTO 3TOT IPOIECC PACTIHYIICS
M0 BPEMEHU HE MEHEe YeM Ha ThICSUeNIeTHe MOCiie Havyaia
MCIOJIb30BaHMS Malia Kak KyiasrypHoro pacrenus (Fuller,
Harvey, 2006). [lonroe Bpemst TpeaKOM 000UX BUIOB CUUTATH
mukuit Bun V. sublobatus Roxb. (Verdcourt, 1970), o apyrum
BepcusM — noaBu V. radiata subspecies sublobata. Onaako
Ooee MO3MHUE WCCIEMOBAHUS TOKa3amnd, 4to V. radiata n
V. mungo uMeI0T He3aBUCUMOE IPOUCXOXK/ICHNE — OT JIBYX YeT-
KO Pa3IMyaroniuxcsi TMKux BUIoB V. radiata var. sublobata n
V. mungo var. silvestris coorBerctBeHHO (Chandel et al., 1984).

ITonaratot, 4To MUKKI poUY Mallla 10 CUX MOp Mpou3pac-
taer B Unauu u bupme, a taoke B CeBepHoit 1 BocTouHOoM
Asctpamnu (Aykroyd, Doughty, 1964; Purseglove, 1977;
Lawn, Cottrell, 1988). MHoroyucicHHbIe HCCIICIOBAHUS
YCTaHOBHIIH, YTO OH CIY)KHT HCTOYHIKOM MHOKECTBA aJlall-
THBHBIX Ka4eCTB: YCTOWYMBOCTH K (hacOICBOH 3epHOBKE
(Srinives et al., 2007), Bupycy xentoii Mo3zauku (Singh, Ahuja,
1977), tonepantHocTH K 3acyxe (Ignacimuthu, Babu, 1984),
3aCOJICHHBIM | meinouHbM nouBaMm (Lawn, Cottrell, 1988),
W MMCET €I IEJBIH PsIT IICHHBIX CBOWCTB JUISl YITy4IICHUS
KyJIBTYPHOTO BHJA.

C Nuamiickoro cyOKOHTHHEHTA MaIll PacIpOCTPAHIIICS B
Kuraii, FOro-Bocrounyro Asuro, a 3aTeM u B AQpHKY, B OTIIH-
yue OT ypla, KoTopslid 3 Muauu He nowen ganpue MbsHMbI
(Castillo, Fuller, 2010). B Cpeaneii A3un Hayaro BO3ICIbI-
BaHMs Mallla OTHOCST K Halllel 3pe, HO TaKKe K I0CTaTOYHO
nanexkuMm Bpemenam — IX B. (I'adypos, 1989). Hacrosmee
BpeMs MOKHO Ha3BaTh HOBBIM STallOM PacCIpOCTpaHCHHUS
Mamia u ypaa no Mupy. OHU CTaHOBSITCS BOCTPEOOBaHHBIMU
BO MHOTHX CTpaHax EBpombl, AMEpHUKH U B ABCTpPAJIHH.

IIpousBoacTBo. Mamr 3aHuMaeT okono 8.5 % MHPOBBIX
MPOU3BOCTBEHHBIX TUIOMIAJICH 0] 3¢pHOO00OBBIMH KYJIBTY-
pamu (6e3 con) — 6 MutH ra. [ 010BOI BanoBbIi cOOp JOCTUTAET
3 mutH T 3epHa (5 % MUPOBOTO TIPOHU3BOICTBA 3¢PHOO00OBBIX,
6e3 con). [ J1aBHBIN MUPOBOW TPOM3BOUTEIB U OTPEOUTEND
Marra — Muaawst. Ha ee nomro mpuxonutcest 65 n 54 % MHPOBBIX
TTOCEBHBIX TUIOIIA/ICH 1 BaJIOBOTO cOOpa cOOTBETCTBEHHO (Ali,
Gupta, 2012). B cuity CKOpOCIEIOCTH Malll BEICEBAIOT 3/1€Ch
KaK MMPOMEKYTOIHYIO KyIBTY Py MEXKAY AByMsI OCHOBHBIMH, K
TIpUMEpY, MKy MIICHUIICH, TOMaTaMH, TOPYUTICH, CaXapHBIM
TpocTHUKOM. CTaTHCTHUECKHE JJaHHBIC TIPOU3BOICTBA 00EHX
KyJBTYP B pa3HBIX CTpaHaxX MHpa HaM HE JOCTYIHEI. B 6aze
nmauaaberx DAO (faostat http://www.fao.org/faostat/en/) onun
oTcyTcTBYIOT. OJTHAKO U3BECTHO, YTO B ITPOMBIIIJICHHBIX Mac-
mrabax Mamn nmpousBomsT B Kutae, Munonesun, Tanmanne,

leHodoHp 1 ceneKkuma pactTeHuin
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M.A. BuwHsakosa, M.O. bypnsesa
M.T. CamcoHoBa

Mpbsinme, Ha OUIMNIUHCKUX OCTPOBaX, B ABCTpajud U BO
BCEM CyOTpPOITHUYECKOM T0sCE 3eMHOTO M1apa. Ero Bo3zenbiBa-
10T B 3aCYIIUIMBBIX ycinoBusix KOxHoM EBpoOmbI 11 B HEKOTOPBIX
aMEpHKaHCKHX LITaTax.

B CCCP mam BrIpamuBaiiy B I0)KHOA3HATCKUAX PECITyOITH-
Kax, IT7I¢ OH CUMTaeTCs CTaposiaBHel KynbTypoit. Ero ncnoss-
30BaJIM TaM NPEUMYILIECTBEHHO B Ka4e€CTBE «BTOPUYHOI»
(TTOKHUBHOIT) KYJBTYPbI ITOCIIE 03UMBIX 36PHOBBIX — ITIICHUIIBI
U sTIMEHs, TTorydast ypoxxait cemsin 10-20 1y/ra. Cpennecriensle
copra Tpe0oBaIM CyMMBI aKTHBHBIX TemIieparyp Bbiie 10 °C
2250 °C. ITomyyanu Tak)Ke 3HAYUTEIBHBIC YPOXKaH 3€JIeHON
Macchl, OJIHAKO NIpH HeOoIbIINX 3aMopo3kax (—1 °C) ona no-
rubana. JJocTONHCTBO O)KHUBHBIX [TOCEBOB 3aKJIF0YAJIOCh B
TOM, YTO OHH CITY’KHJIH CYIIECTBEHHBIM PE3EPBOM B YCIOBHSIX
MaJl03eMeIbs, a UCIIOIb30BaHNE MX B KAUECTBE CHIEPATOB MO-
3BOJISIO YBEJIMUUBATH MOCIEAYIOUINH ypoKall XJI0MIaTHUKA
Ha 50 % (ITaBmoma, 1952; IlaBmoBa, ImymenkoBa, 1962).
B nacrosmee BpeMs Mall MO-TIPEKHEMY BO3JEIBIBAIOT B
cpenHeaznarckux crpanax CHI'. V30ekucran siBisiercst KpyTi-
HBIM 3KCIIOPTEPOM Mallla, TIOCTABIISAET Ha MUPOBOH PHIHOK /10
67 toic. T B rox (https://nuz.uz/ekonomika-i-finansy/28118).
B Hebosbiux mMaciirabax Mail ¥ ypI KyJsTHBUPYIOT B 3a-
KaBKa3be.

B 1950-€ rr. sxcniepuMeHTaIbHbIE TOCEBBI Mallla IPOBOIU-
JINCh B CUCTEME ONBITHBIX cTaHIui BUP Ha rore Mongasuu,
VYkpaunsr u CeBeproro KaBkasa, Tae KynbTypa HOIy4HIIa
nojoxuTenbHyto ouneHky (ITasmosa, 1952). Ceromus mam
BXOJIMT B Pa3psiJi HULIEBBIX KYJIBTYP, IPOU3BOACTBO KOTOPBIX
Ha IMKe nomyisipHocTH Ha Ykpause (http://propozitsiya.com/
nyshevye-kultury-kotorye-mogut-byt-podstrahovkoy-dlya-
selhozproyzvodytelya).

VYpx, B oTIIHUME OT Mallla, — MEHEe PacpoCTpaHEHHAs KyIb-
Typa. Bemymum npousBoanTeneM Tarke siBisiercss Mumms,
7€ MOJy4yaroT €XErofHo N0 1.5 MIIH TOHH ypha, UIYyLIero
MOJTHOCTBIO Ha BHyTpeHHee morpebnenue (Sharma et al.,
2011). I'mtaBHBIMH SKCHIOpTEPaMH ypAa BBICTYNAIOT MbsiHMa 1
Taunaug (CRN India, 2011). Ero ucronb3yroT B CMELIAHHBIX
TOCeBax ¢ IPYTUMH O0OOBBIMH (apaxwc, Tyap), TEXHUIECKIMI
(XJIOTTYaTHHK, CaXapHbBIM TPOCTHUK) ¥ 36PHOBBIMH KYJIBTYpa-
MU (COPro, MPOCO U KEMUYKHOE MPOCO). ITO CIIOCOOCTBYET
MOBBIIIEHUIO UX ypokaiiHocTH Ha 42-53 % (Jansen, 2006;
Krishna, 2010).

B Poccuiickoii ®enepannu 06a Buaa crocoOHbI POU3-
pacTtarh B MOYBEHHO-KIMMAaTHYECKUX YCIOBHUSX, TPHCYIIUX
LIeJIOMY Py PErHOHOB fora EBpomneiickoll 4acTu cTpaHbl
n JlaneHero Bocroka. OCHOBHBIC TUIOMIAAN BO3JICIbIBAHUS
Marmra ckoHneHTpupoBansl Ha CeBepHoM Kaskase, B [pu-
KacIMiiCKoW HU3MEHHOCTH M Ha tore [Ipumopckoro kpas,
MPEUMYIIECTBEHHO B (DEpPMEPCKUX W JIMYHBIX XO3SHCTBAX.
V3BECTHBI TOJIOKUTENBHBIE PE3YIIBTaThl BO3AEIBIBAHNS Mallla
B Cpennem IoBomwkbe (Kypbsnosny, 2017).

Buosornueckue ocodbeHHOCTH Mama ¥ ypaa. MHorue
BUJIBI U3 pozia Vigna TONEpaHTHBI K HEONAroNnpusATHBIM yC-
JIOBUSIM CPE/Ibl, BKJIIOYAsl CHIIBHO 3aCOJIEHHbIE, KUCIIBIE, IIIe-
JIOUHbIE, MOJTOIUICHHBIE TOYBBI, 00J1a/Ial0T 3aCyX0yCTOHYH-
BOCTBIO, YCTOMYMBOCTHIO K BpenuTensaM 1 Oonesnsm. boree
TOTO, HEKOTOPBIE U3 YCTOWYHMBBIX M BOCTIPUMMYHUBBIX BUIOB
PErpoyKTHBHO COBMECTHMBI, UTO 00JIeryaeT 3aaqy moucKka
COOTBETCTBYIOMMX TeHOB aganTuBHOCTH (Chankaew et al.,
2014; Tomooka et al., 2014; Yoshida et al., 2016).
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Mai ¥ ypJ OTIMYaloTCsi CKOPOCHENOCThIO B YCIOBHSIX
TPOTHKOB U CYOTPOIHKOB, TI€ ONTUMAJIbHBIE TEMIIEPATYPbI
oxkoito 28-30 °C u Bcerna Beie 15 °C. DTo KynbTypbl KOPOT-
KOT'O JIHS, HO M3BECTHO HAJIMUUE HEHTPAIBHBIX M0 PEAKLIUH
Ha ¢oromepruon coptoB (Akpapunam, 1996). Mam moxet
MPOMU3pacTaTh OT HU3UHHBIX MecT 10 BbICOT 2000 M Haj ypoB-
HEM MOpsi, KaK MMPaBUIIO, B JOCTATOYHO 3aCYIUIMBBIX yCJIO-
BUSIX, MIPEATIOUNTACT MIOJOPOIHYIO CYITIMHHCTYIO, XOPOIIIO
npenupoBanHyto rouBy ¢ pH = 5.5-8.2 (Krishna, 2010). ¥px
Jydliie pacTer Ha Oosee jierkux nousax ¢ pH 4.7-7.5 (Jansen,
2006; Baligar, Fageria, 2007). [1o oTHOmEHHIO K OCcagKaM y
00enx KyJIbTyp CYIIECTBYET OINpE/eICHHass BHYTPUBHI0BAs
muddepenimanysi. CKopocIenbie CopTa MOTYT IPOU3PacTarh
B MOJyapuAHBIX yciaoBusax mpu Hammanu 600-900 mm ocaz-
KOB B TOJ[; CPE/IHECTICNbIE M TI03/IHECTIENbIE CopTa TPeOyIoT
OoutbILIero rosoBoro KonndecTsa ocaakos: 900—1500 mwm (To-
mooka et al., 2003).

[Tpn BBIpammBaHMM Mama B 3aKaBKa3be M CpelHEea3Har-
CKHUX pecrnyOinkax B repBoi mojoBuHe XX Beka Obu1 OTMe-
4YEH 3aMEUIEHHBII pOCT HA/I36MHOM YacTH paCTEHUH B IIEPBYIO
MIOJIOBHHY JIeTa 10 ¢(hOPMUPOBAHHSI MOIITHOI KOPHEBOH cH-
cTeMbl. [laHHOE 00CTOSATENILCTBO MPEMSITCTBYET CO3PEBAHUIO
MTO3THECTIENBIX COPTOB B 3THX paiioHax (MBanos, 1929).

Ha opomaemsix ceposemax ['mccapcekoit monunst LeHT-
panpHOro TajKuKHMCTaHa ONTUMAJIBHBIA CPOK IIOCEBA I10-
KHUBHOTO Mallla — TPeThsI IeKa/a nioHs. MHOKyInpoBaHue
CeMsiH pu3oToppHuHOM, HOpMa BbiceBa 450 ThIC. ceMsiH/Ta 1
COOJIIOZIEHHE IPYTUX TEXHOJIOTHYECKUX ITPUEMOB 00eCIIeun-
BaIOT ypokaitHoCTh 3epHa 2.0-2.1 1/ra (Hocuposa, 2012).

O6a Buna — camoonbuinTead. OTBIIICHHE TPOMCXOANT B
3aKpbITOM OyTOHE, KaK y 11eJ10ro psijia BuaoB ¢aconu. Llen-
Hasi 0COOCHHOCTH 00eHX KYJBTYpP — JITUTEIHHOE COXpAaHCHHE
JKU3HECocoOHocTH ceMsiH: Oonee 25 net (ITaBnosa, 1966).

Xumuueckmii cocraB ceMsiH. B cemenax mama ot 19.5
1o 28.5 % OGenka (B cpemHem 24-26 %), 51 % yrneBomos,
3.78-4.34 % macna, 3 % BUTaMHHOB, B YaCTHOCTH I'pynIibl B,
(dhonueBast Kuciora, 4 % MUHEpAJIOB: KalblUi, MarHui, hoc-
(hop, HATPHIA, KaJIHiA, CEIeH, Me/Ib, OOBIITOE KOJIHMIECTBO JKe-
ne3a. [TokazaHo, 4ToO Kene30 u GoseBas KUCI0Ta B CEMEHAX
Malla MpeBbIIIAI0T COACPIKAHNE ITUX COSAMHEHNH Y MHOTHX
3epHO0000BEIX KynbsTyp (Keatinge et al., 2011; Tresina et al.,
2014). Kak y Bcex 6000BBIX KyJIBTYp, B O€lIke OrpaHHYEHHOE
coziepyKaHue aMUHOKHCIIOT METHOHMHA U 1ucTrHA (Afzal et
al., 2008), HO Tpw 5TOM OOJTBIIIE TU3HHA, YEM Y APYTHX BO3/E-
JBIBACMBIX TIPENICTaBUTENCH U3 ceMelicTBa Fabaceae. B macie
OIIpeiesIeHbI JINHOJIEBAs], TaJIbMUTHHOBASI, OJIEMHOBAsL, JINHO-
JICHOBAsi, CTEAPMHOBAS U apaxXUIOHOBAsS KUPHBIE KHUCIIOTHI.
Cemena mama — Oorarblii HICTOYHHK TOKO(EpoioB (Anwar
et al., 2007), KOMMYESCTBO OJIMIOCAXAPHIOB HE3HAUUTEIHLHO
(Adsule et al., 1986).

OcHOBHBIC OMOXMMHUYECKHE ITAPAMETPHI CEMSIH yp/ia OUeHb
cxoxu: Oenka 24.37-26.22 %, yrneBonoB 61.24—64.43 %,
Macna 2.94-4.24 %, B G07bIIIOM KOJIMYECTBE HATPHUIL, KaJHi 1
tochop. Coneprkanne He3aMEHHUMBIX aMHHOKHCIIOT BBICOKOE
o cpaBHeHuto co crangapramu ®AO/BO3 (Protein quality
evaluation..., 1991). B macne BeIcOKast KOHIIGHTPALINS JTHHO-
JICBOM 1 JIMHOJICHOBOH KUCIIOT. AHTHITTATEIbHBIC BEIECTBA
((penosbl, TaHUHBI, GUTHHOBAS KMCIIOTA, LIMAHKU/IbI, JIEKTHH,
WHTUOUTOPHI TPHUIICHHA) B CEMEHAaX 00EHX KyJIBTYp MPHUCYT-
CTBYIOT B HE3HAUNTEIBHBIX KOJTMYECTBAX U MHAKTHBUPYIOTCS
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IIPY TETJIOBOM 00paboTKe B ITPOLIECCE IPUTOTOBICHHUS TUILH
(Tresina et al., 2010, 2014).

Hcnoab3oBanue. [1aBHOE TPUMEHEHHE KYJIBTYP, KaK CKa-
3aHO BBIILIE, IPOJOBOJILCTBEHHOE. OHO MMeeT crienuduueckre
0COOEHHOCTH B Pa3HBIX CTPaHAX M Pa3HbIX PETMOHAX MHUpA.
B Wnanm ynotpeOnsioT B MUILy B OCHOBHOM JIyIICHBIC U
npobrnensle cemeHa. B Maun u Kurae ncnons3yroT Takxe
MYKy M3 CyIIEHBIX 0000B. BoIbliIyt0 MOMyIIIPHOCTH UMEIOT
3ereHble 000bI (B TEXHUUECKOH CIIENIOCTH) B KAUECTBE OBOIIA,
KOTOpBIN oTBapuBaroT, MapuHytoT. B Kurae u CIIIA oco0yro
MOMYJISIPHOCTH UIMEIOT IPOPOCTKHU CEMSH Mallla, 04eHb 4acTo
IpUHUMaeMble 3a mpopocTku ceMsiH con (Guleria, Kumar,
2017). B a3zuarckux cTpaHax MOMYJISPHO MCIOJIb30BaHUE
MYKH Malla B KOHAUTEPCKOW MPOMBIIUIEHHOCTH ISl TPH-
TOTOBJICHUS] KOH(ET, TIeUeHbs, JIecepToB. V3 Mama roToBsT
I1aBHOE OJIIOJI0 arOpBEIMUYECKON KYJIMHAPUU — KHYapH, CO-
CTOSIIIIEE N3 CMECH JIIIEHOTO Mallla C PUCOM H CIIELUAMH. ITO
cOanaHCcHpoBaHHas MUINA, CYUTAaromasics B IHanu coBepieH-
HoM. OHa JIerKo NepeBapuBaeTCs, MPUIAET YEIOBEKY CHITy U
KHU3HECTOMKOCTh. Knuapy pekoMeH Iy 0T 111 MOHOJHUETHI 1
YIOTPEOISIOT MPU MPOXOKICHUH AIOPBEANYECKUX OYHCTH-
tenbHbIX nporpamm (Oghbaei, Prakash, 2017). U3 kpaxma-
Jla Maia TOTOBSIT JIammry, Kotopas B Poccuy m3BeCTHa Kak
«CTEKJITHHAsH) JIaIllla, HHOI/IA Ha3bIBaeMasl TaKk)Ke PUCOBOH.

Taxum 00pa3oM, POIOBOILCTBEHHOE HCIIOJb30BaHUE Mallia
0Y€Hb Pa3HOOOPa3HO U, TO-BHIMMOMY, €I'0 BO3MOKHOCTH €II[e
HE NCUYEpIaHBI.

B Nuauun u [Takucrane ¢ IpeBHOCTU 3TU KYJIbTYpPbl HaJle-
JISUTA CBOMCTBAMM ITPOTUBOSANI M YIIOTPEOIAIN B MEHUIIUH-
CKHX M KocMeTHueckux 1eisix (Sharma, Mishra, 2009). W3-
BECTHBI MX AHTUTUIIEPTEH3UBHBIE M aHTUINAOETUUECKHUE
CBOMCTBa. Y Malla, Kak W y IeJIOT0 psaa OPyTUX 3epHO00-
0OBBIX, OKA3aHA aHTHKAHIIEPOTeHHast akTUBHOCTH (Kumar,
Singhal, 2009). Ypx cHIKaeT ypoBeHb X0JeCTepUHA B KPOBH
(Indira, Kurup, 2003).

I'enernyeckue pecypcesbl. 15 paciIupeHus TEeHETHUECKOM
OCHOBBI CE€JIbCKOXO35MICTBEHHBIX KYJIBTYP B CEJICKLUOHHBIN
MIPOLIECC JIOMKHO TMPHUBIIEKAThCSI MAKCHMAJIbHOE Pa3HOO0pa-
31e, nmerorieecs B ux renoonaax. VIcTOYHUKOM Takoro pas-
HOOOPa3us CIIy»aT KOJUIEKI[MH FeHETHYECKUX PECYPCOB pac-
TeHni. KomeknusamMu Maria pacosararoT OKoJo 35 HaydHBIX
YUpeXKICHUI MUpa, B 00IIEH CIO)KHOCTH CoAep Kalux Ooree
25 ThICc. 00pa3noB. Komtekuuii ypia 3Ha4UTEIHHO MEHBIIIC
(Bisht, Singh, 2013). Hanbonee kpymHbIe KOJUIEKIINK Malia
W ypAa Ha CeTONHSIIHNUHN JIeHb COXPaHSIOTCs BO BceMupHOM
1eHTpe opoineBo/cTBa (TaiiBanb); UHCTUTYTE repMOIIa3MBbl
pacrenuii Kuraiickoi akaieMuu celnbCKOX035CTBEHHBIX HAYK
(ITexnn); B HanmoHanmsHOM OrOpO T€HETHYECKUX PECYPCOB
pactenuii IHIuiicKOro coBeTa celnbCKOX03sIiICTBEHHBIX UCCIIe-
nosauuii (Hero-/lenn); Yauepcurere @ummmnmms (Manuna),
Snonckom L{enTtpe renernueckux pecypcos Harmonansaoro
uHcTuTyTa arpoouonoruu (Llykyba), [pyrie mo coxpaHeHUIO
TEHETUUYECKUX PECYPCOB pacTeHUH YHUBepcuTeTa Jxopaxun,
CIHIA (Ebert, 2013). Camas crapast KOJuIeKIus, KOTopoi Oosee
cra ner, coxpansiercsi B BUP (Cankr-IlerepOypr, Poccus).
Omna HacumuThiBaeT 1634 06pa3ros mMama u3 74 cTpan Mupa u
219 ypna u3 14 crpan. Cpenu HUX — yHUKAJIbHBIE MECTHBIE
00pasipl U3 MECT MIPOUCXOKICHUS KYIBTYp, a Taioke Adra-
nuctana u Cpexneit Asuu, codpanusie H.M. BaBuinoBeM.
Yncio 06pa3nos, MOCTYMUBIINX U3 TOI'O MM HHOTO PErnoHa
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Maw 1 ypa: nepcrekTnBbl BO3AeblBaHNSA
1 cenekuum B Poccuinckon Oepepaumn

Number
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Number
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> 100

2018
228

M.A. BuwHakosa, M.O. bypnaesa
M.T. CamcoHoBa

Fig. 1. Numbers of VIR accessions of (a) mung bean and (b) mungo bean sampled in various geographic regions.

MHpA, KaK IPaBmUiIo, 0TOOpakaeT TeHETHIECKOe Pa3Ho00pa-
3Me KyJIBTYpbl U CTEIEHb €€ IIPOU3BOACTBA/IOMYIIIPHOCTH B
aToM peruone (puc. 1). Haunbonee nzydena peHoTunmdecku u
TEHOTUIIMYECKH KOJUIEKIUs Malra BecemupHoro eHTpa oBo-
MIEBOJICTBA — camMasi OosibIinast B mupe (6742 obpasios). s
Ooree oneparuBHOI paboThI ¢ Koyieknuei B LleHTpe Obuti
CO3/IaHBI KOKOJIIeKINH (core-collections) — penpeseHTarns-
HbIE BBIOOPKH, COXPAHAIONINE MAKCUMAJIbHOE T€HETHYECKOe
pasHooOpasue. boiblas KOKOJUIeKINs — CO31aHa Ha OCHOBE
OLICHKH BOCBMH (DCHOTHUIIMYCCKUX MPU3HAKOB, COACPIKHUT
1481 obpaser, Maasi, WJIH MUHU-KOKOJUICIIUS — BBIOOPKA U3
TepBoii mocine ucronab3oBanus 20 SNP-mMapkepoB — HaCUUTHI-
BaeT 296 o6pasmos (Schafleitner et al., 2015).

leHodoHp 1 ceneKkuma pactTeHuin

Komrexknmio BUP m3y4anu mo Hanbolee BaKHBIM B CETICK-
LUK BUTHBI [TPU3HAKaM: (PEHOJIOTUs, IPOJYyKTUBHOCTB PacTe-
Hus, macca 1000 cemstH, yCTOHYNBOCTD K BUPYCHOM MO3aHKe.
HaubGonee nennsie 00pasisl, coopannsie H.M. BaBninossim
u E.H. Cunckoii, ObuH vicciae10BaHbl o 23 Mopdosoruye-
CKHMM U XO3SIICTBEHHO LIEHHBIM ITPU3HAKaM, BKJIFOUasi yCTOM-
YUBOCTh K a0MOTHYECKIM M OMOTHYCCKHM HEOIArOMPHT-
HBIM (paKTOpaM: BBICOKUM TEMIIEpaTypaM BO3[yXa, 3acyxe,
M30BITOYHON BIQKHOCTH BO3/lyXa U MOHIKEHHON CyMMe
AKTHBHBIX TEMIIEPATYP, 3aCOJICHHOCTHU I0YB, BUPYCHBIM 3a-
6oseBanusM (Bumasikosa u ip., 2012; Bypisiesa u ap., 2018).
Bce aTH pecypchl MOTYT OBbITh HCXOIHBIM MaTepHAIOM st
CEJICKIIHH.
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Heo0xonumMo oTMeTHTb, 4TO 00€ KyJIBTYPbl, 0COOSHHO Malll,
B [IOCJIEHUE TO/IBI CTAJI 00BEKTOM IPHCTAILHOTO N3YUECHUS
OOJIBIINX KOJUIEKTHBOB YUEHBIX B CTPAaHAX-ITPOM3BOIUTEIAX
kyneTyp. B 2017 1. co3nana MextyHapoiHasi CeTh yimydilie-
uus mama (International Mungbean Improvement Network,
IMIN), obpenuHmBIIAS ycrnHs YIeHBIX WHIUN, MBSHMBI,
banntaznema, ABctpanuu u puHaHCHpyeMasi IPaBUTEILCTBOM
ABcrpanuu. B 3amaun 3TO# opraHm3aniyi BXOAUT OOBEIH-
HEHHE TeHETHYECKUX PECYpPCOB Mallla ¥ €ro JUKHX pofndeit
U3 pasHbIX CTPaH C IEJbI0 TIOMCKAa MCXOAHOTO Marepuaja
JUTS CO3JaHMS HOBBIX ymydmeHHBIX copToB (Establishing the
International Mungbean Improvement Network, 2016).

Ceaexuusi Mama u ypaa. Jlo cepenunbl XX Beka BO BCEM
MHpE KyJIBTUBHPOBAaHHE 00CHX KYJIBTYp OBUIO OCHOBAHO Ha
MECTHBIX COpTax-TMoMmysauusix. VX celeknunoHHoe yiydre-
HUE JJaKe B BEIYLIMX CTPaHAX-TIPOU3BOJUTENSAX HAYaIOCh
CpaBHHUTENILHO HefaBHO. OHAKO OTMEUaeTcsi, YTO MPOIYyK-
TUBHOCTH COBPEMEHHBIX COPTOB MaJIO PACTET CO BPEMEHEM,
4TO OOBSICHSIOT OTCYTCTBHEM T€HETHYECKOTO pasHo00pasusi,
HHU3KHM YOOPOYHBIM HH/IEKCOM, OTCYTCTBHEM COOTBETCTBYIO-
IIAX WJCOTHUIIOB COPTOB JUIS Pa3sHBIX CHCTEM 3eMIICICITHs,
HEOJJTHOBPEMEHHBIM CO3PEBAaHMEM M BOCHPUHUMYHBOCTBHIO
Kk OonesnsMm u BpemutesiM (Souframanien, Gopalakrishna,
2006). K xi1toueBbIM OMOTHUECKUM CTPECCOpPaM OTHOCST BH-
pyc xentoit Mmo3zauku mama (MYMYV), Bupyc 1ucToBOM MOp-
mmmaucTocTH ypraa (UCLV), dy3apuosnoe yBsnanue (Fusa-
rium oxysporum) 1 My4dHUCTYI0 pocy (Erysiphe polygoni DC)
(Vishalakshi et al., 2017).

CamoonsuteHne B OyTOHE 3aTPYyIHICT TAKTUKY THOPHIH-
3aI1H, TTOATOMY ITPEUMYIIECTBEHHBIMUA METOIAMH CEJICKIINHT
Maina ctand Gu3ndeckuit u xumudeckuii myrarenes (Javed
et al., 2014) u mexxBunoBeie ckpemuBanus (Pandiyan et al.,
2010). O6a Buza 6osee UM MEHEe YCIENTHO CKPEIIUBAIOTCS C
JIPYTMMH KyJIBTUBHPYEMBIMHU BHIaMu pozia Vigna. K npumepy,
THOPUABI TOTMy4eHbl Mexny V. radiata c V. trilobata (L.) Verdc.
u V. umbellata (Thumb.) Ohwi et Ohashi (Dana, 1966). [To3z-
Hee BIIeUaT/ISIOIINE PE3YJIbTaThl ObLIN IOTYYEeHBI B CKPEIIUBa-
Husx V. radiata ¢ 13 quxnvn Bugamu pona Vigna. Hexotopsie
13 HUX TTPHUBEJU K TIOJTyYCHUIO HHTEPECHBIX B CEJICKIINOHHOM
ruiane siuHuil. Hanpumep, rubpuast V. radiata x V. umbellata
B TEUCHHE JEBATH CE30HOB COXPAHSUIN yCTOHYMBOCTH K BHU-
pycubiM 3a0oneBanusaM (Pandiyan et al., 2010).

B CCCP cenexruro Mara Hagaiau B 1930-e rogsl B cucteme
BUP — na Cpemgrea3naTcKoil ONBITHON CTaHIIMU. ABTOp IIep-
BBIX copToB, A.M. IlaBioBa, co3nana ux MeToaMH MHMBHU-
JIyaJIbHOr0 0TOOpa M BHYTPUBHUIOBOH rubpuau3anuu. [lep-
BBIM PalfOHNPOBAHHBIM BO MHOTHX 00JacTsIX Y30eKnucraHa u
Typkmenucrana, B Kapakanmakckoit ACCP 6bu1 ckopocrie-
aeiid copt [Tobena 104, momyyeHHBI HA OCHOBE 3aIlaIHOKH-
Taiickux o0pa3nos. CemeHa 3T0T0 copTa cozepxamm 28-31 %
Oerka, B MOXKHIUBHOM ITOCEBE OH co3peai 3a 60 mueii (ITas-
noBa, [mymenkoBa, 1962). B crpanax Cpenneit A3un 310T
COPT 10 CHUX IOP HE BBIXOAUT U3 pou3BozcTBa. B Poccuiickoi
Ddenepanun ceneknnel Mamia 1 ypaa He 3aHuMannch. OaHa-
KO B TMOCJIEJIHUE TOJ(bl HHTEHCU(HUIINPOBAIUCH CEJIEKIUS
KyJITHBUPOBAHHE OTHOTO U3 BUIOB pojia Vigna — KOpoBbETO
ropoxa (V. unguiculata (L.) Walp). B HacTosmee Bpemst paii-
OHHUPOBAHO yke 19 copTOB, pEKOMEHIOBAaHHBIX JIJISl IMYHBIX
MTOZICOOHBIX XO3SCTB, TIPH 3TOM |8 COPTOB — OBOIIIHOTO Ha-
TIPABJICHHS HCIIOIB30BAHUS U OJTUH — 3€PHOBOTO.
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Mam 1 ypa Ha mopore reHOMHO# ceJIeKIIUM. Y YeHbIMU
A3MaTCKUX CTPAH HEOAHOKPATHO NPEANPUHIMAIIHCH TTOTIBITKH
Pa3BUTHS Pa3INYHBIX TCHOMHBIX PECYpPCOB JUIsl HHTCHCU(H-
Kallii MapKepHOM CeNeKIuu ITUX KyabTyp. [l aHamu3a re-
HETHYECKOTO Pa3sHOOOpa3ns UCTIONB30BaIu Mapkepsl: RFLP,
RAPD, AFLP, SSR u ISSR. Ot paGoTs! MpoBOAMINCH TIpe-
HMYIICCTBEHHO Ha MPEICTaBUTEISIX V. radiata u 00001IeHbI
B psane o63opoB (Kim et al., 2015; Souframanien, Reddy,
2015; Nath etal., 2017; Mathivathana et al., 2018). Ha ocHoBe
UCTonb30BaHus SSR-IIOBTOPOB B KauecTBE MapKepoB B I10-
MYJSIIUSIX PEKOMOMHAHTHBIX MHOPEIHBIX JIMHUM, IOy YEHHBIX
OT CKPEIINBaHNUs ABYyX COPTOB, YCTOMUYMBBIX K 3aCyXe Ha pas-
HBIX CTAJUSX OHTOTeHE3a, MOCTPOCHA I'eHeTHUYecKas Kapra
V. radiata. Ona Bxirogaet 313 MapkepoB, IMEET CyMMapHYIO
JqunHy 1010.18 cM 1 11 rpynn cuenieHus,, 4T0 COOTBETCTBYET
raruIoNTHOMY YHCITY XPOMOCOM, IOKPBIBasi BECh FeHOM Mallia
C TUTOTHOCTBIO oftiH Mapkep Ha 3.23 ¢cM (Liu et al., 2017). s
V. mungo pa3paboTaHbl B BEPCUU KapT TPYIII CLETIIICHUS
11 Beex 11 xpomocom. IlepBast — ¢ mapkupoBanuem 148 no-
kycoB (Chaitieng et al., 2006), BTopast — ¢ UCTIOIB30BaHH-
eM 428 MOJNEKYISIpHBIX MapKepoB, C CYMMapHOW JIHMHON
865.1 cM 1 co cpenHeil MIOTHOCTBIO OAMH Mapkep Ha 2 cM
(Gupta et al., 2008).

Co3naHne reHeTHYECKUX KapT CIIETUICHHS O3BOJIMIIO Ha-
4arh padOTHI MO MOKMCKY W KapTupoBaHuio renoB u QTL,
KOHTPOJIMPYIOLINX arPOHOMHUYIECKH BaXKHbIE TpU3HAKU. [1pn
(heHOTHIIPOBAHNH 00PA3IOB Mallla B IBYX reorpapuuecKux
toukax Kuras (IL{nuzswxyan u [lekun) Ha nonvse u Ha Oora-
pe 66110 HASHTH(HUITIPOBAHO 58 JIOKYCOB KOJMYECTBEHHBIX
MIPU3HAKOB MaIlla: YCTOMYMBOCTB K BUPYCY JKEITOH MO3anKH,
YCTOMYMBOCTb K MyYHUCTOH pOCE, UEPKOCIIOPUO3Y U 3€PHOB-
K€, BBICOTA PACTEHNUS, MAKCUMaJIbHAsl IOBEPXHOCTH JIUCTA,
Macca pacTeHHsI, BpeMsl [IBETCHUSI, ITPOYKTHBHOCTb;  TAK)Ke
ith QTL, cBsi3aHHBIX ¢ yCTOMYMBOCTRIO K 3acyxe (Liu et al.,
2017) (puc. 2).

B pesynbrare cpaBHHUTENFHOTO KapTUPOBAHUS ICHOMOB
Malia U psjia Jpyrux 3epHOO0OOBBIX KYJIBTYp, BKIIOYAs
asayku (V. angularis (Wild.) Ohwi et Ohashi), dacons, Ko-
poBwuii ropox (V. unguiculata), coro u I0INXOC, BBISBICHBI
pa3iMYHbIe YPOBHU MAKPOCHHTEHUH, B 3aBUCMOCTH OT BH/IA.
Hambornee BbICOKHI ypOBEHb MaKpOCHHTCHHU OOHapYyXeH
MeXJy renomMamu mama u (acomu. [Ipu cpaBHeHUHM KapT
XpOMOCOM Mallla ¥ aJ3yKH YCTaHOBJIEHA BBICOKAs CTEIECHb
KOJINHEAPHOCTH TEHOMOB.

Bbum npeAnpuHATH ONBITKY pa3zpadoTkn BAC-0nbmmoTek
Malla ¢ 1ebl0 KJIOHUPOBaHHUs OTJeNbHbBIX TeHOB 1 QTL.

IMocnenosatensHocTn EST u reHOMHBIE 0a3bl Tepednc-
JICHHBIX 0000BBIX KyJIBTYp MOTYT OBITH MCIIOJIB30BaHbI IS
pa3paboTku 3)p(HEKTUBHBIX MapKEPOB, TaKux Kak SSR, mis
TEHOTHINPOBAHUSL. DTH PECYPChI MEPCIIEKTHUBHBI JUISl BBISAB-
JICHUSI TEHOB, KAPTUPOBAHMS M MapKep-0IIOCPEIOBAHHON ce-
JIEKIIMH JaHHBIX OJIM3KOPOJICTBEHHBIX BUA0B (Souframanien,
Dhanasekar, 2014).

Pasmep renoma V. radiata — 579, a V. mungo — 574 M6
(Arumuganathan, Earle, 1991). CexkBenupoBaHue reHoma
V. radiata 6w110 3aBepmeno B 2014 . (Kang et al., 2014).
CeKBEeHMPOBAaHbI TAKXKE XJIOPOIIIACTHBIH M MUTOXOHIPHAIIb-
HbII TeHOMBI Maluia. JJis1 Ty4d1ero HOHMMaHUsI IPOLECCOB J0-
MECTHKAINH, TOIUIUIONIU3aLUH U BUA000pa30BaHUs B POJIE
Vigna ObII0 BBITOIHEHO MOJIHOTEHOMHOE CEKBEHHPOBAHHUE
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Fig. 2. Two stable mung bean QTLs controlling plant height (PH) and the maximum leaf area (MLA) in four experimental designs.

Linkage groups (a) LGO5 and (b) LG02, containing the stable QTL associated with PH (qQPH5A) and with MLA, respectively, in recombinant inbred lines (RIL). The
LOD scores for QTLs in the RIL populations grown in four different environments are shown with differently colored lines. Designations of conditions: SJZ-W,
Shijiazhuang, watered field; SJZ-D, Shijiazhuang, dryland; BJ-W, Beijing, watered field; BJ-D, Beijing, dryland. Red markers are boundaries for QTLs. The solid line

shows the LOD threshold (2.5), according to Liu et al., 2017).

npeska u qukoro ponuya mMama (V. radiata var. sublobata Hay-
ata) u ero TerparutonHoro poauda (V. reflexo-pilosa) n moiy-
YeHBI TPAHCKPUTIITOMHBIE TIOCJIEIOBATEIBHOCTH 22 00pa3IioB
18 BunoB Burnsl (Kang et al., 2014). I'enom V. mungo eme
He OITy0JIMKOBaH, HO HEJJABHO OBbLI CEKBEHUPOBAH I'€HOM e1le
OJIHOTO JTUIUIOMIHOTO a3uaTrckoro Buna, V. angularis (Kang
et al., 2015). On uMeeT CXONHBINA ¢ TCHOMaMH Mallia ¥ ypia
pa3mep — 612 M6. AHHOTHpOBaHHAS MHPOPMALIHS 00 STHX Te-
HOMax ¥ TeHOMaXx JAPYTUX 36pHOOOOOBBIX COEPIKUTCS B Oase
nmanabix Legume Information Resource (https://legumeinfo.
org/). M3-3a KOPOTKOTO JKU3HEHHOTO MHKJIA M HEOOIBIIOTO
pa3Mepa reHoma BUJIBI Vigna ciryKaT IOXOSIIINMH MOJIEITb-
HBIMH 06’beKTaMI/I JJI U3Y4YCHUSL TeHOMHOM OopraHu3anuvum nu
YITy4IIEHUs] arPOHOMUYECKHX TPU3HAKOB y 00060BBIX. [1po-
BEJICHHOE [TOJTHOTCHOMHOE CEKBEHHPOBaHNE Mallla yCKOPHIIO
MCCJIEZIOBAHMUS TI0 TEHOMHUKE JIPYTUX BUAOB Vigna u, ckopee
BCETO0, YCKOPHT IIPOIPAMMBI UX CEJICKIINH.

Junst Hespensix ceMsiH V. mungo coOpaH TPaHCKPHIITOM,
npencTaBieHHbI 48291 KOHTUHTaMU C METMAaHHOW JUTMHON
200-299 1. 1. ITokazaHo, uto 33.766 KOHTHHTOB OOHAPYKH-
BAIOT CyliecTBeHHOe cxocTBO (73.91 %) ¢ mocnenoBaress-
HOCTSIMHU M3BECTHBIX OcsikoB (Souframanien, Reddy, 2015),
IpUYeM HauOOJIbIIEe CXOACTBO HAOIIOAATIOCH C TTOCIIEI0Ba-
TENBHOCTSIMU (acosn 0OBIKHOBEHHOH — Phaseolus vulgaris L.
(50 %) u cou — Glycine max (L.) Merr (11 %), T.e. ¢ Takco-
HOMHUYECKH OMM3KUMH 3¢pHOO000BBIMH KYIIETypamH (puc. 3).

Jlvkue pomuuu KynbTypHBIX pacTeHHI BCerja MpHuBIIeKa-
JJU BHUMAaHUEC B KaUC€CTBC IMOTCHIUMAJIbHBIX I'€HCTHYCCKUX
PecypcoB JUIsl YIy4IISHHUS CelbCKOXO3SHCTBEHHBIX KYIBTYP.
B Hacrosiiee Bpemst 3TOT HHTEpPEC MHOTOKPATHO YCHITHIICS

leHodoHp 1 ceneKkuma pactTeHuin
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Fig. 3. Pie graph of the similarity (BLASTX, E-statistics threshold 10-3) be-
tween sequences of mungo bean contigs and other proteins of the dedu-
plicated NCBI database (Souframanien, Reddy, 2015).

(McCouch et al., 2013; Dempewolf et al., 2017). ®akruye-
CKH OBUTH MPE/ITIOKEHbI HOBBIE KOHIICTIIIMN CEJEKIIH, TAKUE
KaK HEOJOMECTUKAITUS 1 00paTHast CEeICKIIHS, TBITAIOIINECS
HCIIOJIb30BaTh JKEJIATEIbHbIC MPU3HAKU TUKUX BUIOB IS
HHTpoTpeccnu B KynbTHBHpyeMble (Tomooka et al., 2014;
Palmgren et al., 2015). Kak cka3aHo BBIIIEC, TUKUE BUIBI
pona Vigna — XOpoIue UCTOYHUKH KAaueCTB aalTHBHOCTH.
W3y4arorcsi MOJIEKYIISIPHbIE MEXaHU3MbI yCTOMYUBOCTH JIUKHX
BHJIOB BHUTHBI K 3acyxe, 3acoineHHbIM mouyBam (Iseki et al.,
2016, 2018) u npyrum HeOIAronpUsITHBIM (pakropam, 4To
Jienaer pox Vigna noreHunanabHO LIEHHONM HOBOM MOZIEIbHOM
CHUCTEMO JUTst I3YYCHUS adal Tl PACTEHUH K CTPECCOBOM
963
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cpene. CozaaHue CeNeKIMOHHbIX IIPOrPaMM Ha OCHOBE HOBBIX
IIPOPBIBHBIX TEXHOJIOTUI MO3BOJIMT MOJyYUTh COPTA MaIla U
ypaa ¢ TpeOyeMbIMI KadecTBaMH JIsl Bo3zenbiBaHus B Poc-
culickor Denepanuu.

B nacrosimiee Bpemst pacrenueBonactBo Poccuiickoit dene-
panuu CTOUT Tepe]] HeOOXOAMMOCTBIO PACIIMPEHUsT OTeUe-
CTBEHHOTO COPTHMEHTA CEIbCKOXO3SHCTBEHHBIX KYIBTYp U
TUBEPCUPUKAIINN IPOIYKINA. PerieHre 3THX 3a1a4d 3aBUCHT
OT MHOXECTBA COCTABJISIIOIINX, U3 KOTOPBIX MOXKHO BbIUJIE-
HUTH PACIINPEHNE apeajioB BO3IEIBIBAHUS KyIBTYP, a TAKKE
WHTPOIYKIHUIO U MPHUBICUYCHUE B CEIHCKOXO3SIHCTBEHHOE
MIPOU3BOJICTBO HOBBIX M HETPAJAULIMOHHBIX BUIOB PACTEHUH.
Mam 1 ypa, orpaHMuEHHO BO3/EJIbIBAEMBIE B HAILIEH CTpa-
HE, SBJISIOTCS KyJABTYPaMH, KOTOPhIE MOTYT CIIOCOOCTBOBATh
PEIICHHUIO 3TUX MPOOJIeM, MO3BOJST PACIIUPUTH PECYPCHO-
CBIPBEBYIO 0a3y M BHECTH BKJIAJ] B TOBBIIICHHWE KadecTBa
JKU3HU YeJIOBEKa. DTO OMPEACIATCS MHOTO(MYHKIIHOHAb-
HOCTBIO 3¢pPHOO00OBBIX KYJIBTYpP, B TOM YHCIIC Mallia ¥ yp/a.
[lepedeHs peTnOHOB, TIO ATPOKIUMATHIECCKIM YCIOBHAM CO-
OTBETCTBYIOIINX BO3ICIBIBAHIIO Mallla v ypaa B Poccuiickoit
®denepanyu, CPaBHUTENBHO IUPOK, & CIIEKTP UCTIOIb30BaHUS
KyJBTYp pa3HooOpaseH.

O0e KyIIBTypBI CTaJIH B IOCICAHUE TOIBI 00bEKTaMH HHTCH-
CHUBHBIX TEeHOMHBIX HccenoBanuit. HeOombimme 00beMbI T€HO-
MoB V. radiata n V. mungo Hapaay ¢ TEHOMaMH JIPYTHUX KyJb-
TYPHBIX U IUKUX BUAOB poaa Vigna NO3ULMOHUPYIOT UX KaK
MEPCIICKTUBHBIC MOJICNIbHBIC 00beKThl. Hamuune 0obinoro
TreHO(OH A TUKUX POIIYEH C I3yYeHHBIMU MOJICKYIISPHBIMA
MEXaHW3MaMH aJIalITHBHOCTH K [IEJIOMY HaOOpY CTPECCOPOB
OTKPBIBACT MEPCIEKTUBHI JJIsi OOPATHOM CEJICKIIUU U HEO-
JTOMECTHKAIIMK MaIlla U yp/a MOCPEICTBOM MOJIEKYISIPHBIX
TeXHONIOTHiH. HeoOXoMUMBI COOTBETCTBYIOIINEC BHUMAHHE,
WHTEPEC U MHBECTULIMU B OTH MEPCIEKTUBHBIC KYIBTYPBHI,
CIIOCOOHBIEC CTaTh MHHOBAIIMOHHBIMU U B Poccum.
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Wheat stem rust caused by the biotrophic fungus Puccinia
graminis f. sp. tritici is a dangerous disease that seriously
damages the economics in many countries of the world. The
review contains information about epidemics of wheat stem
rust and causes of their emergence worldwide. Recently wheat
stem rust epidemics have been recorded in the northern
regions of Kazakhstan and on the territories adjacent to

Omsk Region of Russia. It has been shown that severe wheat
stem rust epidemics occur mainly due to the emergence

of new virulent races of the disease agent and to growing
susceptible wheat cultivars. New methods of studying the race
composition of the fungus are described as well as the use of
the previous and current differential sets for race determination
of P. graminis f. sp. tritici. The results of developing molecular
markers and assessing their effectiveness in studying stem

rust races are presented. Wheat stem rust races dominant in
major grain-growing countries of the globe and their typical
peculiarities are described. The paper contains information

on identification of race Ug99 and of its variations including
data on areas of their dissemination and on their virulence to
Sr-resistance genes. The existence and emergence of other races
of the agent potentially dangerous for commercially important
genes for stem rust resistance is also described. Currently

in nature strongly virulent races of P. graminis f. sp. tritici are
circulating with wide geographical coverage and their virulence
is absolutely different from the virulence of race Ug99. Historical
and modern data on studying the race composition of the
pathogen in Kazakhstan are summarized. It is stated that the
use of the old standard differential set and an incomplete

North American system of race nomenclature in experiments
prevents measuring similarity between Kazakhstani races and
the worldwide known races of the pathogen. It has been shown
that there is a need to continue studies on the intraspecies
structure of the disease agent’s population in Kazakhstan with
the use of the modern differential set, on determination of race
composition and ways of emergence of new races potentially
dangerous for commercial wheat varieties.
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OCHOBHbBIE TTOAXOIbI U TOCTVIKEHIS
B M3yUEHI PacoBOT0 COCTaBa
cTe61eBOVi p>KaBUMHBI ITITEHUIIbI

A.C. Pcarues! @, 111.C. Pcaruen?

! HayuHo-nccneoBaTeNbCKMI MHCTUTYT NPo6iem 61oNornyeckoi
6e3onacHocT, XKambblnckas obnactb, KazaxcrtaH

2 Ka3axcKuit HayYHO-MCCNIEOBATENBCKIIN MHCTUTYT 3eMeaenns
1 pacTeHNEBOACTBA, Noc. AnManblbak, AnmaTrHCKas 0651acTb,
KasaxcTaH

CrebneBas pxaByMHa MLUEHNLbl, Bbi3blBaeMas 61OTPOdHbLIM
rpubom Puccinia graminis f. sp. tritici, — onacHoe 3abone-
BaHWe, HaHOCALLee cepbe3HbIli SKOHOMUYECKN yiepb B
60/bLINHCTBE CTPaH Mrpa. B 0630pe nprBeaeHbl cBefeHUs
06 3nmaemmax cTebneBon pXaBunHbI MLLEHNLbI U NPUYMHAX
X BO3HUKHOBEHUA B MUpe. B nocnefHmne ropbl oTmevatotca
anugemnn ctebneBol PKaBuVHbI MWEHULbI B CEBEPHbIX
pernoHax KasaxcTaHa v Ha TeppuTopUaAx, conpeaenbHbIX
Omckolt obnact Poccun. YCTaHOBRIEHO, UTO CUSIbHbIE
anvAeMUn cTe611eBON PXKaBUVHbI B OCHOBHOM MPOVICXOAAT B
CBA3U C NOABNEHVEM HOBbIX BUPYEHTHbIX pac Bo3byauTens
6051e3HM 1 BO3[eNbIBaHNEM BOCMPUUMUYMBbIX COPTOB MLle-
HULbI. PaccmaTpriBaloTcA MeTofbl onpeaeneHns pacoBoro
cocTaBa rpmba, B TOM UMcsie cTapble U COBpeMeHHble Habopbl
copToB-anddepeHLnaTopoB Ana onpeneneHnsa pacoBom
npviHagnexxHocTn P. graminis f. sp. tritici. MpepcTaBneHbl
pe3ynbTaThbl pa3paboTKy MONeKYNAPHbLIX MapKepOoB U OLEHKM
3pEKTMBHOCTY VX UCMIONB30BaHNA B 3yUYeHUN pac cTebre-
BOW prKaBuMHbl. OnycaHbl JOMVHMPYIOLLME pacbl CTe6NeBoi
P>KaBYMHbI MWEHNLbI U UX XapaKTepHble 0COOeHHOCTY B
OCHOBHbIX 3€pHOCELWX CTpaHax Mupa. NprseaeHbl AaHHblE
no naeHtTnduKaumm pacbl Ug99 1 ee BapnaHToB, BKJIIOYaA

MX PacnpoCTpaHEHUNE 1N BUPYNEHTHOCTb K COPTaM C paHee
3$PEeKTUBHBIMU reHaMmn YCTOMUYMBOCTI Sr, U MHPOpMaLma o
CyLLeCTBOBaHMY 1 NOABNIEHUN LPYTNX BbICOKOBUPYNEHTHbBIX
pac P. graminis f. sp. tritici, oTnnyatowmxca ot pacsl Ug99 no
NPV3HaKy BUPYNEHTHOCTY 1 MOSIEKYNAPHBIM MapKepam.
0606LLEHbI ICTOPUYECKME N COBPEMEHHDBIE AAHHbIE MO
MN3YyYeHMIo PacoBOro cocTaBa naTtoreHa B KasaxctaHe. OTme-
YyaeTcs, YTo NPOBefeHNe SKCNePUMEHTOB C MCMOJIb30BaHEM
CTaporo cTaHAApPTHOro Habopa copToB-AndPdepeHLnaTopos
1 HemnosiHoro Habopa ceBepoameprKaHCKOM CUCTEMbI HO-
MEHKaTypbl pac He NO3BOJIAET OLIEHUTb CTEMEHb CXOACTBA
Ka3axCTaHCKKMX pac C M3BECTHbIMK pacamu rpmba B mupe. B
KasaxctaHe He06X0AMMO MPOJOMKUTL N3YUYeHWe BHYTPU-
BWAOBOW CTPYKTYpbl NonynAauuy Bo3byamtens 6onesHn c
MCMOJIb30BaHNEM COBPEMEHHOIO Habopa copToB-AnddepeH-
LMaTopoB, a TakxKe onpeaenieHne pacoBoro coctaBa v nyTen
BO3HWKHOBEHMSA HOBbIX Pac, MOTEHLMANbHO OMACHbIX Af1A
KOMMepPYeCKMX COPTOB MLIEHMLIbI.

KnioueBble cioBa: MiueHnLa; cTebneBan prkaBunHa;
YCTOMYMBOCTb; Paca; reHbl Sr; BUPYNEHTHOCTb.



tritici, an obligate biotrophic fungus, occurs wide where

its hosts (wheat or other cereals) grow (Roelfs et al.,
1992). Currently because of its scientific and economical sig-
nificance the stem rust enters the top 10 of the fungal diseases
of plants and the pathogen is able to cause the greatest damage
in case of an epidemic/epiphytoty (Dean et al., 2012). All over
the globe the stem rust occurs mainly in the regions with the
continental climate where summer temperatures regularly
exceed 25 °C (Singh et al., 2015). The disease caused wheat
yield losses in different historical periods in Canada (Petur-
son, 1958), in South America (German et al., 2007), in the
countries of the European continent and Indian subcontinent,
in Australia (Park, 2007), South Africa (Pretorius et al., 2007),
East Africa (Wanyera et al., 2006) and in China (Roelfs et al.,
1992). Severe stem rust epidemics took place in the United
States in years 1919, 1920, 1923, 1927, 1935, 1953, 1954
(Knott, 1971). Average losses of wheat yield because of these
epidemics were 25.4 % in Minnesota, 28.4 % in North Dakota,
and 19.3 % in South Dakota (Singh et al., 2015). It is specified
that the epidemics of this disease in the United States have
been associated with emergence and spread of stem rust races
56, 15 and 15B that are virulent to widely cultivated wheat
varieties Ceres, Kanred (Sr5), Kubanka (Sr9g, c), Arnautka
(Sr9d, a), Hope (Sr7b, Sr17) (Knott, 1971). Since 1954 only
local epidemics occurred in the USA and in the whole North
America (Singh et al., 2015).

Over the last 20 years reasonable worry is caused by
spread of the aggressive race of P. graminis f. sp. tritici, that
has been first detected in 1998 in Uganda and named Ug99
(abbreviation from “Uganda 1999”) (Pretorius et al., 2000;
Singh et al., 2008, 2011). Over the course of several years, it
has rapidly captured wheat cultivation areas in the countries
of Eastern and Southern Africa, in Zimbabwe, Sudan, Yemen,
Iran, and Egypt. The studies have shown that 90 % of com-
mercial varieties being a part of the global wheat gene fund
are susceptible to different races of Ug99 lineage and this
fact allows considering the pathogen as a major threat to the
current world wheat production and to food security (Singh et
al., 2011, 2015). Moreover, during last years severe epidemics
of stem rust occur in European countries due to emergence of
new virulent races of the pathogen different from race Ug99
(Mert et al., 2012; Bhattacharya, 2017; Olivera Firpo, 2017;
Lewis et al., 2018).

In Kazakhstan, like in many grain-producing regions of
the world, stem rust is a very dangerous disease of wheat
that threats food security of the country. Mainly it is spread
in the forest-steppe and steppe areas of the northern region.
For instance, in 1964 mass epiphytoty of the disease on wheat
resulted in the yield loss varying from 20-30 % through 50 %
and over (Plakhotnik, 1969; Koishybayev, 2018). In 1967 the
stem rust epiphytoty in the northern regions of Kazakhstan
and in Western Siberia covered over 5 million hectars of area
planted with wheat. The intensity of wheat affection was
70-90 %, and yield loss exceeded 50 % (Plakhotnik, 1969).
The epiphytoty was caused by mass proliferation of races 17
and 21 of the pathogen and by high air humidity (Kulikova,
Yurchikova, 1971).

Since 1990 till 2005 in Kazakhstan stem rust displayed itself
on wheat rather late and spread on small area. Local evolve-
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ment of the disease was recorded only in years 20062008
(Rsaliyev, 2008; Kokhmetova et al., 2011; Koishybayev,
2018). Particularly, in Kostanai and North-Kazakhstan Re-
gions in 2006-2007 foci with moderate and heavy progress
of stem rust on spring wheat were reported. Spread of the
disease varied within 20-40 %; on some fields this figure
reached 80—-100 % (Kokhmetova et al., 2011; Koishybayev,
2018). Races of the stem rust agent isolated in 2006-2007 in
Kazakhstan were highly virulent to Sr-lines that were previ-
ously effective under conditions of the republic (Rsaliyev,
2008, 2011; Rsaliyev et al., 2010).

Recently in the northern regions of Kazakhstan and in
the Western Siberia where spring wheat is mainly cultivated
stem rust has turned to be one of the major diseases. In 2015
in Kostanai and North-Kazakhstan Regions as well as in
adjacent Omsk Region of Russia stem rust epidemic affected
over one million hectars of lands under wheat (Lapochkina
et al., 2016; Shamanin et al., 2016; Koishybayev, 2018).
The situation had repeated both in years 2016 and 2017; in
2016 the pathogen was detected on all the fields surveyed in
North-Kazakhstan Region, especially on late-planted wheat
crops, and it resulted not only in marked yield reduction but
in lower grain quality (Koishybayev, 2018). It has been noted
that such a severe epidemic in Western Siberia may evidence
either of penetration of highly virulent races of the pathogen
to the territory of the Russian Federation or of existence in the
region of own aggressive races with wide range of virulence
genes (Lapochkina et al., 2016).

So, mass evolvement of wheat stem rust worldwide is
promoted both by social-economic changes as a whole and
by the other evolution and selection-genetic factors. They
include extension of lands under old susceptible wheat variet-
ies, lost resistance of commercial wheat varieties, emergence
of new virulent races, poor monitoring of rust populations
and so on. Analyzing race composition and monitoring natu-
ral P. graminis f. sp. tritici populations on the basis of their
virulence to differential wheat varieties and to the sources
of resistance is the most topical task. Change in frequency
only of a single virulence gene may cause dramatic conse-
quences such as severe affection of the previously resistant
variety by the disease.

Methods for analyzing race

composition of wheat stem rust

Current research of race composition of the wheat stem rust
includes several steps: (1) collecting rust samples, (2) isolating
and reproducing single pustule isolates of the fungus, (3) dif-
ferentiating races on the basis of virulence and molecular
markers, (4) storing urediniospores of races.

Collecting rust samples. Method for sampling affected
wheat organs depends on the assigned task. For comparative
study of the stem rust populations samples are collected from
production fields under commercial wheat varieties in different
geographical areas and in the areas where the alternate host of
rust grows as well as from wild cereals in nature.

Time of sampling the pathogen populations is very im-
portant because the race composition varies depending on
vegetation period of plants. Size of sampling also depends on
the assigned tasks. For instance, to determine genetic distance
between populations at least 30—40 isolates of the fungus are
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needed, and over 1000 isolates are necessary to detect races
with rare virulence (Mironenko, 2004).

Collection of vegetative organs from plants with the disease
symptoms along the diagonal of the field at the certain intervals
depending on the size of the field is the most common method.
At each point several samples are collected. It is considered,
that in absence of original data on the population structure the
hierarchical sampling scheme is the best to be used (McDo-
nald, 1997). The essence of the hierarchical sampling of the
population lies in marking-out the surveyed field into smaller
uniformly distributed plots and in collecting the vegetative
material in several uniformly distributed points on each plot
(Mironenko, 2004). Examples of the hierarchical sampling of
the population are described by McDonald (1997). Each of the
collected samples is placed into a special packet with a form
to indicate obligatory data: place (region, district, farm and
geographical coordinates), wheat variety and sampling date.
It should be noted that minimal humidity must be provided in
the course of storing the herbarium specimen of the infected
plant organ thus preventing loss of germination ability by the
spores of the pathogen. The collected urediniospore material
should be reproduced as far as possible for a week according
to the adequate procedure (Konovalova et al., 1977).

Isolating and reproducing single pustule isolates of the
fungus. One of the major steps in studying race composition
of stem rust is isolating pure single pustule isolates of the
fungus and their reproduction. Isolation of single pustule
isolates of rust is associated with a number of issues: choice of
substrate varieties, purification of the isolates of the pathogen
from spores of other fungus species, choice of methods for
inoculation of plants, etc. (Rsaliyev, 2008).

Substrate varieties are wheat varieties for reproduction of
the pathogen population, purification from the other pathogens
and for isolation of single pustule isolates. They must meet a
number of requirements: high susceptibility to the pathogen
under study, resistance or low susceptibility to the other rust
species, immunity against powdery mildew, easy seed thresh-
ing, fast growth of seedlings, wide leaf lamina, weak sensitiv-
ity of plants to growing under conditions of low temperature,
etc. (Rsaliyev, 2008). Earlier in Kazakhstan the studies were
carried out to create and maintain the collection of rust fungi
races on cereal crops. Wheat varieties good for biological pu-
rification of one rust species from the other one were detected
as the result. For instance, wheat varieties K-RIBSP-66400
and 66454 are resistant to yellow rust and susceptible to stem
rust, respectively they can be used for purification of stem
rust from yellow rust. Universally susceptible varieties are
used to reproduce stem rust spores. Maleic hydrazide (MH)
in proportion 1 L of 0.1 % MH solution per 220-250 pots was
used to slow down growth of plants, to improve their lodg-
ing resistance and to raise sporulating ability of the fungus
(Rsaliyev, Savinkov, 1998; Rsaliyev, 2008).

Reproductive ability of P. graminis f. sp. tritici depends
on resistance of the host plant. The higher is the resistance
and respectively lower the type of infection the smaller is
the number of spores produced by the pathogen. One ure-
diniapustule of the stem rust agent produces from 10.000 to
24.000 spores per day at the infection type of 4 points. At the
infection type of 2-3 points daily productivity of the pustule
is 3.000-12.000 spores and only 100—1.000 spores at type 1
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of infection. On one stem of the resistant variety the number

of forming spores is 4-10.3 times less than on a stem of a

moderately susceptible variety, and 5—12.4 times less than on

a stem of a susceptible variety (Sanin et al., 1978).

Methods and techniques of isolating and reproducing
single pustule isolates of the wheat stem rust, including care
of experimental plants and optimal temperature-time regime
during the experiments are described in details in different
publications (Konovalova et al., 1977; Jin et al., 2008, 2009;
Rsaliyev, 2008; Olivera et al., 2015). Most effective is isola-
tion and reproduction of single pustule isolates of the fungus
on a susceptible variety under greenhouse conditions for
2-3 months before their use.

The isolates with spores can be collected from the surface of
the host plant onto a piece of smooth dry paper or aluminium
foil. After that the spores are dried (20-30 % relative humidity)
and stored in a container. There are different types of cyclone
collectors for spore collection. With their help one can collect
spores both in very small (from a separate uredinia) and in
large amounts (Rsaliyev, 2008). Studying race composition
of P. graminis f. sp. tritici is illustrated on Fig. 1.

Storing urediniospores of the fungus. There are differ-
ent ways of storing spores depending on the requisite storage
duration and amount of available spores:

* Stem rust urediniospores can be stored at room temperature
for several weeks depending on humidity. Duration of spore
storing can be increased via their drying and keeping at
20-30 % relative humidity (Roelfs et al., 1992).

* Freezing. After drying urediniospores can be stored at
5-8 °C for different periods (weeks or months) depending
on basic conditions. They may be sealed in a hermetic air-
proof container and stored in an exiccator (a moist cham-
ber). The spores on a dried stem or leaf may be stored in a
fridge for a month, but in this case their relative humidity
should not exceed 30 % (Konovalova et al., 1977; Zhap-
parova, Rsaliyev, 2012).

* Vacuum drying. Vacuum drying of urediniospores in am-
poules allows their storing up to 10 years and even longer.
The spores are dried under low air pressure (40-50 %
vacuum) conditions for 2-2.5 h followed by sealing am-
poules with spores in the burner flame. After sealing the
ampoules are checked for vacuum, because its absence leads
to loss of spore viability. In the course of long-term storage
(over 1 year) the ampoules with spores are usually stored
at +4...+8 °C (Roelfs et al., 1992). According to Roelfs
et al. (1992) vacuum drying ensures spore storing up to
10 years. The major disadvantage of vacuum drying is the
fact that at the moment of ampoule sealing micro cracks
can be formed allowing humid air into ampoules and it can
decrease germinating ability of spores.

* Liquid nitrogen. In many laboratories around the world
spores are stored in liquid nitrogen. They are first dried
till 20-30 % relative humidity and then sealed into glass
ampoules or aluminium foil packets. Prior to usage the
stem rust spores are processed with warm (40 °C) water
for 5-7 min to interrupt hibernation caused by cold. While
working with liquid nitrogen one should follow the standard
precaution measures (Loegering et al., 1966).
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Fig. 1. Order of studying wheat stem rust race composition from collecting the fungal specimens
till storing P. graminis f. sp. tritici spores:

a, the affected wheat variety in the field; b, the herbarium specimen of the infected plant organ;
¢, the isolated and purified pathogen on the susceptible wheat variety; d, inoculation of the differential
varieties with the monopustule fungus isolates; e, the differential wheat varieties after inoculation;
f, various infection types on the differential varieties; g, the collected urediniospores of the fungus;
h, packing spores into ampules; i, vacuum drying (in ampules, vacuum unit, vacuummeter, gas burner,
d’Arsonval apparatus, Tesla apparatus); j, the urediniospores of the stem rust races ready for use.

« Ultralow freezing. The spores neither change their virulent properties for 10 years
and longer in the process of their storage at temperatures below —50 °C. They are
dried up to 20-30 % relative humidity and then sealed into plastic bags, glass or
plastic ampoules (Zhapparova, Rsaliyev, 2012).

Regeneration of spores after storage. After long-term storage urediniospores
require additional processing for rehabilitation of their viability. There are two

most simple methods of spore regeneration after storage (Konovalova et al., 1977):
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a) gradual spore moisturing: the ure-
diniospores are transferred from
ampoules into test tubes and finely
dispersed on their walls, then the
tubes are placed into an exiccator
with high relative humidity (100 %)
above water, and in 24 h the material
is ready for using;

b) thermal treatment of spores: the
urediniospores are transferred from
ampoules into test tubes and heated
in an ultra thermostat at 50 °C for
30 min, then the tubes are transferred
into a moist chamber with 100 %
relative air humidity and held there
during 2-3 hours.

Thus currently there are different
ways of storing rust spores. At the same
time, knowledge of the minimum and
maximum storage periods of uredinio-
spores provides additional information
on the viability of rust and helps to
organize the work on the differentiation
of P. graminis f. sp. tritici races.

Race differentiation based on viru-
lence and molecular markers. By
present time various differential wheat
varieties or ways of differentiating
P graminis f. sp. tritici races have been
developed. Stakman and Piemeical were
the first to describe in 1917 the races
of wheat stem rust. Later the method
of differentiation of the pathogen races
proposed by Stakman et al. (1962) ap-
peared to be a significant event in the
field of population biology of rust fungi.
In this method a type of reaction of the
differential varieties was the major key
of the pathogen race determination. The
differential set includes the following
wheat varieties: Little Club, Marquis
(Sr5, 7b, 18, 19, 20), Reliance (Sr5,
16, 18, 20), Kota (Sr7b, 18, 19, 28),
Arnautka (Sr9d, a), Mindum (Sr9d,
a, b), Spelmar (Sr9d, a, b), Kubanka
(Sr9¢, c), Acme (Sr9g, d), Einkorn
(Sr21), Vernal (Sr9e), Khapli (Sr7a, 13,
14). In many cases the reduced number
of differential wheat varieties, the so
called half set consisting of 6 varieties
(Marquis, Reliance, Kota, Arnautka,
Kubanka and Einkorn) showed identical
results. Later the similar differentiation
system was developed in Canada (Green,
1981), Australia (Watson, Luig, 1963)
and modified in the USA (Roelfs, 1984).

In 1977 “Methodological recommen-
dations on studying race composition of
the cereal rust pathogens” assigned for
differentiation of cereal rust populations
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were adopted in the USSR (Konovalova et al., 1977). The race
identification was based on determination of types of infec-
tion on differential varieties or tester cultivars. All isolates
that similarly affect the wheat varieties of the differential set
are identified as one race. Using the differentiation method
the population of the species is split into subunits that differ
in virulence, the ratio of these subunits in the population is
determined and the regularity of its variability is traced (Ko-
novalova et al., 1977). Kazakhstanean researchers Kulikova
and Kurbatova (1977b) proposed to add test varieties Lee,
Selkirk, Mironovskaya 808 and Bezostaya 1 to the basic set
for identification of biotypes within the stem rust races.

Genetic differentiation that use isogenous Sr lines as differ-
entiators has appeared to be an improved method of studying
race composition of the fungus (Roelfs, Martens, 1988; Knott,
1990). It means that if a new race infects the line containing
Sr5 gene, it will infect all the varieties that possess only this
resistance gene, and at high concentration of this race in the
populations this gene should not be used in development of
new varieties because they will be infected by rust. In 1988
US phytopathologists Roelfs and Martens have developed a
unified international system for identification of P. graminis
f. sp. tritici races. The authors have included three sets con-
taining the isogenous lines with separate resistance genes
into their system of differentiators. The first set contains SrJ,
Sr21, Sr9e, Sr7b; the second one: Srll, Sr6, Sr8a, Sr9g; and
the third set contains Sr36, Sr9b, Sr30, Sri7. According to
this system the responses of plants to infection with stem rust
are divided into two types: resistant (R) and susceptible (S).
On the basis of the plant responses (R and S) each group is
assigned a letter code. As a result each race is characterized
by an index consisting of three consonant letter of English
alphabet (Roelfs, Martens, 1988).

Later Roelfs et al. (1993) included in this system the fourth
extra set with the isogenous lines containing Sr9a, Sr9d, Sr10
and SrTmp for detailed study of the stem rust population. How-
ever in 2008 Jin et al. (2008) have found that the differential
set used in the North American system of the stem rust race
nomenclature fails to identify the unique virulence of race
Ug99 to Sr31, as well as variations inside race TTKS. Revision
of the existing system for identification of P. graminis f. sp.
tritici races resulted in adding four extra genes (Sr24, Sr31,
Sr38 and SrMcN) as a fifth set. The proposed differential set
identifies virulence of the new race to Sr3/ and differentiates
TTKS race as two separate races: TTKSK and TTKST. With a
few exceptions the races virulent to Sr24, Sr31 or Sr38 rarely
occur in the stem rust populations worldwide (Jin et al., 2008).

So, extension of the set by extra isogenous lines resulted
in improvement of the process of identification of the stem
rust races. The last system of race differentiation (Table 1)
currently is the most complete and is used to determine race
composition of the wheat stem rust population in many coun-
tries of the world.

During the last decade molecular markers are widely used in
genetic study of P. graminis f. sp. tritici populations. Selective-
neutral SSR-markers (simple sequence repeats) have been
developed for genotyping the pathogen isolates (Visser et al.,
2009; Zhong et al., 2009). Molecular polymorphism of the re-
gional populations of P. graminis f. sp. tritici was studied with
the help of selected SSR-markes in Etyhiopia (Admassu et al.,
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2010) and in South Africa (Visser et al., 2009). The markers of
this type were used to assay race Ug99 and its variations (Jin
etal., 2009; Visser et al., 2009). However these SSR-markers
have not been very useful in differentiating different members
of the Ug99 race group (Singh et al., 2015).

Complete genome sequencing of P. graminis f. sp. tritici
isolate in the USA (Duplessis et al., 2011) and reuse of several
additional isolates served a powerful tool for genetic study
of the fungus and development of new molecular diagnostic
methods. Use of data on genome sequence from ta PCR-
based diagnostic method was developed for the Ug99 lineage
(Szabo, 2012). The method is very specific for assessment of
genetic variability in the stem rust populations and is able to
discriminate between several of the members of the Ug99 race
group (Singh et al., 2015).

For assay of P. graminis f. sp. tritici isolates the other
methodological approach with use of SNP-markers has
been developed. For instance, SNP assay for genotyping the
fungus isolates in Germany was carried out (Olivera Firpo
et al., 2017). However, currently it is possible to detect new
aggressive races and to study effectiveness of Sr genes only
on the basis of information on their virulence.

Ug99 race group
Ug99 lineage comprises several races that differ from each
other in one or several virulence/avirulence genes. By present
13 races of Ug99 group have been detected in 13 countries
(TTKSK, TTKSF, TTKST, TTTSK, TTKSP, PTKSK, PTKST,
TTKSF+, TTKTT, TTKTK, TTHSK, PTKTK, TTHST). It
shows that the pathogen continues progressing and expanding
geographically (Singh et al., 2015, http://rusttracker.cimmyt.
org/?page id=22). A peculiar feature of the first race Ug99
(TTKSK) is its virulence to varieties and lines with Sr3/
gene inherited from rye (Secale cereale L.) as a chromosome
translocation 1BL/IRS (Pretorius et al., 2000; Wanyera et al.,
2006). Sr31, rust resistance gene, inherited from ‘Petkus’ rye
is used worldwide in spring, facultative and winter wheat ow-
ing to spread of Aurora, Kavkaz and Lovrin varieties (Zeller,
Hsam, 1983). However in many wheat-growing regions wheat
resistance to leaf and yellow rust as well as to powdery mildew
became ineffective soon after IBL/1RS translocation realiza-
tion. Only Sr3/ gene stayed a major component of wheat
resistance to stem rust until a virulent race of P. graminis f. sp.
tritici was isolated in Uganda in 1998 (Pretorius et al., 2000).
In 2006 and 2007 new variations of race Ug99 affecting
wheat varieties with Sr24 (TTKST) and Sr36 (TTTSK) genes
were found in Kenya (Jin et al., 2008, 2009). In 2009 race
PTKST with combined virulence genes Sr3/ and Sr24 was
identified in South Africa (Pretorius et al., 2010). In each
review, an update on the latest known status of the Ug race
group and highlights of all major changes since 2010 are
provided. Since 2010, specific races of Ug99 group have been
identified in an expanded range. Particularly, race TTTSK was
detected in three more countries, namely in Ethiopia, Uganda
and Ruanda, as well as race PTKST identified in three more
countries such as Eritrea, Mozambique and Zimbabwe (Singh
et al., 2015). Race TTKSF is one of the most intriguing in
Ug99 group as it is avirulent to Sr3/ gene. It has been first
identified in South Africa in 2000 (Boshoff et al., 2002) and dif-
fers in virulence to genes Sr8b and Sr38 versus the local races.
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Table 1. International set of differential wheat varieties for races of P. graminis f. sp. tritici

Sets Genes Differential lines and varieties

12 Sr5 ISr5-Ra Cl 14159

Pedigree

Thatcher/Chinese Spring

McNair 701 (Cl 15288)

Unknown

2 Recommended by (Roelfs, Martens, 1988); ® (Roelfs et al., 1993); € (Jin et al., 2008).

By present time race Ug99 and its variations have identi-
fied in Egypt, Ethiopia, Eritrea, Iran, Kenya, Mozambique,
Ruanda, South Africa, Sudan, Tanzania, Uganda, Yemen,
and Zimbabwe (Singh et al., 2015; http://rusttracker.cimmyt.
org/?page id=22). Among these countries Egypt is the most
recent country where race Ug99 has been detected (Singh et
al., 2015; Patpour et al., 2016).

In review articles at regular intervals Singh et al. (2008,
2011, 2015) showed the significance, emergence, evolution,
and geographical distribution of the racial group Ug99. Each
review presented update information on the last known statute
of Ug99 group and major instants in alteration of the pathogen
since 2010.

The rest widespread races of stem rust

Currently the phytopathologists are actively busy in detect-
ing and monitoring other races dangerous for commercial
wheat varieties and it has resulted in identification of various
races within wide geographical range. In 20132014 a serious
epidemic of stem rust occurred in the southern part of Ethio-
pia in the result of emergence of a new race (TKTTF) on a
widely grown wheat variety Digalu (Olivera et al., 2015), and
in connection with that the race is sometimes called ‘Digalu’.
The point is that race TKTTF absolutely differs from Ug99
in genetic structure and has the following virulence formula
(avirulent/virulent): Sril, Sr24, Sr31/Sr5, Sr6, Sr7b, Sr8a,
Sr9a, Sr9b, Sr9d, Sr9e, Sr9g, Sr10, Sri7, Sr21, Sr30, Sr36,
Sr38, SrTmp and SrMcN. Some wheat varieties and lines re-
sistant to race Ug99 variations are susceptible to race TKTTF
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(Oliveraetal.,2015). Race TKTTF and its closely related races
have been detected in Turkey (Mert et al., 2012), Germany
(Olivera Firpo, 2017), Iran, Lebanon, Ethiopia and Egypt
(Singh et al., 2015). German TKTTF isolates phenotypically
differ from TKTTF isolated in Ethiopia and Turkey (Olivera
Firpo, 2017). This race was last recorded in United Kingdom,
so it had been supposed that race TKTTF was disseminated
all around Europe with air flows (Lewis et al., 2018).

In 2016 another virulent race TTTTF was identified in Italy
(Sicily) on durum wheat (Bhattacharya, 2017). The researchers
from the Global Rust Research Center shared a major concern
in the warning report that TTTTF could infect not only durum
wheat and bread wheat. Race TTTTF has complex virulence,
but neither is it associated with race Ug99 and is avirulent to
genes Sr31, Sr24 and Sr25.

Currently the origin of races TKTTF and TTTTF is un-
known and in this connection it is necessary to assay the fungal
isolates in Africa, in the Middle East and in the Central Asia
(Singh et al., 2015; Bhattacharya, 2017).

On the territory of the former Soviet Union the race compo-
sition of wheat stem rust was studied since 1937. Particularly,
during two seasons Barmenkov (1939) detected 9 physiologi-
cal races of the fungus in various regions of the USSR. After
that the studies stopped for a long period of time and restarted
only in 1959 (Konovalova et al., 1970).

In Kazakhstan during a long time the gene fund of virulence
and race composition of stem, yellow and leaf rust is studied by
the specialists of the Research Institute for Biological Safety
Problems (RIBSP). From 1965 through 2005 at the institute
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Table 2. Race composition of the P. graminis f. sp. tritici population in Kazakhstan during years 1985-2005
Origin of infection (crop, variety, Reaction on the differential varieties, points Race
wild cereal) B m ..........................................................................................
é é % % '% E _g s 5 = 3
ot whent Toelmara 35 4 ......... 4 .......... 0 .......... 3111 ........... 3 .......... 3 .......... 3 .......... 01 ........... 1 .........

coft wheat, Saratovskaya 29 P . 3+ ....... 3 .......... L L L 3 .......... 3 .......... 311 ........... o

coft wheat Kazakhotanskaya 4 4 ......... ; .......... ; .......... 3_ ........ ; ......... ;i .......... ;i .......... 3_ ........ 3_ ........ A .......... 41 ........... 15 ......

coft wheat Omekaya 19, Akrola 2 4 ......... 4 .......... 0 .......... 3 .......... 4 ......... 4 .......... 4 .......... 3_ ........ 4 .......... 3 .......... 0_1 ...... 0_1 ...... 17 ......

coft wheat Teclinnaya yobileinays, Akmola 2 4 ......... .A; .......... o .......... 3 .......... ; ......... ;i .......... ;i .......... ;i .......... 31+1 ........... 21 .......

Duram wheat, Besenchukskaya 139 4 ......... ; .......... 0 .......... 2 .......... 4 ......... ;i .......... ;i .......... 3 .......... 3 .......... 31 ........... 0 .......... 24 ......
Soft wheat, Almola 2 P P L L P P L . 31 ........... 0_1 .................. 34 ......
coft wheat Kazakhstanskaya 17 Akmola 2 4 ......... .A; .......... ; .......... ; .......... ; ......... ;i .......... ;i .......... ;i .......... ;i .......... 6 .......... ; ...................... 4.6 ......
Qunck orass 4 ......... 2+ ....... 01 ........... 4 ......... ;i .......... ;i .......... .4 .......... .4 .......... 3+ ....... 3+1 ........... 53 ......
oft wheat, Kazakhstanskaya 15 P . 3_ ........ 3_ ........ 3_ ....... 3_ ........ 3_ ........ i 3+1+ ....... L .

Russian wild rye

Quack grass

Slender wheat grass

Soft wheat, Tselinnaya 3S, Akmola 2

Soft wheat, Omskaya 19

Soft wheat, Kazakhstanskaya 10

the old standard differential set was used to identify the stem
rust races (Stakman et al., 1962; Konovalova et al., 1977).
As the result in 1965 and 1966 the wheat stem rust popula-
tion in the regions of Kazakhstan and West Siberia has been
presented by a great number of races, though races 17, 21, 34,
40, 77 that are characterized by substantial aggressiveness to
the zonal varieties of spring wheat have prevailed (Kulikova,
Yurchikova, 1971). Studies on survival ability of the stem rust
races in mixture on various wheat varieties have shown an abil-
ity of races 17 and 21 to force out the rest races in population,
and that explains their permanent and everywhere prevalence
(Kulikova, Kurbatova, 1977a).

Assay of the spores of the stem rust pathogen collected in
1985-2005 in the grain-growing regions of Kazakhstan has
shown relative identity of the race composition of the fungal
populations. Races 11, 17,21, 34 were recorded in the aecidio-
population. Uredopopulation of the fungus was diverse in its
race composition: apart from 4 already mentioned races the
following races were differentiated: 1, 15, 24, 40, 53, 77, 83,
95,110, 117,207 and 228. Thus on the territory of Kazakhstan
during years 1985-2005 16 races of stem rust (Table 2) were
differentiated following the old technique (Rsaliyev et al.,
2005; Rsaliyev, 2008).

In 1985-2005 races 11, 17, 21 and 34 prevailed on wheat
fields in Kazakhstan; sometimes shares of races 40 and 117
increased. In addition, the other races shown in Table 2 oc-
curred in populations of years 1985-1990 and 1991-1995;
frequency of their occurrence was within 5 % each (Fig. 2).

Since 2006 races of the wheat stem rust are differentiated
in Kazakhstan following the method of Roelfs and Martens
(1988) according to which race composition of the pathogen
is determined with use of 12 isogenous lines with genes SrJ,
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Fig. 2. Occurrence of P. graminis f. sp. tritici races on wheat in Kazakhstan.

Sr21, Sr9e, Sr7b, Sril, Sr6, Sr8a, Sr9g, Sr36, Sr9b, Sr30
and Sr/7. In Kazakhstan an extra, the fourth, set of differen-
tial wheat varieties (Sr24, Sr25, Sr27, Sr32) was added for
higher differentiating ability. The results of studies with use
of the above method are shown in our previous publications
(Rsaliyev, 2008, 2011; Rsaliyev et al., 2010). Particularly in
2006-2007 it has been found that Kazakhstanean population
of stem rust contains strongly virulent races dangerous for the
commercial wheat varieties in the republic. As it was stated
before marked progress of the pathogen was observed in the
northern regions of Kazakhstan during that period (Rsaliyev,
2008; Kokhmetova et al., 2011; Koishybayev, 2018). Some
973
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races were virulent to all tested isogenous Sr-lines (Rsaliyev,
2008) available in North American nomenclature of P. grami-
nis f. sp. tritici races (Roelfs, Martens, 1988). The analogous
results were obtained by the other researchers; in particular,
race TTTT with virulence to all 16 genes-differentiators (SrJ,
21,9e,7b,11,6,8a,9g,36,9b,30,17,9a, 9d, 10, Tmp) of wheat
stem rust was identified in 2003 in Texas, USA (Jin, 2005).

Skolotneva et al. (2013) have shown that in the central
regions of Russia races of the pathogen virulent to lines Sr—
5,21, 9e,7b, 6, 8a, 9g, 36, 30, 9a, 9d, 10, Tmp, 38, Wid are
frequent. It should be noted that in Kazakhstan till present time
the basic isogenous lines (Sr9a, Sr9d, Sri10, SrTmp, Sr31, Sr38
and SrMcN) that differentiate races Ug99, TKTTF and TTTTF
according to Jin et al. (2008) were not used in studying race
composition of the fungus (Rsaliyev, 2008, 2011; Rsaliyev
et al., 2010). Due to that it is so far impossible to attribute to
any group Kazakhstanean races of the fungus or to determine
their similarity to the known races of the pathogen (Ug99,
TKTTF, TTTTF or any other). To solve this problem and tak-
ing into account the deteriorating phytopathological situation
associated with stem rust epidemics in major wheat-growing
regions of Kazakhstan we initiated the study of the collection
and modern isolates of the fungus with use of the latest dif-
ferential set according to North American nomenclature of
P. graminis f. sp. tritici races (Jin et al., 2008).

By present time the collection of rust fungi has been created
in the RIBSP as the result of many years efforts. It contains
historical and modern isolates of P. graminis f. sp. tritici
that have been collected at different time from ten regions
of Kazakhstan, seven regions of Russia and two regions of
Kyrgyzstan. To determine similarity of Kazakhstanean races
to new virulent races TKTTF and TTTTF the differential set
has been supplemented with lines possessing Sr/3 gene that is
absent in North American nomenclature of P. graminis f. sp.
tritici races (Roelfs, Martens, 1988; Roelfs et al., 1993; Jin et
al., 2008). Sr13 gene was initially identified from durum wheat
(Triticum turgidum ssp. durum (Desf.) Husn.), and then intro-
gressed into genome of soft wheat (Knott, 1990). It is localized
on chromosome 6AL, originates in Khapli variety (7. durum),
and its testing line is Khapstein/9*LMPG (Knott, 1990). The
gene demonstrates resistance to many races in Ug99 group
(types of infection vary within 2-2+) (Jin et al., 2007).

Role of barberry in generation
of new P. graminis f. sp. tritici races

In some countries composition of the fungal populations is
studied on barberry species (Berberis spp.) that serve as the
alternate hosts of the wheat stem rust for sexual recombination
resulting in emergence of new virulent races of the pathogen
(Jin, 2011; Skolotneva et al., 2013). Some North American
races of stem rust, namely races 56, 15B and QCC, were
initially found on barberry and afterwards were responsible
for large-scale epidemics of the disease (Jin, 2011). However
not all barberry species are susceptible to stem rust. As one
knows among barberry species identified previously in South-
ern Africa only B. holstii and B. vulgaris are susceptible to
stem rust (Glen, 2002). Recently in this country two foreign
species of barberry (B. julianae and B. aristata) spreading in
the natural ecosystems have been found, but their resistance
to the pathogen is not studied yet (Keet et al., 2016).
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In Kazakhstan rye and oat forms of the stem rust pathogen
occur on the barberry species, and wheat form is utterly rare.
Due to that barberry is immaterial here to spread of the infec-
tion on wheat fields (Dzhiyembayev et al., 1974). According
to (Abiyev, Yesengulov, 1995) out of 10 barberry species
growing in Kazakhstan only five demonstrated development
of the fungus. At the same time according to observations
of Koishybayev (2018) in 1996-2000 in arboretum near
Shortandy (Akmola Region) spermogonia and aecia of stem
rust developed on the barberry in the 2nd and 3rd decades
of May. In spite of weak development of stem rust on the
alternate host in 1999 Russian wild rye was severely affected
by the disease (up to 5075 %) (Koishybayev, 2018). Except
wheat and barberry the major feeding plants for stem rust
are Hordeum vulgare L., Elytrigia repens L., E. geniculata
Nevski, E. intermedia Nevski, Elymus sibiricus L., El. jun-
ceus L., Agropyron cristatum L. (Koishybayev, 2018). So,
high infectious potential of the fungus maintained in nature
on wild cereals does not eliminate mass manifestation of stem
rust under favorable conditions. Regular monitoring of the
pathogen’s progress on the alternate host (barberry species)
is also necessary.

Thus, analysis of the published data evidences the topical-
ity of studying populations of the agent causing stem rust of
wheat, mechanisms of variability of the fungus for elabora-
tion of the science-based genetic protection of wheat against
the disease. Currently large-scale research is conducted in
many countries of the world and the certain progress con-
cerning identification of races of P. graminis f. sp. tritici has
been achieved. New data will allow the researchers of wheat
breeding and biotechnological centers to more effectively
work towards obtaining forms of wheat resistant to the most
virulent races of the pathogen and select the most promising
donors of resistance in the wheat breeding process.
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NpeHTUUKams reHOTUIIOB-HOCUTeEJIeNn
VCTOMUYMBOCTI K TOKCHAM IpeHodopo3a

Ptr ToxA u Ptr ToxB Pyrenophora tritici-repentis
B KOJUIEKIIMIY MSITKOM ITIIE€HUIIbI

A.M. Koxmerosal @, C. Aan?, 3. Camaxosal, M.H. Arumosal

! WNHCTUTYT 6ronornmn n 6uoTexHonornm pacteHnii, Anmatbl, KasaxcTaH
2 OTgen arpoHoMMKY, CAA0OBOACTBA M PaCcTEHUBOACTBA, YHNBepcuTeT KOxHOM [lakoTbl, BpykumHre, I0xHana [Jakota, CLLIA

Pyrenophora tritici-repentis (Ptr) asnsaeTca Bo36yautenem nupeHopopo-
33, OfiHOW 13 6one3Hel NiweHNLbl, KOTopasa MMMUTAPYET yporKaii 1 Obl-
CTPO NporpeccmpyeT B CTpaHax, BO3AeNblBAOLNX MNLIEHNLY, BKTIOYasa
KasaxcTaH. Lienbto nccnegosaHus 6bina ugeHToMKaLma reHoTMrnos
nweHnLbl, yCToNumBbIX K Ptr, pace 1 1 pace 5, n nx xo3anH-cenekTuns-
HbIM 3pdeKkTopam (TokcuHam) Ptr ToxA n Ptr ToxB P. tritici-repentis (tan
spot). OxapaKkTepn30oBaHa KOMIEKUMA MATKOW nweHuLbl (41 obpasel,
B TOM Ymcsie 38 3KCNeprMEHTasIbHbIX 1 3 KOHTPOJIbHbIX) C UCMONb30-
BaHMeM MONEKYNAPHbIX MapKepoB Xfcp623 n XBE444541, opnarHocTu-
YeCKNX AnA reHoB Tsn1 v Tsc2, KOHTPONUPYIOLWMX YyBCTBUTENIbHOCTb K
TOKCUHaM rpuba. CoBnageHune annensa mapkepa XBE444541 c yctonum-
BOCTbIO pacTeHua K pace 5 coctaBuno 92.11 %, a K TOKcuHy Ptr ToxB -
97.37 %. Pe3ynbTaTbhl reHOTUMMPOBAHMA C NCMOJIb30BaHMEM MapKepa
Xfcp623 noaTBepann oXxrngaemyto peakuumio Ha Ptr ToxA; Hannume/oT-
cyTCTBYE MapKepa Xfcp623 nonHocTbio (100 %) coBnagano ¢ 4yBCTBU-
TeNIbHOCTbIO/YCTONYMBOCTbIO K pace 1 n Ptr ToxA. 3To cBupaeTenbcTByeT
0 HafEeXHOCTM ANArHOCTUYECKOro Mapkepa Xfcp623 ansa naeHtnduka-
L1V FeHOTUMOB MNLUEHWLbI C YCTONYMBOCTbIO K rpnby 1 HeUYyBCTBUTENb-
HOCTbIO K TOKCUHY Ptr ToxA. 13yuyeHre peakumm reHOTUMNOB MLUEHULbI
Ha UHOKYNALMio rpnba 1 MHGMABTPaLMio TOKCMHOB NoKasano, 4Tto 30
13 38 NpoaHanu3npPoBaHHbIX FeHOTMNOB (MK 78 %) NPOoABUNN YCTON-
UYMBOCTb K pace 1 1 pace 5, a Takxe HeuyyBCTBUTENbHOCTb K TOKCUHaM
Ptr ToxA n Ptr ToxB. Hanbonblumnin uHTepec npeacTaBnsaioT BOCEMb
reHOTMMOB MLIEeHNLbl, KOTOPble MOKa3aan yCTOMYNBOCTb/HEYyBCTBU-
TENbHOCTb Kak K IByM pacam, TaK 1 K IByM TOKCMHaM. Pe3ynbTatbl GpeHo-
TUNVPOBAHNA NOATBEPKAEHbI C MOMOLLbIO MOJIEKYNIAPHbIX MaPKEPOB.
YyBcTBMTENBHOCTL K Ptr ToxB He Bceraa koppennpoBasna C BOCMpUMM-
YMBOCTbIO K pace 5 1 3aBrcena OT reHeTnYeckoro poHa Xo3AamnHa, T.e.
OT KOHKPETHOrO reHoTMMa nieHnLbl. [lonyyeHHble pe3ynbTaTbl Npea-
CTaBNAIOT MHTEPeC ANA NOBbIWeHNA SGPEKTUBHOCTN Cenekunn Ha
OCHOBE IMMMHALMN FTeHOTUMNOB C AOMMHAHTHbIMU annenamu Tsn

1 Tsc2, 4yBCTBUTENbHbBIMU K TOKCUHaM Ptr ToxA n Ptr ToxB. NpneHTndu-
LMPOBaHHbIe reHOTMMbl HeO6XOAMMO MCMOMNb30BaTb B CENEKLUN Ha
YCTONYMBOCTb MLUIEHULIbI K MMPeHO$OpPOo3y.

KntoueBble cnoBa: nweHunua; Pyrenophora tritici-repentis; nupeHopopos;
Tsn1; Tsc2; ToxA; ToxB, MLP.

Identification of genotypes-
carriers of resistance

to tan spot Ptr ToxA and Ptr ToxB
of Pyrenophora tritici-repentis

in common wheat collection

A.M. Kokhmetoval @, Sh. Ali2, Z. Sapakhoval,
M.N. Atishova!l

TInstitute of Plant Biology and Biotechnology, Almaty,
Kazakhstan

2 Agronomy, Horticulture, and Plant Science Department,
South Dakota State University, Brookings, SD 57006, USA

Pyrenophora tritici-repentis (Ptr) is the causative agent
of tan spot, one of the yield limiting diseases of wheat,
rapidly increasing in wheat growing countries includ-
ing Kazakhstan. The aim of this study was the identifi-
cation of wheat genotypes with resistance to Ptr race 1
and race 5 and their host-selective effectors (toxins)
Ptr ToxA and Ptr ToxB. A common wheat collection of
41 accessions (38 experimental and 3 controls) was
characterized using the molecular markers Xfcp623
and XBE444541, diagnostic for the TsnT and Tsc2 genes
conferring sensitivity to fungal toxins. The coincidence
of the marker XBE444541 with resistance to race 5 was
92.11 %, and with Ptr ToxB, 97.37 %. Genotyping results
using the marker Xfcp623 confirmed the expected
response to Ptr ToxA; the presence/absence of the
marker Xfcp623 completely (100 %) coincided with
sensitivity/resistance to race 1 and Ptr ToxA. This
demonstrates the reliability of the diagnostic marker
Xfcp623 for identifying wheat genotypes with resis-
tance to the fungus and insensitivity to Ptr ToxA. The
study of the reaction of wheat germplasm to the fun-
gal inoculation and toxin infiltration showed that out
of 38 genotypes analyzed 30 (78 %) exhibited resistan-
ce to both race 1 and race 5, and insensitivity to toxins
Ptr ToxA and ToxB. Of most significant interest are
eight wheat genotypes that showed resistance/insen-
sitivity both to the two races and two toxins. The re-
sults of phenotyping were reconfirmed by the molecu-
lar markers used in this study. Sensitivity to Ptr ToxB is
not always correlated with susceptibility to race 5 and
is dependent on the host’s genetic background of the
wheat genotype, i. e. on a specific wheat genotype.
The results of the study are of interest for increasing
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the efficiency of breeding based on the elimination of
the genotypes with the dominant alleles Tsn7 and Tsc2
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KAK UUTUPOBATD 3TY CTATbIO:

sensitive to the toxins Ptr ToxA and ToxB. The geno-
types identified will be used in wheat breeding for
resistance to tan spot.

Key words: wheat; Pyrenophora tritici-repentis; tan spot;
Tsn1; Tsc2; ToxA; ToxB; PCR.
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BEJIMYCHNE MTPOU3BOJCTBA IIICHUIIBI U U3MEHEHUS B
MIPaKTHKE €€ BO3ACIBIBAHMUS BKIIOYAIOT MEPEXO] OT
TPaJUIMOHHON 00PaOOTKHU MOUBBI K MUHUMAIILHOH, C
COXpaHEHHEM CTEPHH Ha €€ TOBEPXHOCTH, M HETATUBHO BIIHS-
10T Ha (PUTOIATOIOTUYECKYIO CUTYyaruio. MOHOKYIBTYpa U
BO3/IEJIBIBAHUE COPTOB MMIIIEHHUIIBI C HEAOCTATOYHBIM YPOBHEM
YCTOMYUBOCTH K OOJIE3HAM CITOCOOCTBYIOT HAKOTIIICHUIO MH-
(heKIIMOHHOTO MOTEHIMAIA ¥ Pa3BUTHIO OOJIC3HEH JIMCTOBBIX
mstauctocteit (BJII) mo macmtadoB snuaemun. Mctounu-
KaMM MH(EKINH SBISIOTCS HH)UIIMPOBaHHBIE CEMEHa, pac-
THUTEIJILHBIC OCTATKM II0CEBA ITPEIBIAYIIETO I'0/a, TOPAKECHHBIC
pacTeHus U AUKopacTylue 3j1aku, Bocnpurumunsblie K BJIIL.
[oBbImenne TeMneparypbl U IPOSIBICHHUE 3aCyXH M3-3a U3-
MEHEHHS KJIIMMaTa NPUBO/IT K OBICTPOMY CTAPEHHIO JINCTHEB,
4yTO yBeauuuBaer pacnpocrpadeHue bJIII u yrpoxaer mio-
06anpHOMY NMPOM3BOACTBY MINEHUIL. B ycioBusx, Omaro-
MPUATHBIX JUIS Pa3BUTHs MHPEHO(POPO3a, MOTEPU ypoxKast
moryT npesbimars 50 % (Rees et al., 1988). BpenonocHocTb
00JIe3HN 3aKIIOYaeTCsA B YMEHBIICHUH ACCUMMIISIIIMOHHON
MIOBEPXHOCTH, BO3pACTaHUM TPAHCIUPALUK, YMEHBIICHUH
HaKOIJICHUS] OPraHUYECKOI'0 BEIIeCTBA, TOPAKEHUH BCEX Hal-
3eMHBIX OPIaHOB PACTEHMH, a TAKKE B TOTEPE Ka4eCTBA 3epHA
n3-3a (POPMUPOBAHUSI MEITKOTO ¥ HEBBITIOTHEHHOTO 3€pHA.
[Tuperodopo3 — 0JHO 13 CaMbIX OIACHBIX U BPEAOHOCHBIX
3a00JIeBaHNI MATKOM U TBEPIOW MIIIEHHUIIEI BO MHOTHX CEJb-
CKOXO3SHCTBEHHBIX PETHOHAX, KOTOPOE OBICTPO MpOrpeccupy-
eT KaK BO BCeM MuUpe, Tak 1 B Kazaxcrane. DnuuroTus 310t
6omne3nn OblTa panee obHapykeHa B bensrun (Maraite et al.,
1992), Aurnnu (Cook, Yarham, 1989), Pymerauu (Dumitras,
Bontea, 1981), [Tonwine, Benrpuu, JlarBun u Uexuu (garové
et al., 2003). Ha teppuropunn CHI" matoren BcTpeuaercs B
Poccun, Monnose, Ykpaune, benopyccuu, LlenrpanbHoit
Asun u Kazaxcraune (ITocniexos, 1989; Cynranora, 2007).

B Hacrosee BpeMsi OTMEUaeTCs HapacTarollee pacipo-
CTpaHEHHE W YBEIMYCHHE BPEJOHOCHOCTH IMUpeHO(Opo3a
nmeHunbl B Kazaxcrane. B 1986 1. B ceBepHOM peruoHe
Kazaxcrana muperodopo3 Ha SpoBOii MIIEHUIIE pa3BUBAJICS
10 YpOBHS 3 (pUTOTHH, ¢ 0xBaTtoM 50—63 % rmiormaneii. [To-
creayromme 3upUTOTHH ¢ pacipocTpaneHueM g0 40—50 %
ormeuaimnchk B 1993—-1994 rr. B mpenropnoii 3oue FOxHOTO
n lOro-Bocrounoro Kazaxcrana snudurotuiiHoe pasBuTHe
0o0JIe3HEN JIUCTOBBIX MATHUCTOCTEH HA O3MMOM IIIEHHUIIE
Habmromanmy geteipe pasa: B 1993, 2002 n 2003 rr. B mepron
2000-2005 rr. B 3TOM peruoHe TPHKIbI TPOUCXO/IHIIO ST (-
TOTUHHOE PA3BUTHE JKEITON P3KABUUHBI COBMECTHO C KEITOU
ISITHUCTOCTBIO JINCTHEB U CENTOPHO30M. YCTaHOBJIEHO, YTO
Cpeti KOMMEPUYECKHX 1 TIEPCIIEKTUBHBIX Ka3aXCTaHCKHUX COp-
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TOB O3UMO¥ MIIEHHUIIBI OTCYTCTBYIOT 00pPa3Ibl, yCTOHYUBBIE K
nnpenopoposy (Koiimbaes, 2002). B Bocrounom Kazaxcra-
He 3a00JIeBaHNE OTMEUAETCSI €5KETOJTHO C IIOPAKEHHOCTHIO OT
10-25 o 50-75 %. C yBenu4ueHneM J0IH 03UMOM MIITCHUITBI
B CTPYKTYpE ITOCEBOB U €€ BO3/ICJILIBAHIEM B MOHOKYIIBTYpE
MOPakaeMOCTh OOJIE3HSIMHU JINCTOBBIX MITHUCTOCTEN B AlIMa-
THUHCKOI obnmacTu moBsicuiack 10 75 % (Koitmmbaes, 2002).

Kaxmoe coBmecTHOE B3amMojeicTBHE MEXTy 0a30BOH
pacoii 1 cooTBeTCTBYIOLIEH it quddhepeHuupyoei TMHIen
MPOUCXOINT YePe3 MOCPEIHNKA — XO3SIMH-CIIE()UIHBIH TOK-
cuH (host selective toxins — HST). K nHacrosimemy BpemeHu
usBectHbl uetbipe HST Pyrenophora tritici-repentis, kaxipiii
13 KOTOPBIX UMEET CBOIO XapaKTEPHUCTHKY: TOKCHH Ptr ToxA
uHAynupyeT Hekpo3; TokcuHsl Ptr ToxB u Ptr ToxC — xito-
po3bl; TokcuH Ptr ToxD unaynupyer HeKpo3 U XJ10p03 OJHO-
BpemenHo (Ballance et al., 1989; Ali et al., 2010). UxenTu-
(bunmpoBaHbl U30IATHL P, tritici-repentis, TPOU3BOASIINE BCE
BO3MOJKHBIE KoMOuHanuu TokcuHOB Ptr ToxA, Ptr ToxB u
Ptr ToxC, KOTOpbIe COOTBETCTBEHHO PAHKUPOBAHBI KAK PACHI
ot 1-# no 8-ii (Lamari, Bernier, 1989; Strelkov, Lamari, 2003).

Toxcun Ptr ToxA — mpoxyKT OAMHOYHOIO T'€Ha, OTBEYaeT
3a Pa3BUTHE HEKPO30B B TKAHIX UyBCTBUTEIBHBIX 00pa3II0B
MIICHHLBI, SBISETCS PHOOCOMAIEHO-CHHTE3UPYEMbIM OcII-
KOM ¢ MoJseKyisipHoii maccoit 13.2 x/la, muuoit 117 amu-
HOKHCITOTHBIX octarkoB (Tuori et al., 1995). Ptr ToxA BbI-
3bIBaCT HEKPO3, KOHTPOJIUPYETCS] JOMUHAHTHBIM TeHOM 1511
M CrocoOeH CHHTE3UpoBaThes B pacax 1, 2, 7 u 8 (Strelkov,
Lamari, 2003). Btopoit HST, Tokcun Ptr ToxB, cunTe3upy-
ercs B pacax 5 (Orolaza et al., 1995), 6, 7 u 8 (Martinez et
al., 2001). DTo HU3KOMOJIEKYJISIPHBI BOJOPACTBOPUMBIH,
OTHOCHUTEILHO TEPMOCTAOMIBHBIN XO3IMH-CIIEIU(DUIHBIN
6enox (6.61 x/la) umHO# B 63—64 aMMHOKHCIIOTHBIX OCTaT-
Ka, IPeICTaBIEHHBI MHO)KECTBEHHBIMH KOIUAMHU B TEHOME
n3omsAToB P tritici-repentis. Ptr ToxB BbI3bIBa€T XJ10p0o3 U
KOHTpOJIMpyeTcst ToMuHaHTHBIM reHoM Tsc2 (Friesen, Faris,
2004). Tpetuii TokcuH, Ptr ToxC, Takxe BbI3bIBAET XJIOPO3bI,
cunaTesnpyetcs pacamu 3, 6 u § (Lamari, Bernier, 1991). He-
kporpodusie 3ddexropsl (NE) paccmarpuBarorest kak (ax-
TOPBI BUPYJIEHTHOCTH, ¥ OBUIO BBIJIBUHYTO TPE/IIOII0KEHHE,
YTO YyBCTBUTENBHOCTH K NE MPUBOIUT K BOCTIPUUMYNBOCTH
Kk O6one3nsiM (Anderson et al., 1999).

PacoBslit coctaB P. tritici-repentis ObUT U3yYCH paHee B
Kazaxcrane (Lamari et al., 2005; Zhanarbekova et al., 2005;
Maraite et al., 2006). AHanu3 BUpYJIEHTHOCTH P. tritici-
repentis, paClIpOCTPAHEHHOTO B CTPaHAaX, PaCIIOI0KEHHBIX MO
HAIpaBJICHNIO BEIMKOTO MIETKOBOTO My TH, TTOKa3aJ IIHPOKOE
pazHooOpasue naroreHa B Azepoaiimpkane u Cupui, rie ooHa-
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Genotypes-carriers of resistance to tan spot
Ptr ToxA and Ptr ToxB in common wheat collection

PY’KEHO II0 IIECTh M BOCEMB Pac COOTBETCTBEHHO, B TO BPeMs
kak B Kazaxcrane, Kpipreizcrane n Y30ekucraHe BBISIBICHO
TOJBKO 110 JiBe packl (Lamari et al., 2005). B CeBepHom Kazax-
cTaHe HanboJee pacpocTpaHeHHON OKa3anach paca 1. K neit
otHocsTCs 87 % uzonstoB P. tritici-repentis u3 LlenTpanbHOR
Asun u Kazaxcrana, v To16K0 7, 5 1 1 % ObLau uaeHTHDUIH-
pOBaHBI Kak pack 2, 3 1 4 coorBeTcTBeHHO (Zhanarbekova et
al., 2005; Maraite et al., 2006). B pe3ynsrare cpaBHUTEIBHOTO
HU3y4YeHHs PacoBOro coctana P, tritici-repentis B Poccuu uieH-
TuUIIPOBaHEI pack 1, 2, 4 u 8, a B Kasaxcrane oOHapyke-
HbI packl 1, 3, 4, 6 u 8. Ha tepputopuu Ceseproro Kapkaza
Poccun nomunupoBanu pacer 1 u 2, B Kazaxcrane — pacsr 1
u 8 (Koxmerona u z1p., 2016). E.W. I'ynersesa ¢ coasr. (2018)
0OHapYKHUJIM BBICOKOE TeHETHYECKOE CXO/ICTBO OMCKOM MOIy-
JISIITAH ¢ CEBEPOKA3aXCTAHCKOW U YeNITOMHCKON, 9TO TOBOPHUT O
€IMHOU ATIHICMHUOJIOTHYECKOH 30HE M BO3MOYKHOCTH TeHHOTO
MOTOKa MEX/Ty U3y4EHHBIMH MOMYJIIIUSIMU. DTO CIIEyeT Y-
THIBAaTh TIPH Pa3MEIICHUH B TaHHBIX PETHOHAX TEHETUYECKH
YCTOWYUBBIX COPTOB TIIIICHHIIE.

MornexynspHble HUCCIIEA0BaHUS T€HOB, KOHTPOIUPYIOIUX
peaKInIo Ha XO3sIMH-CcIIenn(UIHbIe TOKCUHBI P, tritici-repen-
tis, TIO3BOJIMITN Pa3paboTaTh MOJEKYISIPHBIC THATHOCTUKU
OT/ENIbHBIX TOKCHHOB C MOMOIIBIO MOJMMEPA3HON LEeMHON
peakuuu (ITLP) (Muxainosa u ap., 2012). IlepBbie mpaii-
MeEpBbI JUIsl TEHOB YCTOMYMBOCTH K TOKcHHaM ToxB u toxB
npeIokeHsl B crarbe (Martinez et al., 2004). B 2007 r. Ob1a
paspaboTtana MHOKecTBeHHas (MynbTutuiekcHas ) [P, mo3-
BOIISFOIIAs] OJJHOBPEMECHHO BEISBISTH aJICTH TEHOB 10XA,
ToxB u toxB mpu HalIW4M{ BHYTPEHHETO KOHTPOJIS — IeHa
«JTOMaIIHero Xo3sucTBay CHS- 1, KOHTPOIHPYIOIETO XUTHH-
curTeTasy (Andrie et al., 2007). MiccnenoBanne 10 TO3UIHOH-
HOMY KJIOHUPOBaHUIO 7371/ C UCTIONB30BAHUEM MAPKUPYIOILEH
MOMYJISIIIAN TETPATUIONTHOHN MIIEHUITBI TPUBEIIO K CO3IaHUIO
SSR-mapkepos Xfcp ! u Xfcp?2, paclionoKeHHBIX B UHTEPBAJIC
0.8 cM or rena Zsnl (Lu, Faris, 2006; uur. mo: Muxaiinosa u
Ip., 2012). B mocnenyromem OblTH mosrydeHs! Apyrue SSR-
Mapkepsl: Xfcp620 n Xfcp394, mokann3oBaHHBIC B HHTEPBA-
ne 0.07 cM or rena Tsnl, a Taxke Xfcp623, noxanu3oBaH-
HBIM B JJIMHHOM ILJIe4e XpOMOCOMbI 5B B HHTpoOHE 5, B 10-
3unmn 4901...5280 nokyca 7311, TECHO CLETUIEHHBIN € TEHOM
ycroitunBoctu K Oone3nu (Zhang et al., 2009; Faris et al.,
2010). J{st upeHTH()HUKALMK HOCUTEIICH I'eHa YCTOMYHUBOCTH
k TokcuHy Ptr ToxB (ren 75c¢2) ucmoms3oBancs STS-mapkep
XBE444541, nokaau30BaHHbII B KOPOTKOM ILJIEUE XPOMOCO-
MBI 2B, KOTOPBIii CIIETUICH C TEHOM yCTOMYMBOCTH K MMUPEHO-
(hopo3sy mmeHuIs! Ha paccrossaun 0.6 cM (Abeysekara et al.,
2010). Hannuue 3(GeKTHBHBIX MOJIEKYJISPHBIX MapKepoB,
TECHO CIICTUICHHBIX C T€HAMH YCTOWYHBOCTH K TOKCHHAM,
TIO3BOJISICT IPOBOIUTH MOJICKYIISIPHBIN CKPUHUHT CEJICKITHOH-
HOTO Marepuaa MIICHNIBI.

Lenbto uccnenoBanus OblIa UASHTUHHUKALMS T€HOTHIIOB-
HOCHUTEJIEH YCTOMUMBOCTU K P. tritici-repentis ¢ UCIONIB30-
BaHHeM pac u TokcuHOB Ptr ToxA u Ptr ToxB, a Taxxe Mo-
JIEKYJISIPHBIX MapKepOB, CLEIUICHHBIX ¢ TeHamu I5nl u Tsc2,
KOHTPOJIMPYIOIIUMHI YyBCTBUTEIFHOCTh K TOKCHHAM T'pHOa.

MaTepmanbl n metoabl

HccnemoBanus mMpoBOAMIN Ha KOJUTEKIUH U3 41 oOpasma
MSATKOHW MieHunbl Triticum aestivum, BKIIOUAIOUIEH mep-
CTIEKTUBHBIE JIMHUU M COPTa Ka3axXCTAHCKOH M 3apyOeKHON
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A.M. Kokhmetova, Sh. Ali
Z. Sapakhova, M.N. Atishova

CeJIeKI[MHU, B TOM uucie 17 xazaxcTaHCKHUX, 4 POCCUUCKHX,
17 o6pasmo u3 CIMMYT u ICARDA, 1 copt u3 Erunera u
2 nmuann u3 Kanapt (cm. Tabnuiy). Copt Salamouni ucnoss-
30BaH B Ka4eCTBE HEBOCIIPUUMYHUBOIO KOHTPOJIS JIst pac 1
u 5 mupenodoposza u TokcuHOB Ptr ToxA u Ptr ToxB; copt
Glenlea — B kauecTBe BOCIIPUUMYHMBOTO KOHTPOJIS TSI pachl 1
n TokcuHa Ptr ToxA (Faris et al., 2010); nmunaus 6B662 — B ka-
YeCcTBE BOCIPHMMYMBOTO KOHTPOJIS Ul Pachl 5 M TOKCHHA
Ptr ToxB (Singh et al., 2010).

Wzonsiter pac Ptr 1 u 5 6bumn npenocrasnenst Dr. S. Ali
(Yausepcuret HOxno# Jlakotsl, CIIIA) 1 ncmoip30BaInch
JUISl OLICHKH YCTOWYNBOCTH KOJUICKIIMM 00pa3II0B MIICHUIIBI
K P, tritici-repentis. PasaMHOXeHUe KyJIbTYpbI rpubda P, tritici-
repentis BBINONHUINA 10 MeTonuke JI.A. MuxaiinoBo# u ap.
(2012). Toxcun Ptr Tox A uaaynmpyer oOpazoBaHne HEKPO30B
y pactenuii copra mienuibl Glenlea, a tokcunsl Ptr ToxB u
Ptr ToxC mHAYIMpPYIOT 00pa3oBaHNE XJIOPO30B y PACTCHUH
nuHuM 6B662.

W3zy4enue yctoiunBoCTH 00pa3LOB MIICHULIbI K P, tritici-
repentis TIPOBOIWIN B TerutuIle mpu Temmeparype 21 °C ¢
16-4acoBbIM (hoToneproiomM. PacTeHus MIICHUIIB BBIPAIIN-
BaJIM J10 (ha3bl JBYX JIMCTHEB B 25 MJI IUTACTUKOBBIX Ba30HaX,
3aMOJIHEHHBIX TIECKOM, Ha THAPOIOHHUKE C MPUMEHEHHUEM
nuTarenabHoro pactBopa Kuoma. JIMcThst pacTeHUM, B3SITHIX
B KauecTBE KOHTPOJIsS, BMECTO TOKCHHOB MH(HIBTPOBAIH
25 MKIJ CTepMIBHON TUCTHILTUPOBAHHON BOABI (UeCHOKOB 1
Ip., 1960). B xaxxaplif Ba30H MOMEIIANIH 110 TSATh PaCTCHHMA
Ka)k710ro copta. OIBIT IPOBOAMIN B TPEXKPATHON OBTOPHO-
ctu. Pactenus 3apaxanu onpeneneHHoi pacoil Bo30ynuTens
Oosie3Hn (BOAHO-KOHUINAIBHON CYCHEH3WEH CIOp) MyTeM
OIPBICKMBAHMS U3 IyJibBepu3aTropa. KoHneHTpanus crop B
cycniersun coctasisiza 3000-5000 criop/mit. BrakHsrit mie-
puon B TeueHue 18 9 mojiepKuBajiv C TIOMOIIBIO TTOJIHITH-
JICHOBBIX U30JIATOPOB. YYET CTENCHU Pa3BUTHSI 3a00JI€BaHNUS
mpoBoanIM Ha 7—8-¢ cyTkH 1o mkane Lamari, Bernier (1989),
COITIACHO KOTOPOH copTa C MPOSBICHUEM HEKPOTHYECKOH
peakuunu 1-2 6asta oTHOCHIH K ycToitunBbIM (R) oOpasnam,
a ¢ TUIIOM peakIuy Hekpo3a 3—5 06auioB — K BOCTIPHHMYH-
BbIM (S). Ha siuanm 6B662 oneHnBany Hajau4Iue WIN OTCYT-
CTBHE XJIOPO3a 10 TOM K€ IIKaJe.

WHpuabpTpaio TOKCHHAMU TPOBOJMIN HA MPOPOCTKaX
MIICHUIIBI HA cTaany IByX juctoukoB (Lamari et al., 2003;
Xu et al., 2004). YciaoBus BbIpaIiuBaHus PACTCHUN OMMCAHBI
BbIe. BTopoit nmuct (Tpu pacTeHHs U3 Kakaoro oOpasima)
noziBepraiy MHQWIBTpannu 25 MKJI OYMIIEHHBIX TOKCHHOB
Ptr ToxA u Ptr ToxB (npenocrasnensi Dr. S. Ali, YauBepcuter
FOxmnoi1 J{akotsr, CLIIA) ¢ ncons3oBaHieM IIpuia Ha | Mir.
YeTsIpe MMCTa KaX/IOTO COPTa/IMHUN 00pabdaThiBaJIN JABaXK-
JIbl KYJIBTYpaJIbHBIM (DUIIBTPATOM KaXKJIOTO M3 TECTHPYEMBIX
TOKCHHOB. 3aTeM HH(UIBTPUPOBAHHbIEC PACTCHUSI ITOMETIATN
B pOCTOBYI0 Kamepy npu temmneparype 21 °C ¢ 16-qacoBbiM
dhoronepuonom. Pacrenus orienuBaiu uepes 4 JHsl OCIIC UH-
¢unprpanun. JINCThs pacTeHNH, B3ATHIX B KA4€CTBE KOHTPO-
JI5, BMECTO TOKCHHOB WH(UIBTPOBAIN 25 MKJI CTEPHIILHOMN
JUCTUNIMPOBAHHOM Boabl. 10 MpUCYTCTBUIO/OTCYTCTBUIO
CHMIITOMOB Hekpo3a 11t ToxA mim xmopo3a 1t ToxB Ha
MH(UIBTPOBAHHON CTOPOHE JICTA OIIEHUBAIHN 00pa3Ibl KaK
YyBCTBUTEJbHBIC MM HeuyBcTBUTENbHBIE K HST.

Brinenenne renomuoit JJHK u3 pacturensHoro marepua-
Jla OCYIIECTBISIIN U3 JIUCTHEB S-THEBHBIX MPOPOCTKOB IIIIIE-
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[eHOTUMbI-HOCUTENN YCTONUMBOCTM K TOKCMHAM nupeHodopo3a A.M. KoxmeToBa, C. Ann 2018
Ptr ToxA n Ptr ToxB B KonneKkumy MArkom nieHnLbl 3. CanaxoBa, M.H. AtTnwosa 22.8

The allelic states of the TsnT and Tsc2 genes in wheat accessions and their responses to infection with P. tritici-repentis

Accession Origin Allelic state of molecular markers ~ Response to isolates of Ptr races
and HST toxins

Bunyodkor CIMMYT- tsni tsc2 2 | 1 |
ICARDA-
IWWIP
Aray Kazakhstan Tsni1 Tsc2 4 S 3 |
Koksu » Tsni Tsc2 4 S 2 S
Ramin » Tsni Tsc2 4 S 3 S
428/Umanka-17 » Tsni Tsc2 3 S 4 S
428/Umanka-18 » Tsni Tsc2 4 S 4 S
KR11-20 CIMMYT- Tsn1 Tsc2 4 S 2 S
ICARDA-
WWIP
ZM23524 CIMMYT Tsn1 Tsc2 3 S 1 S

CeneKkuyma pacteHuii Ha UMMYHUTET BaBunoBCKMI XKypHan reHeTUKn n cenekyun - 2018-22-8 981



Genotypes-carriers of resistance to tan spot
Ptr ToxA and Ptr ToxB in common wheat collection

A.M. Kokhmetova, Sh. Ali
Z. Sapakhova, M.N. Atishova

End of the table
Accession Origin Allelic state of molecular Response to isolates of Ptr races
markers and HST toxins
. Xfcp623 Tsm . XBE 444541 . TSCZ . Ra C e1 ............... TOXA ................. Ra c e5 .............. TOXB ...............

JASSg/JA555//A|_D/3/M RNG/4/A|_DC| M MYT ...... Tsm ................... Tscz ........................ 4 ....................... 5 ....................... 3 ....................... 5 .....................

Sa|amoun, ............................................. Er,,,,-,eT ......... tsm .................... t5621 ........................ |1 ........................ | ......................

G| e n|ea ................................................... KaHa Aa ........ Tsm ................... NO data .................. 5 ....................... 5 ....................... NOda ta ............ NO data ..........

63662 ..................................................... » ................... No data ............. TSCZ ........................ NOda ta ............ No data ............ 4 ....................... 5 .....................

Notes: Xfcp623 is the SSR marker to the Tsn1 locus sensitive to Ptr ToxA, amplifies a 380 bp DNA fragment; XBE444541, the STS marker to the Tsc2 locus,
amplifies a 340 bp DNA fragment in wheat samples sensitive to ToxB and 505 bp in insensitive; Salamouni, the insensitive control for races 1 and 5,
toxins Ptr ToxA, and Ptr ToxB, carrier of the recessive genes tsn1 and tsc2; Glenlea, the susceptible control for race 1 and Ptr ToxA, carrier of the dominant
Tsn1gene; 6B662, susceptible control for race 5 and Ptr ToxB, carrier of the dominant Tsc2 gene. Numerals 1-5 are lesion scores based on the Lamari and
Bernier (1989) scale; 1-2 indicates resistance, and 3-5, susceptibility. The reaction to HST toxin infiltration: |, insensitivity; S, susceptibility.

Hutpl ¢ momoieio CTAB-metona (Riede, Anderson, 1996).
Kauectro Bbiesnennsix npod JIHK mposepsuin B 1 % ara-
PO3HOM resie. BTOpUUHBIN KOHTPOJIb HA YUCTOTY U Ka4eCTBO
BBITIOJTHSIN Ha ciekTpodoTomerpe SmartSpecTMPlus (Bio-
RAD). [Tocne konuuecTBeHHOM o1ieHKH koHIeHTpanus JJTHK
OpLTa HOpManm3oBaHa /10 30 Hr/MKI s mocieytoreit [TLP.
Komnuectso JIHK coorBercTBoBano mporoxomy IIIP mms
UACHTU(QHUKALNN COOTBETCTBYIOIETO MeHa YCTOHYMBOCTH.
Jna naeHTHGUKAIUA HOCHTENEH TeHOB YCTOMYHUBOCTH HC-
nonb3oBanu meron I[P ¢ mpaiimepamu, duaHknpyromu-
MU JMarHOCTHYECKHE MapKepsl reHoB, u npobamu JTHK
KoJutekiuu u3 41 obpasma MATKON TIeHunbl. [ eHOTHITE ¢
aneneM reHa I3nl, 9yBCTBUTENBHOTO K TOkCUHY Ptr ToxA,
BBISBISUTH ¢ moMoIbio SSR-mapkepa Xfcp623 (Zhang et
al., 2009), HOCuTenHN amyens reHa I5c2, 9yBCTBUTEIHEHOTO
k Tokcuny Ptr ToxB, — ¢ ucnons3zoBanuem STS-mapkepa
XBE444541 (Abeysekara et al., 2010). Mapkep umeeT 1Ba
asurenst: 380 1. H. (IOMAHAHTHBIN aJiienb reHa 75n [, cleruieH-
HBII C YyBCTBHTEILHOCTHIO) U HYJb-aJUICNb (PELeCCHBHBIN
aJIeNb TeHa tsnl, CLIeTUIEHHBIN ¢ YCTOMYMBOCTBIO K TOKCHHY
Ptr ToxA) (Zhang et al., 2009). CukBeHC paiiMepoB Mapkepa
Xfep623 (5'-3"): F — CTATTCGTAATCGTGCCTTCCG;
R — CCTTCTCTCTCACCGCTATCTCATC (Faris et al.,
2010). XBE444541 — STS-mapkep K Jnokycy 1sc2, 9yB-
cteuTtenbHOMYy K Ptr ToxB. Mapkep umeer aBa amnens:
340 m.H. (TOMUHAHTHBIA amnens reHa 75¢2, cuerIeHHbIN
C 9yBCTBHUTENBHOCTHIO K TOKcHHY Ptr ToxA) m 505 1. H.
(perecCuBHEIN ayuienb TeHa fsc2, CICIUICHHBIA C yCTOWYH-
BocThiO K TokcuHy Ptr ToxB). CukBeHc nmpaiiMepoB map-
kepa XBE444541 (5'-3"): F — TGGACCAGTATGAGA;
R — TTCTGGAGGATGTTGAGCAC (Abeysekara et al.,
2010).

O6pem peaknuonHoi cmecu miust [1IP ¢ mapkepamu
Xfcp623 u XBE444541 cocTaBisia 25 MKJI M coziepskalt 2.5 MK
renomuoii JIHK (30 ur), 1 M kaxxaoro mpaiimepa (1 pM/Mk1)
(Sigma-Aldrich), 2.5 mxa cmecu ANTP (2.5 MM, BoxHBIIT pac-
tBOp dCTP, dGTP, dTTP u dATP) (3AO «Cunexc», Poccus),
2.5 mxn MgCl, (25 MM), 0.2 mxn Tag-nomumepasst (5U,
5 en/mxn) (BAO «Cunekey, Pocenst), 2.5 mxa 10X ITL[P-0y-
bepa, 12.8 mxn ddH,O. ITLP-ammnudukanuio ¢ Mapkepamu
npoBoawiIM Ha amiuudukarope Mastercycler (Eppendorf,
I'epmanmust). Pesxum [T P-ammmdukarwm ¢ Xfcp623: Hawams-
Has neHarypauus npu 94 °C B teuenue 3 MuH; 45 HUKIOB!
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94 °C B Teuenue 1 mun, orxkur npu 60 °C B Teuenue 1 muH,
72 °C B Teyenue 2 MuH; GpuHANbHAs doHrams npu 72 °C B
tedenne 10 muH. [TIP ¢ mapkepom XBE44454 ] BRIIONHAIA
IIPU CIETYIOUIEM PEeXKUME: HauallbHas AeHaTypauus npu 94 °C
B TeueHue 5 muH; 45 1ukiios: 94 °C B teuenue 30 ¢, OTKUT
mipu 58 °C B Teuenue 30 ¢, 72 °C B TeueHue 2 MUH; PHUHATHHAS
anonranus npu 72 °C B reuenue 7 MuH. J[71s pa3aeneHus am-
IUIMQUIMPOBAHHBIX (PParMEHTOB IIPOBOJIUIIH AJEKTpodopes B
2 % araposznom reine B TBE-Gydepe (45 MM tpuc-6opar, 1 MM
EDTA, pH 8) (Chen et al., 1998) ¢ nobaBiaeHueM 3THIAYM
Opomua ¥ B IPUCYTCTBHH Mapkepa pasMepoB (pparMeHTOB
Gene-RulerTM, 100 bp DNA Ladder (Fermentas). Buzya-
JM3alMI0 Telel OCYIIECTBISUIN B TeJIbJIOKYMEHTHPYIOIICH
cucreme Mega Bio-Print 1100/26M (Vilber Lourmat).

Pe3ynbratbl

ITouck reHOTUIOB-HOCUTEIIEH ajlIeel TEHOB yCTOMUYNBOCTH
K TIperodoposy P. tritici-repentis OBLT OCYIIIECTBICH B pe-
3yNbTaTe MOJICKYJSIPHOTO aHAJIN3a M CKPUHHUHTA KOJJICKIINHT
00pas3IoB MIIEHUI[bI, OCHOBAHHOTO HA PEAKIIMU K H30JISITaM
pacsl | 1 pacsl 5 Tprba U K X03IWH-CIIeII(PHIHBIM TOKCHHAM
Ptr ToxA u Ptr ToxB. Peakiiuu reHOTHITOB HIIIEHHUIIBI HA H30-
nsThl pac 1 TokcuHbl Ptr ToxA u Ptr ToxB npencrasiens! B
Tabnue.

B nienom wacrora ycToiunBbIX K pace | u pace 5 00pasioB B
KOJUIEKIIMH MIIEHHIIBI ObLIA JOCTATOMHO BBICOKOI M cOCTaBUIIa
79 %. HanbombImmii ”HTEpEeC MPEACTABISIIOT BOCEMb 00pa3IioB
mreHunbl: Kokbiday, 428g/MK-122A, Lutescens 90, Lazzat,
Omskaya 28, Omskaya 36, SOMO/SORA/ACTSS, BR14/
CEP847-1 u BR14/CEP847-2, xoTOpBIE MOKa3aJIi BEICOKYIO
ycroitunBocTh (1 6amn) xak Kk aByM pacam (1 u 5), Tak u K
nByM TokcuHaM (Ptr ToxA u Ptr ToxB), a Taksxe monTsepaniu
HeBocnpuuMunBocTh HST Kk ToKkcHHAM mpu MONEKYISIPHOM
CKPUHUHTE (CM. TaONuILy). YMEpeHHas CTeTIeHb YCTOHYMBOCTH
K pacaM u TokcuHaMm P, tritici-repentis otmedena y 21 oopasua
mreHnnsl. Hanbonee yeToiamBeie K mupeHodopo3y o0pasiis!
npezctasiens! B muHUSAX 13 CIMMYT (36.8 % o6pasuos) u
Kazaxcrana (31.6 %). BocnpuuM4uBOCTh MpaKkTHUECKU KO
BCEM M3YYEHHBIM pacaM U TOKCHHAM OOHapy»XeHa y BOCbMHU
00pas3110B MIIEHUIBI, BKIFOYas IIATh Ka3aXCTAaHCKNX 00pa3IoB
1 TPH 3apyOeKHbIE INHUU. V30J5ThI packl 5 HE BCer/ia BbI3bl-
BaJIU XJIOPO3 y TEHOTHITOB MIIICHUIIBI, [T KOTOPBIX BBISIBICHO
HaJlu4ue ajuresst reHa 75c2, 4yBCTBUTEIBHOTO K TOKCHHY
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[eHOTUMbI-HOCUTENN YCTONUMBOCTM K TOKCMHAM nupeHodopo3a
Ptr ToxA v Ptr ToxB B Konnekuuu Markom niueHuubl

A.M. KoxmeToBa, C. Anun 2018
3. CanaxoBa, M.H. Atnwosa 22.8
<—380 bp

DNA amplification products of wheat accessions with primers to the diagnostic marker Xfcp623 linked to the Tsn1 gene, control-

ling sensitivity to Ptr ToxA. Resolved in 2 % agarose gel.

1, 428/Umanka-17; 2, 428g/MK-122A; 3, Kokbiday; 4, Lazzat; 5, 428/Umanka-18; 6, Omskaya 28; 7, KR11-20; 8, Omskaya 36;
9,JAS58/JAS55//ALD/3/MRNG/4/ALD; 10,Koksu; 11,ZM23524; 12,SOMO/SORO/ACTS5; 13,BR14/CEP847; 14, Astana; 15, Kazakhstanskaya 25;
16, Kazakhstanskaya Rannespelaya; 17, Keremet; 18, Salamouni; 79, Glenlea; M, molecular weight marker (Gene-RulerTM; 100 bp DNA

Ladder (Fermentas, Lithuania)).

Ptr ToxB. Tak, ycToitunBast peakuus K pace 5 oOHapy>KeHa y
muani ZM23524 1 KR11-20. ¥V 3THX reHOTHIIOB OTMEYeHa
yCTOWYMBAsI pEAKIs Ha N30JIAT PAChl S ITPU HAJTMYHUH aJIIETIsS
TeHa YyBCTBUTEIBHOCTH T5c2, 00HAPYKEHHOTO B pe3yJIbTare
[ILIP, u peakitus xsopo3a Ha TokcuH Ptr ToxB. I[Tpu uadmb-
Tpamnuy pacTeHUH copTa mieHus Aray TokcuaoM Ptr ToxB
1 3apayKCHUH U30JIATOM Pachl 5 HAOIIONAIN HEUyBCTBUTEIb-
HOCTb K TOKCHHY W BOCIIPHIMYHUBOCTD K H30JIATy Ipuda.

I'enoTunpoBanue 00pa3OB MIIEHULIBI C HCTIOIb30BAHUEM
MOJIEKYJISIPHBIX MapKepOB ObIIIO HAIIPABJICHO HA HICHTH(HKA-
I[UIO HOCUTENIeH F'eHOB, KOHTPOIUPYIOIINUX YyBCTBUTEIIBHOCTh
n yctoiumBocth K TokcmHam HST Ptr ToxA m Ptr ToxB.
Mapxkep Xfcp623 ammumdunuposain ¢pparment 380 1. H., ac-
COLIMUPOBAHHBIN C TeHOM 757/, 4yBCTBUTEIBHBIM K TOKCHHY
Ptr ToxA y BocbMu 00pa3ioB nieHUIs! 1 KoHTpoist Glenlea,
HocuTens reHa Tsn/ (cM. Tabmuiy, pucyHoOK). BeineneHnHble
BOCEMb 00Pa31I0B MIIEHUIIBI ObUIN UyBCTBUTEIBHBI K pace | u
tokcuny Ptr ToxA. Hynb-amnens Mmapkepa Xfcp623 okxa3zancs
CIICTUICHHBIM C HEUYBCTBUTEIFHOCTHIO K TOKCHHY B 30 00pas-
1[aX MIICHUIIBI U B KOHTpoJie Salamouni. CTeneHs ClenIcHus
Mapkepa Xfcp623 ¢ eHOTUITMPOBAHNEM IO YCTOHIUBOCTH K
pace 1 u Ptr ToxA cocraBuna 100 %. [1o pe3ynsrartam ckpu-
HUHTra 00pas3IoB MIIEHUI[bI, OCHOBAHHOTO Ha PEaKIMH K U30-
naty pacel | n mapuasTpaty HST Ptr ToxA, Bce 30 06pa3ios
MPOSIBUIM HEUYBCTBUTEIILHOCTB K pace 1 u Tokcuny Ptr ToxA.
Ha pucyHke npezcTaBieH nmpumep 3iaeKTpodoperpaMmbl ¢
nmaraeva [T1P, oTpaxaromeit Hamuane/0TCYTCTBHE B HiCCTIe-
JTyeMBbIX oOpasmax jjokyca 757/, 9yBcTBUTENBHOTO K Ptr ToxA.

Mapxep XBE444541 amnnuduuuposan ¢pparMeHT
340 m.H., CICTUICHHBIA ¢ airieneM rera 75c2, KOHTPOIUpy-
IOIIMM YyBCTBHTEJILHOCTh K TOKCHHY B BOCBMH 00pasiax
TIIEHUIIBI U B KOHTpoJie 6B662 (cm. Tabnuiry). I1aTh 13 3THX
BOCBMH 00pa3IoB ObUIN YyBCTBUTEIBHBI K pace 5; ceMb M3
BOCHMH 00pa3IoB MOKa3aJId TAK)KE YYBCTBUTEIBHOCTH K
tokcuny Ptr ToxB. B ciyuasx ammiudukaiuu GparmeHra
mmHou 505 1. H., Mapkep XBE44454 1 yka3sIBan Ha CIIeTIe-
HHUE C HEUYBCTBHTEIHFHOCTBIO (YCTOMYMBOCTBIO) K TOKCHHY
y 30 o0pa3ioB mieHUIbl U B KOHTposie Salamouni. Bee o1-
MeUeHHbIE 00Pa3IIbl IPOSBIIIN HEUYBCTBUTEIBHOCTB K pace 5
n TokcuHy Ptr ToxB npy ckprHHHTE TeHOTHIIOB € IIOMOIIBIO
usonata pacel 5 u uHpuisTpara HST Ptr ToxB. Crenens
crerieHns Mmapkepa XBE444541 ¢ HeqyBCTBUTENBHOCTBIO K
pace 5 cocrasuna 92 %, a k Ptr ToxB — 97 %.

CeneKkuyma pacteHuii Ha UMMYHUTET

YacToTa BCTpedaeMOCTH ajuiesst Mapkepa Xfcp623, cuen-
JICHHOTO C TeHOM #sn, a Takke ajiens Mmapkepa XBE444541,
CIICTUIEHHOTO C T€HOM fSc2, KOHTPOJIHUPYIOIINX HETyBCTBHU-
TeabHOCTh K TokcuHaM Ptr ToxA u Ptr ToxB coorBercTBeH-
HO, coCcTaBmiIa B 00oux ciydasix 79 % (30 obpasion). Berpe-
YaeMOCTb aJlIeNIei MapKepoB, CIEINICHHBIX C IOMUHAHTHBIMHU
annensMu reHoB T3nl u Tsc2, KOHTPOIUPYIOUUX TyBCTBH-
TeIBHOCTHIO K Ptr TokcnHam, coctaBuna 21 % (8 oOpasios).

SSR-mapxep Xfcp623 ammmduimpoBan pparMeHT pa3me-
pom 380 1. H., CLETJIEHHBIN ¢ JOMUHAHTHBIM aiiieneM 1snl u
OTIpeNIeNAIONINH TyBCTBUTEIBHOCTH K Ptr ToXA y mectu 06-
pasimoB: 428/Umanka-17, 428/Umanka-18, KR11-20, JAS58/
JAS55//ALD/3/MRNG/4/ALD, Koksu, ZM23524 u y KOHT-
posst Glenlea. [Ipyroii aniesns, 0OHAPYKESHHBIH ¢ TOMOIIBIO
Mapkepa Xfcp623 y ocTambHBIX 00Pa3loB MIICHUIIBI, TIPE-
CTaBIIST COOOW HYIIb-aJJIeIb, XapAKTEPHBIH I HETyBCTBHU-
TeNbHBIX K TOXA FeéHOTHITIOB 1 YKa3bIBAIOIIMI Ha PELIECCUBHOE
COCTOSIHME ajuens tsnl.

O6cyxpeHue
HecMmotpst Ha TO 9TO THPEHOPOPO3 — UPE3IBBIYAIHO BaKHOE
3a00J1eBaHye MIIIEHHIIB, B HAYIHOH JINTEpaType MO-IIPEKHEMY
HEJI0CTaTOuHO MH(pOpMAIMKU 00 yCTOWYMBOCTH K OOJE3HU
u mpeobmanaromuM pacam P. tritici-repentis Cpean COPTOB
MIICHAIBI, Bo3/ienbiBaeMbIx B Kasaxcrane. [Ipennoxennoe
HCCJICAOBAHUC SABIACTCA OAHUM M3 IEPBBIX B 9TOM PETUOHC
M BKJIIOYAeT KOMIUIEKCHBIH CKPHHHHT C HCIOIb30BAHUEM
pac M OUHMIICHHBIX TOKCHHOB, a TaK)Ke MOJICKYIISIPHBIN aHa-
JIN3 Ha MPUCYTCTBUC U3BCCTHBLIX I'CHOB, KOHTPOJIUPYIOHIUX
yCTOHYMBOCTh K Oone3Hu. B mocnennee Bpems MpoBeIEHBI
WCCIICIOBAHMSI, HAIIPABICHHBIC Ha OLEHKY YCTOWYMBOCTH
repMOILIa3MbI TieHHIIbI K mupeHodopo3y (Chu et al., 2008;
Singh et al., 2010, 2016; Kokhmetova et al., 2017; Dinglasan
et al., 2018). UzBectHo, uto T¥nl u 15c2 BMecTe ¢ APYTUMH
réHaMu Urparot GOHLLLIyIO POJIb B MMATOI'CHE3C,; BBISABJICHBI
aaIuTHBHBIE Y(PQEKTHI, KOTOphIe MoKa3zann 3(p(eKTHBHOCTH
AKKyMYJISIIIUN aJUIeNie TEHOB yCTONYMBOCTH JUTSI CEJICKIINHI
Ha ycToiunBocTh K nuperogpopo3sy (Kollers et al., 2014).
Hexpotpodusie apdexropsr (NE) P. tritici-repentis ToxA n
ToxB BBI3BIBAIOT pa3BHUTHE MATHUCTOCTH JIMCTHEB IPH pac-
INO3HaBaHUU JOMUHAHTHBIMHU aJUICIISIMU IT'CHOB Tsnl n Tsc2
(Virdi et al., 2016). B psine paboT moka3aHbl CTaTHCTHYECKA
3HAYMMBIE B3aMMOCBSI3H MEXJy UyBCTBUTEIBHOCTHIO K NE
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U BOCIIPUUMYHMBOCTRIO K P. tritici-repentis (Lamari, Bernier,
1989; Friesen, Faris, 2004; Abeysekara et al., 2010). B Ha-
wem uccinenosanuu NE P. tritici-repentis ToxA u ToxB uc-
TMIOJTb30BaHbl KaK (paKTOPbI BUPYJICHTHOCTH JIJIsl CKPUHUHTA
repMoriIa3Mel neHunsl ¢ NE-conepkamuMn KynbTypamH,
YTOOBI TIPEICKA3bIBATh UX PEAKINIO Ha THPEeHO(OPO3.

Hacrosiiiee uccinenoBanue 00ycinoBiIeHO HEOOXOAUMOCTBIO
pacHmpeHust TeHETHYECKOT0 NONMMMOp(H3Ma ¢ IPUBICYCHH-
€M Pa3sHOPOAHBIX UCTOYHUKOB YCTOHUMBOCTHU, KOTOPBIE MO-
I'YT IPUMEHSATHCS B CEJIEKLIUM YCTOMUUBLIX K P, fritici-repen-
tis COPTOB MIIEHUIIBL. DTy 3a/1a4y yaJI0Ch PEIINTH HAa OCHOBE
ucnons3oBanus [P, nzonsatos pac u TokcuHoB Ptr ToxA u
Ptr ToxB. C nomolipi0 MOJEKYISPHBIX MapKepoB Xfcp623
n XBE4444541, nnarHoctuueckux s reHoB Tsnl u Tsc2,
CBSI3aHHBIX C YyBCTBUTENbHOCTBIO K Ptr ToxA u Ptr ToxB,
ObLTa OXapaKTepru30oBaHa KoJUIeKius u3 41 oOpasia MsIrkoi
MIICHNIBl. Pe3ynbTaTel T€HOTUITMPOBAHUS TE€PMOTLIA3MbI
MIIEHUIBI C UCIOJIb30BAHUEM MOJEKYISPHOTO Mapkepa
XBE444541 coorBeTcTBOBAIN (DEHOTUITMYECKUM PEaKIIUSIM
K pace 5 co crenenbio cueruierns 92.11 %, a k Ptr ToxB —co
cTeneHslo cuerienus 97.37 %. Pe3ynsrarsl reHOTUITUPOBAHUS
C UCIIOJIb30BaHUEM MOJICKYIIIPHOTO Mapkepa Xfcp623 cooT-
BETCTBOBAIN (DEHOTUIHMYECKUM PEAKIUSIM HEUYBCTBHUTEIb-
HOCTH WJIHM YyBCTBUTEIBHOCTH K TOKcHHY ToxA co 100 %
CTETICHBIO CIETICHUA. JTO MO3BOJISIET CAEIATh 3aKIIUCHHIE
00 aJIeKBaTHOCTH M Ha/IS)KHOCTH AUArHOCTHYECKOTO MapKepa
Xfcp623 nns npeHTH(UKAINN HOCHTENEH yCTOHYMBOCTH K
TokcuHy ToxA mupenodoposa. DdpdekTuBHOCTh Mapkepa
Xfcp623 o0ycrioBneHa ero JToKanu3annueil BHyTpu reHa Isnl,
B UHTpOHE 5 3TOTO JIoKyca, B mo3unuu 4901...5280 (Faris
et al., 2010). B 6a3e nannpix Komugi (Wheat Genetic Re-
sources DataBase) rer 75n/, 3aperHCTpHUPOBAHHBIN KaK T€H
uyscTBUTENbHOCTH K HST ToXA, XapakTepusyeTcsl Hanu4u-
em 8 sk3oH0B 1 S/TPK-NBS-LRR crpykrypoii. Yka3siBaer-
csl, 9T0 11 (PyHKIIMOHUPOBaHUS TreHa 7571/ HeoOXOIUMEBI BCe
Tpu JoMeHa, ipu 3ToM Oenok TSNI He B3ammoneicTByeT
Hanpsamyo ¢ ToxA.

W3yuyeHne peakiuy repMoIia3Mbl MIIEHUIB HA HHOKY-
JSIIMIO ¥ MHOUIBTPALMIO TTO3BOJIMIIO BEISIBUTH Ooiee 78 %
00pas3IoB, YCTOINUUBBIX OJTHOBPEMEHHO Kak K pacam 1 u 5,
Tak u K TokcuHaMm Ptr ToxA u Ptr ToxB. [lonyuennslie gas-
HBIE COBMAJIAIOT ¢ OoJlee paHHUMH PEe3yJIbTaTaMy N3yYeHUs
KOJUIEKIIUHU MIICHUIBI, IJIe HEUyBCTBUTEIbHAS peaklus K
Ptr ToxA Habmonanacek y OonpmmHCTBa (64.5 %) N3ydeHHBIX
reroturo mueHUIB! (Kokhmetova et al., 2017). C npaktu-
YEeCKOM TOUKHU 3peHUs], HauOOJIBIINI HHTEPEC MPEACTaBIAIOT
BOCEMb 00Pa3I0B MIIEHHUIIBL, TPOJEMOHCTPHUPOBIIHNX CAMYTO
BBICOKYIO YCTOHYMBOCTB OTHOBPEMEHHO K IByM pacam (1 u 5)
u asyM TokcuHaM (Ptr ToxA u Ptr ToxB), a Taxoke moarsep-
JUBIIUX HeBocnpunMunBocTh kK HST mpm monekyssipHOM
ckpuHHHTe. OIHAKO U30JIAT PAchl 5 He BCET/Ia BBI3BIBAI XJIOPO3
y TEeHOTHIIOB MIIEHUIIBI, I KOTOPBIX MPEIoNarajoch Ha-
JMYKMe JOMUHAHTHOTO aJuiesis reHa 75¢2, 9yBCTBUTEIILHOTO K
Tokcuny Ptr ToxB. Tak, ycroiiunBas peakius K pace 5 BMECTO
0KHMJ]aeMOH BOCIIPHMMYMBON OOHApyKeHa y JTMHUH NILIeHHU-
el ZM23524 u KR11-20. Ilpyn nHGUIBTpAaIuHd TOKCHHOM
Ptr ToxB y copTa nuenunsl Aray Takske BMECTO 0XKHIaeMON
BOCIPHMMYHBOM pEaKIMX HAOJII0/1a1ach HE4yBCTBUTEIILHOCTD
k Ptr ToxB. 3T0 commacyeTcs ¢ pe3yasraTaMu psiaa UCCIeo-
BaHUU, OCBSAIICHHBIX B3auMozaeiicTButo 15n/—Ptr ToxA, rue
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[I0Ka3aHo, uTo uyBCcTBUTENbHOCTH K NE He Bcera onpenenser
4YyBCTBUTENIBHOCTb K P. fritici-repentis, a BAUSIHUE B3aUMO-
neiictBust Tsnl—Ptr ToxA B pa3BuThu OOJE3HU 3aBUCHT OT
TeHETUUECKOTO ()OHA XO35IMHA, T. €. OT KOHKPETHOTO F'eHOTHIIA
mrennne! (Chu et al., 2008; Faris et al., 2012; Kariyawasam et
al., 2016). B crarse (Muponenko, Kosanenko, 2018) na npu-
Mepe B3auMOJICHCTBUS ajuteseii rena Tsnl u reHa-3ddexropa
P tritici-repentis ToXxA B KOHKPETHBIX Mapax T€HETHYECKH
OXapaKTePU30BaHHBIX 0OPA3IOB IMIIICHUIBI U U30JSATOB Ta-
TOTeHa II0Ka3aHo, YTO OJIUH U TOT JKe IPU3HAK «00pa3oBaHue
HEKpO3a Ha JIMCTBAX» B COUCTAHUAX PA3TUYHBIX TEHOTHUIIOB
COPT—H30JIIT UMEET Pa3HYI TCHETHYECKYIO MpUpomy. Dd-
dhexTel B3aumoneiicteus Tsn/-ToxA Ha nupeHodopos y
MSATKOH TIIIEHUIIBI MOTYT BapUPOBATH OT HE3HAYMTEIBHBIX
JI0 OYEHb 3HAYUTEJIbHBIX B 3aBUCUMOCTH OT F€HETUYECKOTO
(hona xo3smHa (Virdi et al., 2016). ABTOpsI OCIEAHEH pabOTHI
TIPEITOJIOKIIIN, YTO HEKOTOPHIE TEHOTHITHI TIIEHHUIIBI 001a-
JAroT (pakTopaMu, KOTOPBIC MTPUBOJIAT K I3MCHCHHIO YPOBHEH
sKcnpeccun reHa Tox A yepes anmcra3s uik KakuM-To 00pa3om
WHTHOHMPYIOT pacro3HaBaHne TOKCHMHA ToxXA renom 7snl B
pacTeHusX, 3apaXCHHBIX CIIOpaMH Tpuoda.

JJist yCenHoM ceeKIny Ha IMMYHHUTET OO0JIbIIIOE 3HAYe-
HHE MIMeeT MeXayHaponHoe corpyaHmdectBo ¢ CIMMYT.
CornacHO HaIlMM HMCCIICIOBAHUSAM, COPTa, YCTOWYHBBIC K
UpeHo(Opo3y, CIEeAYeT CO3/1aBaTh C UCIIOIb30BAaHUEM pPa3-
HOOOPAa3HBIX HCTOYHUKOB FEPMOIIIa3MEbL. B kagecTBe TOHOPOB
YCTOWYHMBOCTH HEOOXOIUMO TIPUBJICKATh K THOPHUIH3AINH
oopasipl u3 kowteknun CIMMYT, Poccuun u Kasaxcrana.
[Tonmy4yeHHBIC HAMU PE3YABTATHI CO3JAIOT BOSMOXXHOCTH IS
nepexoa celeKIMOHHOro npoiecca B Kazaxcrane Ha HOBbIN
Hay4HBIH YPOBEHb 3a CUET KOMIIJIEKCHOTO TPUMEHEHUS MO-
JEKYJISIPHO-TEHETHIECKHUX U (PUTOTIATOIOTUIECKIX METOIOB.
JlaHHBIC TEHOTUITHPOBAHUS U CKPUHHHTA C HCTIOTh30BaHHEM
HEKpOTPO(HBIX 3P (HEKTOPOB NPENICTABISIOT HHTEPEC ISl MO~
BBIIIeHNS 2P ()EKTHUBHOCTH CENEKITNH Ha OCHOBE YTUMHUHAIINN
U3 CEJICKIIMOHHOTO MaTepHalia HOCHTEICH TOMHUHAHTHBIX
anyeneii reHoB 75n/ u T5c2, 9yBCTBUTENBHBIX K arPECCUBHBIM
tokcuHaM Ptr ToxA u Ptr ToxB. Hocurenn unentuduimpo-
BaHHBIX PELECCUBHBIX ajuienel tsnl u tsc2 reHOB yCTONUun-
BocTu K TokcuHaM Ptr ToxA u Ptr ToxB P tritici-repentis
HEOOXOMMO HCIIONIB30BaTh B CEJIEKIIMOHHBIX MPOrpaMmax
IO TIOBBIIIICHUIO YCTOMYMBOCTH K MTUPEHO(OPO3Y MIIICHHIIBL.
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Ribonuclease activity as a new prospective
disease resistance marker in potato

E.A. Trifonova®), S.M. Ibragimova, O.A. Volkova, V.K. Shumny, A.V. Kochetov

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

Disease resistance is an important characteristic for each variety of
potato, and the search for pathogen resistance markers is one of
the primary tasks of plant breeding. Higher plants possess a wide
spectrum of enzymes catalyzing the hydrolysis of nucleic acids; it
is believed that protection against pathogens is the most probable
function of the enzymes. RNases are actively involved in several
immune systems of higher plants, for example, systemic acquired
resistance (SAR) and genetic silencing, hence RNase activity in
plant leaves, as a relatively easily measured parameter, can serve
as a good marker for the selection of pathogen resistant varieties.
We have analyzed sixteen varieties of potatoes permitted for use
on the territory of the Russian Federation and tested the correla-
tion of the level of variety-specific ribonuclease (RNase) activity
with such economically valuable traits as maturity and resistance
to viruses, late blight and common scab. In general, the level of
RNase activity was variety-specific, which was confirmed by very
small values of average squared error for the majority of tested
varieties. We have detected a statistically significant positive corre-
lation of RNase activity in potato leaves with increased resistance
of varieties to phytopathogenic viruses, a negative correlation with
resistance to scab and an absence of a significant connection with
maturity and resistance to late blight, regardless of the organ af-
fected by the oomycete. Thus, the level of RNase activity in potato
leaves can be used as a selective marker for resistance to viruses,
while varieties with increased RNase activity should be avoided
when selecting resistance to scab.

Key words: Solanum tuberosum; phytopathogenic viruses; late
blight; common scab; RNase activity.
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Pu6oHyKIea3Hast aKTBHOCTh
KaK IMOTeHIMaJIbHbI HOBBIN
MapKep YCTOMUMBOCTU

K puTomaToreHam y Kaprodesist

E.A. Tpudouosa®, C.M. Vbparumosa, O.A. Boaxosa,
B.K. lllymupir, A.B. Kouetos

DefiepanbHblii NCCIEROBATENBCKNI LLeHTP VIHCTUTYT uyutonorum
1 reHeTnKn CbrpcKoro oTaeneHnsa Poccninckom akagemm Hayk,
HoBocnbupck, Poccus

YcToNumMBOCTH K drTONaTOreHam ABAAETCA BaXKHOM Xa-
paKTePUCTUKON ANA Kaxk[oro copTa Kaptodens, a nonck
MapKepoB YCTONYMBOCTU K MaToreHam — ogHa 13 npu-
OPUTETHbIX 33flay ceneKkLnn pacTeHnin. Beiclume pacteHna
ob6nafatoT WPOKUM CNeKTPOM GEePMEHTOB C HYKNeasHow
AKTUBHOCTbI0. OCHOBHOV Hanbosnee BepoAaTHON dyHKLMen
3TMX GepPMEHTOB CUMTAETCA 3aLUMTa PacTEHMI OT naTore-
HoB. PHKa3bl akTVBHO y4acTBYIOT B IMMYHHbIX CMCTEMaXx
pacTeHuid, HaNnpUMep TakmX, Kak CMCTEMHasA NPUoBpeTeH-
HaA yCTOMYMBOCTb M FreHeTUYECKINIA CaliNIeHCUHT, Clefo-
BaTenbHo, PHKa3Haa akTMBHOCTb B NMNCTbAX PacTEHUN,
KaK OTHOCUTEJIbHO JIErKO M3MepPAEMbI NapamMeTp, MoOXeT
CIYXNTb XOPOLLIMM MapKepoMm AA oTbopa yCTONYMBbIX

K naTtoreHam copToB. B HacToAwweln paboTe npoaHann3u-
poOBaHbI WeCTHaALaTb COPTOB KapTodens, BKIOUEHHbIX B
[ocynapCTBEHHDbIV peecTp CeneKUNOHHbIX BOCTVXKEHW,
[OMYLLEHHBIX K MCMOMb30BaHI0 Ha TeppuTopun Poccuii-
ckorn Oepepauun. MpoBepeHa Koppenaums ypoBHsA prbo-
HyKkneasHom (PHKa3Ho) akTMBHOCTIN COPTOB C TaKMU
XO3ANCTBEHHO LIeHHbIMM NPU3HaKaMK, Kak CPOKM co3pe-
BaHUA N YCTONUMBOCTb K BUpycam, dutodTope 1 napiue
06blKHOBEHHOW. B ieniom yposeHb PHKa3Hom aktnBHOCTU
oKasanca coptocneyndryHbIM NapameTpom, YTo Obino
NOATBEPXKAEHO OYEHb MaslbIMUN 3HAUYEHUAMU CPeAHEN
KBaAPaTUYHON OWMNOKM ANA 6ONbLUMHCTBA TECTUPYEMbIX
copTOB. BbiABNEHa cTaTUCTUYECKM 3HaUMasA NO3MTUBHAA
Koppenauna PHKa3HOM akTUBHOCTM B INCTbAX KapTodensa
C NMOBbILEHHON YCTONUYNBOCTbIO COPTOB K pUTONATOreH-
HbIM BPYCaM, HeraTMBHas KOpPenauua ¢ yCTONYMBOCTbIO
K napLue 06bIKHOBEHHOM 1 OTCYTCTBME 3HAUUMOW CBA3N C
YCTONUNBOCTBIO K GUTOHGTOPO3Y BHE 3aBUCUMOCTU OT Op-
raHa, nopaaemoro oomuueTom. Takum ob6pa3om, ypoBeHb
PHKa3HO akTMBHOCTY B IUCTbAX KapTodensa MOXeT ObiTb
MCMOMb30BaH Kak CeNeKTUBHbIA MapKep YCTOMYMBOCTY K
BMPYCaM, B TO BPeMsA Kak Npu CenekLummn ycTonumBocTu K
napLue COpToB ¢ noBbilweHHo PHKa3HOM akTMBHOCTbIO
cnepyet nsberatb.

KntoueBble cnosa: Solanum tuberosum; pnboHykneasHas
aKTMBHOCTb; GUTOMATOreHHbIE BUPYChI; GUTODTOPO3;
napLua o6bIKHOBEHHaA.



of non-cereals, annually more than 300 million tons of

potatoes are produced in the world, and about 1 billion
people consider potatoes to be the basis of their diet (Barrell et
al., 2013). Currently, more than 3000 varieties of potatoes are
grown in 60 countries of the world with different resistance to
pathogens and unfavorable climatic conditions, with different
taste and maturity. Resistance to late blight, viral infections
and other phytopathogens is an important characteristic for
each variety of potato, and the search for pathogen resistance
markers is one of the primary tasks of plant breeding and
genetics. It is known that higher plants have a large spectrum
of enzymes with nuclease activity, 16 ribonucleases (RNase)
with a molecular weight from 9 to 41 kDa in Arabidopsis
thaliana (Yen, Green, 1991), 15 RNase in wheat and 14 RNase
in barley with molecular weights from 16.3 to 40.1 kDa (Yen,
Baenziger, 1993). Several RNase were detected in wild potato
Solanum chacoense (Qin et al., 2005) in connection with stud-
ies of the mechanisms of gametophytic self-incompatibility
in Solanaceae, but a systematic study of RNase activity in
potatoes has not yet been carried out.

Although the specific functions of each plant RNase are
only clarified, it is believed that protection from pathogens
is the most likely function of these enzymes in higher plants
(Kao, McCubbin, 1996). It was reported that RNase activity
was higher in diseased plants (Green, 1994; Lusso, Kuc, 1995;
Galiana et al., 1997; Hugot et al., 2002). Wounding, senes-
cence, and phosphate starvation also cause induction of RNase
expression (Galiana et al., 1997; Lers et al., 1998; Kurata et
al., 2002). The direct involvement of phosphate starvation-
inducible RNase in the acquired resistance to Phytophthora
parasitica was shown in N. tabacum (Galiana et al., 1997;
Hugot et al., 2002). Previously, we have demonstrated that
the transgenic plants with an increased level of RNase activity
were more resistant to at least two different unrelated viruses
(Trifonova et al., 2007b; Sugawara et al., 2016). For buck-
wheat varieties with different resistance to the buckwheat burn
virus (BBV), a positive correlation between resistance to virus
and RNase activity was shown, the authors have analyzed two
varieties, Roksolana and Kara-Dag (Sindarovska et al., 2014).

In the present work, we have analyzed sixteen varieties of
potatoes presented in the State Register of Selection Achieve-
ments Admitted to Use in the Russian Federation and tested
the correlation of ribonuclease activity level of varieties with
such economically valuable features as maturity and resistance
to viruses, late blight and common scab.

P otatoes are the third most important crop and the first

Materials and methods

Plants material. Thirteen potato varieties were used from the
in vitro collection of the Genetic engineering laboratory of the
Instite of Cytology and Genetics of the SB RAS (Novosibirsk)
and three potato varieties of the Siberian selection (Tuleevskiy,
Kemerovchanin and Safo) from the in vitro variety collection
of Bio Collection Center “GenAgro”. The original plants free
from viral and viroid infections were cultivated in sterile con-
ditions in vitro, at a temperature of 20+2 °C in the daytime
and 1842 °C at night, with an illumination of 8.000 lux. To
prepare the material, apical shoots measuring 2.5-3 c¢cm in
length were placed in test tubes 200 x 23 mm and cultured on
Murashige and Skoog medium (Murashige, Skoog, 1962). To
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the main medium of Murashige and Skoog, 20 g/L of sucrose
and 6 g/L of agar were added and cultivated for three to four
weeks, until the plants were formed. The tubes were covered
with cotton-gauze stoppers. For each variety, no less than 5 test
plants were grown in each experiment. All procedures for the
cultivation of the starting material were carried out according
to generally accepted procedures (Pershina, 2005).

Ribonuclease assay. For one RNase activity measurement,
leaves from the entire 4-6 weeks old potato plant grown
in vitro under standard conditions were used. The level of
RNase activity in crude leaf extracts of plants was evaluated by
the change in the amount of acid-soluble matter in total yeast
RNA (Trifonova et al., 2007b). Leaf tissue 1 g, was ground
in liquid nitrogen, suspended in 1 ml of 50 mM Tris—HCl
(pH 7.0) and centrifuged for 10 min (12.000 g, 4 °C). The
total protein was assayed in the supernatant according to
Bradford (Bradford, 1976). The extracts, containing 25 g of
total protein, were added to the reaction mixture containing
0.4 % total yeast RNA, 0.1 % bovine serum albumin, and
0.1 M Tris—HCI (pH 7.0). The total volume of the reaction
mixture was 300 ul. The reaction was stopped by adding
1 ml of 3.4 % HCIO,. The test tubes were cooled at 4 °C for
10 min and centrifuged at 12.000 g and 4 °C for 5 min. The
optical densities of the supernatants were measured at 260 nm
relative to the control (reaction mixture without leaf extract).

To assess the correlation of the level of RNase activity in
varieties with economically valuable traits, we adopted the
following notation: 1 — the cultivar is resistant to late blight
or viruses (resistance index 69 at http://www.kartofel.org/
cultivars/main_cult/sorta.htm) or the “+” sign in the World
Catalogue of Potato Varieties (Hamester, Hils, 2004) for one
or more viruses, 0 — the variety is susceptible (resistance
index 1-5 or “~” in the above catalogue). We considered in
our study only potato viruses with ssSRNA genomes, such as
PVX,PVY, PVM, and PVS. For the maturity period, we took
the “1” for late and the medium maturity, and “0” for early.
Parameters of varieties and RNase activity in leaf extracts are
shown in Table 1. The evaluation of the direction and tight-
ness of the relationship of the parameters was made using the
Pearson’s parametric correlation criterion.

Results and discussion

Potato varieties differ among themselves for a large number of
characteristics, starting from the shape of the tuber and taste
qualities and ending with resistance to phytopathogens. In our
previous research of the expression of heterologous nucleases
in transgenic plants, we noticed that different potato varieties
have different intrinsic levels of RNase activity (Trifonova
et al., 2004). In this study, we first assessed this level for
16 varieties listed in the Federal State Register of Breeding
Achievements Admitted to Use in the Russian Federation
(2017) and checked whether the level of RNase activity is
related to some important agricultural characteristics such as
maturity, potato resistance to viral diseases, late blight and
common scab.

The results of RNase activity measurements in leaf extracts
of different potato varieties are shown in Table 1. Note that,
in general, this feature is variety-specific, which is confirmed
by very small values of average squared error for the major-
ity of tested varieties. The highest average squared error was
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Table 1. RNase activity in leaves and agriculturally valuable parameters of potato varieties

ID RNase activity

Maturity

Late blight tubers

Late blight leaves Viruses Common scab

Notes: RNase activity is presented as optical density at 260 nm.

Table 2. Interrelation of RNase activity with pathogen resistance in potato (Pearson correlation)

Pearson’s Maturity Late blight tubers
correlation parameter

r 0.1758 0.2923

p 0.531 0.290

recorded in the Tuleevskiy variety, which also proved to be
the most variable in the number of shoots formed per explant,
which, apparently, is due to the genetic characteristics of the
variety (Ibragimova et al., 2018).

RNases are actively involved in several immune systems
of higher plants, for example, systemic acquired resistan-
ce (SAR) and genetic silencing (Trifonova et al., 2007a), hence
RNase activity in plant leaves, as a relatively easily measured
parameter, can serve as a good marker for the selection of
pathogen resistant varieties. Most of all, we were interested in
the correlation of the level of RNase activity with resistance
to the late blight of tubers and leaves, the general increased
resistance to viruses and common scab. The results of the
correlation analysis are presented in Table 2.

We found a statistically significant positive correlation of
RNase activity in potato leaves with increased resistance of
varieties to phytopathogenic viruses (» = 0.7590, p = 0.001).

It was hypothesized that RNase activity may play a protec-
tive role in plants (Green, 1994; Galiana et al., 1997; Trifonova
et al., 2015), RNase activity increases in diseased plants
(Green, 1994; Lusso, Kuc, 1995; Galiana et al., 1997; Hugot
et al., 2002; Sindelafova et al., 2002), and injury causes an
increase in this activity in tobacco (Kurata et al., 2002) and
tomato (Lers et al., 1998). Among the 17 identified proteins
associated with pathogenesis (PR proteins), some of the PR-4
and PR-10 proteins are nuclease (Van Loon et al., 2006).

CeneKkuyma pacteHuii Ha UMMYHUTET

Late blight leaves Viruses Common scab
0.1695 0.7590 -0.5388
0.546 0.001 0.106

Previously, we have demonstrated that elevated extracel-
lular RNase activity in the transgenic tobacco modulates the
resistance of these plants to phytopathogenic viruses, with
an increase in resistance proportional to the level of RNase
activity (Trifonova et al., 2015; Sugawara et al., 2016). The
molecular mechanisms of RNase antiviral effects are still
poorly understood. It may be hypothesized that higher level of
nuclease activity provides for plant DNA fragmentation during
the hypersensitive response or direct pathogen DNA/RNA
degradation (Kim et al., 2011), while lower level of nuclease
activity or binding without hydrolytic activity explores alter-
native mechanisms, such as binding DNA/RNA of pathogens
and interfering their life cycles (Zhang et al., 2001). However,
the level of resistance provided by the second method is lower,
as we showed earlier (Trifonova et al., 2015) and most likely
does not protect varieties with low RNase activity in the leaves
from viruses in the field.

We did not find a statistically significant correlation of
the RNase activity in leaves with resistance to late blight of
tubers and leaves, as well as the maturity of various potato
varieties. RNases involvement in resistance to Phytophthora
parasitica var. nicotianae was proved by Galiana et al. (1997)
who demonstrated that induction of SAR with elicitin is ac-
companied by a rapid induction of RNase activity and by the
increase in the activity of at least two different extracellular
RNases. Moreover, exogenous application of RNase activity
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RNase activity in leaves of potato varieties.
RNase activity is presented as optical density at 260 nm.

in the extracellular space of leaves led to a reduction of the
fungus development by up to 90 %, independently of any
elicitin treatment and in the absence of apparent necrosis. We
assume that the lack of a link between the RNase activity level
and the resistance to late blight in potato is due to the insuf-
ficiently high level of the activity in the analyzed varieties.
This assumption is supported by the fact that Lugowskoy with
the highest level of all the varieties studied is characterized by
increased resistance to both viruses and late blight of tubers
and leaves (Figure).

One of the unexpected results of our study was a statistically
insignificant negative correlation of the level of RNase activity
in leaves with resistance to common scab. The main causative
agent of this disease is the soil bacterium Streptomyces scabies,
which affects only tubers (Lerat et al., 2009), therefore, the
level of RNase activity in leaves could not impact significantly
the infection process. A negative correlation may also be due
to the fact that plants with a higher RNase activity are less
affected by other types of pathogens and S. scabies appears in
more favorable competitive conditions. However, for a final
conclusion on the effect of RNase activity on the resistance
to common scab in potato, more data on resistant varieties is
needed, since this type of resistance is very rarely reflected
in potato catalogues, despite meaningful crop losses due to
infection with the pathogen. Thus, of the 16 varieties studied
by us, only 10 of them, we were able to find information on
scab susceptibility.

Thus, the level of RNase activity in potato leaves can be
used as a prospective selective marker for resistance to vi-
ruses, but a systematic study of pathogenesis-related RNase
activities in potatoes is needed to find out the specific genes
responsible for the function. To create late blight resistant
varieties, in our opinion, a greater increase in RNase activity
is required than classical methods of selection can provide, and
perhaps the best results will be achieved through the methods
of transgenesis or editing of the potato genome (Korotkova
etal., 2017).
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AHaJIN3 accoLalnmi MMoJAMMOP(HBIX BApMAaHTOB
reHa paktopa B pocta sHgoTenus cocynoB (VEGEFB)
C pasBUTHEM MHTpPaKpaHMaJAbHbBIX aHEBPI3M

PU. Cyaranosal 3@, P Xycannosal> > 3, E.P. Ae6eaena® °, M.A. AnxunaZ, A.B. Tuaes®, D.K. Xycuyrausosal >3

! BawwKnpcKmit rocyapcTBeHHbIN yHUBEpCUTET, Yda, Poccus

2 VIHCTUTYT 6UOXMMUV 11 TEHETUKI — 060COBNIEHHOE CTPYKTYPHOE NoApasaeneHne YGUMCKOro GpeiepanbHOro NCCefoBaTebCkoro LieHTpa
Poccuiickoi akapemunn Hayk, Yoa, Poccua

3 PecnybnuKkaHCKnii MenKo-reHeTuuYeckni LeHTp, Yda, Poccua

4ypant>CK|/||7| rocyfapCcTBeHHbIV MeMLIMHCKUI YHBepcuTeT, EKaTepurHbypr, Poccnsa

5 MeXxayHapOAHbI LEHTP neyeHns ronoBHbix 6onein «EBpona-Asus», Ekatepunbypr, Poccun

6Ypal1bCKI/II7I depepanbHblii yHnBepcuteT, EkatepuHbypr, Poccusa

WHTpakpaHnanbHaa aHeBpusma (MA) - Taxkenoe 3abonesaHue,
npviBoAsLLee BCeACTBME Pa3pbiBa aHEBPU3MbI K CybapaxHOU-
JanbHbiM KpoBousnusaHuam (CAK). PacnpocTpaHeHHOCTb 3Toro
3aboneBaHus B MVpe COCTaBAET B CpeaHEM OKOMo 2-5 %, 13 Ko-
Topbix 50 % cnyyaeB 3aKaHUMBaOTCA leTanbHbIM MCXOAOM MO0
HEBPONOrMYECKUMI PAaCCTPONCTBAMMN PA3NIMUYHON CTEMEHN TAXe-
CTW, C BbICOKOW BEPOATHOCTbBIO peLnBa KPOBOU3NMAHUA B Teye-
HUe NepBOro NoJslyroama Nocse paspbiBa aHeBpM3Mbl. B Poccun
cybapaxHovfasnbHble KPOBOU3IMAHNA eXerofHo PerncTpupyoT
He MeHee yem y 18 TbiC. yenosek. [lpoBefeH NOUCK accoLmaLuin
NonMMopdHbIX BapUAHTOB rs594942 1 rs11603042 reHa VEGFB

C pa3BUTVEM UHTPaKPaHUaNbHbIX aHEBPU3M Y uTenern Bonro-
Ypanbckoro pernoHa Poccuiickon Oefiepauuim € y4eTom Hanmums
CUMNTOMOKOMM/EKCa HendpdepeHLMPOBaHHOW ANCNIasum coeau-
HUTenbHoW TKaHu (HACT) v apTepuanbHon runepteHsun (Ar).
Annenb C* rs594942 n rs11603042 reHa VEGFB aBnsaeTcsa mapke-
|POM NOBbILEHHOTO prcka pa3sutua WA B uenom (p = 0.025;
¥?=5.052; OR = 1.32), a Takxe y *eHLMH B 06L1el BbibopKe
(p=0.001;%2=10.124; OR = 1.70) 1 B KOMOPBUAHOM COCTOAHUM

¢ HACT (p=0.002; %> =9.501; OR=2.34) u AT (p = 0.006; ¥ = 7.385;
OR = 2.109). O6Hapy»eHo, 4To reHoTVN *C*C noKyca rs594942
accouMmMpoBaH ¢ puckom passutua VA B obwwen rpynne (p = 0.017;
x2 =5.702; OR = 1.49), a Takxe y xeHwuH ¢ UA (p = 0.0005;

¥? = 12.078; OR = 2.25) n c cumntomokomnnekcom HACT (p = 0.007;
> =7.173;0R=2.67) n AT (p =0.010; x> = 6.471; OR = 2.51). leHo-
TIN *T*T rs594942 v rs 11603042 reHa VEGFB cHu»KaeT puck pa3su-
Tns VA B covetanum ¢ HACT n AT (p = 0.014; x> =6.013; OR = 0.10).
Hamu nonyueHbl HOBble pe3ynbTaTbl O PO NONAMMOPHbIX Ba-
praHToB reHa VEGFB B GOpMUPOBaHNN NHTPaKpaHUaIbHbIX aHe-
BPMW3M C YUETOM HaIMuUA CUMNTOMOKOMIeKca HeguddepeHun-
POBaHHOW AMCMNa3UN COEANHUTENBHOWN TKaHN 1 apTepranbHON
runepTeH3un y xmtenein Bonro-Ypanbckoro pervoHa Poccun.
OTAroweHHbIN KomopbuaHbli GoH 1 Hannume HACT n Al moryT
CNoco6CTBOBaTb MOBbLILIEHHOMY PUCKY Pa3BUTUSA MHTPaKpaHW-
anbHbIX aHEBPW3M, UTO MOATBEPKAAETCA pe3ysibTaTamMy Hallero
nccnenoBaHuA.

KntoueBble cnoBa: MHTPaKpaHuanbHble aHeBPU3Mbl; pakTop pocTa
sHpgotenua cocynos VEGFB; HegnddepeHumpoBaHHaa ancnnasma
COeAUHUTENbHON TKaHW; apTepuanbHasa rmnepTeH3ns.
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Intracranial aneurysm (IA) is a complex disease resulting

in subarachnoid hemorrhage (SAH) due to a rupture. The
average worldwide prevalence of this disease is about

2-5 %, with 50 % of them ending in death or neurological
disorders of varying severity, with a high probability of
recurrence of hemorrhage during the first half of the year
after rupture. Subarachnoid hemorrhage is annually regis-
tered in at least 18 thousand people in Russia. Associations
of polymorphic variants rs594942 and rs11603042 of the
VEGFB gene in intracranial aneurysm development in the
Volga-Ural region of the Russian Federation with the pres-
ence of the symptom complex of undifferentiated connec-
tive tissue dysplasia (uDST) and arterial hypertension (AH)
were investigated. The C* allele rs594942 and rs11603042
of the VEGFB gene is a marker of an increased risk of A as
awhole (p =0.025; ?> = 5.052; OR = 1.32) in women as a
whole (p =0.001; x> = 10.124; OR = 1.70) and in comorbid
state with uDCT (p = 0.002; > = 9.501; OR = 2.34) and AG
(p = 0.006; x> = 7.385; OR = 2.109). We found that the geno-
type *C*C of locus rs594942 of the VEGFB gene is a marker
of an increased risk of intracranial aneurysm in general
(p=0.017; x> =5.702; OR = 1.49) and among women

in general (p = 0.0005; % = 12.078; OR = 2.25) and with

the symptomatic complex uCTD (p = 0.007; y* = 7.173;
OR=2.67) and AH (p =0.010; 2= 6.471; OR=2.51). We
have obtained new results on the role of polymorphic
variants of the VEGFB gene in the formation of intracranial
aneurysm, taking into account the presence of the symp-

tom complex uDCT and AH among the residents of the
Volga-Ural region of Russia. A burdened comorbid back-
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KAK UUTUPOBATbD 3TY CTATbIO:

ground and the presence of undifferentiated connective
tissue dysplasia and arterial hypertension can contribute
to an increased risk of intracranial aneurysm, as evidenced
by the results of our study.

Key words: intracranial aneurysm; vascular endothelial
growth factor VEGFB; undifferentiated connective tissue
dysplasia; arterial hypertension.
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HEBpH3Ma COCY/IOB T'OJIOBHOTO MO3ra (MHTpaKpaHUalIb-
Has aneBpm3Ma) (MKB-10 172) — 3To maTonornueckoe
JIOKaJIbHOE paclInpeHHe MPOCBETa ApTEPUH F'OJIOBHOTO
MO3ra, Jamie B objactu Oudypkaruii, mpuBoIsIIee BCIC-
CTBHE pa3phiBa K CyOapaxHOWJATHHBIM KPOBOUBIUSHUAM
(CAK). PacripocTpaHeHHOCTB TaHHOTO 3a00JIEBAaHNUS B MHpPE
B CpeiHEM cocTaBisieT okoio 2—5 % (Cai et al., 2018), 50 %
CIIy4aeB M3 KOTOPBIX 3aKaHYMBAIOTCS JIETAJIHHBIM FCXOOM
100 HEBPOJIOTUYECKUMH PAcCTPONCTBAMH PA3INYHON CTe-
MEHH TSHKECTH, C BBICOKOH BEPOSTHOCTBIO PELUANBA KPO-
BOWMBJIMSHUS B TEUEHHE TIEPBOTO MOIYTOIMS TIOCTe pa3phiBa
aneBpusMel (Peters et al., 2001; Dority et al., 2016). B Poc-
cun CAK exeroHo perucTpupyroT He MeHee ueM y 18 Thic.
yenoBek (KpsmoB u ap., 2008). DTHonOrus u maroreHes
MHTpaKpaHnanbHoi aneBpu3Mbl (MA) 1o cux mop 10 KoHIa
HE yCTaHOBJICHbI, H3BECTHO, YTO JAHHOE MHOTO(AKTOPHOE 3a-
OoneBaHMe NMEET TeHETUIECKYI0 OCHOBY. JlokazaHa poits psia
(hakTOpOB, TAKHUX KaK apTepHabHAs THIICPTCH3US, KypeHHE,
MOTpeOIeHHE aJIKOToJIsl, HAPKOTHUECKUX BEILECTB, HAJIMUUE
COITyTCTBYIOIINX 3a00JI€BaHUI COeTMHUTEIHHON TKaH!, Ha-
ciencTBeHHast oTsromeHHocTh (Qureshi et al., 2001; Zhang,
Claterbuck, 2008; Tromp et al., 2014; Behrouz et al., 2016;
Grant et al., 2016; Qian et al., 2016).
3agactyro 1A BcTpedaeTcs y Arofel ¢ pa3IndHbIMU KIIU-
HUYECKUMHU NPOsBICHUsIMU HenuddepeHpoBaHHon auc-
ra3un coenuHuTenbHON TKaHu (HCT), KoTOopas sBiseTcs
TEHETHYECKH T'eTepPOTreHHBIM CHMITTOMOKOMITIIEKCOM, 0€3 UeT-
KHX KIMHUKO-T€HEAJIOTHYECKUX KPUTEPHUEB, C Pa3IMYHbIM
Ha0OPOM KOJIMYECTBEHHBIX M KaY€CTBEHHBIX (DEHOTHUITNIECKUX
CUMIITOMOB, OOYCJIOBJICHHBIX CTENEHBIO BBHIPAKEHHOCTH
CTPYKTYPHO-(YHKIIMOHAIBHBIX HAPYIICHUH TBEPOH U PhIX-
JIOW COEAMHUTENHHON TKaHU M OCIOKHEHUAMH, (POpMHUpYTO-
IIMMUCS B TIpoIiecce oHToreHe3a (Skosnes, Hewaesa, 2011).
B omnume or nupdepeHrpoBaHHbIX HOPM TUCIUIA3ZHH
coequauTenbHOM TKaHH ([ICT), BEI3BIBaEMBIX CEPbE3HBIM JIe-
(heKTOM Ompe/IeNICHHOTO I'eHa C BEICOKOH ITEHETPaHTHOCTBIO,
HJICT xapaktepu3yercsi MyJbTUT€HHOCThIO TE€HETUUYECKON
cocrapysromeii. Kak mpasuiio, 3a6oneBanne BO3HUKAET TPH
COYETaHUU HECKOIBKUX Ae(PEKTOB Pa3INUHBIX TCHOB, TPUICM
Ka)K/IbIi M3 HUX B OT/IEJIbHOCTH HE IIPUBOJIUT K BBIPAYKEHHBIM
(henorunmueckum nposiBieHusM (Mosca et al., 2012, 2014).
Hemuddepenunposannas JJCT moxeT criocodcTBOBATH hop-
mupoBaHHuio MA, Tak Kak B OCHOBE IIaTOTEHE3a aHEBPU3M
TaKXKe JISKAT N3MEHEHHUS CTPYKTYPBI COSTMHUTEIEHON TKaHH
(AxoBne, Heuaena, 2011).

MeguumHCcKas reHeTrKa

I'emoanHaMuyeckas: Harpy3ka Ha COCY/bl B BUJIE apTepH-
aJIbHOM TMIIEPTEH3UH TAKKe SBISAETCS KIFOUEBBIM (hPaKTOPOM
B pa3BuTuu MA. CTeHKa aHEBpU3MBI yTPauMBAET TPEXCIOH-
HOE CTpOEHHE, TIPUCYIIEe apTePrH, B HEeil, KaKk PaBUIlo, HET
MBIIIEYHOTO CIIOSl, OTCYTCTBYET (MJIM CHJIBHO HEIOPa3BHTA)
BHYTPEHHSII MeMOpaHa M IPUCYTCTBYeT pyorosas (pudpos-
Hast) TKkaHb. OOJIacTh JHA aHEBPHU3MbI — HauOoOJIee TOHKUI
Y4acTOK, KOTOPBIA 3HAUYUTENIFHO MOABEPKEH Pa3pbIBaM, TaKk
Kak MpejacTaBieH ofHuM cioeM MHTUMEI (Ostergaard et al.,
1987; Prockop, Kivirikko, 1995; Schievink, 1999; Cxopoxo,
Bpuukosckast, 2007). [TocTostHHOE TTOBBITIEHUE apTepPHATh-
HOTO JaBJICHUS WIHM €r0 NEePUOANYECCKHUE MOIBEMBI MOTYT
MPUBECTH K Pa3pbIBy H3MEHEHHOH CTEHKH COCY/Ia U Pa3BUTHIO
CAK.

CewmeiictBo pakTopoB pocta sugoTenus cocynos (VEGF)
CUMTAETCSI OCHOBHBIM B COCY/IUCTOM HOBOOOPA30BaHUH CPEIIH
Bcex aHTHoreHHbIX (hakTopos (Ferrara, 2009). VEGF neiicTty-
€T CEJICKTUBHO Ha COCYANCTHIN SHI0TEINNH, 00ecTieunBast ero
cTabMIBHOCTB, CIIOCOOCTBYS Nposudepanuy, MUrpaluu 1
(hopmupoBaHUIO SHAOTETHATHHBIX Ki1eTok (Losordo, Diom-
meler, 2004). T'en VEGFB xomupyeT OIHOUMCHHBIH OCIOK,
Y4YaCTBYIOIIMI B SMOPUOHAIILHOM aHTHOTeHEe3€e, HapyILIeHUs
B KOTOPOM B KOHEYHOM HTOT€ TAKXK€ MOT'YT IPHBECTH K U3-
MEHEHHIO CTPOEHUSI CTEHOK COCY/IOB, a T€, B CBOIO OUY€pEb, —
K pa3Butuio cumnromoxomiuiekca HCT u UA.

AHeBpH3Ma COCY/I0B TOJIOBHOTO MO3Tra B YCIOBHAX TO31-
Hel TMAarHOCTUKU WIIM HEKOPPEKTHOTO JICYCHHUS COTIpsDKEHA
C BBICOKMM YPOBHEM CMEPTHOCTH U MHBanuau3auuu. [louck
MapKepoOB C BBICOKOH JAMarHOCTUYECKOW 3HAYUMOCTBIO U
CHO0CO0OOB MPOTHO3UPOBAHUS BO3ZHUKHOBEHHUS 3a00JICBAHUS
o passutuss CAK — akryanbHas coluuajibHas npoOiema.
C y4eToM 3HaYMMOCTH HACJIEICTBEHHBIX (DaKTOPOB B (hOpMH-
poannu VA nounck JIHK-mapkepoB 3a001eBaHts TTO3BOJINT
JIMarHOCTUPOBATH 3a00JIEBAHUE 110 Pa3BUTHUS OCIOKHEHHH.

Lenpro HacTosIe pabOTHI CTAIO0 W3yYSHHUE POJTH TTOTH-
MOpP(QHBIX BapHaHTOB rs594942 n rs11603042 rena VEGFB
B [TaTOTEHE3€ aHEBPU3M COCY/IOB FOJIOBHOTO MO3Ta y KHUTENeH
Bonro-Ypanbckoro peruona Poccnu npu Haauuuu CHMIITO-
mokomiuiekca HIACT u AT

MaTeleaﬂbl n metoabl

Marepuanom i UCCIeIOBaHUS MOCITyKir oopasisr JJHK
311 GoJBHBIX MHTPAKpaHHAJIbHBIMU aHEBPH3MaMH PYCCKOM
STHUYECKOU MPUHAICKHOCTH U 285 MPaKTHUECKH 3T0POBBIX
WHAUBHUJIOB, COOTBETCTBYIOLIMX IO MOJIY, BO3PACTY U STHUYE-
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Table 1. Age ranges in the studied groups

Groups n Age
m/f Overall Men Women
for the
group
Patients 311 48.3+0.72 457+1.03 50.9+0.98
152/159
IA+UCTD 108 48.1+1.1 448+156 51.8+1.39
57/51
IA+AH 101 492+1.1 476+144 50.7+1.62
47/54
Control 283 35.0+0.64 36.4+097 34.0+0.85
127/156
Control 183 334+0.68 36.6+1.01 364=*1.15
without 102/81
ucTD
Control 175 36.4+0.78 325+0.85 325+1.6
without AH 96/79

Notes: n, number of individuals; M + m, mean value + standard error (standard
error = standard deviation/vn).

CKOM IpUHaAIeKHOCTH, Bonro-Ypansckoro pernona Poccun
B Ka4eCTBE KOHTPOJIBbHOW BHIOOPKH.

B uccnenoBanne ObUTM BKIIIOUCHBI MAMEHTH! Pernonas-
HOTO COCYIMCTOTO LIEHTpa HEHpOXUpYyprun Ha 0ase HeHpo-
XUPYPTrU4ECKHUX OTACICHUN TOPOACKON KIMHUYECKON 00Jb-
Hutps! Ne 40 . EkatepunaOypra, y KOTOPBIX JHATHOCTHPOBAaHA
AQHEBPH3Ma, a TAK)KE MAIMECHTHI [T0CIIE Pa3pbiBa aHEBPU3MBI U
XUPYPTrudeCKOro J€4CHusd B COOTBECTCTBUU CO CTaHAapTaMHu,
pa3paboTaHHBIMH XeITbCUHKCKOH nekaparmelt BeemupHoii
MeaunuHCKor acconnarmuu (WMA) «3THdecKue MpuHITH-
IbI OPOBEACHHA HAYYHBIX MCIUIIUMHCKHUX I/ICCJ'Ie)lOBaHI/Iﬁ C
ydacTHEM JIIOIEH B KauecTBe CyObEKTOB HCCIIEIOBAHMUS» U C
0ZI00peHNs JIOKAJIbHBIX OMO3THYECKUX KOMHUTETOB. ccie-
JlyeMble BBIOOPKH TECTHPOBAHBI I10 CIIEIHAJIBHO COCTABIICH-
HOMY IIPOTOKOJY, BKJIIOUAIOIIEMY CBEICHUS 00 ITHUYECKOH
MIPUHAUICKHOCTH, KOJIMYECTBE aHEBPH3M, HX JIOKAJIN3AIINH,
HACJIeICTBEHHOM CTaTyce, MOTPEeOICHUH aIKOTOJIsl, KypPEeHHUH.
Kputepusimu uckiTioueHs ObUIN: HAaJIMYUE BEpPeTeHO00pas3-
HBIX WX (y31()OPMHBIX aHEBPU3M, HATUYHE COITY TCTBYIOIHX
3a00JIeBaHUI U COCTOSTHUI, KOTOPBIE MOTYT IIPEApacioiararb
K COCYAMCTON MaToJIOTHH (aTepOCKIIepO3, HACIEACTBEHHBIE
3a00JIeBaHMs COCMHUTENBHOM TKaHU). Bo3zpacT GONBHBIX
BapbUpOBaN OT 2 A0 76 JeT, CpeTHUN BO3PACT COCTABHI
48.3+0.72 rona (tadm. 1).

Jlu3aiin ncciae0BaHus COCTOSUIT U3 CICAYIOIINX 3TaIOB:

Coop maHHBIX KaTaMHe3a 3a00JICBaHUSI, aHAMHE3a KU3HU
OOJIBHBIX M UX POAOCIOBHBIX OCYIIECTBISUICS B IpoOLEcce
MHTEPBBIO, ITPU KIIMHUYECKOM OCMOTPE OOJIbHBIX, @ TAKXKe IPH
aHaJInu3¢ MeﬂHLIHHCKOﬁ JOKYMCHTaluH, IaHHbIX MarHUTOpe-
30HAHCHOM W KOMITBIOTEPHOM TOMOTpadii TOJTIOBHOTO MO3Ta 1
PE3yIBTaTOB JOTOIHUTEIBEHBIX 00CIIEI0BAHNH, BKITIOYAIOITHX
KJIMHUYECKHUH 0CMOTP, N3MEPEHHE apTepPHUaIIbHOTO JAaBICHHUS,
mynbea. C 1elblo onpeene st IPU3HAKOB COSANHUTEIBHO-
TKaHHOM TaTOJIOTHH y BCEX OOJBHBIX C MHTPAKpaHHAlb-
HBIMU aHEBpPU3MaMU U MALMEHTOB KOHTPOJIbHOM I'PYIIIbI
o0mmii ocMoTp TpoBeaeH 1o ocoboit metoanke (Lebedeva,
Sakovich, 2013). On BkitO4an onpeseacHue KOHCTUTYIINH,
9294
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pocTa, Beca, pacTsHIKMMOCTH KOXKU HaJl CEPeMHOMN KITFOUNIIbI
B TOJIOKEHUH CTOSI M TOJIIMHBI KOXKHOW CKJIAJKH Ha ThUIE
KHCTH. PacTsHKMMOCTB KOXKH CUMTalIach MOBBIIICHHOH, €CITH
BEJIMYMHA KOKHOM CKJIAIKN HaZl HApY>KHbIMU KOHIIAMH KJIXO-
qur Osi1a He MeHee 4.0 cMm. Kpome Toro, onpenensiocs Ha-
JIMYHE BUIMMBIX MEJIKUX COCY/IOB Ha JIMIIE, TPYIH U JPYTHX
y4yacTKax TeJla, TeJICAaHTMOAKTa3ui, aHTUOM, JIUIIOM, CTPUH,
BapUKO3HOTO PACHIMPEHUS BEH; BBIBISUINCH Aedopmannu
TPYTHOH KIIETKH, CKOJINO3, INIOCKOCTOITHE, aPAaXHOAAKTIIINH,
JAuacTas MpsAMbIX MBI )KUBOTA, I'PBIK; IIPOBOANINCH Hp06])l
JUTS! BBISIBIIEHUS THIIEPMOOMIBHOCTH CycTaBoB. IHIEKC Macchl
texna (I) Obl1 paccunran o dopmyre: Bec (Kr) pa3aennuTh Ha
poct (M) B kBagpare: | = m/h?,

Uwucno mapkepoB HCT cpenn 6ompHBIX ¢ A He MeHee
Tpex umenu 62.8 u 11.8 % mozneit U3 KOHTPOIBHON IPYIIIBI
(p <0.0001, OR = 12.5, 95 % JI1 = 7.45-21.1). Cpennee
YHUCIIO MapPKEPOB TUCTIIIA3HH 0KA3aJI0Ch paBHEIM 3.07 B rpyT-
e OONBHBIX ¢ aHeBpu3MaMH 1 1.17 B KOHTPOIBHOH TpyTIIe,
MO9TOMY HaJM4YHE JUCIUIA3UHM COCTUHUTEIBHON TKAaHU KOH-
CTaTUPOBAIIU Yy JIUII, NMEIOIUX HE MEHEE TPEX MapKepoOB
JIMCTUTA3UH.

AprepuanbHasi TUIIEpTeH3Us1 oOHapyxkeHa y 57.8 %
OoNIbHBIX aHeBpU3MaMu, B KoHTpose Al BeisBieHa y 9 %
(p <0.0001, OR = 13.38, 95 % AU 7.64-23.4). bonpumn-
cTBO ciay4daeB Al Berpedanock B Bo3pacte oT 41 1o 50 ner
(65.8 %). InutensHOCTD CymecTBOBaHUS Al 10 THATHOCTHKH
AQHEBPH3MBI COCTaBHJIA B OOJIBIIMHCTBE CITy4aeB MATh-AECAThH
ner. J{ns cOopa naHHBIX MCIIOJIB30Baach CIICLHAIBHO Pa3-
paboTaHHas aHKeTa.

HNucTpymMeHTaIbHBIE HCcTe10BaHus. [{J1s BBISBICHUS
AQHEBPH3M COCY/OB I'OJIOBHOTO MO3ra MpOM3BOJMIIACE Liepe-
OpanpHas anrnorpadus Ha anmapate PHILIPS BW 300, MP-
anruorpadus wian KT-anrnorpadust — na anmaparax PHILIPS
TOMOSCAN NT u PHILIPS JIYROSCAN TS5. LlepeGpasib-
Has aHrHorpadus BBIIOIHSIACH ITOJ] MECTHON aHecTe3nei
ITyTEM 30HIMPOBAHIS MarHCTPAIBbHBIX apTEPHUH TOJIOBHI Yepe3
OeapeHHyro apTepuro 1o crnocody Cenbaunrepa. Kpome toro,
BBINOJHAJIACH KOMIIBIOTEPHAsI MM MAarHUTHO-PE30HAHCHAS
ToMorpadusi TOJIOBHOTO MO3Ta, a TAKXKE TPAHCKPAHHATIbHAs
nmomrieporpadus Ha anmnapare APOGEE 800 PLUS, ATL
(CIIA). B xauecTBe CKpHHUHTOBOTO MICCIIEIOBAHHUS COCYIOB
TOJIOBHOTO MO3ra BhINONHsIack MP-anrnorpadus.

MouJiekyasipHO-TeHeTHUYECKHe HccaenoBanusi. Boiaere-
Hue JIHK 13 nenbHoM KpoBH IPOBOIMIIOCH METOJOM MOCIEN0-
BaTeJIbHOM (heHOoNBpHO-XJI0podopMHOI FKcTpakin (Mathew,
1985). I'enotunupoBanue JOKycoB 75594942 w rs11603042
rera VEGFB npoBonunu ¢ momorntsio metona [P B peass-
HOM BpeMEHH ¢ MpuMeHeHneM TagMan TeXHOJIOTHH U pa3pa-
0OTaHHBIX HAMU IPaiMEPOB U 30H0B, HecyIuX (uryopodop
U TYIINUTEb, KOMIUIEMEHTAPHBINA cpenneil yactu ammudu-
mupyemoro ¢parmenta Ha JIHK-ammumpukarope CFX96
Touch Deep Well Real-time PCR Detection System (Bio-Rad),
o0maaromiei BO3MOKHOCTBIO IETEKIINU U aHaJm3a (Gryopec-
LEHIIUH 110 KOHEYHO! TOYKE C UCTIOJIH30BaHNEM BCTPOCHHBIX
cpezctB nporpamMmmHoro obecrieuenust (Bio-Rad CFX Mana-
ger V1.6.541.1028). XapaKkTepruCTHKA HCIIOIB30BAHHBIX JIO-
KycoB reHa VEGFB nipencrasiena B Tao. 2.

CrarucTuyeckuii anaju3 pe3yabraroB. /[ Bcex pac-
CMaTpPUBAEMBIX TPYIII IIPOBOIMIIN OIIEHKY COOTBETCTBUSI M-
MMUPUIECKHX PACTIPEACIICHNI YaCTOT TeHOTUTIOB OXKHUIAEMOMY,
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Table 2. Characteristics of the studied loci of the VEGFB gene

Locus Primer sequence (5'—3’)
1s594942 FJ, CCAACCCTGATAAAAGAGA
c.*487 T>C RJ, CCTCATTTCCTCCATCTG
FAM-ttgTcAcTgTcCag-BHQ-1
VIC-ttgTcAcTgCcCag-BHQ-2
rs11603042 FJ,CCCTGTTCTTCTCCTGAGCA
C.374+44G>T RJ, GGTCCCCAGTTCTGTGGA

FAM-agcaccCccAaaGect-BHQ-1
VIC-agcaccCccCaaGect-BHQ-2

comacHoO ypaBHenuto Xapau—BaiinOepra. bsut npoBeneH
CPaBHUTEIHHBIN aHAIN3 aJUIeNIel M TCHOTHITOB C HCTIOIB30Ba-
HHUEM TaOIHIl conpsukeHHOCTH 2 X 2 Version 4.12.14. Pazmmaus
CUMTAIUCH CTATUCTUYECKHN 3HAUMMBIMHU MPHU ypoBHE p > 0.05.

[Ipu ananm3e TPyNIBI TAMEHTOB C AaHEBPU3MaMH C TPYTI-
MO KOHTPOJIS, @ 3aTeM OTACIHHO BBIICICHHBIX MOITPYIII
MY)KUHH M JKCHIIWH UCIIOJIb3YIOTCS OJHU U T€ K& JaHHBIC
TIpY BBITTOJTHEHUH IBYX cpaBHEHUH. [109TOMY MBI IpUMEHMIN
nonpaBky BoHdeppoHu, cunTas 3HAYUMBIMU PE3YIBTATHI,
JUTs KOTOPBIX 3HaueHue p-value < 0.05/2 = 0.025. ITonpaBka
Ha MHO)X€CTBEHHOCTH BBEJICHA C YIETOM UHCIIa CPABHEHUI B
paMKax OTHOW MOJENH. AHAJIOTUYHO CpaBHEHHE TPYII Ta-
IUCHTOB C JUCILIa3Kel U 0€3 TUCIUIa3UK U TPOBEICHHUE CPaB-
HEHHH TTOATPYIIT MY>KYUH U JKSHIIIH, 3aTeM IIPH CPaBHEHUH
TPYTIIT MAIMEHTOB C TUIICPTCH3UEH U 0€3 TUIICPTCH3HH, TTPH
CpaBHEHHH IPYIII MAIIUSHTOB C THIICPTEH3UCH + AU CIUTa3Hs U
6e3 060X COMYTCTBYIOIMINX 3a00JIeBaHUH.

Pesynbtatbl

T'en VEGFB noxanu3oBad Ha |1-if XxpoMmocome B obmacTu
ql3.1 u umeer cemb 3k30HOB. MccnenoBaHHbIE HAMU TOJIU-
MopbHbIe BapuaHThl 1511603042 u rs594942 pacnonaoKeHbl
B YETBEPTOM HHTPOHE U B 3'-HETpaHCIMpyeMoil 001acTH reHa
COOTBETCTBEHHO.

B xone ucciienoBaHus MpoBEJICH CPAaBHUTEIBHbIH aHAN3
pacrpesieNieHns 4acTOT ajlleNiel U TEHOTUITOB ITOJTMMOP(HBIX
BapuaHTOB rs594942 u rs11603042 rena VEGFB mexny
BBIOOpKaMK OOJNBHBIX VLA M KOHTPOJISI C Y4E€TOM I'eHAEPHBIX
paznmmunii, Hanuuusa npuszHakoB HACT u aprepmanbHON
THIIEPTEH3NH, a TAK)KEe BBITTOJIHEH MOWCK aCCOIMALUNA N3y-
YEHHBIX JIOKYCcOB ¢ A B M30JIMPOBAHHOM U KOMOPOHIHOM
COCTOSTHUSIX.

Cornacuo 6a3e gaHHBIX 1 000 TeHOMOB /IS €BPOTICHCKON
nmomyJjasauun, CUCIJICHHOCTb MEXKIAY ABYMs BbI6paHHLIMI/l
nonuMopdu3mamu oiHast: D’ =1, R2=0.9911 (https://ana-
lysistools.nci.nih.gov/LDlink/?tab = ldpair). I1pu npoBeiennu
Halero UCCJICA0BaHMs 9THU JaHHBIC TIOATBCPANUINCH, YTO 1103~
BOJIMJIO PACCMOTPETH JIOKYCHI #s594942 w1 rs11603042 tena
VEGFB xak oiMH JIOKyC C UACHTHYHBIM paclpeieieHuEM
YacTOT aJuleield M TeHOTUIIOB, aJlJIeNH TaK)Ke OKA3aJIiCh UJICH-
tuaHbIMH. [ToipoOHast XapaKTepruCcTHKa H3y4EHHBIX JIOKYCOB
npescTasieHa B Talu. 3.

[Tpu nccnenoBannu nonumopdHoOro BapuanTa rs594942 n
rs11603042 rena VEGFB uactora amnens *C cocrasmia 0.693
B BBIOOpKe ¢ 1A 1 OKa3aJiach BBIIIIE, YEM B TPYTINE KOHTPOJIS,
rae ee yactota He mpesbimana 0.631, pazmuuus qocTUNIN
crarucTuaeckoit s3HaanMocTH (p = 0.025; x> =5.052). Annens
*C sBIETCS MAapKEPOM TOBBIIIEHHOTO pHCcKa pa3Butus 1A

MeguumHCcKas reHeTrKa

Detection method Reference

Table 3. Characteristics of the rs594942 and rs11603042 loci of
the VEGFB gene in groups of patients with Al in general and with
comorbid AH and UCTD as compared to the control group

Patient group Hpred Hops HW i MAF
Overa | | ............................. 0 447 ......... 0 4 62 ......... O 481 .......... ( *7-) 0337 .
. | A +UC-|-D ....................... 0 449 ......... 0 4 86 ......... 0 212 ......... ( *7-) 0340 .
. | A +A|.| ............................ 0 447 ......... 0 4 74 ......... 0 388 ......... ( *T) 0337 .
. Contro| ............................ O 466 ......... 0 500 ......... 0 284 ......... ( *T) 03 70 .

Notes: Hp,g, observed heterozygosity; Hp,eq, expected heterozygosity; HW 4,
index p for assessing the compliance with the Hardy-Weinberg equilibrium
(p > 0.05); MAF, the frequency of the minor allele.

(OR =1.32; 95 % AN 1.04-1.68). YacTtoTa TOMO3UTOTHOTO
renoruna *C*C OblIa TakkKe BBIIIEC B TPYNIAxX OOJBHBIX C
WA no cpaBHEHHIO ¢ TPYNIOI KOHTPOJIS, y HOCUTENEH ToMo-
3UTOTHOTO BapHaHTA PHCKOBOTO aJjIessi pUCK pa3Butus MA
Obu1 emte Boimie (p = 0.017; %> =5.702; OR = 1.49; 95 % 11
1.07-2.07) (tabum. 4).

B mamreii Beibopke marmentoB ¢ MA okazanocs 51.13 %
skeHmuH 1 48.87 % myxuun. [Ipu paccMoTpeHnn BBIOOPKH
C y4eTOM TeHJAEPHBIX Pa3JINYUil BBISBICHHAS acCOLMALUA
MOATBEPIIIIACH TOIBKO y >keHImH. Yactora amrens *C B
rpymnne xxeHmuH ¢ MA cocrasuna 0.698, Torna kak B rpyme
KOHTpOJIA He npepbimana 0.576 (p = 0.001; x2 = 10.124;
OR = 1.70; 95 % AN 1.22-2.36). I'enotunn *C*C Taxxe
okazaicst puckoBbIM (p = 0.0005; x> = 12.078; OR = 2.25;
95 % U 1.42-3.57).

IIpoBeneH aHann3 MCCIEAYEMBIX BEIOOPOK C yUETOM Ha-
muus Kinandeckux nprusHaxkos HCT u AT B komopOuHOM
coctosHuU ¢ A 17151 BBISIBIEHUS POJIM U3YUYEHHBIX JIOKYCOB
B popmupoBarnn A B xomimiekce ¢ poHOBEIMH 3a00JeBa-
HUSIMU.

Okxkazanocs, uto y 25.78 % sxenmmuH u 19.08 % myxuuH ¢
WA Berpewaercs cumnromoxomiuieke HCT B coderannu ¢
AT TIpu stom y 33.96 % sxenmuH u 30.92 % myxuun A
COIpOBOXKaeTcs HanmuuueM Toabko Al ay 37.5 % myxunH
32.08 % >xeHIHH — KiHIge cKuMmH nposisineHmsiMu HICT, 6e3
AT Tonbko y 12.5 % myxunH n 8.18 % KeHIINH BbIABICHA
VA B n301MpOBaHHOM COCTOSIHUH, 0€3 KIMHHUYECKHUX Tpo-
sprneanid A" u 5/ICT, 9T0 CBHAETENHCTBYET O BAYKHOMW POIH
9THX HaTOJOTUH B KadecTBe (DAKTOPOB, CIIOCOOCTBYIOMINX
Pa3BUTHIO aHEBPU3M COCYJIOB TOJIOBHOTO MO3ra. MbI Mpo-
BEJIM aHAJIN3 aCCOIMAINN N3yIEeHHBIX JTIOKycoB reHa VEGFB
¢ UA c yuerom Hanmuuust AI' u H/ICT B OTAEIBHOCTH U B CO-
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Table 4. Comparison of frequency distributions of alleles and genotypes for rs594942 and rs11603042
in the VEGFB gene between groups of patients with Al and control with regard to gender

Sample n Allele frequencies Genotype frequencies
*T *C *T*T *C*T *C*C
Patients with IA 309 (190) 0.307 (428) 0.693 (29) 0.094 (132) 0.427 (148) 0.479
p=0.025 p=0.025 p=0.017
¥?=5.052 ¥?=5.052 ¥?=5.702
OR=0.76 OR=1.32 OR=1.49
(0.60-0.97) (1.04-1.68) (1.07-2.07)
Control without 1A 283 (209) 0.369 (357) 0.631 (34)0.120 (141) 0.498 (108) 0.382
Men with 1A 150 (94)0.313 (206) 0.687 (14) 0.093 (66) 0.440 (70) 0.467
Control men without IA 126 (76) 0.301 (176) 0.698 (11) 0.087 (54) 0.429 (61) 0.484
Women with IA 159 (96) 0.301 (222) 0.698 (15) 0.094 (66) 0.415 (78) 0.491
p=0.001 p=0.001 p=0.013 p =0.0005
¥>=10.124 ¥>=10.124 ¥ =6.12 > =12.078
OR=0.59 OR=1.70 OR=0.57 OR=2.25
(0.42-0.82) (1.22-2.36) (0.37-0.89) (1.42-3.57)
Control women without IA 157 (133)0.424 (181) 0.576 (23)0.146 (87) 0.544 (47)0.299

Notes: n, number of subjects.

yeTaHuU. TaK, )KEHIIUHBI ¢ ajuiessiMu *C JIOKYCcOB 75594942
u rs11603042 rena VEGFB oxa3zanuchk 0ojee IMoBepIKEeHbI
pucky paszsutus MA npu HalIW4uM CHMIITOMOKOMILIEKCA
uJICT (p=0.002;%>=9.501; OR =2.34; 95 % 11 1.35-4.05)
(Tabm. 5).

[Ipu HOCHTENBCTBE TOMO3UTOTHBIX TeHOoTHNOB *C*C 1o
000nM HcClleI0BaHHBIM JIOKycaM reHa VEGFB puck pasBu-
tus UA B coueranuu ¢ HICT y KeHIIUH Takke BO3pacTaeT
(p = 0.007; 4> = 7.173; OR = 2.67; 95 % AU 1.29-5.53).
I'enorun *7*T oka3ascs NPOTEKTUBHBIM MapKepOM Pa3BUTHS
HUA y xenmun ¢ 1JICT (p = 0.023; 42 = 5.150; OR = 0.10;
95 % AN 0.01-0.83).

Amnens *C uccneayeMbIX JIOKYCOB TakKe OKa3ajcsl PUCKO-
BbIM Y xkeHIH ¢ A ¢ cumnromoxomiiekcom Al (p = 0.006;
x> =7.385; OR = 2.09; 95 % I 1.22-3.59).

Ienoruner *C*C rs594942 n rs11603042 oxa3zanuck Map-
KepaMH TIOBBIIIEHHOTO pUcKa pa3BuTusi A B coueranuu c
ATy xenmun (p = 0.010; > = 6.471; OR =2.51; 95 % JI
1.23-5.12).

Y4uThIBast, 4TO y JIOCTATOYHO OOJIBIIOTO YUCIIA MAIIUEHTOB
¢ UA Bctpedarorcs o6a (pOHOBBIX COCTOSIHHS, MBI TTPOBEIH
aHaJIM3 PEe3yJIbTaTOB MCCIIEIOBAHMS NMPH HAIMYKMU Kak Al
tak 1 HJICT B couetanuu ¢ A u cpaBHIIN C KOHTPOIHHON
BBIOOPKOH C OTCYTCTBHEM TAKOBBIX NPU3HAKOB.

Tenorun *T*T rs594942 n rs11603042 rena VEGFB
cHmkaeT puck passutus MA B couetanuu ¢ o/ICT u AI'
(p = 0.014; %> = 6.013; OR = 0.10; 95 % JU 0.01-0.76)
(cMm. Tabm. 5).

Takum o0Opazom, amens C* rs594942 v rs11603042 rena
VEGFB — mapkep MOBBIIIIEHHOTO prcka pa3sutus MA B 11e-
aoMm (p =0.025; x*=5.052; OR = 1.32; 95 % AU 1.04-1.68),
y xenuwH B neiom (p = 0.001; y2 = 10.124; OR = 1.70;
95 % AN 1.22-2.36) u B komopobugaom coctossanu ¢ HICT
(p = 0.002; > =9,501; OR = 2.34; 95 % JI1 1.35-4.05) u
AT (p=0.006; x> =7.385 OR =2.109; 95 % AN 1.22-3.59).

T'erotun *C*C noxycoB rs594942 urs 11603042 accounu-
poBaH ¢ puckom pazsurtus A B ieniom (p =0.017; x> =5.702;
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OR =1.49; 95 % AN 1.07-2.07), a Taxke y >KCHIUH B I[CIIOM
(p = 0.0005; x2 = 12.078; OR = 2.25; 95 % 1M 1.42-3.57)
u ¢ cumnromoxoMiuiekcoM HIACT (p = 0.007; 3% = 7.173;
OR =2.67;95% AN 1.29-5.53) u AT (p =0.010; y*=6.471;
OR =2.51; 95 % AU 1.23-5.12).

O6cyxpeHue

AHrHOreHe3 — MHOTOCTYIIEHUYAThIH Mpolecc 00pa3oBaHus
HOBBIX KPOBEHOCHBIX COCYJOB, KOTOPBIH CTUMYINPYETCS
THITOKCHEH M aHTMOTeHHBIMH (DaKTOpaMH, TAKUMH KakK CO-
CyaucThIN SHI0TeNManbHbIN Gaktop pocra (VEGF), dakrop
pocra ¢pubpodnacros (FGF), anrnorennH, TpancGopMupyro-
muit paxrop pocra 6era (TGF-B), dpaxrop, naaynnpyemslit
runokcueit (HIF) u ap. Hapytienus Ha 1r00bIX 3Taniax aHruo-
TeHEe3a MOTYT MPUBECTU K COCYIUCTBIM NATOJIOTUSIM, B TOM
uncle k pazsutuio MA.

benku, otHOCsAmMEecs k cemeiictBy VEGF, — mukonporeun-
HBI, CTUMYJHpYIOIIe (POPMUPOBAHUE HOBBIX KPOBEHOCHBIX
1 JTUM(ATHIECKAX COCYI0B M yBEIMYHMBAIOIINE UX MPOHHU-
naemocts. B3aumoneiicteue mexny VEGF u penentopom
AKTHBUPYET OCTATOK THPO3HMHA, HAXO/SAIIETOCS B MHTPAIUTO-
TUIA3MaTHYECKON YacTH PelenTopa, 1 3ayCcKaeT pa3inyHble
CUTHAJIbHBIE KAaCKa/bl B DHJOTEJIMAIBHBIX KJIETKaX, TAaKUe
Kak mpoiudepanusi, MUTpanus ¥ yBEJIUUYEHHE COCYANCTOH
nponumaemoctu (Guo et al., 2010).

B ucciienoranuu (Liu al., 2016) 00Hapy»KEHO, YTO KOHIICH-
Tpanus VEGF B CBIBOpOTKE KPOBH y MAIIMEHTOB Ha TIO3THEN
CTaJIMM Pa3BUTHSI aHEBPU3MBI ObllIa 3HAYUTEIIHLHO BBIIIE, YEM
Ha OoJiee paHHUX CTAIAUAX. AHATIOTHYHOE HCCIICIOBaHKE ObLIO
mpoBeneHo M. Xu ¢ komuteramu (2016), B KOTOpOM BEIOOPKH
MAMEHTOB C AaHEBPU3MOW a0PTHI PA3EIIHIIH IO CTA/INSIM 3a-
OosieBanus. Pe3ynbrarhl 0Ka3aiu, YTO CBIBOPOTOUHbBIE KOH-
nentpannu VEGF B rpymme ¢ mo3mammu cragusvu MA 6putn
3HAYNTEIHHO BBIIIE, YeM KOHIICHTPAIIMH B TPYIIIIE CO CPEAHEH
CTajJueH, a y TeX MalueHTOB, B CBOIO OYepe/ib, BhIIIE, YEM Y
MALMEHTOB C paHHEH cTajuel, 4TO IPEANonIaraeT KIuH1u4de-
CKYIO IICHHOCTb JJAHHOTO MapKepa JIsi paHHeH TNarHOCTHKU 1
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Table 5. Comparison of frequency distributions of alleles and genotypes for rs594942 and rs11603042
in the VEGFB gene with regard to comorbid UCTD and AH

Sample n Allele frequency Genotype frequency
IA+UCTD 108 (152)0.717 (60) 0.283 (50) 0.472 (52) 0.491 (4) 0.037
p=0.009
¥2 = 6.693
OR=0.26
(0.09-0.77)
Control without UCTD 184 (230) 0.628 (136) 0.372 (71)0.388 (88) 0.481 (24) 0.131
IA + UCTD women 51 (77) 0.755 (25) 0.245 (27) 0.529 (23) 0.451 (1) 0.020
p=0.002 p =0.002 p=0.007 p=0.023
x?=9.501 x?=9.501 ¥ =7.173 ¥?=5.150
OR=234 OR=0.43 OR=2.67 OR=0.10
(1.35-4.05) (0.25-0.74) (1.29-5.53) (0.01-0.83)
Control 81 (92) 0.568 (70) 0.432 (24) 0.296 (44) 0.543 (13)0.160
women without IA or UCTD
IA + UCTD men 57 (75) 0.682 (35)0.318 (23)0.418 (29) 0.527 (3) 0.055
Control 102 (137) 0.678 (65) 0.322 (47) 0.465 (43) 0.426 (11)0.109
men without IA or UCTD
IA+ AH 101 (142) 0.703 (60) 0.297 (46) 0.455 (50) 0.495 (5) 0.050
Control without IA or AH 176 (219) 0.626 (131)0.374 (66) 0.377 (87) 0.497 (22) 0.126
IA+ AH women 54 (81) 0.750 (27) 0.250 (29) 0.537 (23)0.426 (2) 0.037
p=0.006 p=0.006 p=0.010
=739 =739 ¥’ =6.471
OR=2.09 OR=0.48 OR =251
(1.22-3.59) (0.28-0.82) (1.23-5.12)
Control 79 (93) 0.589 (65) 0.411 (25)0.316 (43) 0.544 (11)0.139
women without IA or AH
IA + AH men 47 (61) 0.649 (33)0.351 (17) 0.362 (27)0.574 (3) 0.064
Control 96 (125) 0.658 (65) 0.342 (41) 0.431 (43) 0.453 (11)0.116
men without IA or AH
IA + UCTD + AH 70 (102) 0.729 (38) 0.271 (1)0.014 (36)0.514 (33)0.471
p=0.014
¥=6.013
OR=0.10
(0.01-0.76)
Control without UCTD or AH 167 (210) 0.629 (124) 0.371 (21)0.126 (82) 0.491 (64) 0.383
IA + UCTD + AH women 41 (62) 0.756 (20) 0.244 (1) 0.024 (18) 0.439 (22) 0.537
Control 91 (120) 0.066 (62) 0.934 (11)0.120 (40) 0.440 (40) 0.440
women without IA, UCTD, or AH
IA + UCTD + AH men 29 (40) 0.690 (18)0.310 - 18 (0.621) (11)0.379
Control 76 (90) 0.592 (62) 0.408 10(0.132) (42) 0.553 24(0.316)

men without IA, UCTD, or AH

Notes: n, number of subjects. Over three UCTD markers were analyzed in subjects with UCTD.

OTICHKH TsDKeCTH 3a00meBanus (Xu et al., 2016). M. Wolanska
¢ koimieramu (2015) oOHaPYKUITH TTIOBBIIIEHHYO SKCTIPECCUIO
reHa VEGFB (269 +31 %) y HallueHTOB C aHEBPU3MOii OproIIi-
HOW a0pTHI, YTO MPEATIONIATaeT 3HAUNTEIBHYIO POJIb JAHHOTO
TeHa B MaTOJIOTUU COCY/IOB U MaToreHese aneBpusM. OnHako
B JJOCTYIHOM JIUTEPAType HE OYEHb MHOT'O UCCIIEA0OBAHUH 110
MTONCKY 3HAYNMOCTH ONMUMOP(HBIX BapHaHTOB reHa VEGFB
B Pa3BUTHHU aHCBPH3M.

MeguumHCcKas reHeTrKa

BosiBieHa acconnanys ramioTHUIIOB MOIUMOP(QHBIX Ba-
puanToB reHa VEGFB y marepu ¢ 3afep>KKOi pocTa Imiofa
(Manslit IO JUIA TeCTAllMOHHOIO BO3pAcTa) y JaTHHOaMe-
pukanok (Edwards et al., 2011). CormacHO JaHHBIM HUCCIIEIO-
BaTEJILCKOM TPyMITBI U3 benmbruu, ramioTuns! moauMop(HBIX
BapHaHTOB 753741403, rs1058735 v rs594942 rena VEGFB
acconuupoBaHsl co Il ¢a3oif MeTacTaTHIECKOro KOJIOpPEeK-
tanpHOrO paka (Lambrechts et al., 2015). I'pynmnoit yuensix
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(Sudhesan et al., 2017) ObUT TPOBENEH aHATHU3 POJIH TTOIH-
MopdHBIX BapuaHtoB reHa VEGFB (rs699947, rs833061 n
rs2010963) B pa3BUTHU TICOpPHA3a B FOXKHOMHIUHCKOM MOTTY-
TSI TaMAJIOB, 110 AaHHBIM KoToporo ramotun *C7C rena
VEGF sBnseTcs MapKepoM MOBBIIIEHHOTO PUCKA Pa3BUTHUS
ncopuasa, a yposeHb VEGF B mia3zme kpoBu BbIme y ma-
IIMEHTOB C MICOPUA30M IO CPABHEHUIO C KOHTPOJEM M 3Ha-
YUTEILHO KOPPEIUPYET C TshkecThio 3a0oeBanus (Sudhesan
etal., 2017).

Hamu mosydeHbI HOBBIE pe3yABTAThI O POJIH MTOTUMOP(HHBIX
BapuaHToB rena VEGFB B dopmupoBanun MA ¢ yuetom Ha-
mans cumntomokomiuiekca HACT u AT y xwuteneit Bonro-
Ypamsckoro perrnona Poccun. OTSTOMECHHBIH KOMOPOUTHBIH
¢on n nammuue HJICT u AT" MoryT criocoOCTBOBATH MOBBI-
IIEHHOMY PHUCKY pa3BuTHs VA, 4T0 moaTBEp:KAaeTCs Pe3yiib-
TaTaMHM HaIlero uccienosanus. Hamramne cuMnToMoKoMITIeK-
ca u/ICT u Al B 1esioM U B OTIIEIBHOCTH Y JIUI[ MOJIOAOTO
BO3PACTa MOT'YT OBITh 3HAYMMBIMHU IIPOTHOCTHYECKUMH (haK-
Topamu prucka VA Ha sTanax JUCHaHCepHOro HaOIIOICHUS
IPH PO EeCCHOHANBEHOM OpHEHTAIMN, METUIIMHCKOI SKCTIep-
THU3€E, OIPEEIICHNN BO3MOKHOCTH 3aHATHSI CIIOPTOM, OLICHKE
MIPOTHBOIIOKA3aHUI TIPH OTIEPATUBHBIX BMEIIATEIBCTBAX H
CITy)KHUTh JOTIOJTHUTENILHBIMA MapKepaMy pHUCKa pa3BUTHUS U
BeisiBrieHHsE A no cragun CAK ¢ ygeToM Hanmn4us reHeTH-
YECKUX MapKepoB 3a00JICBAHUSL.

Takum oOpa3om, B HallleM HCCIIEJOBAaHUU BbISBJICHA 3Ha-
YUMOCTbH MOJUMOP(MHBIX BApUAHTOB 75394942 n rs11603042
rena VEGFB B popmupoBannu MA B 11eJIOM 1 C y9€TOM Ha-
JIMYHSI COITY TCTBYFOLIMX 3a00JI€BaHUI COSJMHUTEILHON TKaH!
u apTepuanbHON runepreH3nn. OOHApYKEHbI TeHIEPHBIC
pa3nu4ust B PacIpeieNieHnN 9acToOT aJuieNieil W TeHOTHUITOB
UCCIIEAYEMBIX JIOKYCOB, 4TO TpeOyeT AaIbHEHIIIero N3y YeHus
B HE3aBHCUMBIX BbIOOpKaxX O0sbHBIX A M3 pasmuuHbIX HO-
MyISIUd ApyTux pernonos Poccun n Mupa. BuisiiieHo, 4to
Hanuuue HICT u Al yBenuuuBaet puck passutus HA.
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l'eHeTMKa U MMaTOPU3MOIOT U

HII3KOPEHMHOBOV apTepraIbHON IMIIePTOHUN

A.A. Mapkeab

DepiepanbHblii NCCNeROBATENbCKUI LeHTP UHCTUTYT yutonorum u reHetnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus
HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTENbCKUNI FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccnsa

0630p NOCBALLEH PAaCCMOTPEHNIO BOMPOCOB FreHETNYECKO fleTep-
MUHAL MK 1 naTodu3snonorum ogHom n3 Gopm runepToHmyeckom 6o-
Ne3HU — HN3KOPEHNHOBOW apTepuanbHON runepToHun. Ha nepebin
B3rNAf, Pa3BUTUE HU3KOPEHNHOBOW rMNepTOHUN NpeAcTaBaAeTcA
«MPOTUBOECTECTBEHHbIMY, TaK Kak PEHUH KaK KJlloueBo GpepMeHT pe-
HUH-aHTMOTEH3MHOBOW CUCTEMbI, UTPatoLLEl BaXKHYIO pPosb B MpoLecce
$opmMMpoBaHMA rMNepToHNYeCKor 6one3HI, NPY HU3KOPEHNHOBOW
rMnepToHNM NoAasneH. B To e Bpema camble MONynsApHble NeKapCTaa,
NCMofb3yeMble NPU IeYeHNN T’MNnepTOHNYECKO 6one3HN, OTHOCATCA
K Knaccy 610KaTopoB PEHNH-aHIMOTEH3UHOBOW ccTeMbI. PaspelinTb
NPOTVMBOPEYMA MO3BONWIN NCCIIEA0BAHUA FeHETUKN 1 naTopr3nosno-
T HEKOTOPbIX FPYNM 6ONbHbIX C XapaKTePHbIMU, 06beaNHALLUMMN
3TMX 60MbHBIX CUMNTOMaMW. [eHeTNYeCKMe NCCnefoBaHUA NOCIELHNX
[ecATUNeTUIN C UCNONb30BaHNEM KaK CEMeHOro aHanm3a, Tak 1 co-
BPEMEHHbIX MONEKYNIAPHO-TEHETUYECKMX TEXHONOT I NO3BOIUIN Bbl-
ABUTb OCHOBHbIE MeXaHW3Mbl Pa3BUTUA HU3KOPEHNHOBOW rMNepToHUN,
KOTOpble MOXHO KnaccndunumpoBaTb B KauecTBe OrnpeaesieHHbIX CUH-
LPOMOB C BMOJIHE N3y4yeHHoW natodursnonornein nx passutus. K stum
CUHAPOMaM OTHOCATCA CJly4aun Cropaanyecky BO3HMKAKOLWMX COMATU-
YeCcKnxX MyTaLuii B KNleTKax KOpbl HAANMOYEYHKOB, KOTOPble HauMHaoT
NPOAYLMPOBaTb NOBbILIEHHOE KONMYECTBO aJibAOCTePOHa. BbiaBneHo
HeCKOJIbKO HaC/IeACTBEHHDBIX ONIUTOreHHbIX GOPM HU3KOPEHUHOBbBIX
rMnepTeH3niA, YacTb N3 KOTOPbIX TaKXKe CBA3aHa C runepnpoayKumen
anbJOCTEPOHA, ApYyras e YacTb 00yCNOBNUBAET Pa3BUTUE HU3KOpe-
HWHOBOW MMNEPTOHMM 33 CYET HapYLLUEHU perynaumnm GyHKLMN NOH-
HbIX KaHanoB noukun. OTKpbITe GopM apTepranbHON MIMNePTOHNN C
N3BECTHbIMU MEXaHU3MaMK1 MeeT NepBOCTENeHHOe 3HaUYeHne And
MEANLMHDI, TaK Kak NO3BOJIAET NPOBOAUTb LieneByio 3GPeKTUBHYO
Tepanuio 1 B pAafe Ciyyaes [JOCTUraTb NMOJIHOTO M3neyeHus. Tem He
MeHee OCHOBHOW KOHTUHIFEHT 60/bHbIX C HU3KOPEHNHOBOW FMNepTo-
HVeW MPUHAANEXNT K rpynne 60MbHbIX C HEBbIACHEHHON A0 KOHLA
3TMONOrMeNn, Tak Kak X pa3BrTHe CBA3AHO C NMOJIMTEHHbIMK CUCTEMaMM
1 CO 3HAUNTENbHbIM BAVAHNEM CpefoBbIX dpakTopoB. MiccnegosaHue
reHeTUKO-GU3NONOMMUYECKX MEXaHV3MOB HU3KOPEHVHOBbIX GOpM
apTepuvanbHON rMNepTOHMM AaeT NoKasaTesbHbIA NPpUMep TOro, Kak
NPOHNKHOBEHVE B MHTVIMHbIE MEXaHW3Mbl Perynauum apTepranbHoro
[aBNeHVA B KaXKAOM KOHKPETHOM Cilyyae No3BosiAeT uaeHTmdnumpo-
BaTb OTAeSNbHble creundryeckre CMHAPOMbI U YCTaHaBNBaTb UCXOA-
Hble NPUYnHbI 3aboneBaHnA. O4eBMAHO, Ha 3TOM NyTK obecneyeH Npo-
rpecc B pacKpbITUN MPUYNH N MEXaHU3MOB 3CCEHLNANTIbHOM rMnepTo-
HMYecKon 6one3HN yenoBeka.

KnioueBble croBa: apTepuanibHOE AaBneHune; perynauuns; runepro-
Hn4yeckKana 60ﬂe3Hb; HU3KOPEeHNHOBAaA rMNepTOHNA; reHeTn4yeckan
peTepMmnHalnaA; naTO¢M3MOHOFMH; anbAOCTEPOH; PEHWNH; NOHHbIE

KaHaJlbl NOYKWN.
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Genetics and pathophysiology
of low-renin arterial hypertension

A.L. Markel

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
Novosibirsk State University, Novosibirsk, Russia

The review is devoted to the consideration of genetic
determination and pathophysiology of one of the
forms of hypertensive disease known as low-renin
hypertension. At first glance, the development of
low-renin hypertension is “unnatural’, as renin, as a key
enzyme of the renin-angiotensin system, which plays
an important role in the development of hypertensive
disease, is suppressed in low-renin hypertension. At
the same time, the most important drugs actual in

the treatment of hypertensive disease belong to the
renin-angiotensin system blockers. This contradiction
was resolved by a study of genetic and pathophysio-
logical mechanisms of hypertension in some groups
of patients with characteristic symptoms bringing
these people together. Genetic studies of some recent
decades using both family analysis and modern mole-
cular genetic technologies have revealed the main
mechanisms underlying low-renin hypertension, which
can be classified as certain syndromes with well-defin-
ed genetic and clinical features. These syndromes in-
clude cases of sporadically occurring somatic muta-
tions in the cells of the adrenal cortex, which begin

to produce aldosterone in increased amounts. Also,
several oligogenic forms of low-renin hypertension
were studied, some of which are associated with the
hyperproduction of aldosterone, but in the others the
development of low-renin hypertension was associat-
ed with mutations of genes involved in regulation of
the functioning of the kidney ion channels. The discove-
ry of some types of arterial hypertension with known
mechanisms of their development is of paramount
importance for medicine, as it allows for targeted
effective therapy and in some cases for achieving

a complete cure. However, the main contingent of
patients with low-renin hypertension belongs to cases
with unexplained etiology, as their development is as-
sociated with polygenic systems and with a significant
influence of numerous environmental factors. The stu-
dy of genetic and physiological mechanisms of various
forms of low-renin arterial hypertension provides a
good example of how penetration into the intimate
mechanisms of the blood pressure regulation in each
personal case makes it possible to identify some spe-
cific syndromes and establish its final causes. It seems



KAK UUTUPOBATbD 3TY CTATbIO:

that progress in understanding the causes and mecha-
nisms of essential hypertension lies along this way.

Key words: arterial blood pressure; regulation; hyper-
tensive disease; low-renin hypertension; genetic
determination; pathophysiology; aldosterone; renin;
kidney ion channels.
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OoNBIIMHCTBE 0030pHBIX ITyOIMKALN, TOCBSIEHHBIX

THIIEPTOHUYECKO OO0JIe3HH, MOKHO BCTPETUTH Chop-

MYJIUPOBAHHOE C PA3HOH CTENIEHbIO KATETOPHIHOCTH, HO
HEU3MEHHOE 10 CBOEH CyTH YTBEPKACHUE O TOM, YTO 3TUO-
JIOTHSI THIIEPTOHNYIECKON 00Ie3HH (3CCEHITMATBHOM THIIEPTO-
HHHM) JI0 CUX TIOp OCTaeTCsl HepacKpbITOi. B mydriem ciryuae
MIPUBOJISITCSI CBEJICHHSI O MHOTO()AKTOPHOM ITPOMCXOXKICHUH
3a005eBaHMs C TOCTEIYIOMNM O0JIee WM MEHEe MOTHBIM
nepeyncieHreM 3tux ¢axropoB. Hanpumep, B kaure «I'u-
nepronus» (Hypertension. Eds. E.L. Schiffrin, R.M. Touyz.
London: Future Medicine Ltd, 2013) nepeuncistorcs cinemyro-
mue (haKTophl: FeHeTHYeCKast ITPEeIpacIIONoKEHHOCTh (CeMel-
Hasl MCTOpUsi), 00pa30BaHKe, COIMOIKOHOMHUECKHH CTaTyc,
M30BITOYHBIN BEC W OXKHpPEHHUE, OOCTPYKTUBHOE alfHO? BO
CHE, MaJIOaKTUBHBII 00pa3 KHU3HHU, KypeHHE, ICHX03MOIHO-
HAJBHBIA cTpecc, nuadet, OO0Ne3HH MoYeK, aueTa, Ooraras
JKMPAMH U COJIBIO, M C HU3KHM COJIEpPyKaHUEM KaJIHs, aIKOTOJTb.
BeposTHO, ClICOK MOKHO IPOJIOIKHUTH, HO 3TO HE IIPOSICHSCT
BOITpOCa 00 ATHOJIOTMH THIIEPTOHUYECKON OOJIE3HHU, B CBSI3H C
4yeM Jajiee aBTOPbI MUIIYT, YTO OY€Hb TPYAHO OLEHHUTH MPH-
YHHHYIO POJIb KaXKI0TO U3 3THX (PAKTOPOB B IIPOUCXOKICHUN
Oone3nn y koHkperHoro nauuenta: «The etiology of long-
standing hypertension is generally multifactorial and very
poorly appreciated in the individual patient» (p. 209). Takum
00pa3oM, UCXOHAs MPUYMHA THIICPTOHUYCCKON 00JIe3HU
OCTAETCsl HEOIIPEIEIIEHHOM.

Mexty TeM BTOPHUYHBIC THIEPTEH3UBHBIC COCTOSHHUS, B
OTJINYUE OT NEPBUYHOMN ICCEHLUAILHON TMIIEPTOHUH, XapaK-
TEPU3YIOTCS TE€M, UTO JUIA KaKA0T0 OOJBHOTO C THATHO30M
«BTOpUYHAsSI apTepHaIbHas THIIEPTOHNS MOXKHO YCTAHOBUTD
KOHKPETHYIO IIPUYMHY OOJIE3HH, YTO B PSJIC CIIydaeB AeiaeT
BO3MO’KHBIM ITPOBEJEHHE LIENEBON U PaIUKAIBLHON TEPAIINH.
Hanpumep, mUKBHIanMs CTEHO3a MOYEYHON apTEPUN MOXKET
MPUBECTU K IMOJIHOMY H3JICUCHUIO OT T'MIIEPTOHUMU. Yucno
CJIy4aeB BTOPUUYHOM apTepraibHON TMIIEPTOHUH OLIEHUBAETCSI
pa3HBIMU aBTOpaMM HEOAMHaKoBO. Ecim emie He Tak 1aBHO
4acTOTa BTOPUYHBIX ()OPM I'MIIEPTOHNH ITPUBOUIACH B TIpEIe-
max 1-5 % ot obmero uncia OONBHBIX THIIEPTOHMYECKON
6oneznsio (Freel, Connell, 2004), To B mocnenHee BpeMs 3ta
olLieHKa puoIM3miIach K 10 %, mpruueM y MOJIOZIBIX MTAlMEHTOB
B Bo3pacte oT 18 10 40 J1eT mpOIeHT BBISBIAEMBIX BTOPUIHBIX
rureprersuit mossimaetcs 10 30 (Jacovic et al., 2016; Charles
et al., 2017). Dto yBeiauueHHE CBSI3aHO, CKOPEE BCETO, C TEM,
YTO paHHEE Pa3BUTHE apTEPUATBHON IMIIEPTOHNH 3a4aCTYIO
00yCIIOBJIEHO HAJIMYMEM I'CHOB C CHJIBHBIM BIHMSHHEM, KOTO-
pbI€ IPA COBPEMEHHOM Pa3BUTUU TEXHUKU CEKBEHUPOBAHUS
Y aHaJIM3a TEHOMAa MOXKHO YCTaHOBUTH C BEICOKOH TOCTOBEp-
HOCTBIO M, TAKUM 00pa3oM, IepeBecTr OOJIC3Hb U3 paspsiia
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ACCEHIMAIBHOW TMIIEPTOHUM C HEU3BECTHOM ATHOJIOTHEN B
TpyTITy 3a00I€BaHHIA C Y€TKO YCTAaHOBJICHHOH IPHYNHOM, T. €.
B Pa3psiJl BTOPHYHBIX THIEPTEH3UH. YBEINUEHHE K€ IPOLEHTa
BTOPUYHBIX runieprensuii ¢ 1-5 1o 10 % B 001ieit nomyssium
OONBHBIX THIIEPTOHMYECKOH 00JIe3HBIO 00YCIOBIECHO Ooiee
U30IPEHHON TUarHOCTUKOM € IPUBIEYEHUEM COBPEMEHHBIX
METOZI0B MOJICKYJISIPHO Onosioruu u renetuku. MurepecHo,
YTO 3HAYMTENBHAS YaCTh BHOBb BBISABISIEMBIX CIIy4aeB BTO-
PHYHBIX THIIEPTEH3UI MPOUCXOIUT U3 IyJa TaK HAa3bIBAEMOU
HU3KOPEHUHOBOI T'MIIEPTOHMH, KOTOpasi CUMTAETCS Pa3HO-
BU/IHOCTBIO 3CCEHIUAIBHON TUIepToHNH. OMHCAHUIO 3THX
CIIy4aeB WM MPHUPOJBI CAMOM HU3KOPEHUHOBON T'MIIEPTOHUU
MOCBSIIIICH 3TOT 0030D.

PEHI/IH-aHFI/IOTEH3VIH-aHbIJ,OCTepOHOBaFI caacTtema

M apTepuanbHasa runepToHua

PennnoBas cucrema. Penun — 31o hepMeHT, ToCTymaromui
B CHCTEMHYIO LIUPKYJSIHIO U3 1odek. OH CHHTE3UpyeTCs
KJICTKAMU FOKCTArTIOMEPYIISIPHOTO (OKOJIOKIyOOUYKOBOI0) arl-
rapara TOYKH B OTBET Ha CHIDKCHHE Nep(y3HMOHHOTO /1aB-
JCHUS B TPUHOCSIIUX apTEpPHOJIaX MOYEUHBIX KIIyOOUKOB
I/I/I/IJ'II/I B OTBET Ha YCUJICHUC CUMIIATHYECKOM CTUMYJIALIUU, a
TaKKe P yMeHbInennn kornentpanmit Nat u Cl™ B paiione
KIICTOK «IUIOTHOTO TIsITHA» (macula densa), BXOIAIIETO B CO-
CTaB IOKCTArIOMepyIsipHoro amnmapara. CyocTparoM peHrHa
SBJISIETCSI OEJIOK aHTHOTECH3UHOTEH, CHHTE3UPYEMBI B IIEUEHH,
OT KOTOPOT'O OTpe3aeTcsl ACKaeTH ] — AaHTHOTeH3UH-1, KoTo-
PBIii, B CBOO OYEPE/b, BEICTYIIAET B KAUECTBE IIPE/IIECCTBEH-
HHUKa OKTaIrenTHIa — anrnoteH3nHa-11, odpasyromerocs mpu
y4acTUH aHTHOTEH3MH-TIpeBpamatomero gepmenra (AIID)
Onaronapst oriieruieHuI0 ByX C-KOHIEBBIX aMHHOKHCIIOT.
Anrnoren3us-11 obramaeT MHUPOKUM CHEKTPOM (UZNOIO-
TrHYecKUX 3()(EKTOB, B TOM YHCIC SBISIETCS MOIIHBIM Ba30-
KOHCTPHKTOPOM U CTUMYJISITOPOM CEKPELHUH ajbJ0CTepOHa
KOpOW HaJMmo4YeuyHuKa, oOecreunBas 3aAepKKy HATPHUS U
BOJIbI M BBIBEJICHUE KaJHs 1MOoYKod. Takum oOpa3oM, peHHH-
aHTHOTeH3UH-anbaocTepoHoBas cucreMa (PAAC) — oqun u3
OCHOBHBIX MEXaHU3MOB PETYIISIIN BOAHO-COJIEBOTO OaaHca
Y apTepHaIbHOTO TABJICHHS, IPUYEM HAPSAy C BHEITHUMH pe-
T'YJSITOPHBIMU BIMSIHUSIMU (CUMITaTHYECKast HEpBHAsI CUCTEMA)
PAAC mMeeT aBTOHOMHYIO PETYIISIINI0: PEHIH CTUMYIHPYET
CEKPEHIO alIbJI0OCTEPOHA, a aJIbJOCTEPOH Oaroaps 3aJepK-
K€ HaTpUsl ¥ BOJIbI yTHETAET CEKPELIUIO peHHHA (OTpHLIATEI b~
Hasi oOpaTHas CBS3b).

Hun3skopeHuHOBasa apTepuranbHasa rMNepToHNA
IToBblIICHNHE CEKPELMH PEHUHA SCTECTBEHHBIM 00pa3oM ac-

COIIMMPYETCA C YBCIMYCHUEM IMPOAYKIHHU aJIbJOCTCPOHA U
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MOBEITIICHIEM apTepranbHoro nasnerus (AJl). Tem He meHee
YK€ JIaBHO OBLIO 3aMEYEHO MPUCYTCTBHE CPEAN OOIBHBIX
TUIIEPTOHNYECKON OOJIE3HBIO MAIIMEHTOB C BBICOKUM AJl u
MTOHMKCHHBIM YPOBHEM PEHHUHA, T. €. C TAK HA3bIBACMOW HU3-
kopeHnHoBo# runepronuei (Channick et al., 1969; Jose et al.,
1970), yacToTa KOTOpO# cpenu OONBHBIX THIIEPTOHUIECKON
00J1e3HBIO B pa3HBIX MOMYIAIHIX Koneomercs ot 25 mo 30 %
(Sagnella, 2001; Mulatero et al., 2007). EctecTBeHHO OBLIO
OBl cunTaTh, 9TO MOBBIIICHNE A/l B CITy9asx HU3KOPEHUHOBON
TUIIEPTOHUH CBSA3aHO C YCIJICHHEM CEKPEIINH aTbI0OCTEPOHA,
KOTOPBII TI0 MEXaHU3MYy OTPHLATEIbHOI OOpaTHOW CBS3H
yrHETaeT OMOCHHTE3 PeHHHA. DTO MPEAINOIOKEHHE B CBOE
BpeMs HAILIO MOATBEPXKACHHE B paboTax HHIOKPHHOIIOTA
n3 Muunranckoro yHusepcurera (T. AHH-Ap6op) [Ix. Kona
(Conn, 1960), KOTOPBIN ONUCAN TUTIEPTEH3UBHOE COCTOSIHUE,
codeTaromieecs ¢ MOBBIIIICHHEM KOHIICHTPAIHX alTbI0CTePO-
Ha ¥ IOHWKCHUEM YPOBHS PCHUHA B IJ1a3Me KPOBH, ITOJTyYHB-
1Iee Ha3BaHWEe CHHAPOM ITEPBUYHOTO THITEPATI0CTEPOHN3MA,
niu cu"poM Kona. B cinyuae, onucannom k. Konowm, no-
BBILIEHHE CEKPELIUH JIb0CTEPOHA OBbLIO 00YCIIOBICHO HAJIN-
YHEeM CeKPeTHUPYIONIEH aabI0CTEPOH aJeHOMBI KOPBI HA/IIIO-
YEYHUKA, TIPH 3TOM aJIbI0CTePOH-CEKPETHPYIOIIasi CHCTEMA
MePEeCTaeT MOMUUHATHCS PETYISTOPHBIM BIUSIHUASM H IPOIOII-
KaeT YCHIICHHO (DYHKIIHOHUPOBATH, HECMOTPSI Ha TIO/IaBIICHHE
CEKpEeINH OCHOBHOTO €€ CTUMYIATOpa — peHHHA. TakuM 00-
pa3omM, BIEpBbIE M3 pa3psijia AICCEHIUAIBHONW TMIIEPTOHUU
0ONBHOM OB MEPEBEICH B CTATyC BTOPUYHOW THIIEPTOHUHU
C U3BECTHOM MPUUNHOHN 3a00JIEBaHUS, KOTOPYIO C IIOMOIIBIO
OIHOCTOPOHHEH aIPEHAIPKTOMHH YIAJIOCh YCTPAHUTh U T1OJI-
HOCTBIO BBUICUUTH OOIBHOTO.

MepBUYHbBIN anbaOCTEPOHN3M

N COOTHOLUEHMne aﬂbﬂOCTepOH/pEHVIH

HcTopudeckn IepBUYHBIH allbI0CTEPOHI3M PacCMaTPHUBAICS
B KQUECTBE PEJIKO BCTPEUAIOIICHCS MPUYNHBI apTepUaIbHOM
runiepronuun (Kaplan, 1967; Calhoun, 2006). Oxnako uc-
CJICZIOBAHUS TIOCICIHUX JICT TTOKa3aJld, YTO OTpE/ICICHHBIC
OMOXMMHUYECKUE KPUTEPUH HAIIMYHSI IEPBUYHOTO aJIb0CTe-
ponnsma obHapyxmuBatoTcs y 10—15 % OompHBIX THIIEPTO-
HUYECKOU 00JIe3HBI0. Y MAIMEHTOB C PE3UCTEHTHOH (hopMOit
THIIEPTOHMYECKON OOJIe3HH TEPBUYHBIH allb0CTEPOHU3M
peructpupyercs ermie gaie — okoino 20 % ciydaeB. Hannane
TIEPBUYHOTO alTbI0CTEPOHI3MA TIPU PE3UCTEHTHOM (hopMe TH-
MEePTOHUYECKON OOJIE3HN TTOATBEPXKIACTCSI SPPEKTHBHOCTHIO
AQHTHAJIBI0CTEPOHOBOH TEPATUH, KOTOPAst OIPABAbIBACT ceOs
JaKe TIPH OTCYTCTBHUHU SIBHOTO YBEIMYCHHUS KOHIICHTPAITHIA
aJbJ0CTEpPOHA B TUIa3Me WM Mode. B CBsi3u ¢ 3TUM JUIs BBI-
SIBIICHUS IEPBUYHOTO AJIBI0CTEPOHNU3MA IIOMUMO H3MEPEHNUS
KOHIICHTpAIIMI albIOCTepOHA B IIa3Me KPOBHU CTATH HC-
TI0JIb30BAThCS HEKOTOPBIE JINHAMUYECKUE TECTHI, MPU3BaH-
HBIE JI0Ka3aTh HAJIWYHE W aBTOHOMHOCTH THIEPCEKPeLnn
anproctepoHa. Oxa3anoch, 9TO BRIPAKCHHOCTD OTKIIOHCHUH
B KOHIICHTPALMsAX PEHHHA U allbJJOCTEPOHA HEOOXOIUMO
OIIEHUBATh HE TOJBKO IO aOCOIOTHOMY WX KOIWYECTBY, HO U
0 COOTHOIICHUIO anpraoctepon/pernH (Funder et al., 2016;
Monticone et al., 2018b). Benuurna 3Toro kosdduiueHra, Ha
OCHOBAHHH KOTOPOTO MOYKHO C OIIPE/ICIIEHHOH YBEPEHHOCTHIO
TOBOPUTH O BOSMOXKHOM HAJIHYHH Y TTAIMEHTA allbI0CTEPO-
HHU3Ma, K COXKaJICHHUIO, YETKO HE ONpeJiesieHa, TeM He MeHee
CUMTAETCS, YTO OHA JIOJDKHA MpeBbImarh 30, eciii ypoBeHb
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pPEHHHA OLIEHHBAETCS 110 €r0 CIIOCOOHOCTH CHHTE3MPOBATh
aarnoter3uH-1 (ng/ml/h), 1 5TOT KO3 pUITHEHT HOMKEH OBITH
BhIIIE 3.7, ecM M3MEpseTcst He aKTHBHOCTH, a KOHIICHTpa-
st peauna B mwiazme (mU/L). YpoBeHb anbaoCcTepoHa, Kak
0OBIYHO, M3MEPSIETCS 110 €TO KOHIIEHTpanuH B ia3me (ng/dL).
K coxainenuio, 3TOT IPOCTOH TECT HE SIBISIETCS] CTPOTO CIIe-
HU(GUYHBIM, U HAJIMYUE AJTbJOCTEPOHU3MA JIOJDKHO MOJ-
TBEPKIATHCS ITyTEM IPOBEICHUS JIOTIOIHUTEIIBHBIX UCCIIENI0-
BaHWH Ha BO3MOXKHOCTb ITOJJaBJICHUS YPOBHS aJIbIOCTEPOHA
C MOMOIIBIO TaKUX MPOLEAYp, KaK BBEACHHE 001a1atonero
BBICOKOM MUHEPAJTOKOPTUKOMIHONW aKTHBHOCTBHIO (IIyaApo-
KOPTH30HA, a TAKXKE IyTEM COJICBOM HArpy3KH WM OJIOKaIbI
AQHTHOTEH3UH-KOHBEPTUPYIOLIEro (hepMeHTa KarToIpUIoM
(Mulatero et al., 2006; Vilela, Almeida, 2017; Song et al.,
2018). B HOpME 3TH BO3ACHUCTBYS TOJIKHEI TIOIABJISATH CEKPe-
LIUIO aJbJ0CTEpOHA. B ciyyae OTCYTCTBHSI peaklUu ajbIo-
CTEpPOHA Ha PETYIUPYIOMINE U MOAABIISIOIINE €T0 CEKPEIHIO
CTHMYJIb OKOHYATeIbHas BepH(UKAIIUS TMarH03a U YCTaHOB-
JICHHE TUIIA MEPBUYHOTO aJbJ0CTEPOHMU3MA MPOU3BOAATCS
Ha OCHOBAHWH JIAaHHBIX KOMIIBIOTEPHOH ToMorpaduu 1 Ipu
HEOOXOIMMOCTH C UCTIOIb30BaHNEM JIByXCTOPOHHEH KareTe-
pH3aluK HaAMOYEYHUKOBBIX BEH JUIS MOJyYeHHs] 00pa3lioB
OTTEKalOMIel 0T HaJMOYECUHUKOB KPOBH C OIPE/IEIICHUEM B
Hell KOHIIEHTPAIMH CeKpeTHpYeMbIX ropMoHOB (Monticone et
al., 2015b; Williams et al., 2017). [Ipu BbISIBICHUN OXHOCTO-
POHHEN aJbA0CTEPOH-NPOLYLIUPYIOLIEHN aleHOMBI BO3MOXKHO
MIPUMEHEHNE XUPYPTrUUECKOTO JICUCHNSI, €CITH JK€ MMEEeTCS
JIBYXCTOPOHHSISI TUIIEPTPO]HUs HA/IIOYEUHUKOB, HCIIOJIB3YIOT
JIEKapCTBEHHYIO TEPAITHIO.

Wrak, nepBUYHBIN allbIOCTEPOHN3M XapaKTEPU3YeTCs aB-
TOHOMHOU TUTIEPITPOAYKIHEH aIbJOCTEPOHA OTHIM HITH 000-
MU HaJOYCYHNKAaMH. BHOXMMIYecKuMH pU3HAKaMH, KaKk
YK€ TOBOPHIIOCH, SIBJISIOTCS TTOJaBJICHUE CEKPELMH PCHUHA,
[OBBILIIECHHBIH WJIM HOPMalbHbI YPOBEHb AJIbJAOCTEPOHA
(HO ¢ MoBBIIIEHNEM K03 HIIeHTa aNTbI0CTePOH/PEHNH) U
THITOKAJIMEMHUsI, KoTopast otMedaeTcs y 9—37 % OonbHBIX ¢
nepBUYHBIM ajbocteponusmoM (Funder et al., 2016; Mon-
ticone et al., 2017a). B HacTosmmee BpeMsi C MPIMEHEHHEM
COBPEMEHHBIX METOIOB TMArHOCTUKHU YCTaHOBJICHO, YTO Iep-
BUYHBIN aJbJOCTEPOHHU3M B TOW WM WHOI (hopme mpHCyT-
CTBYeT Y 6 % OONBHBIX IHIIEPTOHUYIECKON Oone3Hb0 (Mon-
ticone et al., 2017a), 9To B pa3bl MPEBBILIIAET YACTOTY ATOTO
3a00JIeBaHusI, 110 OLIEHKAM, JaBaeMbIM J[BA-TPH JCCATHIICTUS
Hazaa. Hano mMeTs B BULY, YTO OOJIBHBIC-THIIEPTOHUKH C
MIEPBUYHBIM JIbJIOCTEPOHU3MOM, IO CPABHEHUIO C OOIBHBI-
MM 3CCEHUMAJIbHOM TMIIEPTOHUEH, XapaKTepU3yrTcs 3Ha-
YUTEIbHBIM MOBBIIICHUEM PUCKA TAKUX OCIOKHEHUH, Kak
1epeOpoBaCKyIISpHbIC HAPYIICHNUS, THPApKT MHOKap/a, Me-
TabOIMYCCKUN CHHIPOM U caxapHbiid quader (Mulatero et
al., 2013; Monticone et al., 2018a). Bot mouemy paHH:s
JIMarHOCTHKA 9TOTO COCTOSIHUSI OYEHb BaXKHA, TEM 00JIee U4To
W3BECTHBI METOIbI crielin(puuecKoil 3 eKTUBHOM Tepanuy,
HarpuMmep OJIOKaabl aJIbOCTEPOHOBBIX PEIIEITOPOB HIIH XHU-
PYPrHYECKOTO yAaJIeHUs aJIeHOMBI KOPBI HA/IMOYCIHHKA.

Cnopagunyeckunin nepBUYHbIN
rmnepanbfoCcTepoHU3m

[lepBuuHBIA aTbAOCTEPOHU3M OBIBACT HACICICTBEHHBIM U
MpHOOPETEHHBIM (CTIOpagndecKuii). XOTs cropaandecKuit
AITBJIOCTEPOHM3M OTHOCHTCS K HEHACIICACTBEHHBIM 3a00J1eBa-
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leHeTnKa 1 natopusmonorms
HV3KOPEHVHOBOV apTepurasibHOM FrMNepToHNM

HUSM, Pa3BUTHE COBPEMEHHBIX TEXHOIOTHI CCKBCHUPOBAHNUS
JIHK 1o3BonMII0 YCTaHOBUTH CBSI3b MOSBICHUS aJIb10CTEPOH-
CEKPeTHPYIOIIEH aJleHOMBI C BOSHUKHOBEHHEM COMaTHYECKUX
MYTaIii ONpeIeTICHHBIX TeHOB. Pedb HeT o 4eThIpex reHax:
KCNJ5 —reH noTeHuan-3aBuCUMOr0 KaJIMeBOro KaHasa oji-
cemetictBa J5; ATP1AI — reH TPaHCIIOPTHOW CYObEAMHHIIBI
anbga-1 Nat/K+t-ATdaser; ATP2B3 — reH KalbLIHi-TpaHC-
noprupytomieit AT®a3p-3 u CACNAID — ren anbda-1D
CyOBEIMHUIIBI TOTEHINAI-3aBICUMOT0 KaIbI[HEBOTO KaHAaJA.
CoMaTHdecKie MyTaIliH STHX TSHOB BCTPEUAIOTCS TPUMEPHO
B 60 % ciy4yaeB criopaJuyecKy BO3HUKAIOUIETO IEPBUYHOTO
anpaocteporn3ma (Choi et al., 2011; Azizan et al., 2013;
Scholl et al., 2013; Fernandes-Rosa et al., 2014). OGmwmit
Ba)KHBIN MOJICKYJISIPHBIN 3P (EKT STUX MyTaIUil — AKTHBALIUS
BHYTPHUKJIETOYHBIX KaJbIIMHA-3aBUCHMBIX CUTHAJIBHBIX Ty TeH
(Monticone et al., 2015a), 9T0 CTUMYIHPYET MPOTYKITHIO aJTh-
JIOCTEpOHa KIIETKaMH1 KOpbI Ha iroYedHrKa. Hannane myTanum
reHa KCNJ5 B penpOIyKTUBHBIX KJIETKaX MPUBOIUT K Pa3BH-
THIO HACIIECICTBEHHOH ()OPMBI IEPBIYHOTO AJTBI0CTEPOHI3MA.
Takum o06pazom, myTanusi reaa KCNJ MOXeT ObITh TPUIHHON
KaK HacJIeJICTBEHHOM, TaK ¥ BHOBH BO3HUKIIIEH (MPHOOPETEH-
HOW) (OPMBI TIEPBUYHOTO aThIOCTEPOHU3MA, TIPU KOTOPOH
UMeeT MecTo mposindepanns KJIeTOK KIyOOYKOBOW 30HBI
HA/AMTOYEYHUKOB. B pesynbrare NOBIMICHHAS CEKPEIHs ajlb-
JIOCTEPOHA CTAHOBUTCS KOHCTUTYTHBHOH (Gianmichele et al.,
2014). ImeeTtcst onucaHue AByX MAllMEHTOB C COMaTHYECKOM
myTtanuei rena KCNJ, y KOTOpPBIX OTMEUYEHO OTCYTCTBHE
SIBHBIX TIPU3HAKOB TUIICPATBI0CTEPOHI3MA, HO OBbIJIa TIOBEI-
IIeHa Peakys ajbJ0CTepOHa Ha aJPEHOKOPTHKOTPOIHBIH
ropmoH (AKTI') (Markou et al., 2015). Eme y 3 % 0osbHbIX
CO CIIOPaINIECKUM TIEPBUIHBIM aJIbJI0CTEPOHU3MOM HalIe-
Ha comaTtuueckas myrtauus rena CTNNBI, Koaupyrouiero
Oera-karenuH (Wang et al., 2017). Dra MyTauus Taxxe or-
BEYACT 32 BOSHUKHOBEHHUE aJhJIOCTEPOH-TIPOAYIIUPYIOMICH
ormyxou kopsl Hamoueunnka (Scholl et al., 2015a; Akerstrom
etal., 2016).

HacneactBeHHbIN (cemenHblin)
rmnepanbgoCcTepoHN3mM

Bce nHacnencTBeHHBIE (hOPMBI TIEPBHYHOTO aIbI0CTEPOHI3MA
COCTABJISIIOT, 1O Pa3HBIM CBeJeHUsIM, OT 1 10 6 % OT Bcex
CIy4aeB JIaHHOW MaTOJOTUU. SICHO, YTO 3TO JIOBOJIBHO PEJi-
K€ CHHAPOMBI, HO UX BBISBICHUEC UMEET NMPUHINITHAIEHOES
3HauYEHHE JUISl 3[J0POBbSI OOJILHBIX-THIIEPTOHUKOB, TaK Kak
JTaeT XOPOUINH IIAHC [T IpoBeaeHNUs 3 (HEKTHBHOM 11eIeBOM
Teparum.

Bcero oOHapy»KeHO MATh HACJIECTBEHHBIX ()OPM MEpBUY-
HOTO aybaocTepoHn3Ma. Hambomee 4acTo BCTpedaronIuics
CHHJIPOM HMEET 3aMBICIIOBAaTOC Ha3BaHUE: alIbJJOCTEPOHM3M,
M3JICYMBAEMBIN TITFOKOKOpTHKOUAaMu (glucocorticoid-reme-
diable aldosteronism). Ou 6buT onucan B 1960-¢ roasr (Su-
therland et al., 1966; Salti et al., 1969) u B HacTosiIIIee BpeMs
¢urypupyer nox adopesuarypoit FH-1 (Familial Hyperten-
sion I). 'eneTrueckas npuarHa 3a0oaeBanmst OblIa pacKphITa
B 1992 1. 11 cBsI3aHa ¢ 00pa30BaHIEM XUMEPHOTO TeHa, COCTOSI-
11ero U3 npoMortopHoi yactu rena CYP11B1, rena pepmenTa
OmocuHTEe3a ITIOKOKOPTUKOMAA KOPTHU30JIa M KOIMPYIOIIETO
paiiona rena CYPI1B2 — anbaocTepOHCUHTA3bl. B pe3yinb-
TaTe CUHTE3 anbaocTepoHa MoxeT ctumynupoBarses AKTT,
KOTOPBII B HOpME JIOJDKSH HHIYIIUPOBATh CHHTE3 ITTFOKOKOP-
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TUKOU 1A KopTU30Jia. Tak Kak KOPTH30J1 B CHITY OTPHLIATEIbHON
00paTHO¥i cBs13U criocoOeH moaassaTh cexperio AKTT, Bee-
JICHUE YK30TCHHBIX TITFOKOKOPTHKOM/I0B (OOBIYHO UCTIONB3YIOT
CHHTETHYECKHUI TOPMOH JIEKCaMETa30H ) TI0JaBIsIeT CeKPELIUIO
AKTI u mpexpamiaer CTUMYJISIIIO CHHTE3a albI0CTepPOHa,
T. €. 3Ta (hopMa HACIIEACTBEHHOTO aJIbI0CTEPOHN3MA H3JICUH-
BaeTCsl MyTeM Ha3HA4YeHUs TaOJeTOK JexcameTa3oHa. Bos-
MO>KHOCTh 00pa30BaHMsI XMMEPHOTO T€HA CBSA3aHA C TEM, UTO
rensl CYP11B1 n CYP11B2 xapakTepu3yloTcs OOJIBIION CTe-
TIeHbIO TOMOJIOTHH U PacToiokeHbl TaHAeMHo (8q24). Tounas
JIMAarHOCTHKA CUHJPOMA € ITIOMOLIBIO TOJIMMEPA3HOM LEHON
PEaKIUK 1 BO3MOKHOCTH ITOJTHOTO U3JICUSHHUS OT TAKOTO pojia
THIIEPTOHMH JAl0T HaM OJecTsiiuuii npumep 3G QeKkTHBHON 1
MPEIM3UOHHON INAarHOCTHKH U TEPANUK THIIEPTEH3UBHOTO
COCTOSIHHSI, BXOZIAIIETO B MyJT HU3KOPEHHHOBBIX THIIEPTOHUH
(MacConnachie et al., 1998). [IpaBna, Ha/l0 y4UTBIBaTh, YTO
YacTOTa 3TOTO CHHAPOMa He TpeBbIacT 1 % ot obmiero uncna
OOJIBHBIX TIEPBUYHBIM aJIbJI0CTCPOHU3MOM.

I'enernueckas 0a3za BTopoit popMbl HACIIEICTBEHHOTO I'H-
nepanprocreponusma (FH-II) uccnenosana nemasuo (Scholl
et al., 2018). DTOT cHHIPOM HE YYBCTBHUTEJICH K BBEACHHIO
TJTIOKOKOPTHKOUJIOB U KIIMHUYECKU TPYAHO OTIMYUM OT
cniopanudeckoid opmbl. Ero CBA3BIBAIOT ¢ MyTalmen reHa
CLCN2 (Chr. 3Q27.1 Argl72GlIn), xomupyomero Xiopua-
bl kaHan CIC-2, KOTOphIN dKCIpeccupyeTcst Hapsay C
JPYTHMH TKaHSIMH B KITyOOUKOBOH 30HE KOPbI HATIOYETHHKA
(Fernandes-Rosa et al., 2018; Scholl et al., 2018). MyTanus
HacJIEyeTcs 110 ayTOCOMHO-IOMHUHAHTHOMY THUITY C HETOJI-
HOM NeHeTpaHTHOCTHI0. Hanmnuue 3Toit MyTaluuy NpuBOAMT K
JIETIOJSIPU3aLiii MEMOPaHBI KIIETOK KITyOOUYKOBOW 30HBI KOPBI
HaJINOYeYHHUKA ¥ MHYKIUH YKCIPECCHHU FeHa ajlbJI0CTEPOH-
curTa3sl — CYP11B2. JIns nedeHus ICIOoNb3yIOTCs OIOKaTOPHI
MHUHEPAJIOKOPTHKOUIHBIX PELETITOPOB.

TpeTbs popma HacHeICTBEHHOrO alibJ0CTEPOHU3MA
(FH-III) obycnoBnena MyTanueil y»Ke YIMOMSHYTOTO BEIIIIE
rena KCNJ5 (Chr. 11q24.3), Komupyromero cTpyKTypy Kajue-
Boro kaHana GIRK4 (G-0en0k-CBsI3aHHbIC KAJTUCBBIC KAaHAJIBI
BHyTpenHero BeimpsamiieHus) (Geller et al., 2008; Choi et
al., 2011). OGHapy>keHbl KAK MHHUMYM JIB€ MyTalllH{ 3TOTO
rena. Ecinu comarnueckue mytanuu rena KCNJS B kieTkax
KOPBI HA/IMOYEYHNKA IIPUBOJST K PA3BUTHIO aI€HOMBI, TO TIPH
HacJeJCTBeHHON (popme, KoTia 5Ta MyTalusi UMeeTcs B Te-
HEepaTUBHBIX KJIETKAX, IPOUCXOIUT MACCUBHASI THIIEPTPODUSI
000WX HAIIOYEYHUKOB, Pa3BUBACTCS HACIIEACTBEHHAS (hopMa
MIEPBUYHOTO albi0cTepoHn3Ma. Hapymenue ¢yHKInn kaHana
GIRK4 npusomurt k u36bitounomy noctyriennio Nat u Catt
B KJIETKY U JICTIOIAPU3ANHI MEMOPAHBI, UTO CITY’KHT CUTHAJIOM
JUIsl CHHTE3a ajbJocTepoHa 1 nponudepanun. K HacTosme-
My BPEMEHH YJaJloCh BBISIBUTH 12 ceMel ¢ MyTalMsMK I'eHa
KCNJ5. Y HOocuTenel 3Toi MyTaluy 3a9acTyI0 Pa3BUBACTCS
BEChbMa TsDKeJast U paHHss popMma apTepHabHON IMITepTeH-
3un. Taxk, B 0[JHOI ceMbe Obl1a 3a)MKCUPOBaHA BbIPAKEHHAS
THIIEPTEH3HSI C aTbOCTEPOHN3MOM Y IEBOUYEK YETHIPEX M CEMHU
J1et. 1o TpedyeT B Cilydae HelocTaTouHoro 3(dexra ot ede-
HUSI aHTarOHUCTaMU MHHEPaJIOKOPTHKOUIHBIX PEIETITOPOB
TIpOBENIEHHS IBYCTOpOHHEH anpeHamdkromMuu (Monticone et
al., 2017b) ¢ mocrnexyromel MOXU3HCHHON TOPMOHAIEHON
3aMecTUTeNbHOU Tepanueid. [1o pekomengatu MexayHapos-
HOH acCOIMAINY 3HI0KPHHOIOTOB, HEOOXOANMO MPOBE/ICHUE
TapreTHOro cekBeHupoBanusa rena KCNJ5 y Bcex NallMeHTOB
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MOJIOJIOTO BO3PACTa C BBIPAKEHHON THUIIEPTOHUEH, YTO MO-
MOXKET BOBPEMsI Ha3HAUYUTh aJICKBATHYIO MPHYUHE TCPAIUIO
1 u30exath cephe3nbix ocnokHenuii (Funder et al., 2016).

YerBeprast (hopMa HACIEICTBEHHOTO albJ0CTEPOHU3-
ma (FH-IV) cBsazana ¢ myrauusmu rena CACNAIH (Chr.
16p13.3), kogupyromiero KajabIueBbiid kaHai T-tuna Cav3.2.
OOHapy»eHbI JIBe MyTalli{ 3TOTO T'€Ha, KOTOpPbIE XapakTe-
PHU3YIOTCSI ayTOCOMHBIM JIOMHHAHTHBIM HACJICOBAaHUCM C
HEToJIHOM reHeTpanTHOCTRIO (Scholl et al., 2015b). BonbHbie
OTIIMYAIOTCS PA3BUTHEM TMIICPTEH3MU B PAHHEM BO3PACTE, HO
CHUMIITOMBI OYCHb BapUAOCIIbHBL. YCIICIIHO JICUUTCSI aHTAro-
HHCTaMH aJIbJI0CTEPOHOBBIX PEIICTITOPOB.

[IAThI CHHAPOM HACIIEACTBEHHOTO aJIbJIOCTEPOHMU3MA Ha-
psy C TIOBBINICHUEM apTePHALHOTO TABJICHUS U allbJ0CTEC-
POHa XapaKTepHU3yeTCsl PsIIOM HEHPOIOTHUECKUX CUMITTOMOB
(Azizanetal., 2013; Scholl et al., 2013). OH iposiBIsIeTCS yKe
B PaAHHEM JICTCTBE M HAPSITy CO 3HAYUTEIHHBIM MOBBIIICHUEM
AJl v TunokangeMueit MOTyT HaOMIOAaThCSI CYIOPOTH U TTapa-
mman. Unentudunuposansl nse myrtarmn (1770M u G403D)
rera CACNAID (3pl14.3), xogupyroiero anbda-cyobesu-
HUILY MTOTEHIIMAII-3aBUCUMOT0 KaJIbI[MEBOr0O KaHana L-Tumna.
MyTanuu 00yCIOBIMBAIOT YCUIICHHE MOCTYIJICHUS HOHOB
KaJIbIIHS B KJICTKY U CTUMYJISIIIAIO CEKPEIIUU aJIbIOCTEPOHA.
B Hacrosiiiee BpeMsi BejieTcst HaOJII0IeHHE 3a JIBYMsI IETbMH,
HMEIOIINMHE CTAaTyC HACIEICTBEHHOTO aIbI0CTEPOHI3MA, 00-
ycnoBneHHoro mytauusiMu rena CACNAID. Y neBouku, KOTo-
POit HCTIOIHUIIOCH TPH TO/1A, APTEPUATTBHOE IABIICHUE YIAIIOCh
CHHM3HTH C MMOMOIIBIO aMIIOAUITHHA (OIIOKATOpP KallbIIMEBBIX
KaHaJIOB), OJTHAKO Y HEe OTMEYAIOTCs IPOrPECCHPOBAHUE He-
BpPOJIOTHYECKHUX CUIITOMOB U 3aJiep’KKa pa3BUTHs. Y BTOPOM
JICBOUKH (K MOMEHTY 00CIIe/IOBaHUsI € UCTIOTHUIIOCH JICBSTh
JICT) pa3BUTHE UJICT CPABHUTEIBHO Onaromnony4so (Scholl et
al., 2013). Kak BuaHO Ha 3THX mpuUMepax, Takas Gopma Ha-
CJIEZICTBEHHOTO TEPBUYHOIO aJbJOCTEPOHM3MA MPOTEKAET
OoJiee TSKEIIO M TUI0XO MOAAAETCS KOPPEKIIUH.

HaCﬂep,CTBEHHaﬂ HN3KOPEeHNHOBaA rmnepToHnNA
6e3 yBennueHns ceKpeLunn anbaocTepoHa,

HO ¢ ycuneHuem GyHKunm

ero 3¢ peKTOpPHbIX 3BEHbEB

Cunapom JInaaasi. OnuH U3 BapuaHTOB MOHOTEHHOM HU3-
KOPCHUHOBOM rurepronnu — cuaapom Jlummis (Liddle et al.,
1963), koTOpHIit HACTIETyeTCs TI0 Ay TOCOMHO-TOMHHAHTHOMY
tuny (Mulatero et al., 2007). OH momy4mi xapakTepHOe Ha-
3BaHHE — TICEBO0ATBIOCTEPOHN3M, TaK KaK CHMITOMBI HC-
TUHHOTO aJhJ0CTEPOHU3MA, B YACTHOCTH PaHHEE Pa3BUTHE
TMIIEPTOHUH, CHIDKCHHBIC KOHIICHTPALUM PEHHHA M KaJlus
B TIa3M€ MPUCYTCTBYIOT, @ MOBHIIIEHHUS aIbJOCTEPOHA HET.
[puunna cunapoma Jluamist — myranuu resoB SCNNIA,
SCNNIB u SCNNIG, xonupyromux ainbda-, 0eta- 1 ramma-
CyOBeIMHUIIBI SMTUTENHAIFHOTO HaTpueBoro kaHaia ENaC.
DTOT KaHAJ HKCIIPECCUPYETCS B KIETKAX JUCTAIFHOTO HEPPO-
Ha TIOYEeK W B SMHUTEINH HEKOTOPBIX APYTUX OPraHOB, U €ro
(yHKIIHEH SBIIsIETCSt peadcopOIus HOHOB HATPHS, 32 KOTOPBIM
ciexyet u Boma. Takum o6pa3zom, ENaC ydacTByer B pery-
JISILIAY BOJTHO-COJIEBOTO OasaHca U apTepralibHOTO JaBICHHSI.
Oxcmpeccus ENaC nHaymupyeTcst anbI0CTepOHOM U aHTH-
nmuypetmaeckuM ropmoHoM (Hanukoglu I., Hanukoglu A.,
2016). B HacTosiiee Bpemst HACHTU(DUIIMPOBAHO TPH JICCATKA
myTtanui reHoB ENaC, 4acTh U3 KOTOPBIX OTBETCTBEHHBI
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3a pa3zBuTHE cuHApoma JIMis, Tak KaKk OHM yCHIJIMBAIOT
mporecc peabcopOIMK HATPUS TOYKOH, B pE3yNbTare 4ero
YBEJIMUUBACTCS 00bEM IUPKYIUPYIOMEH KPOBU U ITOBBI-
mraercss AJl, 4To Mo MexaHW3My OTpHUIATENbHOIN 0OpaTHON
CBSI3M YTHETAET CEKPEINIO PeHNHA U anbaocTepona. Cueno-
BaTEeJIbHO, TAKOE KOHCTUTYTHBHOE ycuienue Gpynknnn ENaC
MIO3BOJISIET OCYLIECTBISITHCS aJIbJIOCTEPOHOBOMY 3 (heKTy,
HECMOTPSI Ha CHI)KEHHE CEKPELH CaMOro allbJ0CTEPOHA.
YacToTra 3TOr0 CHHJIPOMA U €ro BBIPAKCHHOCTh BapbUPYIOT
B pa3HbIX MOMYJISIUOHHBIX BEIOOpKax. Tak, B ABYyX UCCIEN0-
BaHHBIX MOMYJISIMAX OOJIBHBIX THIIEPTOHNYECKOI OONIE3HBIO
gacToThl cuHApoMa JInmms cocrasmm 1.52 1 0.91 % (Wang
et al., 2015; Liu et al., 2018). Ycnemnas teparusi 60JIbHBIX
JIOCTUTAETCs Ha3HaYeHNneM O1okaTopoB kaHamoB ENaC c mo-
MOIIIBIO AMHJIOPH/Ia MITH TPUaMTEpEHa M HU3KOCOJIEBOI THEThHI
(Tetti et al., 2018).

CuHapoM HeaocTATOYHOCTH (pepMeHTa 11-GeTa-ruIpoK-
CHCTEepOM] JAernAporeHassl Broporo tuna. Cuenyromunit
BapUaHT MOHOTEHHO# (hOpMbI HU3KOPEHUHOBOM TUIIEPTOHHH,
KOTOpasi TAaKXKe «MACKUPYETCs» MOl THIIEPaJIbI0CTEPOHN3M,
XOTSI HUKAKOTO YBEIMYEHHSI CEKPEIMN aJIbJIOCTEPOHA HE Ha-
Omromaercs, CBsi3aH ¢ MyTanueit reaa HSD11B2, xonupyroiie-
TO COOTBETCTBYIOIINI (epMeHT, 11-0eTa-runpokcucTepons
nerunporenasy Broporo tuna — HSD11B2. Otor depment
BBITIOJIHSIET OYCHb BaXKHYIO (pyHKIMI0. OH 3alMIIaeT MUHe-
PaTOKOPTUKOUTHBIE PELIETITOPBI OT H30BITOUHON CTUMYIISIIINA
TTFOKOKOPTUKOHMJIOM KOPTH30JIOM, IIEPEBO/ISI €TO B HEAKTHB-
Hyto Gopmy — koptu3oH (New et al., 2005). Jleno B ToM, 4TO
aNbJOCTEPOHA B KPOBU HA J[BA-TPH TOPSIKA MEHBIIE, YeM
KOPTH30J1a, a CPOJICTBO K MUHEPAJIOKOPTHKONHBIM PELETITO-
paM y KOpTH30Jia U aJibI0CTEPOHA MPAKTUYECKHU OJJMHAKOBO.
[TosToMy At OCyIIEeCTBICHUS CIENU(UISCKON aIbI0CTe-
POHOBOH PETYISINN B OpraHaX-MHUIICHSIX KOPTU30JI JOJKEH
ObITh MHakTHBUpPOBaH pepmentom HSD11B2. Ecnu xe
Kakas-TnOo MyTalys HapymaeT (yHKIUIO 3TOTO (hepMeHTa,
OpraHn3M HaXOJUTCSI B COCTOSIHIM IIEPMaHCHTHOH aKTHBAaLIUH
MHUHEPaJOKOPTUKOM/IHBIX PELENTOPOB 0€3 ydacTusi B 3TOM
IpoLecce anpJoCTepoHa. B ¢BsI3u ¢ 3TUM JaHHBIM CUHIPOM
MOJTyYHJT HANMEHOBAHUE «KAKYITUHCS M30BITOK MUHEPAJIO-
KOpPTUKOMIOB» (apparent mineralocorticoid excess, AME).
DTO penKoe ayTOCOMHO-perecCuBHOE 3a00eBaHne 0OBITHO
poTeKaeT B GopMe TSHKEIOH HU3KOPECHHMHOBOW THIIEPTO-
HUU U TIPU OTCYTCTBUU aJCKBATHOT'O JICUHCHHUA MPUBOIAUT K
(haTaTbHOMY HMCXOAY, XOTS B HEKOTOPBIX CIydasx OOJe3Hb
nporekaet B bosiee Msarkoi popme. K Hacrosimemy BpemeHu
oOHapyxeHo okosio 40 myranuit rena HSD11B2, kotopbie
MOTYT TIPUBOAUTH K hopmupoBanuio 3aboneBanus (Yau et
al., 2017). ITamenTsI ¢ BRIpaXEHHOM CUMITTOMaTHKOW UMEIOT
MaJiblii BEC [IPU POXKJIEHUU, APTEPUATIbHYIO THIIEPTOHMIO, I10-
JMYPHUIO U TOJUANTICHIO, HU3KUH YPOBEHb KaK PEHHHA, TaK
u anpaoctepona. OnHako B 6osee JIeTKOM BapHaHTE CUMIITO-
MarHKa CrjiakeHa, 1 00JIe3Hb NMPAKTHYECKH HEOTIINYNMa OT
00BrgHOM dcceHnnanpHoN runepronun (Wilson et al., 1998).
B kauecTBe XOpOIIEro AMarHOCTHYECKOTO KPUTEPHUSI PEKO-
MCHAYCTCA OLCHMBATH BEJINYUHY COOTHOLICHUSA KOpTl/ISOJ'l/
xoptm3oH (Carvajal et al., 2018). YV nereit 310 cooTHOIICHHE
JIOJDKHO KoJieOarhest B mpeaenax 2.21-3.69, a y B3pocibIx —
3.70-4.90. ¥ nByx nauuentoB ¢ AME sror xoaddunuent
COCTaBJISUT B OTHOM cirydae 28.8, B npyrom — 175. B mepBom
cinydae uMenack mytanus D223N rena HSDI11B2, xotopas
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leHeTnKa 1 natopusmonorms
HV3KOPEHVHOBOV apTepurasibHOM FrMNepToHNM

MPUCYTCTBOBAJIA B T€TEPO3UTOTHOM COCTOSIHUM Y MaTe€pH M
cecTpsl OONBHOTO ¢ KOd(D(UITHEeHTaMN KOPTH30JI/KOPTH30H
13.2 u 6.0 cooTBETCTBEHHO. Y BTOPOro MauUeHTa MyTalus
reHa HSD11B2 (R213C) B reTep0o3UroTHOM COCTOSTHUM Obli1a
oOHapykeHa y ero poautesneil. @eHOTHIT poanTesel ObLT HOp-
MaJIbHBIM, XOTS KO3()(DHUIIMEHT KOPTU30JI/KOPTH30H y HUX OB
MOBBIIEH. JleueHne CHHIPOMa MOXKET OBITh YCHELIHBIM TIPH
MPUMEHEHHH aHTarOHUCTOB MUHEPAJIOKOPTHKOUIHBIX PELeTI-
TOPOB (CIIMPOHOJIAKTOH) M JIEKCAMETa30Ha, KOTOPBII CHIKAET
cexpenuto AKTI u, cnenoBarensHo, koptuszona (Mulatero et
al., 2007). B To e BpeMs AeKcaMeTa30H He UMEET CPOACTBA
K MHHEPAJIOKOPTUKOUTHBIM PELETITOPAM.

Cunapom I'opaona (nceBaorunoaibLa0CcTepOHU3M BTO-
poro Tuna). Cuaapom omricad Bpadom 3 ABctpamuu P. [op-
noHoM (Gordon, 1986). Xots npu 3TOM 3a001€BaHNH Pa3BH-
BacTCA HU3KOPECHUHOBAsA r'MIICPTOHMS, [10 CBOMM MEXaHU3MaM
¥ CUMIITOMATHKE CHHIPOM BBIOMBAETCS U3 psijia MATOJIOTHH,
ONMCAHHBIX BbIE. [Ipexae Bcero, 3T0 HOPMaIbHBIH HIIH
CHIDKEHHBI YPOBEHb aJIbJIOCTEPOHA B KOMIUIEKCE C THIIep-
KajueMmueil, KoTopasi He XapaKTepHa JUIl HU3KOPEHWHOBBIX
THIICPTOHUH, IS HUX CBOWCTBEHHA runokaaremus (Mulatero
et al., 2007). [IceBnorumnoanbIoCTepOHI3M BTOPOrO THIIA
(PHA?2) cBsizaH ¢ HapymieHHEM HaTPHEBOTO M KaJIHEBOTO
Oananca. Hapsimy ¢ 3THM HMEIOTCS TUTIEPKAJIMEMHUsI, THIIep-
XJIOPEMHS, alU/103, CHUKEHHBIH YPOBEHb PEHUHA U TUIIEP-
TeH3us1. BozpacTt Havana 3a0051eBaHNs BAPbUPYET: HHOTIA 3TO
JICTCKUI ¥ TOHOILIECKUH BO3PACT, HO B Psiie CIIydaeB O0JIe3Hb
pa3BUBaeTCs y B3pOCIbIX Jrozeit. Yacrtora 3aboneBaHus —
npumepHo 1:100000. CuaapoM MOXKeT OBITH 00YCIIOBICH
MyTanusmu dersipex renoB: WNKI (Chr. 12p12.3), WNK4
(Chr. 17q21.2), CUL3 (Chr. 2q36.2) u KLHL3 (Chr. 5q31.2)
(Wilson et al., 2001; Boyden et al., 2012; Louis-Dit-Picard et
al., 2012). ®epment WNK (With No Lysine Kinase) kogupy-
etcst reHaMu WNK I n WNK4 1 y4acTByeT B KOHTPOJIE HaTpHUs
u Kanus, peryaupys gynkmuio Nat/Cl™ xorpancmoprepa
(NCC) B nucrampHoM Hedpone. B pesynbsrare ycunmBaercst
¢ynkims xkanana NCC 1 yMeHbIIAETCs SKCIPECCHs Kajue-
Boro kanana — ROMK (renal outer medullary Kt channel).
OTO NPUBOUT K MOBHIMICHUIO COICPKAHMS HATPHS U KaJIUs
B OPTaHU3ME U Pa3BUTUIO TUIIEPTEH3UU. belKku, KooupyeMble
reHamu CUL3 (Cullin-3) u KLHL3 (Kelch-3), B cBoto oue-
pelb, KOHTPOIMPYIOT padoty renoB WNKI u WNK4. Oti nia
BCIIOMOTaTEIIbHBIX OeJka 00pa3yroT KoMIuieke, E3-yOuKBUTHH
aurasy, Kotopas o0ecrnednBaeT AETPafaluio «IHITHUX»
WNK-kuna3. [ljist Teparuu 3Toro CHHIpOMa MCIOIb3yIOTCS
THA3UJIHbIE IMYPETUKH, KOTOPbIE CIIeM(HYECKU HHTHOUPYIOT
NCC xotpancmoprep.

MyTanust MUHepaJIoKopTHKOHAHOrO penentopa (MR),
aKTHBHUPYIOLIasi ero GyHKIMIO. DTO Ype3BbIUAIHO peKoe
3a001eBaHNE C ayTOCOMHO-IOMMHAHTHBIM HacjeOBaHHEM
(Geller etal., 2000). MyTanust reHa MUHEPAIOKOPTUKONUIHOTO
penentopa NR3C2 (Ser810Leu) mpuBOIUT K TOMY, UYTO €T0O
ArOHUCTaMHM CTAHOBSTCS TAKHE CTEPOHIbI, KaK IIPOTeCTEPOH,
KOPTH30H 1 JITHIPOKOPTUKOCTEPOH. Y YacTHe IPOrecTepoHa B
cTuMymanui MR ci1y>XuT npuuuHOii Toro, 4To 6epeMEeHHOCTh
MOKET BBICTYIIaTh B KadeCTBE NPOBOKATOpA apTepUAbHOM
THIIEPTOHHH, @ KOPTU30H 1 IETUIPOKOPTH30H 00y CIIOBINBAIOT
TaKke (GOpMHUPOBAHUE TUIIEPTOHUM KaK Y MYXKUHMH, TaK U y
HebepemeHHbIX skeHIMH (Rafestin-Oblin et al., 2003). Pa3-
BUBACTCS] HU3KOPEHUHOBas (hOpMa apTepHaTbHON TMIEPTOHNI
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AJ1. Mapkenb

C BBIPAKCHHOM 'MIIOKAJIMEMUEN, HO C [IOHM>)KEHHBIM YPOBHEM
CEKPEINH aJIbI0OCTEPOHA, TAK KaK IMOBBIIIIEHHAS peadcopOIs
HaTpHsl TOUKON MOJABISAET CEKPELUIO KaK PEHUHA, TaK U ajb-
JocTepoHa. MyTarys perenTopa Takxke sBIsSeTCsl IPUUYUHON
TOT0, 4TO (hapMAKOJIOTHUECKUI aHTarOHUCT MUHEPATIOKOPTH-
KOMJIHOTO PEIENTOpa — CIIUPOHOIAKTOH (aJIbJIaKTOH) — CTa-
HOBUTCS aroHUCTOM (!) ¥ MO3TOMY HCITIOJIB30BAHUE €r0 IS
Teparuy JAaHHOM NAaTOJOTMM IPOTHBONOKAa3aHo. JleueHue
PEKOMEH/IyeTCsl IPOBOJIUTE C TIOMOIIBIO OJIOKATOpa AIUTE-
JIMAJIbHBIX HATPUCBLIX KaHAJIOB — aMUWJIOpUaa.

HuskopeHuHOBasA rmnepToHUA

Hens3BeCTHOWN 3Tnonornn

(3CCEHLlI/IaJ1bHaﬂ HN3KOpPEeHNHOBaA I'VlnepTOHI/IFI)
Koneuno, Bce BbIIenepeyHCIICHHBIC HACIEACTBEHHBIE OJIH-
TOI€HHbIE CUHJIPOMBI HU3KOPECHUHOBOWU apTepUaIbHOW T'U-
MEPTOHNH BCTPEUAIOTCS PEIKO. B MPOTHBOMOIOKHOCTD 1M,
camyio OOJIBINYIO YacTh COCTAaBISIOT CIydaW HHU3KOPEHH-
HOBOIl TUNEPTOHUN HEYCTAHOBJIECHHOM 3THOIOTHH. JTO Tak
Ha3bIBaEMasl ICCEHINaIbHas HU3KOPEHNHOBAsI THIIEPTOHUS,
KoTOopas cocrasisieT npumepHo 80 % ot oO1ero myina HU3-
KOPEHHMHOBBIX runepreHsui. IIpuunHamMmu scceHnuanbHON
HU3KOPECHUHOBOW TMIEPTOHUH MOTYT OBITh Takue (aKTopsl,
KaK MOBBIIIEHHOE CO/IEPXKAHUE COJIH B TUETE, TIPHEM HEKOTO-
PBIX (hapMaleBTHYECKHX MIPENaparoB, HallpUMep TaKKuX, KaKk
0710KaTOPBI 3APEHOPEIIETITOPOB, HECTEPOUTHBIE TPOTHBOBOC-
MaTUTENbHBIC JIEKAPCTBA, HHTNOUTOPBI IUKIOOKCHT€HAa3bI-2,
a TaK)Ke HEKOTOpbIE Mpenaparbl HEeHTPAJIbHOTO JIEHCTBHUS —
KJIOHU/WH, alib(a-MeTunao¢a, KOTOpble MOTyT yTHETaTh CHH-
Te3 peHuHa moukoit (Mulatero et al., 2002, 2007). Oxnako
BCE 3TH (aKTOPHI HE JCUCTBYIOT B Ka4eCTBE aOCOIFOTHBIX
MPUYUH, IS TOTO YTOOBI c(hOPMUPOBATIACH HU3KOPECHNHOBAS
apTepHaIbHAs THIIEPTOHHS, BHEITHIE BO3ACHCTBHUS TOJKHBI
MOonacTh Ha MOATrOTOBJICHHYIO IMOYBY, — JOJIKHA 6])ITI) COO0T-
BETCTBYIOIIAsl TEHETUYECKAs MPEAPACIIOIOKEHHOCTh. TH-
MIYHBIM TIPIMEPOM MOXKHO Ha3BaTh COJIb-UyBCTBUTEIBHYIO
apTepUaAIbHYI0 THIEPTOHUIO. B 3THX cilydasiX Mbl CTaJIKU-
BaeMCsl C HEONPEAEICHHOCTHIO B OONBIICH CTENEHH, YeM
IIPY MOHO- WJIN OJIMTOTEHHBIX MATOJIOTHSIX, TAK KaK HapsiLy C
TeHETUYECKUMH (DaKTOpaMK B HEMEHbIIEH CTEIICHN UTPAIOT
PoIb (haKTOPHI Cpelsl, TaKKE KaK (B HAIIEM IIPUMEpPE) TIOBBI-
IIeHHOe ToTpednenue conu. ViMeer 3HadeHHE 3THHYECKAS
MPUHAIEKHOCTD (Y appoaMepHKaHIIEB YyBCTBUTEILHOCTD
K COJIH BBIIE), BO3pAcCT, ypoBeHb A/l, Hann4yme KoMopOua-
HBIX TATOJIOTHH — Oone3Hell movek, caxapHoro nuabera,
MeTabomuueckoro curapoma (Weinberger, 1996; Elijovich et
al., 2016). Uto kacaetcsi reHETUYECKOW 0a3bl TIOBBITIICHHON
COJIEBOM YyBCTBHUTEIILHOCTH, TO, COTNIACHO MHOTOYHCIICHHBIM
HUCCJICA0BaHUAM, UMCCT MCCTO THUIIMYHAA IIOJIUICHHAsA CU-
crema. Hannvue nmomreHHoN qeTepMUHALIMN TTOBBIMIEHHON
YYBCTBUTEJILHOCTH K COJM MOATBEPXKIACTCS KaK IKCIIEPH-
MCHTAJIbHbIMU JaHHBIMU, MMOJTYYCHHBIMHU HA JIMHUAX KPBIC C
COJTb-4yBCTBUTEIBHON apTepranpHoi runepronueit (Dahl et
al., 1962; Rapp, Dene, 1985; Yagil et al., 1996), Tak u pe3yinb-
TaramMH OOILIMPHBIX KIIMHUYECKUX HaOmonenuit (Mishra et al.,
2018). CnemoBarenbHO, B JETEPMHUHAIIIO TAKOTO CIOKHOTO
MPU3HAKa JeIal0T BKJIA/L HE TOIBKO B3aUMO/ICHCTBHS TEHOTH-
a Co Cpesioi, HO U MEKI€HHbIE B3aMMOJCHCTBUS, KOTOPbIE
JIaJIeKo HE BCETIa XapaKTepU3YIOTCs aINTUBHOCTHIO. B 3TOM
3aKJTF0YAETCsl OCHOBHOE NPEIISTCTBHE ISl yCTAHOBIICHUS KO-
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HEYHBIX IPUYHH TaKO! MOJIUT€HHOM MaTOIOTHH, KaK THIIePTO-
HU4ecKas 6ose3Hb. ONUH U3 BO3MOXHBIX BBIXOIOB BUINTCS
B BBIJICJICHUH M3 OOIIEro Iyja OOJNBHBIX C apTepHaIbHOM
TUIIEPTOHUEH I'PYIII IALIUEHTOB CO CXOJHOW KAPTUHOM IIPO-
TEKaHMsl KaK CaMoro 3a00JIeBaHMsA, TaK M OMOXUMHUYECKHX
1 MOJIEKYJISIPHO-TEHETHUECKIX MPU3HAKOB M MAapKEPOB, YTO
MOXKET TPUBECTH K 000COOJICHHIO HEKOEro CaMOCTOSITEIb-
HOTO CHUHApPOMA C apTepuajbHOM THIIEPTEH3UEH U €INHOMN
TEHETHKO-(PHU3HOIOTNIECKOI TPUINHOM €ro (POPMUPOBAHHSI.
Ecnu sxe TOBOpUTH KOHKPETHO 00 dcCeHUuanbHOU (opme
HU3KOPECHUHOBOW TUIIEPTOHUH, TO OHUM U3 KaHJUJaTOB Ha
MOJYYCHHE CTaTyca CaMOCTOSTEILHOTO CHHJIPOMA MOMKET
OBITH NOBBILIEHHAs] PEAKIHS AIBJ0CTEPOHA U apTEePUAILHO-
ro naBieHus Ha crpeccoByio ctumyisinuio 1 AKTI. Tak, B
pabore (Markou et al., 2015) 6su10 oT™MEUeHO, uTO y 30 U3
113 GonbHBIX 0€3 AMarHo3a «IePBUUHBIHN aIbJOCTEPOHM3M)
OTMEYEHO 3HAUNTEIbHOE YCUIIEHHUE CEKPELNH allbJJ0CTEPOHA
B otBeT Ha BBesieHne AKTI ¢ yBenmmuennem kosdduimenta
anpaocTepon/pennH. Kak rnpaBuiio, MOBBIIIANACH CyTOYHAs
SKCKPENNs KaJlUsl 1 OTMEUasICsl TTOJIOKNUTETbHBIN 3P deKT oT
JeyeHns1 OJI0KaTOpaMH MHUHEPATOKOPTHKOWIHBIX PELENTo-
poB. K 3TOMy MOXXHO ITPHUCOBOKYIHTh HaIlId COOCTBEHHBIE
HaOJIIO/ICHNS, TTOTY4YEHHbIC ITPU MCCIIEN0BAHNY KPBIC JIMHUU
HUCAT (ISIAH) co cTpecc-uyBCTBUTENBHOM apTepruaibHOM
runieprensueii (Antonov et al., 2016). Y aTux xpbic Hapsay
C HU3KOPEHUHOBBIM CTAaTyCOM OTMEUEHO 3HAYUTENILHOE yCHU-
JIEHUE peakluu abJocTepona Ha crpecc u BBeaenne AKTI.
IIpruuHbI OTMEUEHHON TUIIEPPEAKLIMHU aJIbJI0OCTEPOHA II0KA HE
BBIACHEHBI. OIHAKO HAJMYHE SKCIIEPUMEHTAIBHON MOJieny,
KakoBOHU sBIsieTcst mHOpenHas muaus Kpeic HUCAT, maer
HaJISKAY Ha UACHTH(UKALNIO COOTBETCTBYIOIICH reHeTHYe-
CKOM CHCTEMBI U BBIJICJICHHE OTAEIBHOTO THIIOTETUIECKOTO
CHHJpOMa, KOTOPBIH YCIIOBHO MOXKHO Ha3BaTh «CTPECC-UyB-
CTBUTENIbHAST HU3KOPEHUHOBAS TUIIEPTOHUS» U, BO3MOXKHO,
YAACTCS 3KCTPAINOIMPOBATh HA HEKOTOPBIE TPYTIITEI OOTBHBIX
THIEPTOHUYECKON O0JIE3HBIO.

3aknioyeHune

Xotenoch Obl OTMETHTH, YTO Ha MPOTSIKEHUH MHOTHX JIET
HCCIIeIOBATENH TUIIEPTOHNYECKON O0JIe3HU PEANPUHIMAIOT
MIOTBITKY BBIACINTH U3 OOIIETO ITyJla YPE3BBIYANHO TeTepo-
TEHHBIX 110 CBOUM ITPOSIBIICHUSIM THUIIEPTEH3UBHBIX COCTOSIHHU,
COOpaHHBIX IO/ €IMHBIM HAaMMEHOBaHUEM — T'MIIEPTOHUYE-
cKast 0OJIe3Hb, MM 3CCEHINANIbHAS THIIEPTOHNUS, HEKOTOPBIE
KaTeropuu OOJbHBIX, 00bEANHEHHBIX 10 CBOCH T€HETHKE U
narousuonoruu (kax Beipasuics E. baparsiHckuit, «c auna
HEOOIMM BBIpAKEHbEM»). Takas CTPyKTypH3aIus TUIep-
TOHMYECKON OOJE3HU HaeT BO3BMOXKHOCTH B BBIJCICHHBIX
rpymnnax OOJIbHBIX BBISIBUTh KOHEUHBIE NPHUYUHBI Pa3HBIX
(hopm ee TIposiBIICHHS. XapaKTepHO 000COOICHHOMN TPYTIIIOH,
PaccMOTPEHHUIO KOTOPOH ITOCBSIIIIEH HACTOSIIHI 0030p, SBIIS-
10TCsI OOJIbHBIE C HU3KOPEHHHOBOH (hOpMOil aprepuaibHOM
TUNEPTOHNN. Jlanee MOKHO BUJIETbh, UTO B MOMBITKE MTOHATH
CYIIECTBO ATOH (hOPMBI OBLIO 0OpaIIeHO BHUMAHUE HA AJlb-
JIOCTEPOH KaK OJUH W3 Hanbolsiee d3PPEeKTUBHBIX (aKTOPOB
MIOIaBJICHUSI PEHNHA, C OAHOW CTOPOHBI, U (POPMHUPOBAHUS
THIIEPTEH3UBHOTO cTartyca — ¢ apyroi (Griffing et al., 1990).
[To mepe yriyOnieHnsi B MEXaHU3MbI Y4aCTHsI ajlbJIOCTEPOHA
B IIATOT€HE3€ HU3KOPECHNHOBOW TUIIEPTOHUH OBLTH yCTAHOB-
JICHBI OCHOBHBIE I'€HETHKO-(DU3MOIOTHUECKUE 3BEHBSI pa3-

1006 VavilovJournal of Genetics and Breeding - 201822 -8

A.L. Markel

BUTHS pa3HbIX (JOpM WM CHHIPOMOB HU3KOPEHHHOBOI ap-
TepUaIbHONW THIIEPTOHUU. AJBAOCTEPOH B 3TOM IPOLECCE
BBICTYNAeT B KQUECTBE OCHOBHOI'O CBSA3YIOIIErO 3BE€HA WU
npoMexxyTouHoro peHoruna (intermediate phenotype) Mexay
TUIEPTEH3UEN ¥ PAa3IMYHBIMKM NPUBOJAIIMMHU K €€ Pa3BH-
THIO TeHeTHKO-(hn3ronornuecknmu crpykrypamu (Freel, Con-
nell, 2004). Ananu3 ¢hopM U NPOsIBICHUIT HU3KOPEHUHOBOK
apTepruatbHON TUIEPTOHHH JaeT HaM OJEeCTAIMA MpuMep,
KakiM 00pa3oM MOXHO PacIIUPUTH ITyJ THHEPTCH3MBHBIX
COCTOSIHMH C U3BECTHOM 3THOJIOTMEN U TOCTENIEHHO JBUTATHCS
IO TIyTH PAaCKPBITHSI MHOKECTBEHHBIX U Pa3HOOOPA3HBIX, HO
MOKAa BO MHOTOM HEMOHATHBIX MPUYHH, JIEKAIIUX B OCHOBE
3CCEHIIMAIbHOW THIIEPTOHUYECKOM OOJIC3HU.
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HecmoTps Ha JOCTMXKEHMA MeNLMHbI, OKONO 4 MITH ieTell B Bo3pacTe
[10 6 MeC. eXXerofHo yMM1patoT No BCEMY MUPY 13-3a MHOEKL MK, YTO CO-
cTtaBnaeT 450 cmepTelt B Yac (Mo AaHHbIM MeXXayHapoAHOro Ype3Bbl-
yanHoro pgetckoro ¢poHaa OOH — UNISEF). CreneHb pa3BuTiA UMMYH-
HOW CUCTEMbI JeTel, POAUBLLMXCA B CPOK, OnpeAensaeTcs MHOrMMun
baKkTOpamu, B TOM YnCie UMMYHOTEHETUYECKUM CXOACTBOM WY pas-
NNYNEM OpraHN3MOB MaTepPU 1 NNOAA, YTO, B CBOIO ouepeab, 06ycnoB-
NEHO reHoTUNaMM BpayHbIX Nap, a Takke NoL60POM CyppPOraTHbIX
MaTepen Npu 3KCTPaKopnopasbHOM ONIOAOTBOPEHUN. M3 npoBeaeH-
HOro HaMmu 0630pa NUTepPaTypbl ClefyeT, YTo Ha YCTOMYMBOCTb NMOTOM-
KOB K UHEKLMAM 1 annepreHamM 3HauMmoe BINSHNE OKa3blBaloT NM-
MyHOTreHeTnYecKne B3aMMogeNnCTBUA OPraHM3MOB MaTepu 1 Nioaa,
KOTOpble OCYLLEeCTBAATCA Ha BCEX Tanax npe- 1 NocTHaTasbHOro
pa3euTVA. [o UMNNaHTauny MMMYHHbIEe peakuum matepu Gopmnpy-
0TCA NoA BINAHNEM aHTUTEHOB, J'IeVIKOLlVITOB N UNTOKNHOB CeMeHHOoN
MKUOKOCTY, @ TaKXKe reHOB IMaBHOMo KOMMeKca rmcToCoBMECTMMOCTH,
KOTOpPbIE IKCMPECCUPYIOTCA B SMOPUOHAX YKe Ha CTaguu ABYX KNETOK.
CknafblBaloLWMNCA NPy STOM FyMOPasibHbI GOH Nporpammmpyet 3¢-
$EKTUBHOCTb BblHALIMBAHNA 1 BO MHOTOM npegonpegenset GpeHoTu-
nMyeckre cBONCTBa 6yAyLUMX MOTOMKOB, BK/IlOUYasA U X UMMYHOKOMIe-
TEHTHOCTb. [ocne MMnAaHTaLum CyLecTBEHHOe UMMYHOMOAENNPYIO-
LLiee 3HaYeHe nprobpeTaeT TPaHCMIALEHTaPHbIN NepPeHoC MMMYHO-
rnoGynMHOB 1 MIMMYHOKOMMETEHTHbIX KNEeTOK. BaXKHO NoauepKHyTb,
4TO, XOTA BeLLecTBa C BbICOKOW MOMEKYIAPHOM MacCoi 0OblYHO He
NPOXOAAT Yepe3 MaLeHTy, 3TO NPABUIO HE OTHOCUTCA K UMMYHOTJ10-
6ynuHy G (IgG), koTopblii Npu MonekynsapHou macce ~160 kA npe-
ofloNeBaeT TpaHCNNaLeHTapHbI 6apbep 6arogaps CBA3bIBaHMIO C
Fc-peuenTtopom nnoaa. MNpu 3Tom yposeHb |gG y HOBOPOXAEHHbIX
06bIYHO KOPPENNPYET C yPOBHEM MAaTEPUHCKNUX aHTUTEN. B nepriog
€CTeCTBEHHOMO BCKapMJIMBaHUA UMMYHHas 3al/Ta HOBOPOXAEHHbIX
obecneyrBaeTca MeXaH13MaMmn BPOXKAEHHOrO UMMYHMTETa U GpaKTo-
pamyi FyMopanbHOro MUMMyHWTeTa MaTepeii. lMokasaHo, YTo UMMYHO-
rno6GynrHbI N3 MONOKa MHOTX BYAOB »MBOTHbIX NMEePeHOCATCA Yepes
HeoHaTasbHbIN KNLIEYHbIA SNUTENTMI B KPOBOTOK. MOCKONbKY rpyAHoe
MOJOKO COLEPXKUT B 6O/NbLIOM KOTMYECTBE PasfivyHble UMMYHOAKT/B-
Hbleé KOMMOHEHTbI, BKNtoYasa 6eNiku, LMTOKMHbI, FOPMOHBbI, UMMYHOTJ10-
OYNMHbI, SK30COMbI, cofiepalyne MUKPoPHK, 1 )kn3HecnocobHble M-
MYHHbIe KNeTKN, TO UMMyHoMoaynupytowmne 3bdeKTbl rpysHOro Mosno-
Ka COXpPaHAKTCA 1 nocnie 3JIMMUHaUnN MaTePUHCKUX VIMMyHOFJ'IOGy-
NIMHOB 13 KPOBOOOPALLEHNA MOTOMKOB, BM/IOTb O 3PENoro Bo3pacTa.
AHanNn3 MHOroUYNCNEHHbIX SKCNeprmMeHTaNlbHbIX aHHbIX NOKa3bIBaeT,
YTO UCCNEefOBaHMA MEXaHU3MOB B3aUMOZENCTBUA MaTEPUHCKOrO opra-
HM3Ma C SMOPMOHAMUN U HOBOPOXAEHHbIMM GOPMUPYIOT 633y 3HaHUIA
LA NMoucKa CpefCcTB HamnpaBieHHON MOAYNALMY IMMYHHOTO cTaTyca
NOTOMKOB, KOTOPAsi MOXET COXPaHATb CBOE BIAHME Ha NMPOTAXKEHNN
BCel nocneaytoLen XnsHu.

KntoyeBble cfioBa: 6epeMEHHOCTb; UIMMYHOPETYIATOPHbIE MEXaHU3MbI;
NpOorpamMmpoBaHre PasBUTUA; UMMYHHbIE GaKTOPbl; SHOOKPUHHbIE
baKTOpbI; TpaHCMIaLEeHTapHbIN NEPEHOC; UMMYHHbIE KOMIMEKChI;
ecTecTBeHHOe BCKapMMBaHuMe.
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Despite the advances in medicine, about 4 million chil-
dren under the age of 6 months die annually around
the world due to infection, which is 450 deaths per
hour (UNISEF, 2009). The degree of development of the
immune system of children born in time is determined
by many factors, including the immunogenetic similar-
ity or difference of mother and fetus organisms, which,
in turn, is due to the genotypes of mating pairs, as well
as the selection of surrogate mothers during in vitro
fertilization. From our review of the literature, it follows
that immunogenetic interactions of mother and fetus
organisms, which occur at all stages of pre- and post-
natal development, have a significant effect on the
resistance of offspring to infections and allergens.
Before implantation, the mother’s immune responses
are formed under the influence of semen fluid anti-
gens, leukocytes and cytokines, as well as under the
influence of the genes of the major histocompatibil-
ity complex, which are expressed in embryos at the
stage of two cells. After implantation, transplacental
transfer of immunoglobulins and immunocompetent
cells becomes of immunomodulating importance. It is
important to emphasize that, although substances with
a high molecular weight usually do not pass through
the placenta, this rule does not apply to immunoglob-
ulin G (IgG), which, with a molecular weight of about
160 kDa, overcomes the transplacental barrier due

to binding to the fetal Fc receptor. The level of IgG in
newborns usually correlates with the level of mater-
nal antibodies. During the period of natural feeding,
the immune protection of newborns is provided by
the mechanisms of innate immunity and the factors
of humoral immunity of mothers. It has been shown
that immunoglobulins from the milk of many animal
species are transferred through the neonatal intestinal
epithelium to the blood. Since breast milk contains
large amounts of various immunoactive components,
including proteins, cytokines, hormones, immunoglo-
bulins, exosomes containing micro-RNA, and viable
immune cells, the immunomodulating effects of breast
milk persist even after elimination of maternal immu-
noglobulins from the blood of the offspring, up to
maturation. Analysis of a large body of experimental



KAK UUTUPOBATbD 3TY CTATbIO:

data shows that the study of mechanisms of “mother-

fetus” and “mother-newborn” interactions are the basis
of a knowledge base needed to find means of life-long
directed modulation of the descendants’immune status.

Key words: pregnancy; immunoregulatory mecha-
nisms; development programming; immune factors;
endocrine factors; transplacental transfer; immune
complexes; breastfeeding.
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PH BOCIIPOM3BOJACTBE MJICKOITUTAIONINX BO BCEX CIIy-
YasiX, UCKI0Uasi CKPEIINBAHUS BHYTPH HHOPEIHBIX
JMHUH, C MOMEHTa (epPTIIIN3AINHI U 10 POIOB B Opra-

HHU3ME MaTepH KUBYT U PA3BUBAIOTCS MIOABI (MIIH IUION), KO-

TOpbIE, HECMOTPS HA UMMYHOJIOTHUECKYIO UyKEPOIHOCTD, HE

TMIO/IBEPTalOTCsl OTTOPKEHUIO Ha MPOTSHKEHUH JUTUTEIHHOTO

BpeMeHHU. DToii mpobiiemMe, M3BECTHOM Kak «napaokc Mea-

Bapa» (Billingham et al., 1953), mocBsmeno 3HaUNTENHEHOE

YHCIIO HKCIIEPUMEHTAIBHBIX U 0030PHBIX PadOT, KOTOPHIE,

Haps1y ¢ 00bsCHEHHEM MEXaHU3MOB JIOJITOBPEMEHHOM COBMe-

CTUMOCTH IMMYHOJIOTHYECKH HECOBMECTHMBIX OPTaHU3MOB,

BBIBEJIM IIPOOJIEMY HMMYHOT€HETHYECKOTO JANAJIOTa 32 PAMKH

BHYTPUYTPOOHOTO pa3Butusi. B yacTHoCTH, OBLT OCTABIICH

BOIIPOC O B3aMMO/ICHCTBIH B CHCTEME MaTb—ILIOJ Kak 00 of1-

HOM M3 MEXaHU3MOB CTaHOBIJICHNSI MOP(HO(YHKIIMOHATBHBIX

CBOWCTB TOTOMKOB, BKJIIOUasi Ipe- U MOCTHATAIBHOE IPO-

rpaMMHPOBaHNE HX UMMYHHOTO cTaryca. Cpeiu MeXaHn3MOB

MMMYHOMOYJIHPYIOIIETO BIMSHUS Marepeil Ha (opMupoBa-

HUE UMMYHHOTO p€arupoBaHus IOTOMKOB MOXHO BBIICJIUTH

HECKOJIBKO HanboJiee BaXKHBIX HTAIOB!

* 3IUTCHETUYECKOE TPOrPaMMHUPOBAHNE OHTOTCHETHIECKOTO
Pa3BUTHS UMMYHHON CHCTEMBI, B TOM 4Hciie 00yCIOBJIEH-
HO€ UIMMYHOT€HETHYECKUMH PA3IHIUIMHI MaTh—IUION;

* TpaHCIUIAIICHTApHBIA IepeHOC K MOTOMKAaM MaTepUHCKUX
l/IMMyHOFJ'IO6yJ'll/IHOB 1 UMMYHOKOMIICTCHTHBIX KJICTOK;

* (opMupOBaHIE MACCHBHOTO U aKTHUBHOTO NIMMYHHTETA 3a
CUET COIEPIKAIINXCS B MATEPHHCKOM MOJIOKE UMMYHOKOM-
IIETCHTHBIX KJICTOK.

OKCIepUMEHTaIHFHO 000CHOBAHO, YTO MPEHATAIBHBIN TIe-
PHOJ — Upe3BbIYAiHO YyBCTBUTEIBHBIN K H3MEHEHHUSIM BHYT-
PHMaTOYHOM Cpeibl, KOTOPBIE CYLIECTBEHHBIM 00pa30M BIIHS-
10T Ha 3MOPHOHAIBHOE 1 [TOCTHATATIBHOE PA3BUTHE IIOTOMKOB
(Szekeres-Bartho, 2002; Mold, McCune, 2012). B cBoro oue-
peab, 3HAYUTEJIbHBIN BKJIaZl B MOAYJALNUIO I'YMOPAJbHOT'O
OKPY’KEHHS 3apOJIbIIIel BHOCUT UMMYHHOE PacliO3HaBaHUE
SMOPHOHANBHBIX AIJIOAHTUTEHOB, KOTOPOE MPU MMMYHOTE-
HETUYCCKUX pA3JIMYUAX MaTCpu U IJI0Ja aKTUBUPYET MHO-
THe UMMYHHbIE ¥ 3HIOKPHUHHBIEC TIPOIIECCHl B MATEPUHCKOM
opranusMe. B pesynbrare MMMYHO3HIOKPHHHOTO JHallora
MarepH U IUIojia OCYIECTBISIOTCS HOpMalIbHOE TeYeHue Oe-
peMeHHOCTH U (pOpMHpOBAaHME y MOTOMKOB MEXaHH3MOB
umMMmyHHOH 3amuThI (Szekeres-Bartho, 2002; Mold, McCune,
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2012; Erlebacher, 2013). EcTecTBeHHast akTHBalMsl MaTepHH-
CKHUX UMMYHOPETYJISITOPHBIX MEXaHW3MOB UTPAET TOJIOKH-
TEJIHYIO POJIb B PA3BUTHH MMMYHHOH CHCTEMbI TOTOMKOB,
TOTJa KaK upe3MepHas UMMYHHasi peakuus (BbICOKUI ypo-
BEHb MIPOBOCIIAIINTEIBHBIX IIATOKNHOB) MOJKET YBEITUUUBATD
PHCK BOZHHUKHOBEHUS ICHXOMOTOPHBIX PAaCCTPOICTB, ay TOUM-
MYHHBIX 3200JI1€BaHHI M TIPEIPACIIONIOKEHHOCTH K aIepIu-
s B mocnenytomeit xm3HA (Ellman, 2009; Bilbo, Schwarz,
2012).

HmMmyHHasi cucTeMa pa3BHBAIOIIMXCS TIOTOMKOB JIEMOH-
CTPUPYET BBICOKYIO UyBCTBHUTEIBHOCTh K BO3JICHCTBHIO He-
OnmaronpusTHBIX (DAaKTOPOB, B YaCTHOCTH MH(EKIIMOHHBIX
areHTOB, BO3CHCTBYIONIMX HA OPraHU3M MaTepH B IEPHO]
6epemennoctu. Kak npaBuiio, k Hanbosee 49yBCTBUTEIbHBIM
nepruojiaM OHTOTEHE3a OTHOCST MEPHOJIbI TOCTHMILIAHTA-
LIMOHHOTO Pa3BUTHS, POJIbI K MOJIOUHOE BCKapMinBaHue. Ot-
YacTH 3TO OOBACHSETCS TE€M, YTO B TKAHAX 3MOPHUOHOB U
HOBOPOXKJICHHBIX 0OHApY)KNBAIOTCS MPEIIIECTBEHHUKH HM-
MYHHBIX KJIETOK: B BO3pacte 4—7 Hell — KIIETKH MUEJIOUTHOTO
MIPOUCXOXKICHHS, a B Bo3pacTe 8—18 Henm — mumdongHbe
kietkn (Dietert R.R., Dietert J.M., 2008). 910 oOcTOsITETH-
CTBO OIIPEJEIIHIIO BEIOOP CPOKOB ITPOBECHUS MO/IABIISIOLIIE-
r0 OOJBIIMHCTBA MCCIIEIOBAHHM, TOCBSIIEHHBIX MpodIeMe
MOYJIMPYIOLIETO BIMSHUS yCIOBHHI Mpe- U ITOCTHATAIBEHOTO
pa3BuTHsI HA (POPMUPOBAHHNE UMMYHHBIX PEAKIHH TOTOMKOB.
B kadecTBe KIITOUEBBIX (PAKTOPOB MATEPHHCKOTO BIMSHUS HA
(hopMupoBaHUEe MEXaHN3MOB UMMYHHOH 3allIUThI TOTOMKOB
paccmaTrpuBaeTcs IepeHOC MATEPUHCKUX aHTUTEIN, IUTOKH-
HOB, IMMYHHBIX KJIETOK U, BO3MOXHO, JAPYTUX (paKTOPOB B
MecTa HMOPHOHAIBHOTO KPOBETBOPEHUS B ITIOCTHMILIAHTA-
LIUOHHBIN MEePHOJ (TPAHCILUIALEHTAPHBIN IEPEHOC) BO BpeMs
pomoB u MonogHoro BEIKapmimBanus (Williams et al., 2011;
Ghosh et al., 2016).

OnHaKo Me)KOpraHU3MEHHbIH ANAJIOT B CUCTEME MaTh—ILI0]]
Ha4YMHAETCs eIlle Ha CTaINH JOMMIUIAHTAIIMOHHOTO Pa3BUTHSI.
OKCIEPUMEHTAIBHO YCTaHOBJICHO, YTO JKU3HECIOCOOHBIC
SMOPHOHBI CEKPETHPYIOT POCTOBBIC (PAKTOPBI U IIUTOKHUHBI,
HauynHas C IBYXKIETOYHOH crammu pa3Butus (Guo et al.,
2010). PocToBbie hakTopbl SMOPHOHAIIBHOTO ITPOUCXOXKICHUS
00HapyKMBAIOTCS B MaTEPUHCKON LUPKYISLUKN TPHUMEPHO
yepes 72 4 mocne ¢peprunusanyn. JeficTere 3TuxX (hakTopoB
HaIpaBJIeHO Ha TaKWe MMMYHHBIC KJICTKH, KaK Makpodaru,
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MMMyHOreHeT1YeCKnin fruanor matepu 1 SM6POHOB
Kak $paKTop CTaHOBNEHVA IMMYHHOTO CTaTyca NOTOMKOB

HEHTPODUIIBI U JICHKOIUTHI, OHO TAKXKE CITOCOOCTBYET JOMH-
HUpOBaHMIO Th2 MUTOKMHOB B UMMYHHOM OTBETE, HO HE TIO-
JaBistet pu 3toM skenpeccuro Thl murokunos (Kyurkchieva
etal.,2010). DToT mapagoKkcaabHbIN pe3ysIbTaT yKa3blBaeT Ha
CH0CcOOHOCTH IMOPHOHAIBHBIX POCTOBBIX (DAKTOPOB MOIYJTH-
poBaTh MAaTepPUHCKUH IMMYHHBIH OTBET Ha aHTUTEHBI II0/Ia
IIpU COXpaHCHNHU aJICKBATHOT'O OTBCTA HAa MAaTOI'CHBI.

Takum 00pa3oM, UMMYHHBIE U SHAOKPHHHBIE PEaKINU
Marepy Ha I'yMOpaJbHbIE CUT'HAJIBI SMOPHOHOB ()OPMHUPYIOT
YCIIOBUSI SMOPHOHAILHOTO PAa3BUTHSI, KOTOPBIE CYLIECTBEH-
HBIM 00pa30M BIIMSIOT Ha CTAHOBJICHHE 3alUTHBIX (PyHKIIUH
MIOTOMKOB, YTO IPOSIBIISIETCSI B MX BOCIIPUUMUYUBOCTH K T1a-
TOTCHAM W aJUIepreHaM OKpysKaromieh cpeapl. Huxe Gosee
JIETabHO PAaCCMOTPEHBI MEXaHU3Mbl UMMYHHOIHIOKPHH-
HOTO JIMajiora B CHCTEME MaTh—III0/l HauMHAsi OT MOMCEHTa
(bepTymmauI/m 1 3aKaH4YMBasi 3aBCPHICHUCM BCKapMJIMBaAHUA
MaTepHUHCKUM MOJIOKOM.

a)aKTOpbl MMMYHHO3HOOKPUHHOIO
nporpaMmmMmmnpoBaHuAa nMmniaHTaunm

1N pa3BuUTUA NOTOMKOB

Wmrutantanust 0JaCTOUCTBI B MATCPUHCKUN OPraHU3M —
KJTIOYEBOM ATAIT B IPOLIECCE PA3MHOKCHHUS MIIEKOITUTAIOIIHX.
Yenex MMIUIaHTALMN 3aBUCHT OT peajIn3aliiy CIOKHOM rociie-
JIOBaTeJIbHOCTH CTPOTO KOOPAMHUPOBAHHBIX T'€HETHYECKUX,
T'YMOpPAaJIbHBIX U KIIETOYHBIX B3aUMOACHCTBHI MeXIy MaTe-
PHHCKUM M SMOPHOHAIBHBIM OpraHn3MaMu. JIBycTopoHHKE
B3aUMOJICHCTBHS OJIACTOLMCTBI U MATEPUHCKOTO OpraHu3Ma
aKTHBUPYIOT JIOKAJBbHBI IMMYHHBII OTBET MarepH H, Kak
CJIC/ICTBHE, 00ECIIEYNBAIOT ITOJOTOBKY MaTK/ K MMIUIAHTA-
LI1H, C APYTOH CTOPOHBI, MATEPUHCKUE IUTOKUHBI, TOPMOHBI 1
JpyrHe MeTaboIUTHI BOBIIEKAIOTCS B PETYILLIIIO SMOPHOHATb-
Horo pa3BuTHs. Hanbomnee npamaTndaHblii 3Tarn 6epeMeHHOCTH,
3aBUCSIIUI OT MMMYHOTCHETHYECKUX Pa3IM4YMii Marepu U
3apofbIIeld, — 3TO ATAINl MPEHMIUIAHTAMOHHOTO Pa3BHTHS
sm6puonoB (Choudhury, Knapp, 2001; Gerlinskaya, Evsikov,
2001; Szekeres-Bartho, 2002).

OTOT NepHoz YHHUKAJICH TEM, YTO OH OCYLIECTBIACTCS IPH
OTCYTCTBUH ITPSIMBIX KOHTAKTOB KJIETOK 3apOJIbIIICH ¢ KIIET-
KaMH PErpolyKTHBHOIO TPaKTa B TEUECHHE NPUMEPHO Hejle-
7 (B ciiydae dYeloBeKa) 10 MMIUIAaHTaluu B MaTtky. Coot-
BETCTBEHHO, SMOPHOH HE CBS3aH C MaTePUHCKON CHCTEMOM
KpOBOOOpAIlIeHHUs U CBOOOIHO NEPEMEIaeTCsi B U3MEHSIO-
Lieiicsi BHyTPUMATOYHOM TyMopalnbHOU cpeze. Jlo umIuiaH-
TAIMX KJIETKH 3apOJibIlIa PETEPIEeBAIOT ACICHUs, allONTO3
u nuddepeHunpoBKy. B ecTeCTBEHHBIX YCIOBUSX Ha ATH
HPOLIECCHI TPSAMOE BIMSIHUE OKa3bIBAIOT LIUTOKHHBI, (DaKTOPBI
pocTa, CeKpeTHpyEeMbIe AUTEIHATBHBIMH KJICTKAMH MAaTKH,
Y TOPMOHBI SIMYHUKOB. DMOPUOHBI, HAYMHAsI CO CTAJUH 3HU-
TOTHI, T. €. cpasy nocie GpepTHIN3ani, IKCIPECCUPYIOT pe-
LENTOPbl [IUTOKHHOB, KOTOPbIC BOCIPHHUMAIOT BHEIIHHE
peryjsTOpHbIE CHTHAJIbI, ONPEAEIISIONINE TEMIIbI JEICHUS
U JKH3HECIIOCOOHOCTh KIIETOK, a TAKXKe JKCIIPECCHIO TEHOB
smOpuronansHoro pazsutus (Robertson et al., 1994; Sharkey
et al., 1995). B atot nepuox Gakropbl OKpy»Karomien cpepl,
TaKHe KaKk HH(EKINH, BOCIaJIeHHe, TUTaHue U APYTHE, BIHs-
10T Ha COCTaB BHYTPUMATOYHOM T'yMOPaJIbHOW CPEabl U TEM
CaMbIM MOTYT OKa3bIBaTh MOAU(DUIMPYIOIINE BO3/ICHCTBUS
Ha peau3aliio HHAUBYUIYaIbHOH FeéHeTHYEeCKOI IIPOrpaMMBbl
SMOPHOHAIEHOTO Pa3BUTHS.
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JIroOble (akTopsl, BHI3BIBAIOIINE HAPYILIEHHs OajlaHca B
MMMYHHBIX B3aMMOOTHOIIEHHUAX MaTb—ILIO/] Ha TPEUMIIaH-
TAIMOHHOM CTa U1 PAa3BUTHSL, OKA3bIBAIOT 3HAYUMOE BIIMSTHHE
Ha 4yBCTBUTEJILHOCTB IIOTOMKOB K HH(eKLusM (Szekeres-Bar-
tho, 2002; Mold, McCune, 2012), a Takxe Ha BEpOSTHOCT pa3-
BUTHS HEHpOIereHepaTnBHbIX natosoruii (Susser et al., 2000;
Brown et al., 2004). B aToT nepuoj; MareprHCKasi UMMYHHast
CHCTEMa PACIIO3HAET NMPO(UIb CEKPETUPYEMBIX PAHHUMHU
9MOpHOHAMHU CUTHAJIBHBIX MOJICKYJI, KOTOPbIE BOBJIEKAIOTCS B
PEryIALUIO JOKAIbHOTO UMMYHHUTETA, COAEHCTBYIOT a/Ire3un
SMOPHOHOB ¥ KOHTPOIMPYIOT KJIETOUYHOE JAETIECHHUE U allONTO3
(Paidas et al., 2010; Barnea et al., 2012). B pe3ynsrare cra-
HOBJICHHSI IMMYHOT€HETHYECKOTO ¥ 9HJJOKPHHHOT'O IMaJiora
MaTepH U 1iofa GopMUpPYyIOTCS yCIOBHS, 00ECTIEINBAIOIIHE
HOpMaJIbHOE TeueHHe OepeMeHHOCTH 1 (hopMHUpOBaHHUE y TIO-
TOMKOB MEXaHU3MOB UMMYyHHOU 3amuThl (Szekeres-Bartho,
2002; Mold, McCune, 2012; Erlebacher, 2013). ITepemvu
MOJIEKYJIAMH, SKCIIPECCHST KOTOPBIX (PMKCUPYETCsl Ha MPOTS-
JKEHUH [IEPUO/IA PA3BUTHS OT PePTUIIN30BAHHOM SHIIEKIETKH
JI0 OJIaCTOIMCTBI, SIBIISIFOTCSI TOHA/I0TPOITHH-PEITM3UHT TOPMOH
(GnRH), pocToBble (hakTOpPBI M IUTOKHHBI.

T'opMoOHBI, KOHTPOJIb IMOPHOHAJBLHOTO PAa3BUTHS.
GnRH »skcnpeccupyercs, cyas mo MPHK, yxe Ha cTamun
JIBYX KJIETOK M jaajee, BIUIOThH g0 ummuiantanuu (Fishel et
al., 1984; Woodward et al., 1993; Seshagiri et al., 1994). ITo-
Ka3aHo, 4To MMMyHOpeakTuBHBIH GnRH mpucyrcTByeT B
MPEUMITIAHTAIIMOHHBIX SMOPHOHAX HA CTaJUsIX MOPYJIBI U
onacrormctsl (Francisco et al., 1999). Pesynbrarsl uMMyHO-
TUCTOXMMUYECKOTO HCCIIE0BAHUS MTPEUMINIAHTAIMOHHBIX
SMOpHOHOB MbImIel nokazanu, 4ro GnRH sokanu3oBaH B
6rmacToMepax KOMIAKTU30BAHHOM MOPYIIbI, BO BHYTpEHHEN
KJIETOYHOH Macce SMOPHOHOB U TPO(hIKTOAEpME OJTaCTOITHCTHI
(Seshagiri et al., 1994). Dxcrpeccuss MPHK GnRH n Genka
YBEJIMYMBACTCSI HAUMHAsI CO CTAJMM MOPYJIBI, U 3TO MO3BO-
nset paccmarpuBaTh GnRH B kauecTBe MOTEHIIHATHHOTO
MapakpUHHOTO (AKTOPa, YUACTBYIOIIETO B PEryJISIIUM TIpe-
MMILIaHTallMOHHOTO pa3BuTus U uMIutanTauuu (Casan et al.,
1998; Raga et al., 1998). MaKyOanus mpenMILUIaHTaIIMOHHBIX
aMOpHroHoB B ipucyTcTBrd GnRH no3utusHO Binsiet Ha 3M0-
PHOHAJIBHOE Pa3BUTHE, @ BHECEHUE B MHKYOAIIMOHHYIO CPey
anTaronucra GnRH nmoxasnser pazsutie smOopuoHoB. bonee
toro, aHtaroHucT GnRH, no0aBieHHBIN B HHKYOAIIMOHHYIO
cpeny B 1o3ax 5 u 10 MM, NOJIHOCTBIO OJIOKUPYET pa3BUTHE
smOpronoB. HeratneHoe BimstHue antaronucrta GnRH Ha pas-
BUTHE IPEUMIUIAHTAIMOHHBIX 3MOPHOHOB (YHCII0 SMOPHOHOB,
JIOCTUTIINX CTA/IUH OJIaCTOLHCTbI) HUBEJIMPYETCs YBEITMYCHH-
€M KOHIIEHTpAINX B MHKYyOalMOHHO cpejie arOHUCTa 3TOTO0
ropmoHna (Francisco et al., 1999).

[ToMuMO BIIMSIHUS HA PA3BUBAIOLIUICS IMOPHUOH, SMOPHO-
HanpHEIH GNRH BHOCHT BKJIaZ B IOATOTOBKY MaTKH K TPO-
1eccy MMIUTaHTanuu. [IpeamockuIkoi It ATOTO SIBISIETCS
GnRH-ycroiunBas sKkcrpeccus perentopa K JaHHOMY Top-
MOHY, KOTOpasi AETEKTUPYETCsI Ha BCEX CTaAUsIX MPEUMIIIaH-
TAIMOHHOTO Pa3BUTHS U 00ECIIEYNBACT B3aNMOCHCTBHE IMO-
puonanbHoro GnRH ¢ MaTrepuHCKUM TpyOUaThiM SIUTEITHEM
Y 3HAOMETPHUEM, CTUMYJIHUPYSI TEM CaMBIM BOCTIPHIMYHBOCTD
sHpomeTpus kK umrutanTanuu (Hearn et al., 1988; Asirvatham
et al., 1994; Das et al., 1994).

Kpome Toro, mpoxymupyemsrii Tpododiactom GnRH —
OZIMH M3 OCHOBHBIX PETyJIATOPOB CHHTE3a U CEKPELIUH XOPHO-
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Hu4eckoro roHagorpomnHoro ropmona (hCG) B npeumiuian-
TaIMOHHBIX SMOproHax (Seshagiri et al., 1994) u mmanenre
(Prager et al., 1992), u ero ocHOBHasi pOJIb 3aKJIIOYACTCS B
MOJICPI)KAHUU CUHTE3a U CEKPEIMHU IPOTeCTEPOHA KEIThIMH
TeNaMU SIMIHUKOB (Zimmermann et al., 2009; Singh, Krishna,
2010). Ha npenmrutanranuonnoii cragun hCG ctumynupyer
MPOIYKIMIO YHIOMETpUEM (hakTopa MOAaBICHHS JICHKEMUU
(LIF) 1 mpOaHTHOTEHHOTO COCYIMCTOTO YHIIOTEIHAIbHOTO
(hakTopa pocra, KOTOpBIE MTPAlOT KPUTHUECKYIO POJb B
npouecce umiuianranuu. OnuoBpemenHo hCG nHrudupyer
o0Opa3oBaHre MaKpO(araJIbHOTO KOJOHUECTHMYIHPYIONIETO
(bakTopa Oenka 1, CBA3BIBAIONIETO HHCYIMHOIIOAOOHBIH (hak-
TOp pocTa, NPOAYKIMI0 HHTepneiikuHa-6 (IL-6) snurenu-
anpHBIMH KieTkamu dH1oMeTpus (Licht et al., 2001, 2007).
OTH N3MEHEHHS Pa3BUBAIOTCS 03 CyIIECTBEHHOTO TOIbeMa
KOHIIEHTPAIIMH MPOrecTepoHa B KpoBH. DPPEKThI Hepeuuc-
JICHHBIX BBIIIE TTAPAKPUHHBIX ()aKTOPOB CBSA3AHBI C UX BIIHSA-
HHUEM Ha JICHUAYJSIINI0, aHTHOTEHE3 U MOATOTOBKY MaTKH K
UMIUIaHTanuu SMOproHoB (Strakova et al., 2000; Srisuparp
etal., 2001).

[TomuMoO TIpSIMOTO BO3/ICHCTBHSI Ha KIIETKU SHIOMETPHS U
pa3BUBAIOIIETOCS 3apojibiiiia, SMOpruoHanbHbI GNRH, kak u
THIOTAJIAMHYECKUH PEITM3HHT TOPMOH, 00J1a/1a€T SHIOKPHH-
HBIM 3 QEKTOM, HaNpaBJICHHBIM Ha CITACEHHE JKEIITOTO TeNa 1
MOCJICAYOIIEe BEICBOOMKIeHHE IporecTepoHa. CoOCTBeHHAs,
HE OINOCPE0BaHHAs Yepe3 FOHAJ0TPOIHbIE TOPMOHBI JIIO-
TeoTporHas aktTuBHOCTH GnRH Xopomro 1okymeHTHpoBaHa
(Duncan, 2000). BmecTe ¢ Tem apamMaTHueCKUil HOABEM IPO-
nykmd hCG TpogoOmacToM MPUBOIUT K MOBBIIICHUIO €T0
KOHILICHTPAIMH B ITa3Me KpoBH Matepu ot 5 710 > 1.000 y. e./mn
U CTUMYJUPYET CUHTE3 U ceKperuio rnporectepona (Carr et
al., 1982). HCG akTuBHpyeT ONOCPEI0BaHHBINA PErYIITOPHBIM
6exnxoM (StAR) TpancnopT xonecTepora, MpenecTBeHHUKA
CTEPOHIHBIX TOPMOHOB, U cuHTe3 IporecrepoHa (Pidoux et al.,
2007). OMOpHroHaTBHBIE CTBOIOBBIC KIIETKH SKCTIPECCHPYIOT
mporecTepoHoBslil penentop A. ITosTomy Bo3aelcTBIE IPo-
recTepoHa Ha KOJIOHUU 3M6pI/lOHaJ'IbH])lX CTBOJIOBBIX KJICTOK
4yeII0BeKa HHAYINPYEeT OPTaHN3aINI0 HEHPOIKTOAEPMATTBHBIX
KJIETOK B PO3ETKH, CXOXKHE ¢ HEHPOHAJIBHBIMU TPyOKaMH.
IlonaBienue NporecTepOHOBOrO CUTHAIBHOIO IIyTH YTHETA-
et auddepeHnranuio SMOPNOHATBHBIX CTBOJOBBIX KIIETOK
yenoBeka B aMOpuonanslie Tena u poserku (Gallego et al.,
2010). DT naHHBIE CBUAETEILCTBYIOT O KIJIIOYEBOW posn
TOHAIOTPOITHOTO TOPMOHA U ITporecTepona B auddepenima-
IIMH SMOPHOHAIILHBIX CTBOJIOBBIX KiIeToK. Kpome Toro, mpo-
recTepoH KOHTPOIUPYET (QYHKIIMIO SHJIOMETPHS 33 CUET yBe-
numueHus cexkpeuuu LIF n akTuBanuu SKCOpeccuy I'eHa MH-
tepneiiknHa-4 B T-kierkax (Herrler et al., 2003).

VY yenoBeka u JApYrux BUA0B MIICKOIIUTAIOIUX ITPOTreCTEPO-
HOBBIH CUTHAJIBHBII My Th SIBIISETCS KIIIOYEBBIM B IIPOLIECCAX
CTaHOBJICHHUS M MOJIIepKaHust OepemenHocTH. Kimaccnuecknit
B3IVISI/1 HA POJIb [IPOTeCTEPOHa ITPpY OEPEMEHHOCTH YacTo Orpa-
HUYMBAETCS €T0 (pyHKIMEH B pETIPOIyKINH, CBSI3aHHOI C TEM,
YTO OH CEKPETUPYETCs KIETKAMH I'paHyJe3bl B (DOIUIHKYIaxX
SIMYHUKA, YKEJTOM Telle OepeMEeHHOCTH M 1ocie 8-i Helenn
OGepeMeHHOCTH IPOAYIIHPYETCS Pa3BUBAIONICHCS IITAIIEHTOM.
Tem He MeHee XOpOIII0 U3BECTHO, YTO IIPOTeCTEPOH 00IaIaeT
MMMYHOMOAYJIUPYIOIIUMU CBONCTBAMU, KOTOPbIE BHOCST
CBOM BKJIaJ B MMMYHOCYIIPECCHIO, 00ECIEeUnBAIOIIyO 3a-
ATy SMOPHOHOB OT OTTOPKCHUS B MEPUOI OEPEMEHHOCTH.
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Bbicokue KOHIIEHTpaIMK POrecTepOHa MPOIEBAOT BHIKHU-
BAaE€MOCTh KCEHOTCHHOTO M AJUIOTEHHOTO TPaHCIUIAHTATOB,
a TaKKe BIMSIOT HA Pa3IUyYHbIC (a3bl UMMYHHOTO OTBETa
(Kyurkchieva et al., 2010). [IporectepoH OTHOCAT K YHCITy
MOIIHBIX PETYISTOPOB IMMYHHOTO OTBETA.

Bnusinue nporecrepona Ha addepeHTHOE 3BEHO UMMYH-
HOTO OTBETa IPHBOJHUT K COKPAILEHUIO KU3HEHHOTO IMKJIa
JICHIPHUTHBIX KJIETOK IyTeM YCUIEHHS nX i depeHInpOBKI
U MTOCJIEIYIOIIETO aromnTo3a, 8 TAKXKE K YCHICHHIO CEKPEIINT
IL-10. C npyroii cTopoHbl, aKTHBHOCTB 3 PEKTOPOB UMMYH-
HOHM CHCTEMBI, TAKUX KakK T-KJIETKN M HaTypasibHbIC KUILIe-
psl (NK), MoxynupyeTcsi mporecTepoHOM B HANpaBICHUU
CTUMYJIAIUM UMMYHHOTO OTBETa Th2—Tyma " IoAgaBJICHHUA
aktuBHocTH NK-kierok. [lon BiIusHHEM IporecTepoHa u3-
MEHsIeTCSl TPO(UITb CEKPETUPYEMBIX B-KileTkamMu aHTHTEN
3a cuet yBenuuenus npoaykiuu [gG (Kelemen et al., 1996).
Jpyroi BaykHBIM pe3ysbTaT UMMYHOMOZIYJISILIMM TPOTecTe-
POHOM 3aKJIIOYaeTCs B €r0 BIMSHUM HAa ME3CHXHMAaJIbHbIC
CTBOJIOBBIC KJIETKHU, B KOTOPBLIX MHAYHUPYIOTCA CHUHTE3 U
CeKperys cnenupIecKnx OeJIKOB, BIUSIONINX HA JESTENb-
HOCTb HECKOJIbKMX TUIIOB MMMYHOKOMITETEHTHBIX KJICTOK.

CJ'IGZ[yeT OTMETUTD, YTO MMOYTU HUYCTO HE U3BECTHO O POJIU
MMMYHOTEHETHUECKUX Pa3Inunii MaTepu W IJI0/a B PEry-
JSIUXA TTPOTeCTEPOHOBOM (PYHKIIMM HA JOMUMILIAHTAIMOH-
HOM CTaJuu SMOPHOHAJIBLHOTO Pa3BUTHS. 3HAYMMOCTh 3TOTO
(hakTOpa JTOKA3BIBAIOT HAIIM HCCIIEJOBAHMS, BBITIOJHEHHBIC
Ha JIMHUAX MBIIICH, KOTOpbIE Pa3IMYaloTCs O TeHaM IJIaB-
HOro KoMIuiekca ructocomectumoctd (MHC) BALB/cd u
C57BLb. Ha npuMepe BHYTPH- U MEKIMHEHHBIX CKPEIIUBa-
HHH ¥ BHYTPH- 1 MEKJIMHEHHBIX IEPecaIoK OJIacTonuCT ObLTO
YCTAHOBJICHO, YTO Yy CaMOK, BbIHAIIMBAOINUX AJIJIOTCHHBLIC
SMOPHOHBI, OTIIMYAIOIINECS 110 TeHaM IJIABHOTO KOMILIEKCA
THCTOCOBMECTHMOCTH, YPOBEHB IIPOI€CTEPOHA B TIIIa3Me KPO-
BU HA MATBIC CYTKU MTOCJIC ITOKPBITHUA 6])1.]'[ CYIIECTBEHHO BbI-
I1€, YeM y CaMOK, BBIHAIIUBAIOUINX CHHICHHOE ITOTOMCTBO
(Gerlinskaya, Evsikov, 2001). YuacTie ”UMMYHHBIX ()aKTOPOB
B MOJYJISIIH TIPOT€CTEPOHOBON (DYHKIIMHU Marepeil J0Ka3bl-
BAIOT PE3y/bTaThl HAIIMX 3KCIIEPUMEHTOB C OJHOKPATHOH
NMMYHHM3aIMEH CaMOK aJlJIOAHTUTCHAMH CaMIIOB, ITPOBECH-
HOH Ha BTOPBIE CYTKH [10CJI€ BHYTPHIMHEHHOTO (PepTHIBHOTO
cnapuBaHus. B 3TOM ciydae Habmonannch TOCTOBEPHOE
YBEIMYCHUE KOHIICHTPAIMU IIPOTeCTepOHa B KPOBHU B TIEPHO]]
UMIUTAHTAIH (TISIThIE CYTKH IOCJIE OKPBITHA) U yBETHUEHHE
KHM3HECTIOCOOHOCTH MOTOMKOB Ha CTaJlH SMOPHOHAIBEHOTO
pasButus. CieayeT OTMETHTh, YTO HIMMYHOCTHUMYJISLIUS Ca-
MOK Ha paHHUX CTaUusAX 6epeMeHHOCTl/I 3HA4YMUMO ITOBBIIACT
KauecTBO Marepeil. Hamm pe3ynbraTel OKa3bIBaIOT, YTO
NMMYHOCTHMYJIMPOBAHHBIE CAMKH BBIKAPMIIUBAIOT OOJIbIIICE
YHCIIO TOTOMKOB 3a CYET OTCYTCTBHS CIy4aeB MOJHOTO MU
YaCTUYHOTO OTKa3a OT BBIKapMIIHMBaHUS moToMKoB (Gerlin-
skaya et al., 2000).

L{uToKHHBI M POcTOBBIE (PAKTOPBI, KOHTPOJIb IMOPHO-
HaJIbHOTO pa3BUTHS. Pa3BuTHE SMOPHOHOB B IEPHUO NX CBO-
0O0THOTO TIepEMEICHHS B )KEHCKOM PEITPOyKTHBHOM TPAKTE
KOHTPOJINPYETCSI IIUTOKMHAMU U POCTOBBIMH (pakTopam,
KOTOPBIE CEKPETUPYIOTCS STNUTEINATBHBIMY KJIETKAMU MATKH
1 KOOPJMHHUPYIOT MPOCTPAHCTBEHHO-BPEMEHHbBIE B3aNMOOT-
HOIICHUS Pa3BUBAIOIEIOCs 3MOPHOHA U MPOLECCHl MOJT0-
TOBKM MaTK1 K IMIUIAHTAIN. DKCIIPECCUS SMOPHOHATBHBIX
IIUTOKMHOBBIX PELENTOPOB, KOTOpasi (GUKCUPYETCs YKe Ha
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craguu (Gepruimsanny, 00ecreunBaeT BIUsSHIE IMTOKHHOB
1 POCTOBBIX (PAKTOPOB Ha KOIWYECTBO U KU3HECTIOCOOHOCTH
smOproHanbHEIX Kinetok (Sharkey et al., 2008). Bmecte ¢
TEM CaMM Pa3BUBAIOLIMECS SMOPHOHBI TAKKE MPOLYLUPYIOT
IIUTOKHUHBI, KOTOPBIE IIPSIMO UM OMOCPEAOBAHHO YUaCTBYIOT
B MOP(OQYHKIIMOHATBHON MOATOTOBKE YHJIOMETPHS K HM-
ruiaHTanuy. L{UTokuHbI 1 pocTOBBIE PAKTOPBI, IIPOLYLIUpYeE-
MBbI€ Ha Pa3HBIX CTAJIUSIX PA3BUTHS MPEHMIUIAHTAIIHOHHBIX
9MOpHOHOB, BKMo4daroT IL-1, IL-6, KonmoHuecTuMyanpyommit
(axrop-1, paxrop Hekposa onyxonu (TNFa) u np. Pesyins-
TaThl KCIIEPUMEHTAIIBHBIX UCCIIENOBAHUM i Vitro U in vivo,
BBITIOJTHEHHBIE C MPUBIICUCHUEM Pa3HbIX METOIOB, BKJIIOUAs
TeHEeTHYECKHE, TPE/ICTABIISIOT YOS JUTEeIbHBIE JOKAa3aTeIbCTBA
JIONTOCPOYHBIX 3((PEKTOB paHHETO BO3JCHCTBUS IINTOKUHOB
1 (haKTOpOB poCTa Ha Pa3BUTHE II0NA. DTU 3PPEKTHI MPo-
SIBJISIIOTCS B TEUSHHE TIOCIIEPOJIOBOTO MEPUOAA, B TOM YHCIIE
B (hopMe HEOAMHAKOBOH BOCHPUUMUYHBOCTH K MH(EKIUSIM
(Robertson et al., 2011).

JeranbHoe u3yueHre BKIIaJia IpaHysIoluTapHO-MaKkpoda-
TaJIEHOTO KOJIOHHeCTHMYHpytoriero ¢akropa (GM-CSF) B
MPOTPaMMHPOBAHUE PA3BUTHS TTOKA3aJI0, YTO 3TOT IIUTOKUH
HEOOX0/IMM JJIsl HOPMAJIBHOTO Pa3BUTHS OJIACTOLMCTHI M 10~
CIIEAYIOIIETO MOAJIEPKAHNS BBHICOKON KU3HECTIOCOOHOCTH
TUTOZIOB ¥ HOBOpOKIIeHHBIX (Robertson et al., 1994; Robertson,
2007). Bimussnue GM-CSF Ha 5MOpHOH B IpeUMILIaHTAIMOH-
HBIA TIEPUO]] CIIOCOOCTBYET (POPMUPOBAHMIO ONACTOIMCTHI,
YBEIMYMBAs KOJIMUYECTBO KU3HECIIOCOOHBIX OJIACTOMEPOB 3a
CUET MHTMOMPOBAHUS AIONTO3a U O0JIErYeHUs! TTOTJIOICHUSI
rmoko3sl (Robertson et al., 2001). B pabortax mpyrux mc-
ciieioBaTesell Tak)Ke OTMEYaeTCs BayKHAs POJIb IUTOKHHOB
SMOPHOHAIBHOTO TIPOMCXOKACHUS B MPOTPAMMHUPOBaHUU
OHTOreHe3a. B yactHocTH, nokazaHo, uto TNFo yBepeHHO
9KCIPECCUPYETCsl SMOPHOHAMH B MHTEpPBAJIE OT YETHIPEX-
KJjetouHol cramuu 10 Mopyasl (Witkin et al., 1991). Ilpu
3TroM TNFo yMeHbIIaeT KOJIMUECTBO KJIETOK BHYTPEHHEH
KJIETOYHOW Macchl 0€3 3aMETHOTO BIMSHHUS Ha Pa3BUTHE TPOQ-
skrtonepmbl (Pampfer et al., 1994). CunxpoHusupoBaHHast
skcrpeccus IL-6 1 ero perienTopa perucTpupyercs Ha ypoBHE
MPHK u GenkoB Ha Ka)KIOH CTaIuu pa3BUTHS MIPEUMILIAHTA-
IUOHHBIX IMOpHOHOB. benok IL-6 0OHapyXuBaeTCs B IIUTO-
mra3me, a [L-6 perenrtop — Ha KieTogHoi MmemOpane (Zhao
et al., 2012). B npyrux uccrnenoBaHusx OBLIO IIOKA3aHO, YTO
(hakTOpB! POCTA YBEIUUUBAIOT YHCIIO KJIETOK OJIaCTOLMCTHI.
Tak, HHCYTMHOTIONOOHBIH (PaKTop, CrieTM(pUIECKN TeHCTBYS
Ha KJICTKH BHYTPCHHEH KJIETOYHON MaccChl, OBBIIIAET KO-
JIMYECTBO KJIETOK TPO(IKTOAEPMBI U CTUMYIUPYET CHHTE3
6enka (Hardy, Spanos, 2002). B menom BIusiHHE ITITOKHHOB
Ha TIPOIECCHI, TPOUCXO/SIINE B PEIPOAYKTHBHOM TpPAKTE,
BKJIIOUAs SMOPHOHAIbHOE pPa3BUTHE, MHBA3UIO Tpodoobiiacta B
SHJIOMETPHUH 1 IMIUTAHTALINIO, UIMEET KPUTHIECKOE 3HaUCHHE.
[Ipearnonaraercs, YTO MUTOKUHBI CTUMYIUPYIOT SKCIIPECCHIO
I'€HOB, BIMSIOUIMX BIIOCJICICTBUH Ha Pa3BUTUE U/UITU Ha DITU-
TEHETHYECKOE MPOrpaMMHUPOBAHNE MPEUMITIAHTAIIHOHHBIX
SMOPHOHOB M OTAAJCHHBIC ITOCIEICTBHS, TPOSBIISIOMINECS
B Pa3HBIX (JOpMax HEHACJEICTBEHHBIX maTtoiorui (Sjoblom
etal., 2002). Cremyet OTMETUTB, YTO POJIH ITATOKHHOB B Pa3-
BUTHH NTPEHMIUIAHTAIIMOHHBIX SMOPHOHOB HCCIIE0BAIACH
IJIaBHBIM 00pPa3oM B YCIIOBHSX in Vitro, TOTIa KaK BIIHSHUE
MU3MEHEHHUH 3KCIPECCHN IUTOKMHOB B (PU3MOIOTHUECKHUX
CUTyalusix (MaTepuHCKHEe MH(QEKIMH, BOCTAICHHUE, IHeTa,
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win OO0JIe3HH, TaKUe Kak 1uadeT) Ha pa3BUTHE SMOPUOHOB U
IIOTOMKOB OCTaeTCs HEU3BECTHBIM.

MaTtb-nnopg, MMMYHHbI guanor

NmMmyHHas cuctema MaTepH MIPAcT KPUTUYIECKYIO POIb B
CTaHOBJICHUH, TTOJJICPKAHUM M 00CCIICUCHNH 3710pOBOi Oe-
pemennoctu. [lockosabky SMOpHOHANbHAS U IUIALIEHTAPHAS
TKaHH 9KCIPECCUPYIOT OTLOBCKUE TE€HBI, yCIIeX OEPEMEHHOCTH
3aBUCHT OT YCJIOBHH, 00€CHEUNBAIOIINX COCYIIECCTBOBAHUE
U B3aUMOJICHCTBUE MEXIYy aHTUT€HHO OTIIMYHBIM OT MaTe-
PUHCKOTO OpraHusMa IIJIOJOM U MAT€PUHCKONM MMMYHHOH
CHCTEMOM, HECMOTPSI Ha MPUCYTCTBHE JICWKOIITOB B PETIPO-
JIYKTHBHOM TpaKkTe 1 HOPMaJIbHOI KIMMYHOKOMIIETEHTHOCTH B
MecTax UMIUIaHTalu|. DTOT MPOLECC UMMYHOT€HETHUECKOTO
JIajiora B CHCTEME MaTh—ILIOJ] HAYMHAETCS OT MOMeHTa (hep-
TWIN3AIMM U 3aKaHYMBAETCS POAAMHU U BBIKAPMIIMBAHHEM
MOTOMKOB.

Marepunckuii HIMMYHHBII oTBeT. [Ipo0Oneme ¢popmupo-
BaHHUSI UIMMYHHOTO OTBETa Marepu, 0OyCJIOBIEHHOIO COCY-
IIECTBOBAHNUEM M PAa3BUTHEM B MAaTEPUHCKOM OPTaHU3ME aH-
TUTCHHO OTIIMYHOTO TUIO/IA, SIBIISIOMIEIOCS aHAJIOIOM KCEHO-
TpaHCIUIaHTaTa, mocasiieHo 6osee 5000 pador (6a3a aHHBIX
PubMed), u exxerogHO YMCIIO MyONMKAN yBETHIHUBACTCS
oT IByX paboT B 1963 . mo 299 B 2016 . OqHO U3 TEPBBIX
0OBSICHEHHH JUTMTEIILHOTO CYIIECTBOBAHHS TII0/IA B IPSIMOM
KOHTAaKT€ C MAaTEPHHCKUM OPTaHU3MOM OBIJIO HPEIOKEHO
R.E. Billingham ¢ komneramu (1953), koTopble BBIABHHYIIN
KOHIICTIIIMIO UMMYHHOHU TOJIEPAHTHOCTH BO BpeMsi OepeMeH-
HocTH. COMIacHO TUIOTE3€ TOJIEPAHTHOCTH, AaHTUTEHHO OT-
JIMYHBIN 11J10]T CHOCOOEH BEDKUTH B MATEPUHCKOM OPTaHU3ME
B pe3ynbrare (POPMUPOBAHUS 0COOBIX MEXaHU3MOB, PETYIIHU-
PYIOIINX UMMYHOJOTUYECKUE B3aUMOACHCTBUS MEXIYy Ma-
TEpBIO U TJI0I0M. Takoe perylnmpoBaHUE MOXET OBITh BBI-
3BaHO OTCYTCTBHEM DKCIIPECCUH IIOZ0BOIO aHTUIeHA U/WITN
(DYHKIIMOHATBHBIM HO/IaBICHHEM MAaTEPUHCKOTO IMMYHHOTO
OTBeTa.

BeposiTHO, HanboIiee BayKHOIT cTpareriuel 00xona UMMYH-
HOTO PacHO3HAaBaHMSA MAaTEPUHCKUM OPTaHM3MOM 3MOpHO-
HaJIbHBIX aHTUTCHOB SIBIISICTCS OTCYTCTBHE SKCIIPECCHH KIac-
cuueckux antureHoB MHC na Tpodobnacre. Brian mexa-
HU3MOB 3Kcnipeccnn reHoB MHC B kieTkax Tpodobmacta
MpeJICTaBISIET OONBIION HHTEPEC U3-3a TOTEHIMAIBHON POIIH,
KOTOPYIO OTCYTCTBHE SKCIPECCUH 3TUX aHTUTCHOB UTPAET B
3allUTE IJ10Ja OT aTAKU MaTEPUHCKOM UMMYHHOM CUCTEMOM.
TpodobaacT yenoBeka, Kak H3BECTHO, BHIIOIHSCT (DYHKITHIO
MMMYHOJIOTHYECKOTO Oapbepa Mex1y MaTepblo M ILIOAOM
U XapaKTepU3yeTCs OTCYTCTBHEM 3KCIIPECCHU aHTUTEHOB
MHC knacca II, a Takke 0TCYTCTBUEM DKCIPECCUH KIIACCH-
yeckux aHturenoB kinacca MHC I, neiixonurapasix HLA-A
n HLA-B anturenos (Chatterjee-Hasrouni, Lala, 1981; Hunt,
Orr, 1992). Kimaccuueckne mosexyinsl MHC I kimacca urpatot
KJIFOYEBYIO POJIb B ITpe3eHTaluu aHTUreHoB T-kinetkam u NK-
KJIETKaM, ¥ 3TO 00CTOSTENBCTBO MOIEPKUBAET TEOPHIO O TOM,
yro orcyrcrue mosieky’r MHC I kiracca B tpodpoOnacte 3arm-
IIIaeT ero OT MaTEePUHCKON UIMMYHHOMH aTaku. O THAKO XOPOIIIO
M3BECTHO, YTO KIETKH TpodobiacTa IKCIPECCHPYIOT Kiac-
cuyeckue MHC knacca I HLA-C u neknaccuueckue MHC
HLA-E, HLA-F u HLA-G monexysnsi (King et al., 2000a, b;
Hunt, 2005). YenoBeuecknii neiikomurapHbiii anturen C
(HLA-C) — enuHCTBEHHBIN TOJIUMOP(HBIA KIIACCHYECKUH
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AQHTUI'eH TMCTOCOBMECTHMOCTH, KOTOPBII 3KCIIpeccupyercs
B KJIETKaX TpodoOiacTa Ha TpaHHIIEe MEXTy IIOAaMHU U Ma-
TepuHCcKuM opranuzmoM. Baaumoneiictsue HLA-C ¢ geuu-
JlyaJIbHBIMH T-KJI€TKaMM SHIOMETPHUSI MOXKET CLIOCOOCTBOBAThH
yCIeNTHOW WHBa3uu TpodobiacTta B SHAOMETPUN MAaTKH.
[Tokazano, 4To Mpu OEPEMEHHOCTH C HECOBIAAAIOIINMH T10
knaccuueckum reram MHC kinacca [ sMOproHaIbHBIMU U
marepuackuMa HLA-C oTMedaeTcs yBenmueHne KOMU9IecTBa
aKTHBHUPOBAaHHBIX Treg m T-KIETOK B IenuayaIbHOM TKaHU
1o cpaBHeHuto ¢ HaOonaembiM ipu HLA-C cxoxect ma-
TEPHUHCKOTO 1 SMOpHoHanbpHOT0 opranm3MoB (Tilburgs et al.,
2009). ITpn HEocnO)XKHEHHON OEPEMEHHOCTH JACHH/TyaIbHbIE
T-knerku pacrnosnatot smopuonansublii HLA-C ¢enorun B
MECTaX MEKXKJIETOUYHBIX KOHTAKTOB MaTh—IUIONA, HO OHH HE
BCET/Ia BBI3BIBAIOT JIECTPYKTUBHBIM MaTePUHCKUH NMMYHHBIH
oreet (Chen et al., 2012). DmOpuonansubie HLA-C Monexysibt
B3aHMOJICHCTBYIOT C TIOBEPXHOCTHBIMH KIJIIEP-HHCYIUHOMO-
no6uevu perienrtopamu (KIR) NK-knerok. [ToBepxHOCTHBIE
KIR-penenropsl, cea3biBatomuecs ¢ HLA-C monexynamu,
skcrpeccupytorcst B NK matku co 3HaunTenbsHO OONBIIEH
4acToToH, yeM B nepudepnuecknx xrerkax NK, n nx mak-
CUMaJIbHasl 9KCIIpeccusi, HaboiaeMast y )KEeHIIUH Ha paHHEeH
cTaznu OEpEeMEHHOCTH (710 6 HEex), IMOCTETIEHHO CHUKACTCS
K KOHITy TepBoro TpuMectpa Oepemennoctr (Verma et al.,
1997; Sharkey et al., 2008). Kiterku NK Matku omnugarorcs
ot nepudepraecknx NK-KIeTok mOHMKEHHOH TH3UPYIOMEeH
aktuBHOCTHIO (King et al., 2000a, b; Apps etal., 2011). B no-
NYJSALUK TeUUIYISAPHBIX JeHkouToB 1ot NK, umeromumx
KIR-penenropsl, apamaruuecku nosimaercs 10 20-30 % Ha
3-ii— 5-i nHuU nocne oByisuK U gocturaet 70 % B nepuon
nMmiutanranun. B3anmoperictsusgs HLA-C-KIR ¢ knetkamu
Tpohobmacta u NK-kireTkaMu MaTky peryimupyioT TTyOnHy
MHBA3MHU KJIETOK TpodobiacTa B MaTKy ¥ KPOBOTOK B IIPO-
CTpaHCTBE MEX/y BOPCHHKaMH TpodobiacTa myTemM TpaHc-
(hopmanmuu cMpanbHEIX apTepuit Tpodobmacta (Moffett,
Loke, 2006).

MMMyHOnOruueckoe B3auMoACHCTBUE MaTb—ILIO, IIPOUC-
XOJISIIIEE B MECTE MMIUIAHTAINH, BKIIIOYAET JBE MOIUMOpPh-
HBIE TeHHBIE cucTeMbl, MaTepuHckre KIR n aMOproHanbHyro
HLA-C. ®opMupoBaHue yCcIOBUIM A YCHEIIHONW MHBAa3UU
KJIETOK TpodobiacTa, B 4aCTHOCTH BHYTPUYTPOOHOTO KpO-
BOTOKa, 3aBUCHT OT komOuHarmu MarepuHckoro KIR NK u
smOpuonansHoro HLA-C renorumnos (Moffett, Loke, 2006).
I'eneTnyeckue nccae 0BaHNs TTOKa3bIBAIOT, YTO KOMOMHAIINT
MaTE€pPUHCKUX U OTLOBCKUX reHoTunoB o HLA-C, nposiBisito-
1IeMy 3aMeTHBIH nomuMopdusm, a rakxke KIR denorurm (ak-
TUBUPYIOMUH/MHrHONpytomuit) NK-K1eTok MaTKH, BIHSIOT
Ha PETPOAYKTUBHBIA yCIeX, B YaCTHOCTH 3Ta KOMOMHATOpHKa
OTBEYAEeT 32 IPUBBIYHBIC BHIKUJIBIIINA U TE€CTO3, @ TAKXKE MO-
qynapyet poct u passutue mwiona (Hiby et al., 2004, 2010).

Ot apyrux monekyn HLA knacca I HLA-G otnuuaer Hu3-
KUH oJMMOp(H3M IIPOMOTOPHOIT 00JIaCTH M OTpaHUYEHHOE
pacmipenienienue B TkaHu. PactBopumas m3zodopma s-HLA-G
WICHTH(UIMPOBaHA Ha ITOBEPXHOCTH (PETOIUIAIICHTApHOTO
KOMIIJIEKCA U, KaK ObLJIO YCTaHOBJICHO, MH/IyLIUPYET arlonTo3
CD8+T-knetoxk 1 NK-KJIETOK M IETEKTHPYETCS B TCUCHHE
BCETO reproaa OepeMEeHHOCTH B KPOBH MaTepell U aMHHOTH-
yeckoit sxuakoctu (Mallet et al., 2000; Contini et al., 2003).
HLA-G momasmisieT qenuayiapHble aHTUT CHITPE3EHTHPYTOIITHE
kietkn (dAPC), NK-kinetkn u CD8+T-kieTku. Monekysibt
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HLA-G knerok Tpodobiacta MOTYT IOAABIATH HMMYHOT€H-
HBIA (PEHOTHIT IEHAPUTHHIX KIeTOK MaTku (Pazmany et al.,
1996). PactBopumble monekynst HLA-G supomutupyorcs
uMMyHoMTo0ynnH-11o100HbIMK perenitopamu (KIR2DL4)
N-KJIETOK ¥ MHIYIUPYIOT CEKPELHIO MPOBOCIATUTENbHBIX/
MIPOAHTMOTEHHBIX (DAKTOPOB. DTOT YHHKAIBHBIH MEXaHU3M
ctuMyssiimu noxosmxcs NK-knerok pactsopumoit HLA-G
obecrnieunBaeT BO BpeMsl paHHEH OEpEeMEHHOCTH BaCKYIAPH-
3aruro snomerpust Matku (Rajagopalan et al., 2006, 2010).
Takum 00pazoM, MaTka He SIBJISIETCS UMMYHO-TIPUBHIIETHPO-
BaHHBIM OPTaHOM, HO 00Ja1aeT (0COOEHHO ee MyKO3aJIbHBIN
CJIOM) YHUKaIbHBIMH HMMYHOJIOTHYECKUMH CBOWCTBAMH, KO-
TOpbIE CTUMYIIUPYIOT BHYTPUYTPOOHBIN KPOBOTOK, obecre-
YMBAIOIINI JOCTaBKYy HyTPHEHTOB, HEOOXOIUMBIX JISI HOP-
MaJIbHOTO POCTa M Pa3BUTHS TUIO/A.

YernenrHoe BpIHAIIMBaHHE aHTUI€HHO OTIIMYHOTO OT MaTe-
PHHCKOTO OpTaHHW3Ma IIJ10/1a ¥ POJKAEHHE 37I0POBOTO MOTOM-
CTBa TECHO CBSI3aHBI C AKTHBAIMEH MMMYHOCYITPECCHBHBIX
MEXaHU3MOB, 00ECIEYMBAIONINX MATEPHUHCKYIO TOJIEPAHT-
HOCTB K 9yXepogHoMy 3MOpuony. C Ipyroii CTOpOHEI, MaTh
JIOJDKHA TTOJIEP>KUBATh NMMYHHYIO ()YHKIIHIO HA YPOBHE, I10-
3BOJISIFOLIIEM OOeCTIeynBarh 3auTy oT HHMeKmil. MexaHusm,
00yCITaBIMBAIONINN yCTIEX MMIIIAHTAINH W TOJACpP)KaHUE
HOPMAJIBHOTO TEUECHHsI OEPEMEHHOCTH, CBSI3aH C HEPEKITIO-
yenueM Th1/Th2 npo¢uiist IMTOKMHOB B HAIIPaBJICHUH TIpe-
obmamganus Th2 murokuHOoB. CornacHo rumnotese (Wegmann
et al., 1993), npeobmagarne Th2 npoduist TUTOKHHOB TTOA-
JIep )KUBaeTCs 3a cueT Kak akkymy sinnu Th2 kietok B renm-
Ty, TaK 1 MHAYKIWAN POoNTUQepanuy HauBHBIX T-KIETOK B
HarpasiieHHH oopazoBanus Th2 kinerok. CieryeT OTMETHTB,
YTO ATH M3MEHEHHs HE OKa3bIBAIOT 3HAYMMOIO BIMSHHS Ha
CHCTEMHBIN IMMYHHBIH 0TBeT (Sykes et al., 2012).

KiroueBble MOJIEKYIIbI, KOTOPBIE BOBJICKAIOTCS B PETYIISILIHIO
MO/I/IPIKAHHsST HEOOXOANMOTO JUIs YCTICIIHON OEPEMEHHOCTH
6amanca Th1/Th2 kieTok, — mporecTepoH U IPOTHBOBOCIAIH-
TenpHbIe TUTOKUHEI [L-4 1 [L-10. B nefikonnTax OepeMeHHBIX
JKCHIIMH 00HAPY)KEHO HAJTMYHUE CIICIIM(PUICSCKUAX MECT CBSI3bI-
BaHMS NPOTECTEPOHA M OTCYTCTBHE TAKOBBIX B JICHKOLIUTAX
HeOepeMEeHHBIX JKeHIMH. [IporecTepoH BOBIEKaeTcsl B pe-
TYJSIIUIO TTOMysiuun Treg KIIeTOK M UrpaeT OCHOBHYIO POJIb
B CHCTEMHOM M MecTHOM (Mmartka) yBenmueHnu CD4CD25
Treg knerok (Mao et al., 2010). IIporectepon Onokupyet
K+xkananst T-mumdounToB 1, TakuM 00pazoM, ormocperyer
JIOKaJIM30BaHHOE W 00paTuMoe MoaBIeHHE TPOoTu(epaIiu
IIUTOTOKCHYECKUX KJICTOK. DTOT MEXaHHM3M Pealli3yeTcsl TOMb-
KO TPH OY€Hb BBICOKMX KOHIIEHTPALMSIX FOPMOHA, KOTOPbIE
XapaKTEepHBI I MECT KOHTAKTa aJuToreHHbIX KieTok (Ehring
et al., 1998). I3MeHeHne KOHIIEHTPALUH ITPOTECTEPOHA TIPH
OepeMEeHHOCTH HOCHUT BUAOCTICHU(DUIECKUI XapaKTep, HO y
BCEX BUIOB OHA BO3PACTAeT Ha cTaquu uMIutanTanuu (OcTrH,
opr, 1989), mpruem Gosee 3aMeTHO ITPU AJUTOTCHHON Oepe-
MEHHOCTH, 4yeM ipu cuHrenHol (Gerlinskaya, Evsikov, 2001).
B npucyrcTBuM mporectepoHa, Kak ObLIO MMOKa3aHO BBIIIE,
MOJIyIUPYIOTCS Tpeodiiajanne UMMyHHOT0 oTBeTa Th2 THra,
oJiaBIeHue aKTUBHOCTU NK-KIIETOK U yBEJIMYEHUE IIPOLYK-
i [gG, crmocoOCTBYIONMX HOPMATEHOMY TEUSHHUIO OepeMeH-
HocTH. [IporecTepon rmogassieT NpoayKIHio HHTEphepoHa-yY
(IFN) B MOHOHYKJICApHBIX KJIETKaX MepugepruuecKkoi KpoBy,
KyJIBTHBHPYEMBIX B IPUCYTCTBHH KIIETOK Tpodobiacta (Choi
et al., 2000) u TNF-a, B To Bpems kak nossiiieHue 1L-4 B
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MMMyHOreHeT1YeCKnin fruanor matepu 1 SM6POHOB
Kak $paKTop CTaHOBNEHVA IMMYHHOTO CTaTyca NOTOMKOB

CTUMYJIMPOBAaHHBIX (PUTOreMarrItOTHHHHOM MOHOIIUTOB I1e-
pudeprnieckoii KPOBH MPUBOIUT K CYIIECTBEHHOMY CIBUTY
B coorHomennu Th1/Th2 (Raghupathy et al., 2005). Ummy-
HOIIOOYJIMHBI CIIOCOOHBI TaKke u3MeHsTh 6ananc Th1/Th2,
YTO IPUBOINT K CHIKEHHUIO OTHOIIeHNs TuMpormros CD4 +
IFN-y +/CD4 + IL-4 + (Yamada et al., 2003). B cBoto ouepenp,
9HJIOT€HHBIH 0€JI0K (MHAYLIMPOBAHHBIH TPOTeCTEPOHOM 0J10-
KAPYIOMHN (aKTOp) CIIOCOOCH YBEMUYNTH poayKiuio 1L-4
n IL-10 B MoHomuTax neprgepruueckoil KpoBU U HE BIUATH
Ha uTokuHbl Th1 IFN-y u TNF-a (Raghupathy et al., 2009).

BuinsiHMe MPeMMIJIAHTAIMOHHOTO MATEPUHCKOI0 UM-
MYHHOIO CTATyca HA pa3BHTHe HMMYHHOI CHCTeMBbI MO-
TOMKOB. Kak Ob10 OTMEUEHO BBIIIE, KIIIOYEBbIE MOJIEKYJIIbI
MPOTrPaMMHUPOBAHUSI PAHHETO OHTOTE€HE3a MOTYT BIMSTH Ha
JKM3HECHOCOOHOCTh MOTOMKOB, B TOM YHCJIE U HAa ()OPMHUPO-
BaHUE UX UMMYHHOMU cucteMbl. Bmecte ¢ TeM, HeCMOTps Ha
00BIIIOE YMCIIO UCCIIENOBAHNH, KOTOPBIE MOCBSIIEHBI (pak-
TOpaM, BIHSIONIMM Ha MPOTPaMMy Pa3BUTHSI SMOPHOHOB B
neproJi 0epeMEeHHOCTH, 00 UX OTJaJICHHOM BIIMSHUU HA 3710~
POBBE MOTOMKOB M3BECTHO HEMHOTO. Pe3ynbraTel KIIMHHYE-
CKHX HCCIIIOBaHHM, B KOTOPHIX OBIIO 00ciienoBaHo Ooiee
7000 manMeHToOK M UX IOTOMKOB, OKAa3aJld, YTO (hepTUIIU-
3anus B MPUCYTCTBUH BO30OyAHUTENEH MOTOBBIX MH(EKINI
MOBBIIIACT PUCK PA3BUTHS MIN30(PEHUH U IPYTHX, ACCOLMHU-
POBaHHBIX ¢ MO3roM, Oosie3Heit (Brown et al., 2004; Babulas et
al., 2006). Ha6mronaembie 3¢ G eKTsI MOTYT OBITH 00YCIIOBICHBI
KaK COOCTBEHHBIM BIIMSIHHEM ITaTOI€HOB, TaK M BIUSHHUEM
(hapMaKoIOrMuecKuX IpenapaToB, MPUMEHSIEMbIX JUIS JIeue-
HUSI Ha 9TOW cTagnu OEpeMEHHOCTH.

[IpsiMble OKA3aTENBCTBA JIOJATOBPEMEHHBIX MOYIIUPYIO-
mux 3 PeKToB IMMYHHOTO CTaTyca Marepeii Ha penMILIaH-
TAIMOHHOH CTauN OEPEMEHHOCTH Ha UMMYHUTET B3POCIIBIX
MTOTOMKOB MBI HAaIIUTH TOJBKO B ofHOH padote (Williams et al.,
2011). ABTOpBI AJ1sl IPOBEPKHU BIUSHUS (PAaKTOPOB, MOJLYJIHU-
PYIOIINX UMMYHHBII OTBET MaTepel, CaMKaM MBbIILIEN BBOAH-
JIM BHYTPUOPIOIIMHHO HU3KYIO 103y OaKTEepUabHOTO HJI0-
TokcuHa (tunonomnucapun, JIIIC) yrpom nocne capuBaHus,
T.e. uepe3 10-12 u mocne ¢eprmnusanym. Bregenne JIIIC
CONPOBOXATIOCH ITPOSIBIICHUEM THITHYHOTO CHHIpOMa OoJie3-
HEHHOT'O ITOBEICHHS U YBEINYEHHEM COJIep KaHMs IPOBOCTIA-
JIUTENBHBIX IUTOKWHOB B IUIa3Me KPOBU OEPEMEHHBIX CaMOK.
OHJIOTOKCHH MUHUMAJIBHO BIIHMSUT Ha KpOBOOOpaIeHue, 00MeH
BEILECTB U MOBEJICHNE, HO CYLIECTBEHHO — Ha BPOXKICHHYIO
UMMYHHYIO CHCTEMY TIOTOMKOB. B3pociioe moTomMcTBO Mare-
peii, noyuasmux JIIIC, nokasano ocinabiaeHHyI0 peaknnuio
MPOBOCIIAJIUTENLHBIX IUTOKWHOB B OTBET Ha BBEJICHHE DH/I0-
TokcuHa. CTeTeHb MOJaBICHUS] INTOKUHOBOTO OTBETA OblIa
B oOparHo# 3aBucumocty ot 10361 JITIC, nomy4yenHoi Ma-
TEpsIMH B IIepBbIe CyTKH rocie Geprmmsannu (Williams et
al., 2011). OTr pe3ynpTaThl MO3BOISAIOT MPEIIOIOKUTH, YTO
BHEIITHSST MUKPOOHOJIOTHMYECKasl Cpesia ¥ BHYTPUMATOUHBIH
0aJiaHC IPO- U NPOTHUBOBOCHAIUTEIBHBIX [INTOKUHOB UMEIOT
0O0ITBIIIOI MOTEHIMAIT JOJITOCPOYHOTO BINSHNUS HA TIPOTPAMMy
Pa3BUTHSI NMMYHHOH CHCTEMBI.

TpaHcnnaueHTapHbI NepeHoc

MMMYHHDbIX KOMIJIEKCOB

TpancniianeHTapHblii nepeHoc kierok. Kposb miona u
IUTALlEHTa COJEpXkKAaT Pa3HOOOpPa3HBIC CTBOJOBBIE KIETKH,
BKJIIO4asi FeMOoIosTH4Yeckre. [Ipy 3ToM TpaHCIuIaleHTapHbIi
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MEPEeHOC, MaThb—IIJIOA, U OOpaTHbIH, MJI0A—MaTh, MHOTHX
THUITOB KJIETOK OTHOCSTCS K YHCIy OOBIUHBIX SIBICHUIL. YCTa-
HOBJICHO, YTO KJETKH 3MOPHOHAILHOTO NMPOHUCXOXKICHHS
JETEKTUPYIOTCSl Y HEKOTOPBIX JKEHUIMH B MOCJIEPOIOBOM
MEPHOJ] HA MPOTSHKEHUN JUINTETBHOTO BPEMEHH, BIIJIOTH /10
necatwietnid (Bianchi et al., 1996). Bosnukaromuii Takum
00pa3oM MHUKPOXHUMEPHU3M PAacCMaTpPUBAETCSl B KaueCTBE
(haxTOpa puCKa pa3BUTHUS ayTOUMMYHHBIX 1 IMMYHOJIOTHYe-
CKHUX 3a0oneBanui y poxasumx skenmuH (Klonisch, Drouin,
2009). HamHOTO pexe cooOmaercsi 0 MUKPOXUMEPHU3ME Y
IUIO/IOB, XOTSI 3HAUUTENBHOE YUCIIO MATEPUHCKUX KIIETOK
MIPOHUKAET B AMOPHOHBI 3I0pPOBBIX Jitoziei 1 Mmblmreit (Lou-
biere, 2006; Su et al., 2008). DT KJIETKH JEMOHCTPUPYIOT
UMMYHOJIOTHYECKYI0 KOMIIETEHTHOCTb, BBITTOHSIOT BAKHYTO
(DYHKIMIO TIPU ayTOMMMYHHBIX PacCTPONCTBAX, B PEAKIUH
TpaHCIUIAHTaTa MPOTUB XO35MHA, OIyXOJEBOM Ipolecce U
HEKOTOPBIX THMaxX pereHepanuu Tkanei (Bianchi, 2007).
B MBIIMHBIX SMOpHOHAX MaTEpPUHCKHE KJICTKH BIICPBBIC
MOSIBIISIIOTCSL B TUMYCE Ha cTaguu 12.5 qHeit OepeMeHHOCTH,
B 18.5 nHE#l OHM KONOHHW3UPYIOT MHOTHE JTHUM(OUIHBIC U
HenuMdonaHbIe opransl. B 16.5 nHei nepBble MaTeprHCKUE
KJIETKHU IONaJal0T B SMOPUOHAIIBHBIA KOCTHBIM MO3T U CO-
XPaHSAIOTCSI B HEM B TEUEHHUE MPOIOJIKUTEILHOTO BPEMEHU
nocie poxjaenus (Marleau, 2003). MarepuHCKHE KIICTKH,
OKKyTHpYoUe MOpHOHaIbHbIE JTUM(AaTHUYECKHE Y3IIbI,
OIIOCPEYIOT TOJIEPAHTHOCTh K HEHACIIEyeMBbIM MAaTEPUHCKUM
ajutoaHTureHam nyrteM uHAykuuu T-kierok CD4+CD25 u
FOXP3+Tregs, mogapistomuX I010BbII aHTUMATEPUHCKUH
UMMYHHUTET, COXPaHSAIOMINICS BIUIOTh 1O COBEPIICHHOICTHUS
(Mold et al., 2008). Mukpoxumepusm, oOHapyKHBaeMBbIi y
MIOTOMKOB I10CJI€ POXKACHHSI, TECHO CBSI3aH C IOBSHUJIbHBIMU
W/INOTIaTHYECKUMH BOCTIAIMTENbHBIMA MHonatusiMu (Reed
et al., 2000). IudhepenHunpoBanHble MAaTEPUHCKHE KIETKH,
AKCIPECCUPYIOLINE CEPICYHBIN allb(a-aKTHH, IPUCYTCTBYIOT
Yy HOBOPOX/ICHHBIX C ayTOMMMYHHBIM CHHIPOMOM HEBPOTH-
YeCKOW BOJTYaHKH M BPOXK/ICHHBIM ITOPOKOM cepana (Stevens
et al., 2003). OTu pe3yabTarhl NOKA3bIBAIOT OJHY M3 (hopm
AHTUTEH-CIeH(PUIECKOI TOIEPAHTHOCTH Y JTFOAEH, HHTy LU~
POBaHHYIO B IIEPHOJT BHY TPHYTPOOHOTO pa3BUTHS U, BEPOSITHO,
UTPAIONLYI0 3HAYUMYIO POJIb B PETYIMPOBAHMHM MUMMYHHBIX
peakuuii y IOTOMKOB.

TpaHcianeHTapHBIH MEPeHOC MMMYHOITI00yJIHHOB.
MornekynspHble KOMIUIEKCBL, IUPKYJIUPYIOLIUE B MATEPUHCKON
KPOBH, OTJEJICHBI OT IIOAO0BOH IUPKYISINHN TUTALIEHTApPHBIM
6apbepoM, KOTOPBIIl COCTOUT M3 JIBYX CIIOEB MHOTOSIIEPHBIX
KJICTOK CHHIIUTHOTPO(OOIACTa U IHIOTEIHUATBHBIX KICTOK
TUTOTOBBIX KanmmiutapoB. Kpome Toro, ¢pubpobracTsr u miia-
[eHTapHble MaKpo(aru, HaXOAAMINECs B CTPOME BOPCHHOK,
YUYaCTBYIOT B 3aXBare M CBS3bIBAHHMHM HMMYHHBIX KOMIUIEKCOB
(Simister, 1998). Tem He MeHee OOTBITMHCTBO COSTUHEHHUH C
HU3KOH MosteKyisipHoi Maccolt (<500 JIA) muddynmupyior
Yyepes IUIAaleHTapHylo TKaHb. BelecTBa ¢ BEICOKOH MOJIEKyY-
JISIPHOW Maccoif OOBIYHO HE MPOXOIAT Yepe3 IUIAIeHTY, HO
€CTb HECKOJIBKO UCKITIOUEHUH, Takne Kak [gG, KoTopslii numeeT
MOJICKYJIIPHYO Maccy npubiusutensHo 160 kJIA. Yeranos-
JIeHO, uTo crienududeckuil nmepenoc IgG ocymecTisercs
IyTEM CBSI3bIBAHUSI UMMYHOIIIOOyMHa Fe-penenrropom miona
(Simister, 1989). DTOT UMMYHHBI KOMIUIEKC UHIYLHPYET
HaTypajbHbIE KUIIEPHI, KOTOPBIE AaKTHUBUPYIOT IKCIIPECCHIO
npoBocnaauTenbHbXx TUTokHHOB IFN 1 TNFa (Anegon et
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al., 1988). ¥Yposens IgG y HOBOPOXICHHBIX OOBIYHO KOppe-
JHpYeT ¢ ypOBHEM MaTepHHCKUX aHTHTeN. KomaecTso nepe-
JITaBaeMOT'0 IMMYHOTJIOOYIMHA 3aBHCHUT OT YHMCIA KJICTOYHBIX
PELIENITOPOB, OCKOJIbKY HeCBsA3aHHbIE MOJeKy: bl 1gG nepe-
BapHBAIOTCS TH30COMATBFHBIMU (pepMEeHTaMH BH3HUKYH (Saji
et al., 1994). Tpancropt MaTepUHCKUX UMMYHOTJIOOYJIHHOB
B [IEpHOJ1 OEPEMEHHOCTH BaPbUPYET B 3aBUCUMOCTH OT YPOB-
Hell obmero u crieruduueckux 1gG u, Takum o6pazom, OT
MIPUPOJIBI AHTUTEHA, CTaIUH OEPEMEHHOCTH M LEIOCTHOCTH
rtanenTsl (Palmeira et al., 2012). B nenom MoxxHO nipenmo-
JIOKHUTB, YTO XOPOIas peakiys MaTepeil Ha BaKLIMHALUIO 1
CIOCOOHOCTB K IEPEHOCY CBOETO perepTyapa aHTUTE K TII0-
JlaM TMMOBBIIIACT 3alIUIIIEHHOCTE ITIOTOMKOB BO BPpEM BHYTPH-
YTPOOHOTO Pa3sBUTHS H IIOCIE POXKICHHS.

MmmyHOoMoaynupytoliee BnuaHne

eCTeCTBEHHOIro BCKapmMinBaHuA

'Y HOBOPOXKAEHHBIX NMMYHHas 3all[UTa 00 CIIEINBACTCS TOIb-
KO MEXaHM3MaM{ BPOXKJCHHOTO UMMYHHUTETa U (GakTopamu
TYMOpaJILHOTO HMMYHHTeTa Matepeil. YacTnaro 3Ty (yHK-
IIUFO BBIMOJHAIOT MMMYHOTJIOOYJIMHBI, TIOCTYTIHUBIINE ITyTEM
TPaHCIUIAIIEHTAPHOT'O IIEPeHOCa B IIEPHOJ OEPEMEHHOCTH, KO-
TOpBIe PUKCHPYIOTCS HA TTPOTSHKEHUH MTEPBBIX 6—12 Mec. Ku3-
HU YenoBeka. OKoHuareslpHOe (hOPMUPOBAHUE MEXaHM3MOB
UMMYHHOU 3aIIUThI IPOMCXOANT TOJ] BIUSIHUEM UMMYHHBIX
(hakTOpPOB, MOCTYMAIOIINX B OPTaHU3M C MOJOKOM MaTepHu.
I'pyHOE MOJIOKO YEIOBEKa COAEPKUT B OOJIBIIOM KOJIMYe-
CTBE Pa3IM4YHbIe UIMMYHOAKTHBHBIE KOMIIOHEHTBI, BKIIIOUasI
0enKu, IUTOKUHBI, TOPMOHBI, UMMYHOIJIOOYTNHBI, PELIENTOPbI
6axrepuanbsnoit JITIC, sx30comsbl, coneprkamiie MukpoPHK,
1 JKU3HECNOCOOHbIE UMMYHHBIE KJIETKH. Pojb UMMyHOIJIO-
OyJIMHOB IPYAHOTO MOJIOKA B TACCHBHOM Iepejaue MIMMyHHUTe-
Ta oOmenpunsaTa. [Tokazano, 4To0 UMMYHOTTIOOYJIMHBI U3 MO-
JIOKa MHOTHX BHJIOB JKUBOTHBIX MEPEHOCSTCS Yepe3 HeoHa-
TaJBHBIN KUIIEYHBIH smmTenuii B KpoBoTok (Van de Perre,
2003). Tem HE MeHEEe IMMYHOMOIYUpYIOIIHE 3 HeKTh TpyI-
HOTO MOJIOKA COXPAHSIIOTCSI IOCIIE MPEKPAILIeHUs] TPYIHOTO
BCKapMJIMBAHUS, HECMOTPS HA TUMHMHAINI0 MaTEPUHCKUX
NMMYHOIJIOOYIMHOB U3 KPOBOOOPAIIICHNS TOTOMKOB, BIIOThH
JI0 3peJIoro BO3pacTa.

YenoBedeckoe IpyAHOE MOJIIOKO M OCOOEHHO PaHHEE MOJIO-
3UBO COJIEPIKUT U3MEPUMBIEC YPOBHH JIEHKOIUTOB 5 X 100 Kite-
TOK/MJI, UX YUCJI0 yMeHbIaetces B 10 pa3 B 3pesiom mosioke. Ho
3TH KJIETKU NPOHMUKAIOT B OPTaHU3M PEOCHKA U BBDKHBAIOT,
B YAaCTHOCTH, B TIeliepoBbIxX Oistmrkax (Jackson, Nazar, 2006).
V B3pocibix Mbluei auauii CS7BL/6J (CD45.2+CD45.12),
koHreHHoi B6-SJL-Ptprca Pepcb/BoylJ (CD45.1+CD45.22),
¢ Hokaytom no MHC II (B6.129-S2-H2dlAb1-Ea/J) u Tpanc-
rennbix UBI-GFP/BLO6GFP, BbIKOpMIIEHHBIX MPHEMHBIMU
KOPMWJIMI[AMH, KOTOPbIE OBUIM MMMYHH3HPOBAHBI 32 CEMb
JIHEH JI0 criapuBaHusl yOUTOW MHKOOaKTepuen TyOepKyiesa
(Mycobacterium tuberculosis H37 Ra), yBenmuuBaercst ynciio
CD8+T-KkIeToK 1Mo CpaBHEHUIO ¢ TIOTOMKAMH KOHTPOJIBHON
TPYIIIBI MBIIIEH, BBIKOPMIICHHBIX COOCTBEHHBIMH HEHMMY-
HusupoBanHbiME Matepsimu (Ghosh et al., 2016). Bonee Toro,
PE3yIbTATHI 3TOTO UCCIIEA0BAHNS OKA3aIIH, UTO U3 BCETO pa3-
HOOOpa3nsi UMMYHHBIX KJIETOK MaTEpHHCKOTO MOJIOKa B TKa-
HSIX TIOTOMKOB OOHAPY>KUBAIOTCSI TOJILKO T-KIIETKK MaTrepe.
‘YcTaHOBIIEHO, UTO B IEPHOJ] BBIKapMIIMBaHUs T-KIIETKH MaTe-
pH, 3HaUUTENbHAs YacTb KOTOpbIX oTHOcHuTcs k CD4+ MHC
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kiacca II+, HakarIMBaroTCs B TUMYCE U CEJIE3EHKE BbIKAPM-
JUBaeMOTo 1moToMcTBa. B Bo3pacre 12 Hen cpenu T-kieTok
notoMkoB ~10 % nMMenn MaTrepHHCKOE MPOMCXOXKICHHE, a
qyBCTBUTENbHBIC K UMMyHOreHy CD8+T-K1eTKH COXpaHsTICh
y TIOTOMKOB U B Bo3pacte oxnoro rona (Ghosh et al., 2016).
Ora nepBas paboTa, MOKa3bIBAIOIIAs, YTO ClIapUBaHuE U (ep-
TUJIU3alus, IPOUCXOAAIIHNC MTOCIIC OJIHOKpaTHOﬂ AHTUTCHHOMN
UMMYHHOU CTUMYIISIIIMHU, OKa3bIBAIOT 3HAYMMOE BIMSHHUE HA
(hopMupoBanne GpeHOTHIIAa MATEPUHCKIX HIMMYHOKOMITCTCHT-
HBIX KJIETOK B Ieproj] 0epemeHHoCcTH. B cBOO ouepenp, cdop-
MHUPOBAaHHBII B 3TOT OHTOTCHETHUYECKHH Mepnoj; PeHOoTUI
MaTepUHCKUX HMMYHOKOMITCTEHTHBIX KIIETOK, OCTYTIAIOIIHX
B OpraHM3M [TIOTOMKOB C MOJIOKOM MaTepH, UTPAeT KIFOUEBYIO
POJIb B Pa3BUTUH 3pEIOH UMMYHHON cHCTeMBI. B yacTHOCTH,
Ppe3yJbTaThl, IPE/ICTaBICHHBIC B 3TOH paboTe, MOKa3bIBAIOT,
4qTo q)eHOTl/IH MAaTCPUHCKUX UMMYHOKOMIIETCHTHBIX KJIETOK,
c(hOpMHUPOBaHHBIH B Pe3yIbTaTe MPEUMMYHHU3AINH TPUEMHBIX
Marepeii, B 0oJbIIel CTeneH! CTUMYIUpyeT popMHupoBaHue
IMPOBOCHAJIMTCIIBHOTO TUIIAa UMMYHHOTO OTBE€TA Yy B3POCJIIbIX
MTOTOMKOB, 00€CIEUNBAIOIIETO UX JTyUIIyIO 3alIUTy OT HaTo-
TeHOB. ABTOPBI IPUXO/IAT K 3aKITIOYCHHUIO, YTO TPEUMMYHH3a-
U KaK CpeACTBO HaHpaBJ’leHHOﬂ MOAYJIAIUU MaTCPHUHCKOTO
UMMYHHTETA MOXKET TOCITYKHTh OCHOBOH 7151 ONTHUMHU3ALNHT
CTpareruii BakIMHAIIMK NPOTHB 3a00JIE€BaHNH, TPEOYIOMNX
AKTUBALlMU KJICTOYHOT'O MMMYHHOI'O OTBETA.

3aknioyeHune

MHorouncieHHble KIMHUYECKHE U SKCIIEpUMEHTAIbHbIE UC-
CJIeI0BaHMsI 000CHOBBIBAIOT MCKIIOYUTENIBHYIO 3HAYNMOCTb
UMMYHOT€HETHYECKHX B3aMMO/IEHCTBUI OPraHU3MOB MaTepu
1 SMOpPHOHOB B (POPMHUPOBAHMHU 3ALIUTHBIX (YHKIHH I10-
TOMKOB. CllelyeT OTMETUTD, YTO OOJIBINIAS YACTh UCCIIEA0BA-
HUM, BBITIOJIHEHHBIX B 3TOH 00JIaCTH, MOCBSIICHA N3YYECHHIO
POJM TPAHCIUIAIIEHTAPHOTO U MOJIOYHOTO MEPEHOCOB MaTe-
PUHCKHUX MMMYHHBIX KOMIIJIEKCOB M MMMYHHBIX KIIETOK B
(hopMHpOBaHNM MEXaHN3MOB UMMYHHOH 3allIUTHL, T. €. POIH
MOCTUMIUIAHTALMOHHOTO ¥ PAaHHETO OCTHATAIBHOTIO MEPUO-
JIOB pa3BuTHs. BMecTe ¢ TeM ryMOpaibHBIN AUAJIOT MATEPH U
roaa GopMHUpYeTCs yKe Ha MTPEUMITIAHTAlMOHHOM CTaany,
obecrieurBasi IMMYHOJIOTHUECKYO TOJIEPAHTHOCTh MaTePHH-
CKOTO OpraHM3Ma K SMOPHOHAJIBHBIM aHTHUTeHaM. B cBoro
odepeib, MOJIEKYIISIPHBIE AaTTEPHBL, ONPEIEIAIONIIE Pa3BUTHE
HMMMYHOCYIIPECCUBHBIX MEXaHU3MOB B OpraHHM3Me MaTepH,
OKa3bIBAIOT 3HAYMMOE BIMSIHUE Ha YCIIEITHOCTh SMOPHOHAIb-
HOTO Pa3BUTHUS, a TaKXKE aJalNTHBHBIE CBONCTBA MOTOMKOB.
DOMOpHOHANIBHOE Pa3BUTHE B YCJIOBHSIX NpeoOiiafanusi BO
BHYTPUMATOYHON CpeJie TOPMOHOB, POCTOBBIX (haKkTOpoOB,
LOUTOKMHOB M UMMYHHBIX KJIETOK UMMYHOCYIPECCHBHOIO
JIeICTBHS, a TAK)KE 3aBEPIICHHOCTh CTAHOBJICHUS UMMYHHOM
CHCTEMBI B IPEHATAIBHBIN IIEPUOJ PA3BUTHS 00y CIOBINBAIOT
0CO0YIO YSI3BUMOCTh HOBOPOXK/JICHHBIX K ITATOT€HaM CpEIbl,
C KOTOPOH MX OpraHU3M CTaJKHUBAETCA MOCIE POXKACHHUS.
B stux ycnoBusax ¢opmupoBaHue (peHOTHIIA MAaTEPHHCKIX
T-mmdonnToB, 00ycI0BICHHOE IMMYHOTCHETHIECKUM JTHa-
JIOrOM MaTb—3MOPHOH, Y ITOCIIETYIOINH TPAHCIIALeHTAPHBIN
1 MOJIOYHBII IEPEHOC ITUX MOJIEKYISPHBIX UMMYHHBIX KOM-
TIeKcoB 1 T-KIJIeTok 00ecTieynBaroT KOMIEH Ao qeduimTa
IUTOTOKCHYECKUX T-TUMQPOIUTOB y HOBOPOXKICHHBIX. He-
CMOTps Ha (DyH/TAMEHTAIBbHYIO U IPAKTHYECKYIO 3HATUMOCTb
9TUX HCCIEAOBAHUM, MPEACTABIECHHBIX OIPOMHBIM YHCIOM
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MMMyHOreHeT1YeCKnin fruanor matepu 1 SM6POHOB
Kak $paKTop CTaHOBNEHVA IMMYHHOTO CTaTyca NOTOMKOB

nyonukauuii (PubMed), HaMm eie penCTOMT OTBETHTH HA

MHOTHE BOIIPOCHI, B TOM YHCJIE H3yYHTb:

— BIUSTHUE TEHETHYECKONH M3MEHYMBOCTH MOJIEKYJISIPHBIX
(haxTOpOB BPOXKICHHOTO MUMMYHHUTETAa MaTePH M IMHAMUKHI
UX IKCIPECCHU NPHU OEPEMEHHOCTH Ha YyCTOHYMBOCTBH K
MH(EKINSIM HOBOPOXKICHHBIX;

— B3aUMOCBSI3b MEXK/Y [T0Ka3aTeISIMU I'YMOPAJILHOTO U KJIe-
TOYHOTO HIMMYHHUTETa HOBOPOXKACHHBIX ¥ BIMSHUE (HU3HO-
JOTMYECKUX MEIHATOPOB Ha KJICTOYHBIC PEaKIUU B ITOCT-
HaTaJIbHBII IEPHOJ] Pa3BUTHS;

— (opMHpOBaHHE HMMYHHOH IMAMATH U €€ MOAepiKaHie Ha
TIPOTSHKEHUN BCEH JKU3HH;

— DIHICHETUYECKUE MEXaHNW3MBbI IIPEHATaIbHOH UMMYHOMO-
JYJSILUH TIOTOMKOB.
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crnonb30BaHye BeKTopa Ha OCHOBe Bupyca CeHaii

oJ1s1 3P PEeKTUBHOM TPAHCAVKIINI
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T IHcTUTYT MOneKynApHoiA 1 KneTouHoi 6ronorn CUBMPCKOro oTaeneHNa Poccuiickoii akageMun Hayk, HoBocn6upck, Poccus
2 DepeparnbHblii NCCNIe[OBATENbCKUIA LeHTP VIHCTUTYT umTonorum un reHetrnkun Cnbrnpckoro otaeneHns Poccminckol akagemum Hayk, HoBocnbupcek, Poccus
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MonyyeHre UHZYLMPOBaHHBIX NIOPUMOTEHTHBIX CTBOJIOBbIX K/TETOK
(MNCK) mnexkonuTatoWmMx paclimprno BO3MOXHOCTUN N3yYeHUA MIto-
PUNOTEHTHOCTW 1 paHHEro SMOPUOHaNBHOTO Pa3BUTUA. B nutepatype
onucanbl UMNCK cobakm (Canis lupus familiaris) v cHexxHoro neonapga
(Panthera uncia), npepctaBuTeneii otpaga Carnivora. PaHee Hamu no-
nyyeHbl IMNCK amepurkaHckon Hopku (Neovison vison). Lienbto HacToA-
LLiero nccrieAoBaHnsA 6bi MOVCK YCNIOBUI ANA PENpPOrpaMmMUpOBaHs
$1bpo6NACTOB NaCTOHOIVX — NpeAcTaBuTenel kKaHovwaHom (Caniformia)
BeTBYM XVLLHbIX C KOHCEPBATUBHbIMY reHoMamu. [ina co3paHua UMCK
MOHO MCMOJIb30BaTh Pa3fnyHble CUCTEMbI JOCTaBKU pernporpammm-
pYIOLWNX TPAHCKPUMLUMOHHBIX dakTopos (PHK, 6enku, nnasmugbl, Bek-
TOpPbl Ha OCHOBE BUPYCOB 1 Ap.). Hanbonee spdeKkTnBHbBIE CUCTEMDI
[OCTaBKM ANA KNETOK MbILWW 1 YenoBeKa OCHOBaHbI Ha NMPYMEHeHNN
PasnnUHbIX BUPYCHbIX BEKTOPOB. Mbl CpaBHUN ABE CUCTEMbI AOCTaB-
K1 penporpaMmmupyiowmx ¢pakTopos: BCTpanBaloLmMecs B reHOM fieH-
TUBMPYCHbIe BEKTOPbI 1 BEKTOP Ha ocHoBe Bupyca Cenpan — CytoTune
EmGFP Sendai Fluorescence Reporter. [penmyLiecTBa BEKTOPOB Ha
ocHoBe Bupyca CeHfal No CpaBHEHUIO C IEHTUBMPYCaMU — OTCYTCTBUE
BCTPOWKM B reHoMm. [TpoBefieHO TeCTMpoBaHmMe [OCTaBKM FreHETUYECKNX
KOHCTPYKLWMIA, Kopnpytowwmnx GrayopeculeHTHbIN 6enok, Ha KynbTypax
$1bpobnacToB ceMn BUAOB NACTOHOTVIX: CEBEPHOMO MOPCKOrO KOTMKa
(Callorhinus ursinus), ceBepHOro MOPCKOro NibBa (Eumetopias jubatus),
mop»ka (Odobenus rosmarus), mopckoro 3ainua (Erignathus barbatus),
6alkanbckow Hepnbl (Pusa sibirica), konbuatol Hepnbl (Phoca hispida)
1 nectpoii Hepnbl (Phoca largha). B KauecTBe KOHTPONSA GbIIN TPaHC-
LyumpoBaHbl prbpobnacTbl amepukaHckol Hopku (N. vison), yenoseka
(Homo sapiens) n mbiwn (Mus musculus). Mbl nokasanu, 4to cuctema
TpaHCAYKUMUN Ha ocHoBe Bupyca CeHpali obecneyrBaeT ypoBeHb SKC-
npeccun TpaHcreHa Ha OANH-ABa NOpAAKa Bbllle, YeM NPU UCMOSb30-
BaHUV NEHTUBMPYCOB NPU CXOAHOM YMCie BUPYCOB Ha KneTky. Kpome
TOrO, 9KCMPeccus TPaHCreHa Npy NPYMEHeHN BEKTOpa Ha OCHOBE
Bupyca CeHpali fOCTAaTOYHO CTabunbHa M HE3HAUYNTENbHO M3MEHAETCA
Ha YeTBepPTbIN AeHb TPAHCAYKLMM NO CPAaBHEHMIO CO BTOPbLIM JHEM.
MonyyeHHble AaHHbIE NO3BONAT NPEANONOXKNTb, UTO TPaHCAYKLUMA
$u1bpobnacToB NacTOHOrKX C NoMoLLbto Bupyca CeHaaii npeanoyTy-
TenbHa ana nonyyerma UMCK nactoHormx.
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Generation of induced pluripotent stem (iPS) cells
expanded possibilities of pluripotency and early de-
velopment studies. Generation of order Carnivora iPS
cells from dog (Canis lupus familiaris), snow leopard
(Panthera uncia), and American mink (Neovison vison)
was previously reported. The aim of the current study
was to examine conditions of pinniped fibroblast re-
programming. Pinnipeds are representatives of the
suborder Caniformia sharing conservative genomes.
There are several ways to deliver reprogramming
transcription factors: RNA, proteins, plasmids, viral
vectors etc. The most effective delivery systems for
mouse and human cells are based on viral vectors.
We compared a lentiviral vector which integrates
into the genome and a Sendai virus-based vector,
CytoTune EmGFP Sendai Fluorescence Reporter.

The main advantage of Sendai virus-based vectors

is that they do not integrate into the genome. We
performed delivery of genetic constructions carrying
fluorescent proteins to fibroblasts of seven Pinnipeds:
northern fur seal (Callorhinus ursinus), Steller sea lion
(Eumetopias jubatus), walrus (Odobenus rosmarus),
bearded seal (Erignathus barbatus), Baikal seal (Pusa
sibirica), ringed seal (Phoca hispida), and spotted seal
(Phoca largha). We also transduced American mink
(N. vison), human (Homo sapiens), and mouse (Mus
musculus) fibroblasts as a control. We showed that
the Sendai virus-based transduction system provides
transgene expression one-two orders of magnitude
higher than the lentiviral system at a comparable
multiplicity of infection. Also, transgene expression
after Sendai virus-based transduction is quite stable
and changes only slightly at day four compared to
day two. These data allow us to suggest that Sendai
virus-based vectors are preferable for generation of
Pinniped iPS cells.

Key words: Carnivora; seals; walrus; reprogramming;
iPS cells; Sendai virus; CytoTune EmGFP Sendai Fluo-
rescence Reporter.



OJIy4€HHEe WH/IyLIUPOBaHHbIX IUIIOPUIOTEHTHBIX CTBO-
noBeIxX KieTok (MITCK) mprmm (Takahashi, Yamana-
ka, 2006), genoBeka (Takahashi et al., 2007; Yu et al.,

2007) 1 HeCKOIBKUX APYTHX BHUJIOB MIEKONUTAIOIINX CYIIle-

CTBEHHO YNPOCTHUJIO M3y4YEHHE SMOPHOHAIBHOTO PA3BUTHS

n muddepennmposku. Panee 6pumn nmomyuenst UTICK Taknx

npejcTaBuTeNel oTpsiia XHIHbIX, Kak codaka (Shimada et

al., 2010; Lee et al., 2011; Luo et al., 2011; Koh et al., 2012;

Whitworth et al., 2012; Baird et al., 2015) u cHexHbIH Jico-

napz (Verma et al., 2012). HenaBno Mbr momyuwnun UITCK

amepukaHckoi Hopku (Menzorov et al., 2015). Mer penrinu
n3yuuTh BOo3MOxkHOCTh nomydenuss UTICK npyroit rpynmnst

XUIIHBIX — JACTOHOTUX. B KauecTBe nepBoro mara nposee-

HO TECTHPOBAaHUE HA KyJAbTypax (pUOpPOOIACTOB CEMU BHUIOB

JIACTOHOTHX JIBYX CHCTEM JIOCTABKH TPAHCTEHOB: 1) BCTpau-

BAIOIIMeCs B TeHOM JICHTUBUPYCHBIE BeKTOpHI (cuctema LeGO,

http://www.lentigo-vectors.de/vectors.htm) u 2) BexTop Ha

ocHoBe Bupyca Cenpnaii, paboratomuii B untomnasme (Cyto-

Tune EmGFP Sendai Fluorescence Reporter).

MaTtepwuanbl n metogbl

KyabruBupoBanue kjetok. Vcnonb30BaHbl EpBUYHBIE
KyJIBTYphI prOpobracToB JacToHOTHX U3 Komekwm KynbTyp
Ki1eTok IHCTHTYTa MOJIEKYIISIpHOM | KieTouHol Ononorun CO
PAH. KnerouHsle KyIbTyphl MOJTY4YEHbI U3 00pa3IoB TKaHEH
JKUBOTHBIX (OMOTICHY JINOO HEKPOIICHH ), OOUTAIOIMINX B MIPH-
OpexHbIX Bomax Poccwuiickoit dexepanuu, — 3T0 CEBEPHBIN
Mopckoii Kotuk (Callorhinus ursinus), CeBEpHBIH MOPCKOU JIeB
(cuByu) (Eumetopias jubatus), mopx (Odobenus rosmarus),
Mopckoi 3as1 (staxtak) (Erignathus barbatus), Galikanbckas
Hepna (Pusa sibirica), konsdaras Hepmna (akuba) (Phoca his-
pida), nectpas nepna (napra) (Phoca largha). ®ubpobnacTer
aMepHUKaHCKOI HOpKH (Neovison vison), uenoBeka (Homo sapi-
ens) 1 SMOpHOHabHBIC PrOpoOIacThl Ml (Mus musculus)
(C57BL) momyuenst B LIKIT «Kommekius mIroprumoTeHTHBIX
KYJIBTYp KJIETOK YEJIOBEKA W MIIEKONHTAIOIUX 00111e61oo-
IMYEeCKOr0 M OMOMEIMIIMHCKOTO HarpasieHus» MHcTuTyTa
murooruu v reHetnk CO PAH. Mermu nuann C57BL mns
nonrydeHust pudpodnactoB ObutH ipenoctasieHsl LIKIT «SPF-
BuBapuit» (RFMEFI61914X0005 n RFMEF162114X0010)
OUL Nlul" CO PAH.

KynpruBupoBanue puOpo61acToB JIACTOHOTHX aHAJIOTUIHO
OITMCaHHOMY paHee JUIsi IMOPHOHAIIBHBIX PUOPOOIACTOB ame-
PHUKaHCKOH HOPKH, KyTbTHBHPOBaHKE KiIeTok Phoenix ommca-
Ho B padore (IIpuctsoxuiok, Menzopos, 2017). ®udpobnactsr
MBIIIN U YEJIOBEKa KyJIBTUBHPOBAIN B cpejie it Phoenix.

Tpancaykuus kiaerok. [Ipotokon Tpancaykumu ¢Gudpo-
071aCTOB JICHTHBHpYCaMH IpesicTaBieH panee (IIpucTskHIoK,
Men3zopos, 2017). Tpaucaykuuto pudpodiaactos CytoTune
EmGFP Sendai Fluorescence Reporter (CytoTune-EmGFP)
(Thermo Fisher Scientific, SImoHus) TPOBOAMIIHN, COTIIACHO
PEKOMEHJalUsIM IPOU3BOUTEIIS.

[IpoToxon sKcriepuMenTa pecTaBieH Ha puc. 1 (a u 6): 3a
JICHB JI0 TPAHCIYKIMH (PHUOpoOIacTsl paccaxnBaiy Ha 24-I1y-
HOYHOE 111aT0 110 30 THIC. KII./CM2; B IEHb TPAHCAYKLIUHU IO/~
CUUTBIBAJIM KJIETKH; HA BTOPOM U YETBEPTHIN JTHN MTPOBOIUIN
aHaimM3 (UIyopeceHINH Ha TPOTOYHOM IIUTO(MIIyOPHMETPE.

Muxpockonusi. AHanu3 (ryopecieHIMy BHIIOIHSIIN Ha
(hryopecrieHTHOM MHKpockome Zeiss Observer.Z1 (Zeiss,
I'epmanmst) ¢ ucnionp3oBanueM kamepbl AxioCamHRm3 S603

KnetouyHas 6uonorus

B LIKII «Knetounsie Texnomorun» OUILL Uul" CO PAH.
N3ob6paxenns oOpabareBanu B mporpamme ZEN 2 starter
(Zeiss, I'epmanmus).

HuTodayopumerpusi u aHATU3 (JIyopecHeHIMT. AHATIN3
thiryopectieHrmn (puOpPOOIACTOB MPOBOIWIN HA MTPOTOTHOM
mutopyopumerpe FACSAria (BD Bioscience, CIIIA) B
LKITI «ITpoTtounoii iuromerpum»y UL ULul" CO PAH. 3na-
yeHue (ryopecteHnn (mean, cCpeHee ) TpaHCAYIINPOBAaHHBIX
KJIETOK HE HOPMHPOBAJIHM Ha (MIyOPECHEHIHNIO KIETOK 0e3
TPAHCIYKIINH, TaK KaK JUisi KIIETOK, He 00pabOTaHHBIX BUPY-
camu, 3HaueHue (rryopecueHnuy ObUI0 Ha OTUH-TPH MOPSIIKa
Hioke. [t u3mMepenust ypoBHS (uryopecreHImy KIeToK, 00-
paboTaHHBIX BUPYCaMH, BHICTABIISUIN OKHO (gate) IPOTOYHOTO
urodryopumerpa Tak, uToosl 99.9 % HerpaHcaynnpoBaH-
HBIX KJICTOK He numenu (uryopecueniyu. Yucno BUPYCcoB Ha
kierky (multiplicity of infection, MOI) paccuursiBanu cie-
aytorMm obpazom: MOI = —Ln(1—[nonst GFP+ knetok]).
Cpery ¢ BUpYCHBIM CYIIEpHATaHTOM MPH UCTIOIb30BaHNH B Ka-
yectBe Bektopa LeGO-G2 pazbarisuiu B 20 pas, ciienoBaTesib-
Ho, peansHBIIT MOI 6511 B 20 pa3 BbIme u3mepeHHoro. Pas-
6aBieHre HEOOXOIMMO IS TOTO, YTOOBI YBETMIUTH TOYHOCTD
n3mepenust MOI. Tak, npu MOI = 1 oxxunaercs, uto 63.2 %
KJIETOK OymyT TpaHcIynupoBaHsl, a st MOI = 4 — 98.2 %,
YTO, C y4ETOM OLIMOKHU IPOTOYHOTO UTODIYOPHUMETPA, HE OT-
JarMo oT 6ostee Bbicokoro MOI. CooTBETCTBEHHO, peaibHOE
3ragenne MOI s Bexktopa LeGO-G2 paccunThIBa M myTeM
yMHOXeHHs Ha 20 3HAYCHUS, TTOJyYEHHOTO B SKCIIEPUMEHTE.
Oo6bem Bupyca CytoTune-EmGFP nis tpancaykimu (nens 0)
pacCUUTHIBAIN B COOTBETCTBUU C PEKOMEHIAIUAMH MPOU3-
soutens: V (M) = (MOIejeced  Nexpectea)/(Titer x 0.001),
rae MOl eccq — BPIOpaHHBIE 3HAYEHUS JUISI TPAHCAYKLUH
(2 1 7.5); Nexpected — OKHIaeMoe uucio Kietok (60000);
Titer — Tutp Bupyca, o AanueM npoussoautens (108). a-
Jiee paccunThIBaIM OKUAAEMbIA MOloypecied, YIUTBIBAS H3ME-
peHHOE YUCITO KIETOK (N oa)) AT KOKIOH KYIBTYphI (prbpo-
6nactoB: MOlgypecieq = (V X Titer X 0.001)/Nygy. Jlnst ompe-
nenenust cooTHOMEHUsT MOl oypecieq 1 MOl (ONydeH B
9KCTIEPHMEHTE) HCTIONB30BaIN CPEHEE 3HAUCHUE COOTHO-
mieHus Ais MOl ggeceq = 2 1 7.5. CTaHIapTHOE OTKIOHEHHE
CUHTAJIN JUISL ABYX SKCIEPUMEHTAIbHBIX 3HadYeHnit MOI nnn
CpemHHX 3Ha4eHu# (yopecuenun. B cirydae oTcyTcTBUS
PEIUIMK CTaH/IapTHOE OTKIIOHEHHE CPeTHUX 3HAYCHUH (Iryo-
PECLCHIINK OpaJTi M3 JAHHBIX IPOTOYHOTO IUTO(ITyOpHMETpa.

Pe3ynbratbl
Amnamuz MOI. Cxema sKcriepuMenTa 1 puMepbl pororpaduit
(hnbpoOIacToB HAa BTOPOIl JIEHb MOCIE TPAHCIYKITMH TIPEa-
craBneHbl Ha puc. | (a—2). [IpuMepsl TaHHBIX MPOTOYHOM
UTO(QIIyOpUMETPUY ITPUBEICHBI Ha pHC. 2 (a U 0).
OubpobIacTel BCEX MCCIEAOBAHHBIX BHUAOB OBLIN yC-
MEIIHO TpaHcAylupoBaHsl ¢ nomoupo CytoTune-EmGFP
(cMm. puc. 2, 6). s Bcex kynbryp MOI ObLT HUXKE OXKMzae-
moro. HyxkHo ormeruts, 4ro nomydenusie mist CytoTune-
EmGFP 3nauenns MOI (0.3-2.3) B 11e10M JOCTATOYHBI JUIS
noyuennst UTICK, npu HeoOXOMMMOCTH MOYKHO YBEJINYUTh
KOJIMYECTBO BUPYCHBIX YacTUI[ 0 cymmapHoro MOI =2, Tax
Kak B penporpamMupyiomyto cucremy CytoTune-iPS 2.0
Sendai Reprogramming Kit BxoasT nBa BHpyca, HECYIINX
pernporpamMupytommue (GakTopsl. Mcrons3oBaHne B KauecTBe
BekTopoB LeGO-G2 n03BOIMIIO NOTYYUTh BEICOKUE 3HAUCHHUS
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Use of a Sendai virus-based vector for efficient
transduction of pinniped fibroblasts

a Day -1 Fibroblast distribution b
Day 0 Fibroblast transduction
Day 1 Medium replacement
D Medium replacement,
ay 2 .
photographing, flow cytofluorometry
Day 3
Day 4 Flow cytofluorometry
C
d

Fig. 1. Experimental design and fluorescent microscopy of fibroblasts.

8x24 well
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Day 0. Cell counting

Day 2. Virus-free cells, control

Day 2. LeGO-G2,5 %

Day 2. LeGO-G2,5 %

Day 2. CytoTune™ EmGFP Sendai, MOI 2*
Day 2. CytoTune™ EmGFP Sendai, MOI 7.5%
Day 4. Virus-free cells, control

Day 4. CytoTune™ EmGFP Sendai, MOI 2*

* Calculation for 6 x10% cells

(a) Experimental design. (b) Fibroblast transduction and analysis. (c) Day 2, bearded seal fibroblasts transduced with CytoTune™ EmGFP

Sendai. (d) Day 2, bearded seal fibroblasts transduced with LeGO-G2.

MOI (cm. puc. 2, 2). Caemyer oTMeTuTh 04eHb HU3k0e MOI
Juts hrudpoOIacTOB MOpIKa, HE3aBHUCUMast TPAHCTYKIINS MO/~
TBEPMJIA 3TOT Pe3yiIbTarT (JaHHbIC HE TIPUBE/ICHBI).

Ananu3 ¢ayopecueHnun. 3Ha4yeHUs QIyOpeCHCHINA
GFP-1103UTHBHBIX KJIETOK ITPEACTABICHBI HA pHC. 2 (0 U e).
Crnenyet otMeTuTh, uTo yBenuuenue MOI CytoTune-EmGFP
B HECKOJIBKO Pa3 IMIPUBOANT K HE3HAYUTEILHOMY YBETHICHHIO
(hiryopecueHun (cM. puc. 2, 0). AHaJIOTHYHBIN pe3yibTar ObII
noyuet st LeGO-G2 (naHHbIe HE IPUBE/ICHBI).

Bunno, uro npu cpaBHUMBIX 3HaueHHAX MOI ypoBeHb
tiryopecuennmu st CytoTune-EmGFP Ha omue-/1Ba Topsiika
Boiie, ueM st LeGO-G2 (cm. puc. 2, 0 u ¢). Crnenyer oT-
METHTB, 4TO, HecMOTps Ha Hu3kuid MOI, ypoBeHs ¢iyopec-
nenun GFP-no3utuBHbBIX GHOPo0IacTOB MOPIKa CPAaBHUM C
(iryopecuieHIIMeH OCTaNbHBIX KYJIBTYp KIIETOK.

B ornnune oT IEHTUBUPYCHBIX BEKTOPOB, BEKTOPHI Ha OC-
HoBe Bupyca CeHpail He BCTpauBaIOTCs B TCHOM, @ HAXO/SATCS
B [IUTOILIA3Me, U, COOTBETCTBEHHO, TIPH JICJICHUH KJIETOK pa3-
GamstroTcst. MBI m3Mepritn ypoBeHs ¢umyopecueHnnn EmGFP
Ha BTOPOH M YeTBEPTHIN AHU (CM. puc. 2, oc). OOHapykeHO,
YTO YPOBEHb (NIyOPECIEHIMN KJIETOK Ha YEeTBEPTHII JIeHb
CPaBHUM CO TAaKOBBIM BTOporo jHs. CyliecTBeHHOE maje-
HHE OTMEUEHO TONBKO Juisl pubpobdiaacToB Meimm (C57BL),
4TO, BEPOATHO, CBA3AHO C UX 6I)ICTpI>IM JCJICHUCM, U, COOT-
BETCTBEHHO, C OBICTPBIM YMEHBIIEHHEM YHCIIAa BEKTOPOB B
KaxJI0M KIIETKe.
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BeIcokoe 3HaueHHE CTAHAAPTHOTO OTKJIOHEHHS Ha pHC. 2
(0 m 21c) cBSA3aHO € TEM, YTO U1l ITUX M3MEPEHHH HE OBLIO
MOBTOPHOCTEW M CTaH/JapPTHOE OTKJIOHEHHE OBIJIO MOJIyYEeHO
HE 13 CPEe/IHEero MO IByM M3MEpeHMsIM (Kak Ha puc. 2, 8, 2, e),
a B3STO U3 JIAaHHBIX NPOTOYHOTO IUTO(IIyoprMeTpa. Bapua-
0eIbHOCTh (PIYOPECICHIIUN 00BSICHICTCS Pa3IMYHBIM KOJIH-
YeCTBOM BHPYCHBIX YaCTHII, [ONAIAI0IINX B HHUBHIyJIbHBIE
KJICTKH.

O6¢cyxpeHue

IIpumenenue nentusupycos s nomydenuss UTICK compsi-
JKEHO C pHCKaMH. Bo-TepBbIX, OHM BCTPAWBAIOTCSI B TEHOM
U MOTYT NPHUBECTH K HAPYIICHHUIO SKCIIPECCHUH TreHoB. Bo-
BTOPBIX, HECMOTPSI HAa 3aMOJIKAHWE PETPOBUPYCHBIX TPaHC-
reroB B UIICK (Maherali et al., 2007; Okita et al., 2007;
Wernig et al., 2007), B HEKOTOPBIX CIydasiX MOXKET MPOHCXO-
JIITh PEaKTHBALMS MM HEIIOJIHOE 3aMOJIKaHHE, IPUBOJISIIICE
K YBEJIMUYEHHUIO OHKOT'€HHOTrO MOTEHIHMajJa ¥ HapyIICHUIO
muddepennmpoBku. Kpome toro, mpu auddepeHnnpoBke B
HEKOTOPBIE THITBI KJIETOK MOXKET MPOUCXOJUTH CIIOHTaHHAs
peaxruBanus TpancreHoB (Galat et al., 2016). Micnions3oBanue
HEMHTETPUPYIOMINXCS B TEHOM BEKTOPOB ITO3BOJISAET PELINTh
3Ty pobiemy. Bexrops! Ha ocHoBe Bupyca Cennaii addek-
TUBHO 3apaKal0T Pa3IMYHbIC KIETKH MJICKOIMTAIOIINX 1 HE
BCTPAMBAIOTCSA B T€HOM, TaK Kak (DYHKIMOHHPYIOT B IIUTO-
miasme (Li et al., 2000). IToreHnnaabHBIA HEAOCTATOK ITHX

Cell biology



Mcnonb3oBaHune BeKTOpa Ha ocHoBe Brpyca CeHpan B.P. beknemuwesa 2018

ansa 3bdeKTUBHON TpaHcayKUuUy GrnbpobiacToB NaCcTOHOMX A.l. MeH3opoB 22.8
a Fluorescence of bearded seal fibroblasts transduced b Fluorescence of bearded seal fibroblasts transduced
with CytoTune-EmGFR (MOI = 0.95) LeGO-G2 (MOl = 0.94)
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Fig. 2. Analysis of flow cytometry data. Standard deviation is calculated for two replicas (c, d, f) or taken from flow cytometer data for measurements without
replicas (e, g).

CURS, northern fur seal (Callorhinus ursinus); EJUB, northern sea lion (Eumetopias jubatus); OROS, walrus (Odobenus rosmarus); EBAR, bearded seal (Erignathus
barbatus); PUSI, Baikal seal (Pusa sibirica); PHIS, ringed seal (Phoca hispida); PLAR, spotted seal (Phoca largha); NV1, American mink (Neovison vison); C57BL, mouse
(Mus musculus); NAF2, human (Homo sapiens).
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Use of a Sendai virus-based vector for efficient
transduction of pinniped fibroblasts

BEKTOPOB — I10CJIE IEPBOM TPAHCTYKIMH KIETKU pHOOpeTa-
10T PE3UCTEHTHOCTh K BUPYCY. PaHee ¢ moMoIIbi0 BEKTOPOB
Ha ocHoBe Bupyca Cennaii 6sumn omydenst UTICK uenoBeka
(Fusaki et al., 2009), makaku-kpaboena (Coppiello et al.,
2017), makaku-pesyc (Lu et al., 2013), mmmmanze (Fugie et
al., 2014), cobaku (Tsukamoto et al., 2018) u mprmm (Tucker
et al., 2013). Onwucansl Taxxe UIICK-nogoOHbIe KOJIOHUA
Gaiikanmbsckoii Heprisl 1 cuByda (bopoma u ap., 2015), xoTs u3
CTaTbU HESICHO, UCIIOIBb30BAJIN JIX aBTOPBI BEKTOPHI HA OCHOBE
petpoBupycoB uin CeHaai.

MBp!I BriepBbIe TPUMEHHUIIA CUCTEMY TPAHCIAYKIIH Ha OCHOBE
Bupyca Cenpnait CytoTune-EmGFP s pubpobnactoB msatu
BUJIOB JIACTOHOTHX: CEBEPHOTO MOPCKOTO KOTHKA, MOpIKa,
MOPCKOTO 3aiima (J1axraka), KoJbp4aToil Hepmbl (aKuOBbI), Tie-
cTpoi HepIsl (Jlapru). IToka3ana BO3MOXKXHOCTB TPAHCTyKINH
(hudpoOIACTOB CEBEPHOIO MOPCKOTO JibBa (CUBYYA), OaiiKasib-
CKOH HepITbl M aMepuKaHcKoi Hopku. CpaBHeHHE (iryopec-
uenimn EGFP (nentusupychsiii Bekrop LeGO-G2) 1 EmGFP
(BexTop Ha ocHoBe Bupyca Cennait CytoTune-EmGFP) BbI-
ssuito, uTo 1t CytoTune-EmGFP ¢ayopecrniennns Brimie
Ha oiMH-71Ba nopsaka. Apkocts EmGFP npu rectupoBanuu
cocrasisier 116 % or EGFP (Cubitt et al., 1999), uro He MmoxeT
0OBSICHUTH MONYUYCHHYIO pa3zHuLly. Kpome Toro, Ha deTBep-
TBIN ZIGHb OCJIE TPAHCTYKIIMH MBI HE HAOIIO/IaIIN CHIDKCHUS
ypOBHsI IyOopecIieHINH. DTO [03BOJISET NPEIIOJI0KHT, 4TO,
Kak U B CiTydae KJIETOK 4eloBeka, ucroib3oBanue CytoTune-
iPS 2.0 penporpaMmupyromiero Habopa, OCHOBAHHOTO Ha TOM
e Bektope, uto U CytoTune-EmGFP, nozeonut sdpexrnsHo
9KCIPECCUPOBATH PEMPOrPaAMMHUPYIOLTHE (haKTOPBI IS TTOITy-
uenus UTICK.

Just periporpaMupoBaHusi HEOOXOMMa JIOCTATOYHO JIJIH-
TebHAas SKCIpPECCHsl TPAHCKPUIIMHHBEIX (hakTopoB. JIeH-
TUBUPYCHBIE BEKTOPBI NPH PEIPOTPAMMHUPOBAHNHU KIETOK
9KCIPECCUPYIOTCS MOCTOSSHHO, 10 oOpaszoanus MIICK.
3areM, B IUIIOPUIIOTEHTHBIX KJIETKAX, JICHTUBUPYCHBIE BEK-
TOPBI MO/IBEPTaOTCst 3aMoiTKaHuIo. [1pu ucronbp30BaHmy ISt
pernporpaMMUpOBaHusl CCTEM Ha OCHOBe Bupyca CeHnpait
MIPOUCXOUT TIOCTETIEHHOE pa30aBiIeHIEe BUpPYyCa TP ICJICHNT
kieTok. Tak, npumepHo k 10-My maccaxy MOXKHO OXKHJIAaTh
orcyTcrBus TpaHcreHoB (Fusaki et al., 2009; Ban et al., 2011).

YpOBeHb IKCIPECCHN TPAHCTEHOB B CITy4ae NCTIOIb30BAHNS
CHCTEM JIOCTaBKHM Ha OCHOBe BUpyca CeHIall 3HaYNTEIBHO
BBILIE, Y€M IIPH MPUMEHEHHUH JICHTUBUPYCOB. C ITOMOIIbIO
BEKTOPOB Ha ocHoBe Bupyca Cennaii Oputy momyuerst UTICK
Pas3IMYHBIX BU/IOB, B TOM YHCIIE YEIOBEKA U MBIIIH, 3TO I10-
3BOJISIET CAAeTIaTh BBIBOJ, uTo /uis nonydenus UIICK yposens
9KCTIPECCUH TPAHCTEHOB MOXET BapbHPOBATh B MIMPOKHUX
npenenax. MHTepecHO OTMETUTD, YTO JUIS TTOICPKaHuUsI ILTIO-
PHUIIOTEHTHOCTH HYKEH ONpE/IEICHHBIH YPOBEHb DKCIIpec-
cun (haKTOPOB, KOHTPOIUPYIOMINX TUTFOPUIOTEHTHOCTh. Ha-
puMep, panee ObIJIO MOKa3aHO, YTO YMEHBIICHHE WK yBe-
nnueHue skcrpeccuu Oct4 B DMOPUOHAIIBHBIX CTBOJIOBBIX
KJIETKaX MBIIIH MPUBOIMIO K UX nudepenmponke (Niwa
et al., 2000). B nanpHeiimem ObUIO yCTaHOBIIEHO, YTO CTa-
OMIIbHOE MOJIepPIKaHUE TUIIOPUITIOTEHTHOCTH BO3MOXKHO M
npu cHmkeHHON 3kcnpeccnn Oct4 (Karwacki-Neisius et
al., 2013). Cnenyer OTMETHTB, YTO, HE3AaBUCHMO OT YPOBHS
9KCIpEecCHH TpaHcreHoB B mpouecce noiaydenus WUIICK, B
YCIEIIHO MOy YEHHBIX ITIOPUIIOTEHTHBIX KJIETKaX TPAHCTEHBI
3aMOJIKAIOT WIIM IIUMHUHHUPYIOTCS, TaK YTO B TOJICPKAHUT
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TUTIOPUIIOTEHTHOCTH Y4acCTBYIOT TOJIBKO DHJIOT€HHBIE TPaHC-
KPHITIHOHHBIE (PAKTOPBI.

CremtyeT OTMETHTH KpaliHe HU3KY10 3(p(heKTHBHOCTB TPaHC-
nykimu pudpobiaactoB Mopxa (cM. puc. 2, 2). Jlentusupyc-
HBIE BEKTOPBI TPETHETO TOKOJICHHS, TICEBIOTHITHPOBAHHbIC
ruKonpoTenHoM VSV-G, UMEIT BBICOKYIO TPOIMHOCTH K
kieTkaM muitekonutaronmx (Cronin et al., 2005). Bo3moxHo,
(hnbpoOIacThI, NCTIONBE30BaHHBIE HAMH B OIBITE, HE MMEIOT
Ha MTOBEPXHOCTH HEOOXOMMOTO ISl 3apaskeHHUST peLienTopa.

Takum 00pa3om, MPOBEIACHO TeCTUPOBAHUE YPPEKTUBHO-
CTH TPaHCAYKINH (HUOPOOIACTOB TACTOHOTHX BEKTOPOM Ha
ocHose Bupyca Cennait CytoTune-EmGFP. Mb1 nHaGmonanu
MOI nopsizika eAMHALBL, YTO JOCTATOYHO ISl HCITOIb30BAHUS
cucteMsl Ha ocHOBe Bupyca Cenmait st momyaenust UTTICK.
Yposens ¢uyopectenun pernoprepHoro rera EmGFP mpe-
BbIman TakoBoil mig EGFP nentuBupycHoi cucteMsl Ha
OJIMH-/[BA TTOPSI/IKA ¥ HE CHIIKAJICS HA YETBEPTHIi I€Hb ITOCIIE
TPaHCAYKIMH. B 1erom mosydeHHble TaHHbBIE TTO3BOJISIOT
MIPEIIONIOKHTh, YTO UCTIOIb30BAHNE CUCTEMBI TPAHCIIYKIIUH
(hnbpoOIaCTOB TACTOHOTHX Ha OCHOBE BUpyca CeHmail mpea-
nourutensHo 1t nonydenus MIICK nacronorux.
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Crioco6bI noBbIIeHNs 3PPeKTUBHOCTU knock-in
B '€HOM IJIIOPUIIOTEHTHBIX KJIETOK UejIoBeKa
ripu iomoinu cucteMbl CRISPR/Cas9

M.M. I'pupnHa

DepiepanbHblii NCCNeROBATENBCKUI LeHTP UHCTUTYT ymutonorum u reHetnkn Cnbrpckoro otaeneHns Poccuinckol akagemmnmn Hayk, HoBocnbupck, Poccus

NHAayLumpoBaHHble MPUNOTEHTHbIE CTBONOBbBIE KNIETKM YeloBeKa
(4MNCK) — MOLYHBIA MHCTPYMEHT ANA 6UOMEANLIMHCKIX UCCefoBa-
HU. BO3MOXKHOCTb CO3aHUA NauMeHT-CneuneuUHbIX NTIOPUMNOTEHT-
HbIX KNIETOK 1 nocnegytowas nx anddepeHumposka B ntobon Tmn co-
MaTuyecKkux Knetok genatot YMNCK 3ameuaTesibHbIM 06beKTOM ANA
Co3faHus in vitro mogener 3a6oneBaHni, CKPYHMHIA NIeKapCTBEHHbIX
npenapaToB 1 6yAYyLMM UCTOYHUKOM KIETOYHOIO MaTepurana ans pe-
reHepaTUBHOM MeAnLMHBbI. 1A TOro 4tobbl NOTEHLNAN TEXHONOTUN
YUMNCK MOXKHO 6bINO peann3oBaTh B MOJIHOM 0ObeMe, HEOBXOAUMbI

3 PEKTUBHDIE 1 TOYHbIE METOADBI PELAKTUPOBAHUA reHOMa 3TUX Kile-
TOK. B HacToAwwee Bpema cnctema CRISPR/Cas9 — Hanbornee Wwmpoko
1crnosnb3yemMblil Noaxoa ana seegeHna B HK cant-cneynduryHbix aBy-
LenoyeyHbIx pa3pbiBoB. C ee MOMOLLbIO C BbICOKOW 3P PeKTUBHOCTbIO
ypaetca peanunsoBatb knock-out nHTepecyowmx nccnegoBaTens reHos.
OpfHaKo BBeAeHMe B LiefieBoe MeCTo reHoMa 3afilaHHol noceoBa-
TenbHocTy (knock-in) ABnAeTca cylwecTBeHHO 6onee CNOXHON 3afayen.
B 3aBMCMMOCTY OT BbIOPaHHOTO /15 NPOBeAEHUA BCTPOWKY NOKyCa 3¢-
dektnsHOCTb knock-in B reHom uMMNCK moxeT coctaBnsaTb ot 1x 107
A0 1x107%, yTo Ha NopPAAOK HIKE, YeM MOKa3aHo A SMOPMOHANbHBIX
CTBOJIOBbIX K/IETOK MbILLEN v NePeBMBHbBIX MNMHWI KNETOK. B 3ToM
0630pe 5 fienato NonbITKy 0ObeANHUTL U CTPYKTYPUPOBATh BCIO 13-
BECTHY!0 MHpOpMaLKIo, KacatoLytoca yBenmyeHmns 3¢GeKTMBHOCTM
nonyyeHns Lenesbix BCTpoek B reHom YMTCK. B ctaTbe nepeymncnetbi
Hanbonee 3¢pdeKTUBHbIE CTPaTErM Pa3paboTKn AOHOPA A1s FOMONO-
rMYHOI PEKOMOUHALMN, CMOCO6bI yrpaBieHWs NyTAMU BOCCTaHOBIE-
HMA ABYLIENOYEYHbIX Pa3pblBOB, BHECEHHbIX HYK/1ea3ol, B TOM Uncne
3a CYeT ynpasnieHns BpemeHeM paboTbl cuctembl CRISPR/Cas9 B knet-
ke. Huskas BbixnBaemocTtb UMTMCK B pe3ynbrate npoBefeHnA dKcne-
PVMEHTOB MO PeakTUPOBaHUIO FeHOMA — eLLie OLHO 3aTpyAHEeHVe Ha
nyTu K ycrnewHomy nonyyenuto knock-in, ana yctpaHeHna Kotoporo
NpeAnoXeHo HECKONbKO BbICOKO3(HEKTUBHbBIX NOAX0A0B. HakoHel, A
OnKCbIBalo, Ha MO B3rNAf, Hanbonee MHoroobeLlatoLLyto cTpaTerno
nonyyeHna nuHun YUMNCK c uenesow BCTPOMKOW, KOTOPOW ABAETCA
OAHOBPEMEHHOE NPOoBEAEHME PedaKTMPOBAHMA 1 PENPOrPamMmMmpo-
BaHWA reHoma.

KnioueBble cioBa: MHAYLMPOBAHHbIE MIOPUMNOTEHTHbIE CTBOJIOBbIE
KneTkn yenoseka; cnctema CRISPR/Cas9; pefaktnpoBaHme reHoma;
addekTnBHOCTL knock-in.
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Improvement of the knock-in
efficiency in the genome

of human induced

pluripotent stem cells

using the CRISPR/Cas9 system

M.M. Gridina

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

Human induced pluripotent stem (hiPS) cells are a
powerful tool for biomedical research. The ability

to create patient-specific pluripotent cells and their
subsequent differentiation into any somatic cell type
makes hiPS cells a valuable object for creating in vitro
models of human diseases, screening drugs and a fu-
ture source of cells for regenerative medicine. To reali-
ze entirely a potential of hiPScells, effective and precise
methods for their genome editing are needed. The
CRISPR/Cas9 system is the most widely used method
for introducing site-specific double-stranded breaks
into DNA. It allows genes of interest to be knocked
out with high efficiency. However, knock-in into the
target site of the genome is a much more difficult task.
Moreover, many researchers have noted a low efficien-
cy of introducing target constructs into the hiPS cells’
genome. In this review, | attempt to describe the cur-
rently known information regarding the matter of
increasing efficiency of targeted insertions into hiPS
cells’genome. Here | will describe the most effective
strategies for designing the donor template for ho-
mology-directed repair, methods to manipulate the
double-strand break repair pathways introduced by

a nuclease, including control of CRISPR/Cas9 delivery
time. A low survival rate of hiPS cells following genome
editing experiments is another difficulty on the way
towards successful knock-in, and here several highly
effective approaches addressing it are proposed. Final-
ly, I describe the most promising strategies, one-step
reprogramming and genome editing, which allows
gene-modified integration-free hiPS cells to be effi-
ciently generated directly from somatic cells.

Key words: human induced pluripotent stem cells;
CRISPR/Cas9 system; genome editing; knock-in
efficiency.



€OBIBAJIBII UMITYJIBC K PA3BUTHIO OMOMEIUIIMHCKHUM HC-
CJIEZIOBAHUSIM TIPHUAIIO MOSIBJICHHUE JBYX TEXHOJIOTHH,
a UMEHHO: TOJyYCHNE MHIYIHUPOBAHHBIX ITIIOPHUIIO-
TeHTHBIX Ki1eTok uenoBeka (4MIICK) u HarpaBiieHHOE peak-
TupoBanue reHoma mpu nomontu CRISPR/Cas9-cuctemsr.
[Nomyuenne n HampasieHHas AupQGepeHINPOBKA MAUCHT-
cneuuduynabix UIICK oTKphIBalOT IIMPOKHE NEPCIIEKTHBBI
JUTSL CO3IAHUS in vitro Mopenell 3a0oJeBaHwi, CKpUHUHTA
JIEKapCTBEHHBIX MPETIAPATOB M JICNIAIOT BO3MOXKHBIM ITOTyde-
HUE Marepualla Il pereHepaTuBHOM MenuuuHbl. [ Toro
yt00BI HcTtonb30Barh noreniuai YyIICK Bo Bcem o0beme, He-
00XOMMBI TOUHBIE 1 3P (PEKTHBHBIE METOIBI PEIAKTHPOBAHUS
renoma. CRISPR/Cas9-cucrema criocoOHa HanpaBiIeHHO MO-
JU(UIIIPOBATE TEHOMBI JIFOOBIX OPIaHU3MOB, ¥ B YaCTHOCTH
YeJI0BEKa, YTO 3HAYUTEIILHO PACIIUPSIET SKCIIEPUMEHTAIBHBIC
BO3MOXXHOCTH T€HOMHBIX HcclieoBaHuii. KoMOuHMpys oTH
JIBE TEXHOJIOTHH, MCCIIEN0BATEIN MOITy4aroT BO3MOXHOCTB,
BO-TIEPBBIX, KOPPEKTUPOBATH BHI3BIBAIOIIHE MATOJIOTHIO MY-
TalMU B MAIMEHT-CIIeN(UYHBIX IUTIOPUIIOTEHTHBIX KIIETKaX,
BO-BTOPBIX, BHOCHUTD B TeHOM «HOpManbHEIX» dMTICK myTa-
IIMH, CBA3aHHBIC C PAa3BUTHEM 3a00JIEBaHUS, T.€. MOIYYNThH
TAaKUM 00pa30M TOTOBYIO ISl UCCIIEIOBAHMUS i1l Vitro MOJIEIb
3a0oneBaHus. B-TpeTbnx, MOXXHO OoJiee TOYHO YCTaHABIIH-
BaTh 3HAYMMOCTH KOHKPETHBIX MYTALWH JJIsl pa3sBuTHs (e-
HOTHIIA, CO3/IaBasi N30TCHHbIE KJIIOHBI KJIETOK, YTO IO3BOJIUT
n30exars 3(pexToB reneTrdecKkoro (oHa, KOTOPHIE, KaK Impa-
BHWJIO, CJIO)KHO YUHUTHIBATh.

Cuctema CRISPR/Cas9 — Hanbosiee mUpOKO UCIONb3Yye-
Mmeiii Meton BBeneHns B JIHK caiiT-cnenmduanabpix apynermno-
4yeqyHbIX pa3pbIBoB (DSB). CBOIO MOMyIIpHOCTH OH 3aCITyKHIT
Orarojapsi BBICOKOW CrieU(UIHOCTH U 3PPEKTUBHOCTH, CO-
MPsKEHHBIM C TIPOCTOTON UCTIONHEHHS U HaZlexHOCThI0 (Hsu
etal.,2014). Hykneasa SpCas9 (nanee Cas9), monydeHnas u3
Gaxrepuii BUna Streptococcus pyogenes, B HaCTOsIIIIEE BpeMs
IIPUMEHSIETCA B FEHHOM MH)KEHEpUHU yalle Bcero. MHe He
XOTEJIOCH OBl yITyONsAThCS B JIETAIN MOJICKYJSIPHOTO MeXa-
Husma pabotel CRISPR/SpCas9 cucrembl, KOTOPbIE MOKHO
HaiiTn, Hampumep, B padore A.B. CmupHOBa ¢ KoJIeraMu
(2016) m HemaBHO BEIIIE IICH KHITE «PeTaKTHpOBaHNE TCHOB
u reHoMoB» (2018), ogHako ark odliee npejcTaBlieHue He-
obxoxnmo. B cucteme CRISPR/SpCas9 xumepnas Mmomnexyna
sgRNA (single guide RNA) ono3naer iro0bie HHTEpECyro-
mue uccnenonarenst 20 M. 0. B TeHOME, ¢ 3'-KOHIIa KOTOPBIX
Haxomutea 5'-NGG-3' (Protospacer adjacent motif, PAM).
Monexyna SgRNA «ryTeniecTByeT» M0 T€HOMY B MOUCKaX
TOMOJIOTHYHOH MOCTIeI0BAaTEIbHOCTH HE OJIHA, a B KOMITJIEKCE
¢ SpCas9 nyxkieasoii, koropas BHocut DSB ¢ TymbiMu KoH-
[IaM1 Ha PacCTOSIHUH TpeX HykieoTunoB or PAM (puc. 1).

Ha stom pabora CRISPR/Cas9-cucteMsl 3akaHUInBaACTCS, U
Ha CLIEHY BBICTYTIaeT BHYTPEHHSS MAITMHEPHSI KIIETKH, KOTO-
past cTpeMuTcs penapuposars noayuusinuecss DSB. Knerka
JIOOMBAETCsI 9TOT0, UCIIOJIB3YsI MEXaHU3MbI HErOMOJIOTHYHOTO
coequHeHns KOHIOB (nonhomologous end joining, NHEJ)
WIHM perapamnuy 10 TUITy TOMOJIOTMYHOW pEeKOMOMHAINH
(homology-directed repair, HDR) (Heyer et al., 2010). NHEJ —
3TO Hecnenupuueckas peakiyst JUTUPOBAHUS, TOUHOCTh KO-
TOPOH CHIILHO 3aBHUCHT OT CTPYKTYpBI KOHIIOB Pa3phiBa, a
PE3yJIBTaTOM MOTYT OBITh Pa3JIMYHbIe MHCEPIIMHU HIIH JACNIEIIUU
(uHAenbI) B eseBON y4yacTok reHoma. [Ipu ucnoiabp3oBanum
nmenHo NHEJ nomydatot knock-out mHTEpecyrommx reHos.
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Jlns BcTpanBaHMs B T€HOM HY>KHOMW I10CJI€JOBATEIbHOCTU
(momryuernns knock-in) Heo6xoaUMO, YTOOHI B KIIETKE padoTal
HDR wu 6pu1a Marpuna ¢ ygyacTkaMyd TOMOJIOTHH O 00enM
ctoponam ot DSB.

BBenenne reHeTHUECKON KOHCTPYKLMU B 3a/IaHHOE MECTO
B reaoMe 4MIICK sBisercs BaXKHOM, HO Ha TaHHBIIA MOMEHT
CJIOKHOM M TPY/103aTpaTHOM 3a/1a4el, TpeOyolel CKpUHUHTa
6ompIIOT0 YHCIa KIOHOB. B 3aBHCHMOCTH OT BBEIOPaHHOTO
JUISl IPOBE/ICHHS] BCTPOKH JIoKyca addexTuBHOCTS knock-in
B renoM 9MIICK moxer coctasnsts ot 1x 1073 go 1x10°6
(Merkle et al., 2015), uTro Ha MOPAIOK HIXKE, YeM TTOKA3aHO
JUIS. MBILIMHBIX 3MOPHOHAIBHBIX CTBOJIOBBIX KieTok (DCK)
WJIY TIepEeBUBHBIX JIMHUH KiieTok (Mali et al., 2013). B 0030pe
s JIeNar0 TOMBITKY OMHCaTh U CTPYKTYypPHPOBATh JOCTYIIHBIE
Ha HACTOSIIIIEE BPEMsI METObI yBEIHIECHUs 3()D(HEKTHBHOCTH
MOJy4eHus 1eneBoit Bcrpoiiku B reHoMm uMTICK.

Jlyuwe pexem

BBenieHne reHeTH4ECKON KOHCTPYKLIUH B BEIOPaHHBII JIOKYC
OyeT IPOXOIUTE C TeM OOITBIIei BEpOSATHOCTHIO, YeM AP Pek-
tuBHee nporcxonuT BHeceHne DSB cucremoit CRISPR/Cas9.
Kak ynomunanocs Bbie, cocraBubie yactu CRISPR/Cas9-
cucremsl — SgRNA u Cas9 Hykieas3a. ITH KOMIOHEHTHI MOTYT
OBITH JTOCTABIICHBI B KJIETKY B Pa3HOM BHJIC, & IMEHHO: KaK
iazmuaaas JTHK, sgRNA u Cas9 mRNA nim pubonykien-
HOBEII KoMIuTeke (RNP xomruiekc), cocrosmmii n3 sgRNA u
6enka Cas9. Jlist merko TpaHchennpyonxces KIETOK, TAKUX
kak HEK293 unu mpimmaeie DCK, 3aBucumocts 3¢ dexTns-
Hocth pabdotsl cuctembl CRISPR/Cas9 ot ncnons3yemoro
BHJIa ee cocTapistomux MuauMmanbHa. Jns aMIICK xe, Ha-
o6oport, RNP xommekc B 4.3 1 2.7 pa3a 1o3BoJisieT yBeJIUINU T
3¢ pexTHBHOCTS BHeceHUs DSB 1o cpaBHEHHIO ¢ MCTIONB30-
BanueM 1iazmua U SgRNA+Cas9 mRNA cooTBeTCTBEHHO
(Liang et al., 2015). Habmtonaemoe ajisi HEKOTOPBIX JTHHHUN
KJIETOK TOBBIIIeHHME 3 exTnBHOCTH BHECeHNs knock-in mpu
ucrnonp3oBanur RNP komIiekca Takyke MOXKET OBITh CBSI3aHO
C T€M, YTO OH aKTHBEH Cpa3y ke I0CJIe TOMNaJaHUs B KJIETKY.
BrIcTpBIif 3ammyck paboThI HyKJea3bl 0COOCHHO MPUHITAITHATICH
MIPU UCTIONb30BaHNH JINHEAPU30BAHHBIX JOHOPOB ast HDR
(cm. Hmxe). VX KOHIEHTpalus B KJIETKE HAUBBICIIAs HEIO-
CPE/ICTBEHHO TOCJIE TPAHC(EKINH, U C TEUEHHEM BPEMEHH
OHH JtocTarodHo ObIcTpo aerpamupytoT (Kim et al., 2014).
JIOIIOJIHUTENBHBIM [IPEUMYLIECTBOM UCIONb30BaHUs RNP
KOMITJIEKCa SIBIIIETCS, B MEPBYIO O4Yepels, CHIKeHne off-
target a(pexToB 3a cuer ObIcTpoil nerpaganun Cas9 Oenka,
KOTOpasi MPOUCXOJUT B TeueHue 24 4 rocie TpaHCHEeKLUH
(Kim et al., 2014), BO-BTOpBIX, CHI)KCHHE BEPOSITHOCTH He-
IIeJIEBBIX BCTPOEK B I'€HOM, CBsi3aHHOE ¢ oTcyTcTBHeM JIHK
BEKTOpa, Hecyulero nocienonarenbHocTH SgRNA n Cas9.
Kpowme Toro, Tpancdexmms RNP koMmrekca MeHee TOKCHIHA
JUISl TUTIOPUITIOTEHTHBIX KIIETOK YeJIOBEKa, YeM IIIa3MHUIHas
(Kim et al., 2014).

WpeanbHbin goHOp

JI1st mosryueHus LeaeBoi BCTPOMKH B TEHOM BMECTE C KOM-
norneHnTamMu CRISPR/Cas9-cuctemsl B KJI€TKY BHOCST TO-
CJIEIOBATENILHOCTD, KOTOpast OyJeT CIIy>KUTh JTOHOPOM JUIS
HDR. B sToM KauecTBe MOKHO UCIIOIB30BaTh IIa3MHU/IHYIO,
COOTBETCTBeHHO JBytenodeynyio, JJHK (dsDNA) wimm cus-
TETUYCCKUN OIHOIETIOYCUHBIH onuronykieotuy (sSODN,
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Increasing knock-in efficiency in human induced
pluripotent stem cells’genome by CRISPR/Cas9

sgRNA
Target strand |I|I||I||||||
\ |I|II|III|AI||
/ 5
3
PAM
7 \ubdib bl
PAM-containing A
strand
Distal DNA Proximal DNA
region region

Fig. 1. DSB creation with the CRISPR/Cas9 system.

SpCas9 (yellow) combined with sgRNA (green) binds DNA (blue). The sgRNA
sequence is complementary to the target DNA strand.

single-stranded oligonucleotide). ITnasmuanas JJHK mo3Bo-
JISIET BCTPauBaTh B TEHOM JIOCTATOYHO KPYIHBIE ()parMeHThI —
10 7.4 1.1 o. (Wang et al., 2015). B crygae HeobxogumocTn
BCTPOIKHU KOPOTKOM MOCIEN0BAaTENbHOCTH, K Tpumepy LoxP
caiiToB, onpasaaHo ucrnons3oBanue sSODN. OH mo3BoJsieT ¢
6osee BEICOKOH 3((EKTHBHOCTHIO, TIO CPABHEHHUIO C HCIIOJb-
3oBanueM dsDNA, BBOANTB MOCIIEIOBATEIBHOCTH Pa3MEPOM
1o 100 nyxiieorunos (Orlando et al., 2010; Chen et al., 2011;
Liang et al., 2017). 310 0c000 TpUBIEKATETHHO B CBETE BO3-
MO>KHOCTH ITPOBE/ICHUS KOPPEKTHPOBKH TOUKOBBIX MY TallNH,
SIBJISTFOLIMXCS] IPUUMHOM 3a00s1eBanuii yenoseka (Niu et al.,
2016; Turan et al., 2016).

Ucxons u3 3uanuit o nuHamuke padotsl CRISPR/Cas9-
cuctemsl, C.D. Richardson ¢ komneramu (2016) npemioxuim
HEOOBIYHYIO CTpaTernio i Beioopa nqoHopa st HDR. [Ise
tenu JIHK MO>kHO 0003Ha4INTh KaK LIEJIEBYI0, KOTOPYIO y3HAET
sgRNA, u PAM-conepikalyto, COOTBETCTBEHHO, KOMILIE-
MeHTapHyIo 1eneBoit (cMm. puc. 1). ITocae Toro xkak sgRNA
B cocraBe KoMIulekca ¢ Cas9 omosHasia IIeJIeBOH y4acToK,
Hyksieaza BHocuT DSB u o0pasyrores detsipe konia JJHK.
[ponecc mucconmanuu 6enxa Cas9 ot nBynenodeunoi JJHK
3aHUMAaeT OKoJo 6 4. B Teuenue storo Bpemenu Cas9 npou-
HO CBsI3aH C TpeMsl KOHIIaMH, 00pa30BaHHBIMH B PE3yJIbTaTe
BHeceHnst DSB. UeTBepThIif ke, ABISIOMUNACS 3'-KOHIIOM
PAM conepxameit e JJHK, ocBoOGokmaetcst ObicTpee H,
COOTBETCTBEHHO, PaHbIIIe CTAHOBHUTCS JOCTYITHBIM Jyisi (hop-
MHpPOBaHUs KoMIuIeMeHTapHbIX cBsasel ¢ JJHK nonopa. Eciu
HCIOJIB30BaTh JOHOP, KoMILIeMeHTapHbI PAM coneprkaieit
ernu, 37o B 2.6 pasa yBeanuusaet 3¢pexrnBHocTh HDR, 110
CpaBHEHHIO ¢ HcTonb30BaHneM ssODN, KoMIIIeMeHTapHOTO
nenesoit nern JJHK (Richardson et al., 2016). D¢ dexrns-
HOCTb TOMOJIOTHYHON pEKOMOMHAIIMY MOYKHO €11 YBEJINYUTh,
€CJIN BapbUPOBATh JUIUHY IJICY TOMOJIOTHUH. THITHYHBIM A1~
3aiiHOM sSODN SBIISIFOTCS CHMMETPUYHBIE TI€YH TOMOJIOTHH,
COOTBETCTBYIOLIHE ITOCIIEA0BATEIILHOCTSIM [0 00€ CTOPOHBI OT
BHECEHHOTO pa3pbiBa. OHAKO HCIIOIb30BAHNE ACHMMETPHY-
Horo ssODN, y kotoporo 36 HyKJI€OTHJOB KOMIUIEMEHTap-
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HBI JUCTAILHOMY KOHITY pa3spsiBa PAM-conepskarieii renu u
91 HykI€OTHA — MPOKCUMAIBHOMY KOHILY, ITO3BOJISIET €IIle
Oonpie yBenmuuth dppexruHocTs HDR. Jlannbie 00 3¢-
(heKTMBHOCTH TIPUMEHEHHMSI ITOHM CTpaTeruy Jisi BHECEHUS
knock-in B aMIIICK Heckompko mpoTtnBopeunBhl. C ogHON
CTOpOHBI, OHA OblTa YCIEeNIHO TpuMeHeHa B padore (Liang et
al., 2017), rae ¢ ee MOMONIBIO yIAIOCh YBEIHYUTh 3P (HEKTHB-
HocTh HDR B 2.5 paza. C apyroii ctoponsl, B padote (Yumlu
etal., 2017) Hao6opoT MOKa3aHO, YTO UCIIOIH30BAHNE CTAH-
naptHoro» cuMmmeTpudHoro ssSODN mo3BosisieT moiaydarb
KeJlaeMble MHCEPIINU ¢ MaKCUMAaJIbHON 3((EKTHBHOCTHIO B
yUTICK. ABTOpPBI IPEANONAraoT, YTO TaKOe MPOTUBOPEUHE
MOXKET MMPOMCXOANTH M3-32 CHEHM(UKN MCHOJIB3YEeMbIX JIU-
HUH KJIETOK W/MIN OCOOCHHOCTEH JIOKycCa, TOBEPTraeMoro
MoAN(UKALUSIM, — €ro JOKaJIN3alui BHYTPH XpOMaTHHA U
COOCTBEHHO MOCIIEI0BATEIBHOCTH HYKIICOTH/IOB.

B otimmame ot ssODN, nByneno4eyHsIi mia3sMuIHbIH 10-
HOP MO3BOJISICT BCTpauBaTh Oosee kpymHble pparmentsr JJHK.
JluHeapu3auusi JOHOpPa — TUIMYHBIA CIIOCO0 yBEIUYEHUS
3¢ PEeKTUBHOCTH €TO MHTETpanui B TeHOM. boree Toro, Ha 3 -
(pexruBHOCTE HDR MOXXHO BITUSITB, HCIIONB3YSI pa3HbIE CIIOCO-
Obl JIMHEApHU3aIUK IU1a3MuU Ikl Tak ke, kak B ciiydae ¢ sSSODN,
Hambonee 3(pdexkTuBHA AT TOMOIOTHYHON pEKOMOWHAITNN
acCHMETpHUYHasi KOHCTPYKIHS, Y KOTOpOil Oojee KOpoTKoe
IUIeYO C AUCTANBHON cTopoHBl 0T PAM (cMm. puc. 1). Takum
CIocoOOM ymanoch MOBBICHTE 3¢ ¢dekTuBHOCTE knock-in B
4TICK B 4.2 pa3a (He et al., 2016).

Eme oguH BapuaHT JHMHEapU3allUK JIOHOpa — JBOMHOE
pa3pesaHue IIa3MuIbl, COAEpIKalield JOHOPHYIO MOCIEn0Ba-
TesbHOCTB. [loaxo/ 3aKirouaeTcs B CIeIYIOIMIEM: C BHEITHEH
CTOPOHBI T1JIeY TOMOJIOTMH BBOJAT J[Ba CaiiTa y3HaBaHUA AJIS
Toii ke sgRNA, xoTopas Oyzet HarpasnaTs Cas9 k rieneBomMy
caiity B reHome. [Tociie coopku sgRNA/Cas9 komrurekcoB OH|
«CKpUHHUPYIOT» KaKk T€HOMHY!O, Tak 1 masmuanyio JTHK B
ToNCKax caiiToB y3HaBaHU it SgRNA w1, HaXos, YCIOBHO
OZTHOBpeMEHHO BHOCAT DSB B renom 1 TmHEapu3yIoT TOHOP.
Takum 06pa3om, IPOUCXOAUT CHHXPOHU3ALUS TOTPEOHOCTH B
MaTpHIe I TOMOJIOTHYHOM PEKOMOMHAIINY U €€ T0CTYITHO-
ctu. [Ipu ncnons3oBanny onrcanHoi crparernu J.P. Zhang c
kosuterami (2017) yaanocs yBennuuts 3¢ pexruBHocts HDR
B HeKoTOpbIX JToKycax aIICK B 7.6 pa3a, a TomoTHUTENbHAS
CHUHXPOHM3ALHUS KJIETOYHOTO IuKia (Oonee moapoOHO CM.
HIDKE) MpUBelia K YBEINYECHUIO 3()(EKTUBHOCTH BCTPOMKH
eme B 1.5-2 pa3za. BaxHbIM IpenMyIIie CTBOM HCTIOBE30BAHMUS
JIOHOpa ¢ IBYMs caiitamu paspesanust 11 SgRNA sapnsercs
BO3MOXXHOCTb OTPaHUYIHUTHCS KOPOTKUMH IIJIE4aMi TOMOJIOTHN
(Bcero 600 1. 0.) 6e3 motepu 3 hexTrBHOCTH knock-in (Zhang
et al., 2017). OngHako IMHEapU3aIMsl JOHOPA YBEINYNBACT, B
TOM YHCJIe, U HeCTIEUU(PHUIESCKYIO €r0 MHTErPaLUIO B TEHOM.
OpHa n3 MomuUKAIMA CTpaTeTny MPUMEHEHHS TOHOpa C
JByMs caiiTamu paspesanust 11 sgRNA — ucnons3oBanue
MyTaHTHBIX popm Oenka Cas9, KOTopbIe 1eNIal0T HUKU BMECTO
DSB. B 3ToM ciay4ae HUKH BHOCST Kak B IIEJIEBOE MECTO B
TEHOME, TaK U B MOJICKYJy JIOHOpa MO 00EUM CTOPOHAM OT
IJIeY TOMOJOTHU. B pesynbTare CyIiecTBEHHO CHIDKAETCs
BEPOSITHOCTh HELEJIEBOW BCTPOMKH, M ATOT MOAXOMA TaKkKe
MI03BOJISIET MPAKTUYECKU TTOJHOCTBIO N30aBUTHCS OT HEXe-
narenbHbIX nHAenI0B. Kpome Toro, DSB B mitopUnoTeHTHBIX
KJIeTKaX 4esloBeKa MOTYT 3amyckars aronrtos (Liu et al., 2013,
2014), yero HEe MPOUCXOAUT MPU UCIIOIH30BAHUHM BHOCSIIHX
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MNosbiweHwne 3pdekTnBHoCTN knock-in B reHomM
NOPUMNOTEHTHDIX KNIETOK YenoBeka ¢ nomoLybto CRISPR/Cas9

Huku Gopm Cas9. K coxanenuro, npu 3toM 3¢pHekTuBHOCTH
knock-in B reHOM IUTIOPHITOTEHTHBIX KJIETOK YEJIOBEKA YBEITH-
YHMBAETCS HE TaK 3 PEKTUBHO, KaK IM0Ka3aHo B padoTe (Zhang
etal.,2017), a Tonibko B 1.5-2 pasa, B 3aBUCUMOCTH OT JIUHUU
kietok (Chen et al., 2017).

YnpaBneHue nytamu BocctaHoBneHna DSB
Boccranosnenne DSB, o6pa3oBaBmmxcs B pe3ynsrate pado-
TbI Cas9 HyKJIea3bl, MOXKET UJITH IBYMSI OCHOBHBIMH Ty TSIMHU:
NHEJ u HDR (puc. 2). Jlns yBenuueHust 3pdekruBHOCTH
knock-in MoxHO 60 BEIBECTH M3 CTPOS KITIOYEBHIX yUACT-
nukoB nponecca NHEJ, nu6o akrusuposars HDR.

MaccoBblii CKPUHUHT OPIaHUYECKUX COCJUHEHUH U OLICHKY
nx BaustHAA Ha 3¢ dexruBHOCTS HDR mposenn C. Yu ¢ koi-
neramu (2015). 134000 TecTHpyeMbIX OPraHn4eCKUX COCIIH-
HeHuil uM ynanoch BbIsiBUTH J1Ba (L755507 u Brefeldin A),
JIOCTOBEPHO YBEJIMUHMBAIOIIHX ITOTyUCHNE BCTPOHKH HETEBBIX
¢parmenToB B renom ripu oMot CRISPR/Cas9-cucremsr.
Jast L755507 Gbuto nokasano yBenuuenue knock-in B ¥MIIICK
B TPM paza IIpu ucnosnb3zoBannu wiazMuanon J{HK B kauectse
noHopa st HDR, u B #eBsTh pa3 — npu MCMONb30BaHUU
ssODN (Yu et al., 2015).

Be160p myTH penapary 3aBUCHUT OT THUITA BHECEHHOTO HYK-
Jea3oil paspesa, T.€. 5'-IUNKHE KOHIBI ¢ OONbIIeH BEposT-
HOCTBIO OyayT BocctaHoBieHbl 10 HDR myTtu, yem Tynble
koHIB! (Bothmer et al., 2017). MyranTHas ¢opma Oenka
Cas9 — SpCas9n — enaet HarpaBIeHHbIE OTHOHUTEBbIE HUKU.
Hcnonb3oBanue Cas9n ¢ ayms sgRNA, omo3naroummmu
0JIM3K0 PACTIOIOKEHHbIE MOCIIEI0BATEIbHOCTH Ha Pa3HbIX I1e-
mix JIHK, omHOBpemenHo mpuBoanT K obpasoBanuio DSB
C TepeKpbIBatoIUMHUCs S'-nunkumMu koHiiamu (Shen et al.,
2014). Eme onHa HyKiIeasa, Jeiaroniasi pa3pbIBbl C JIUIKH-
mu koHnamu, — Cpfl (Zetsche et al., 2015). Coueranue uc-
nosp3oBanus SpCasIn miu AsCpfl ¢ 00paboOTKO# KIIeTOK
HECKOJIbKIMH OPTaHMYECKUMH COEAMHEHUSIMH ITO03BOJISET
YBENUYUTH 3P PEKTHBHOCTH BHECEHHMS LIEJICBON MOM(DHKAIINT
B reHoM 4uMIICK B 3—7.2 pa3a, B 3aBUCHUMOCTH OT peJIaKTH-
pyeMoro JIoKyca 1 ucnonszyemoro couetanust (Ma et al., 2018;
Riesenberg, Maricic, 2018).

OnrH U3 KITI0YEBBIX YYaCTHUKOB IIPOLIECCa TOMOJIOTMUHON
pexomOuHanuu — 6emok RADS1 (cm. puc. 2). OH cBA3bIBacT
onnouenoveunyto JIHK B mMecTe paspeiBa U KaTalu3upyeT
MOMCK U y3HAaBaHME FOMOJIOTMYHOM MOCIEA0BAaTENbHOCTU
JHK. Haiins nocneqHioo, oH (U3WYECKH COSANHSET €€ C
MECTOM pa3pblBa M IMPUBOAMT K (hopMupoBanuio D-nemn,
BHyTpH KoTopoii JIHK nonnmepasa camures Ha 3'-koHer 060-
PBaHHOI HUTH, U B pe3yJIbTaTe MPONCXOTUT penaparus DSB
(Haber, 2018). Csepxakcnpeccuss RADS1 B 3CK u UTICK
YeJIoBeKa Kak cama 1o cede, Tak ¥ COBMECTHO ¢ 00paboTKoi
KJIETOK BaJbIIPOEBOW KHCIOTOW CIOCOOHA CYIIECTBEHHO
yBemmuuBath dpdexkruHocTs HDR u npuBoaut k sddek-
TUBHOMY IIOJIy4EHUIO TOMO3UTOTHBIX 10 BCTPOWKE KIIOHOB
kietok (Takayama et al., 2017). Takum 06pa3zom, CTAHOBHTCS
BO3MOXHBIM czie1aTh knock-in 1ake B TpaHCKPUITIIMOHHO HE
AKTUBHBIE JIOKYCBI, UTO SIBJISIETCA KpailHe CI0KHOM 3a7a4uei,
KOTZIa peub 3aXOMT O ITFOPUIIOTEHTHBIX KIETKaX YeJIOBeKa.

Kax u RADS51, CtIP — yyacTHUK paHHHX 3TaloB MPOLEC-
ca TOMOJIOTHYHON pekoMOMHaiuu (cM. pHc. 2), KohakTop
st MRE11 saponykiea3sl. OHH COBMECTHO MPHUBOIAT K
00pa3oBaHUIO CBOOOJHOTO OJHOICMOYEYHOro 3'-KOHIa,
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Fig. 2. Key molecules involved in the NHEJ or HDR pathways of DSB repair.

At one of the initial steps of NHEJ, the Ku70/Ku80 heterodimer finds,
recognizes, and binds DSB blunt ends. Then DNA-dependent protein kinase
(DNA-PKcs) approaches the break. Ends of the break are brought together so
that they can be ligated (Dexheimer, 2013). The NHEJ pathway can be disabled
by inhibitors of DNA-PKcs (NU7441) and DNA ligase IV (SCR7) (Chu et al., 2015;
Maruyama et al,, 2015; Riesenberg, Maricic, 2018).

During homology-directed repair, MRE11 within the MRN-CtIP complex is
recruited to the DSB site. Its exonuclease activity produces single-stranded
DNA (ssDNA). Single-stranded ends of the break cannot be repaired by NHEJ.
ssDNA is covered by RPA, which is then replaced by Rad51. The latter triggers
the search for homologous sequence and invasion of the DNA strand. Finally,
the DNA break is repaired.

pacmersis 5'-miens JIHK (Anand et al., 2016). Mcons3oBa-
HHE PEKOMOMHAHTHON MoJekyibl Oenka Cas9, «cmuroro» ¢
N-konmueBbiM gomeHoM CtIP, BEI3bIBaeT Oolee akTHBHOE Ha-
KoTuTeHHue SHaoreHHoro 6enka CtIP B MecTe BHeCEHHS pa3phl-
Ba M yBEJIMUUBACT 3P(PEKTHBHOCTD MHTETPAIIMU TPAHCTEHA 10
mexanu3my HDR. ITpumenenne stoit crparernn Ha aMIICK
mokasaino yBenndenne spdexrusroctr knock-in B 1.5 pasza
(Charpentier et al., 2018).

YnpaBneHuve BpemeHeM paboThbl

CRISPR/Cas9 B knetke

B knerke, Haxomsiieiics B G1-(a3e KICTOYHOTO UK, Pe-
napaunus IpOUCXOAUT B OCHOBHOM o MexaHuzMmy NHEJ.
IMocne pemnukauuu JJHK B kneTke coBepiaeTcsi HaKOII-
JieHne OeJIKOB, YYacTBYIOLIMX B IPOLECCE TOMOJOTMYHOMN
pexombuHaruu (Heyer et al., 2010). s ¢ dexrusHOTO
knock-in HeoOxomumo, 4To0OBI Bce koMmoHeHThl CRISPR/
Cas9-cuctemsl 1 Matpuna st HDR okaszanuch B kieTke
HUKaK He paHee S-¢a3pl. ITOTO MOXKHO JOOUTHCS ABYMS
criocodamu. Bo-niepBbIX, CHHXpOHH3AIMEH KYIBTYPBI KIICTOK.
JBa opranunyeckux coeaunenus, ABT-751 u Nocodazole,
WHTUOHMPYIOT TOIMMEPU3AITII0 MUKPOTPYOOUEeK 1 00paTumMo
OCTaHaBJIMBAIOT KJICTOYHBIN nuKiI B G2/M-daze. DpdexTus-
HOCTh knock-in B reHOM IUTIOPUITOTEHTHBIX KIIETOK YEJIOBEKa,
CHHXPOHHU3HPOBAHHBIX 00PaOOTKON STUMHM JIByMsI BEILIECTBA-
MU, YBEJIMYHMBAJIach B TPHU-IISATh Pa3 IO CPAaBHEHHIO C He-
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cuaxponusrpoBanubeiMu (Lin et al., 2014; Yang et al., 2016).
Bonee toro, ot6op mpu momotn FACS ki1eToK, HaXOAAIHIXCs
B G2/M-da3e, yBenmmuusai 3¢ pekTuBHOCTH knock-in B 4eThI-
pe pa3a 1o CpaBHEHHUIO CO CMELIAaHHOM MOy IsIIHei KIETOK,
u B 11 pa3 o cpaBrenmro ¢ G1 ¢paxmwmeii (Yang et al., 2016).

Bropoii criocob — 3anperuts Cas9 HaAXOAUTHCS B KIETKax
B TeueHne G1l-daspl. benok Geminin MoJHOCTBIO McUe3aeT
13 KJIETOK BO Bpems mo3nneit M- u G1-da3 (Nishitani et al.,
2004). XumepHblit 0ok, moxydeHHbId cinustaueM Cas9 u
Geminin, ¢ OJIHOW CTOPOHBI, COXPaHSET HyKJIea3HYIO aKTHB-
HOCTb, & C JPYTOH CTOPOHBI, TIPUCYTCTBYET B KJIETKE TOJIBKO
B TeueHue S/G2-¢a3bl kieroynoro nukia. [Tpn nenons3osa-
HUH TakuM oOpazom Moxuduuupoantoro Cas9 na uMIICK
yaaa0ch JOOUTHCS NBYKPATHOTO YBEIUYECHHS BBEACHHS
knock-in, ¥ mpu 3TOM CYIIECTBEHHO CHHU3WIJIOCH YHCIIO MH-
nenoB (Howden et al., 2016).

HerpusnanbHslii mogxon aist yBenuueHus 3(pdexTuBHO-
ctu knock-in B ¥MIICK mpemmoxunu Q. Guo ¢ koyureraMu
(2018). 1o nx naHHBIM, €CIIU KJIETKH B TEUEHHE CYTOK ITOCIIe
TpaHch ek KyTsTuBHpoBaTh npu 32 °C u cregyromue
244 —npu 37 °C, To HDR nosslmaeTcs mpuMeEpHO B 1Ba pasa.
HenonATHO, 32 cueT 4ero MpOUCXOJUT TaKOe yBEIHYEHHE
spdextunBHOCTH padoTsl CRISPR-cucTeMsr mpr X01010BOM
moke. /{71 HMHKOBOMANBLIEBBIX HYyKJI€a3 IMOKa3aHO, YTO
KyJIBTUBHPOBaHHE KJIETOK IPU MOHW)KEHHOH Temmeparype
MIPUBOANT K YBEIWIECHHUIO YUCIIA PA3PbIBOB B KJIETKaX 3a CUET
HaroruieHust B HUX Hykieassl (Doyon et al., 2010). Onnaxo
9TO HE 00BSICHSET, moueMy xojonoBoii mok ¥MITCK ysenu-
yuBaeT nMeHHO HDR 1 He BBI3BIBaeT MOXOKHUX dPPEKTOB B
HEK?293. Haubosee o4eBHIHOE TPEAIIONOKECHUES — HU3KAsS
TeMIieparypa MOXeT BIMITh Ha kieTouHblid nuki uIICK
¢ yBenmueHneM gncia kietok B G2/M-dazax (Rieder, Cole,
2002). Kpome Toro, MoOHMXEHHE TEMITEPATypPbl MOXKET UMETh
TEPMOIMHAMUUECKUH 3(PPEKT, cTaObMIN3UPYsT IPOMEKYTOU-
HBIE MTPOTYKTHl PEKOMOWHAIINH.

YsenunyeHue sbixnsaemoctu YAMNCK

JlononHUTENbHBIE TPYAHOCTH, C KOTOPBIMHU CTAJIKHBAIOTCS
MCCIIe/IOBATENN, HAYNHAsS SKCTIEPUMEHTHI 110 PEAAKTUPOBAHHUIO
renoma 9MIICK, npoucrexaror u3 Toro, 4to KJIETKH 3TOTO
THUIIA TJI0X0 MEPEHOCST MAaHUIYISIIUN ¢ HUMU. Bo-TiepBbIX,
B OTVIMYWE OT MBIIIMHBIX ITFOPUITOTEHTHBIX KIIETOK, IHCCO-
ruanusg yMIICK 10 01HOKIETOUHOTO COCTOSHUS TPUBOIUT K
MaccoBoii rudenn kinetok. [I[pumenenne ROCK narnbéuropa
yBeIMUMBaeT 3PEKTUBHOCTH UX KiIoHHpoBaHus (Watanabe
et al., 2007), 4TO CyIIECTBEHHO YINpOIaeT paboTy C HUMHU.
OmHAKO 3TO PEIINIIO TOJIBKO MEPBYIO MpobiemMy. Bo-BTopsIx,
komnoHeHTbl CRISPR-cuctembl 1 MaTpuiia AJist TOMOJIOTHY-
HOW PEeKOMOMHAILIMY JIOJDKHBI OBITH JIOCTABJICHBI B KIIETKY.
Onaum 3 Hanbonee >(HHEKTUBHBIX CITOCOOOB SBIACTCS
IEKTPOIIOpALUsl, KOTOpasi caMa 1o cede MPOBOLHUPYET TH-
0eJb KIIETOK, a jo0aBieHue B cucteMy ruazmuanoi JJHK ee
TonbKo yBenmuuBaeT. Komnonentsl cuctemsr CRISPR/Cas9
MOTYT OBITh UCIIOJIb30BaHbI B MEHEE TOKCHYHOM BapHaHTE —
RNP komrutekce (0 uem ObLIO cka3aHo Bblle). TeM He MeHee
MOJTHOCTBIO OTKA3aThCsl OT MCIIOJIB30BAHUSA IIA3MUTHBIX
BEKTOPOB HEBO3MOXKHO, TaK KaK 3TO Hambosiee ynoOHas, a
MOPOii M €JMHCTBEHHO BO3MOXKHasI (hopMa BHECEHHS MaTpu-
IbI 7151 TOMOJIOTHYHOM pexoMOuHanuu. B-TpeTbux, MHOTHE
HCCIIEIOBATENN OTMEYaroT MaccoByro rubens uTICK mocie
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MIPOBEACHUS IKCIIEPUMEHTOB C HCIOIb30BAHUEM CHUCTEMBI
CRISPR/Cas9, BHEe 3aBUCHMOCTH OBLIO JIM 5TO BBEIECHUE
TeHETHYECKOTro MaTepHuaia Wiy xe nomydenne knock-out.

B cBs13u € BhIIIIECKa3aHHBIM CYIIECTBYET HECKOJIBKO PaldoT,
MTOCBSIIIIEHHBIX yBenn4eHuto BenknBaemocti 9MIICK B xome
9KCTIEPUMEHTOB I10 PEJaKTUPOBAHHIO TEHOMA.

benok BCL-XL nonaepkxuBaeT 1EeTOCTHOCTh BHEUTHEH
MeMOpaHbl MUTOXOHAPUN M TE€M CaMbIM IPEAOTBPALIACT
BBICBOOOYK/ICHNE B IUTOILIA3MY KJIETKH UX COZIEP)KUMOTO, Ha-
npumep ruToxpoma C, SBISIONIET0Ccs aKTUBATOPOM arlonTo3a
(Vander Heiden et al., 1997). CoBmecTHas 3MeKTpOTOpans
rera BCL-XL ¢ xommonentamu CRISPR/Cas9-cucremsr u
MarpuUel JUisi TOMOJIOIMYHOM PEeKOMOWHALINY TIPUBOIHUT K
10-xpatHOMYy yBennuenunio BeDkuBaeMoctr uMIICK. Boxee
toro, apdekruBaocts HDR yBenmuuBaercs B 20-100 pas,
B 3aBUCHMOCTH OT PEIaKTHPYyeMoro Jiokyca. Takoii addekr
OBUT TIOKa3aH C MCIONb30BAHUEM PA3IMYHBIX JIOHOPOB IS
IISITH JIOKYCOB 1 Ha nrectH pasnuaHbix auHusx aMTICK (Li et
al., 2018).

Brecenne MHOXecTBeHHBIX DSB B reHOM NepeBHBHBIX
KJICTOK MOKET IIPUBOJUTH K MX THOEIH, a JJIsl 3aIycKa ruoe-
mu xak yUIICK, Ttak n uyDCK nocraroyHo pas3psiBa B eIUH-
cTBeHHOM 11esteBoM Jokyce (Liu et al., 2014). D1o MmoxkeT OBITH
CBSI3aHO C TEM, UTO TUTFOPUIIOTEHTHBIE KIIETKN OJIM3KH KIIETKaM
paHHEro 3MOpPHOHA, B KOTOPBIX JIOJDKHA PabOTaTh KECTKast
CeJIeKIMs, HaNpaBICHHAsA Ha MOJACP)KaHUE IEIIOCTHOCTH
kapuotuma (Dumitru et al., 2012; Liu et al., 2013). B 3amycke
rubenu yMIICK B otBet Ha BHecenune DSB yuacteyer P53, a
ero knock-out mpuBOHT K CYIIECTBEHHOMY YBEJIHUECHHIO K13~
necriocoonoctn aMIICK nmocie npumenenus k num CRISPR/
Cas9 texHonoruu u K yBenudenuto 3¢ pexrnsHoct HDR B
19 pa3 g aUTICK u B 17 pa3 ansg uDCK (Thry et al., 2018).

O6beaviHeHNe peaakTUPOBaHUA

M penporpamMmmMnpoBaHuns reHoMa

be3ycia0BHO, ¢ MOMEHTA IOSIBICHHUS METOJbI TOTYYCHHUS
qUIICK Tax sxe, Kak METOJIbl PEAaKTHPOBAHUSI TEHOMA, OBLTH
CYIIECTBEHHO MOAM(HUIMPOBAHBI M CTAJIN HAMHOTO IIPOIIE
JUIsl MCTIONTHEeHNs1. TeM He MeHee M MOTyYeHHUE MAUeHT-CIIeTl-
nopununbix YUIICK, u pepaktupoBaHne UX reHOMa KpaiiHe
TPYZ03aTpaTHBI ¥ TPEOYIOT MHOTO BPEMEHH, TaK KaK 3TO JIOJIK-
HBI OBITH JIBa MOCJIEAOBATEIBHBIX Mponecca. Unes caenars
UX TapajulelIbHBIMU BIIEPBBIE YCIIEIIHO OblIa peann3oBaHa
S.E. Howden ¢ xomreramu (2016). ABTOpBI OZHOBpPEMEHHO
UIEKTPOIIOPUPOBAIIN BO B3pocible (prudpodiacTsl yenoBeka
TUIa3MU/Ibl, HEOOXOIUMBIE JUIsl PEPOrPaMMHUPOBAHUSL, KOMIIO-
HeHTsI cicteMbl CRISPR/Cas9 n MmaTpuiry 111t ToMOIOTHIHOMH
pexomOuHarmu. Beero 61 nomyuen 31 xiton uMIICK, cpenn
KOTOPBIX OBLIH KJIETKH C LIEJIEBOM BCTPOMKOM, OTOIHUTEIb-
HBIMH MHZAETaMH 1 0e3 reHeTndeckux moandukanuil. [Ipu-
menenue Cas9, «ciauroro» ¢ ¢pparmenTom Oenka Geminin
(oM. Bhiine), yeenrurBaio Bbixoq uTICK ¢ knock-in B yethipe
pa3a. B nanpreiimem 3¢ (heKTHBHOCTH TaKOH CTpaTeruu ObLIa
ycremHo noarsepykaeHa padoramu (Tidball et al., 2017; Wen
etal., 2018), B Tom uncne st noyuenust WMIICK 13 moHoHY-
KJICapHBIX KIETOK epudepruieckor KpoBu. Vcronb3oBanne
MOHOIIMTOB, C MEJJMIIMHCKON TOYKH 3pEHHMsI, O0JIee BBITOTHO,
TaK Kak Mpoueaypa rnoiydeHus GpuopodiactoB koxu Oosee
WHBa3MBHAs, TPeOyeT BPEMEHH Ha MONy4EHHE MEePBUYHON
KYJIBTYPBI, KPOME TOTO, B KJIETKaX KO>KH OOJIBIIIE BEPOSITHOCTD

Cell biology



MNosbiweHwne 3pdekTnBHoCTN knock-in B reHomM
NOPUMNOTEHTHDIX KNIETOK YenoBeka ¢ nomoLybto CRISPR/Cas9

HAaKOIUIEHMsI MyTall1il, BbI3BaHHBIX IEUCTBUEM OKPYKaroLIEeH
Cpezbl, HalpuMep YABTPapHOIeTOBEIM H3MydeHueM (Zhang,
2013). ITpu nomyuennn 9MI1CK ¢ momMomso anmcomManbHbIX
BeKTOpoB 7—10 % KIIOHOB cojiep:Kajiil IeJIEBYI0 BCTPOIKY,
B 3aBHCHUMOCTH OT BBIOPAHHOTO JJIsI IPOBEACHUS BCTPOHKH
nokyca. Mcronp3oBanne BEeKTopa, 0OIHOBPEMEHHO SKCIIPECCH-
pytorero KLF4 u Cas9, ysenuunio 3¢ GeKTHBHOCTb 1IEIEBOM
BCTPOHKH B TPH Pasa, HO BMECTE C TEM HECKOJIBKO CHIKAJIO
3G PEKTUBHOCTH penporpaMMUpoBanus. [IONBITKH pemnTh
BO3HHUKIIYIO TIPO0OJEMy HE YBEHUYAJIUCh YCIIEXOM, HO ObLIO
oOHapykeHo, 4Tto Oombmoi T-anturen Bupyca SV40 eme
yiryumain cucteMy BHeceHus knock-in. B pesynsrare ynanocs
nobutbest 30-40 % Beixona kononuit “MIICK ¢ npaBuiibHOM
meneBoi Berpoitkoit (Wen et al., 2018). Takum oGpaszom,
MPE/TIOKEHHAsT CTpAaTerusl IpeiaraeT NPakKTHIECKH B JIBa
paza Oosee ObICTPBIiL, BHICOKOTOYHBIHN 1 3(h(hEKTHBHBII CIIOCO0
nony4enns knock-in 8 a¥MIIICK ¢ omHOBpEeMEHHBIM TTOTyd4e-
HHEM M30TCHHBIX KOHTPOJIBHBIX JIMHHH.

3aknioyeHune

CRISPR/Cas9-cuctemMa — HeJJaBHO MOSBUBIIUICSA, HO ITO-
JYYMBIIMN MOUCTHHE «HAPOJHOE» IMPHU3HAHHE YAOOHBIA U
MOIIIHBINA HHCTPYMEHT JJIs IPOBEICHNS CalT-CIIeIN(PUIHOTO
peIaKTUpOBaHKs reHoMa. B KoMOMHAINY C TEXHOIOTHEH I10-
myqenust uIIICK o npenocTaBiseT yHUKaIbHbIE BO3MOKHO-
CTH 7151 NCCIIEA0BaHMS (DYHKIIMOHAIBHONW 3HAYNMOCTH T'€HOB,
MEXaHU3MOB pa3BUTHS 3a00JIE€BAaHUN M TEHHOM KOPPEKINH.
Kak u Bcsikasi HEIaBHO IMOSIBUBLIASICS TEXHOJIOTHS, peJlaK-
TupoBanne reHoma npu nomormu CRISPR/Cas9-cucremsr
CTAJIKMUBACTCSI CO MHOXKECTBOM TPEOYIOMINX IIPEOITOJICHHS
TpyaHocteil. OgHOM U3 HUX, O€3yCIIOBHO, SBIAETCS KpaiiHe
HU3Kas dPPEeKTUBHOCTH paboThl 3Toi cucteMsl B uMIICK.
Bosbiioe kom4ecTBO BCEBO3MOXKHBIX MOTU(HUKALUI 3TO-
ro METOJa JeNIaeT JUIs MCCIIeIoBaTelisi HEPOCThIM BBIOOP
HamboJee moaxoasAIIero cnocoda ma momydenus knock-in.
B aTom 0030pe s cenana MonsITKy CBECTH BOSHHO U CTPYK-
TypupoBaTh HanboJjee BaKHbIEC, HA MOW B3IVISi/, MOAXOIBI,
TMO3BOJISTFOIIME TTOBBIMIATH 3 ()EKTUBHOCTH BHECEHNS LIENIEBBIX
koHCTpykimi B reHoM uMTICK.
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The modification of crop genomes employing functional
components of the microbial CRISPR/Cas immune system
is a rapidly developing area of applied research. Site-direct-
ed plant genome modification by this technology involves
the construction of Cas endonuclease- and guide-RNA-en-
coding vectors, delivery of the plasmid DNA into plant
cells, processing of the chosen genomic target site by the
corresponding gene products and regeneration of plants
from modified cells. The utilization of this technology in
local breeding programs is mainly limited by the typically
strong genotype dependence of gene transfer and in vitro
regeneration procedures, which holds particularly true in
cereals. In the present study, an evaluation of in vitro rege-
neration efficiency of immature embryos of ten Siberian
barley cultivars revealed that only one of these is on a par
with the experimental standard cultivar Golden Promise.
This cultivar, namely cv. Aley, was consequently chosen for
further experiments on site-directed mutagenesis in leaf
mesophyll protoplasts. Two genes controlling hulled vs
naked (Nud) and two-rowed vs six-rowed barley (Vrs1) were
used as targets to be modified via polyethyleneglycol-me-
diated cellular uptake of guide-RNA/Cas9-encoding plas-
mid DNA. Deep-sequencing of amplicons obtained from
protoplast genomic DNA revealed that 6 to 22 percent of
the target sites were mutated. The detected modifications
comprised deletions in all three target sites and of various
sizes, whereas insertions were observed in only one of the
target genes (Vrs7) and were confined to the size of 1 nucleo-
tide. This study demonstrates the possibility of site-direc-
ted genome modification in Siberian barley. Further steps
in technology advancement will require the development
of protocols with reduced genotype dependence in terms
of both the gene transfer to totipotent cells and the subse-
quent plant regeneration originating from such cells.

Key words: CRISPR/Cas; Cas9; barley; protoplasts; Nud; Vrs1;
regeneration; transfection; site-directed mutagenesis;
in vitro culture.
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I[IpuMmeHeHne PHK-HampaB/ieHHO
HyKIeasbl Cas9 AJis caiT-crieuduuecKkon
MoAM@UKaLY reHOMa B IIPOTOIIacTax
CUOMPCKOTrO COpTa IYMEHS C BbICOKOII
CIIOCOOHOCTBIO K pereHeparmmn
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T DepepanbHbIit nCCieoBaTeNbCKMIN LIEHTP WHCTUTYT LTONOrMN 11 reHeTUKN
Cunbupckoro otaeneHnsa Poccuinckoin akagemnmn Hayk, HoBocnbupck, Poccus

2 HoBocrbrpcKmii HauoHaNbHbI NCCNe[oBaTeNbCKUI FOCYAapPCTBEHHbIN
yHuBepcuteT, HoBocmbupck, Poccusa
WHCTUTYT reHeT!KN pacTeHUii N CCNIeA0BaHNA KyJIbTYPHbIX pacTeHni
nm. NleiibHunua, NatepcnebeH, fepmanus

4 DepepanbHbIil NCCNeoBaTENbCKIAI LIEHTP BCepoCCUICKIAN UHCTATYT
reHeTMYecKnx pecypcoB pacteHun um. H./. Basunosa (B/P),
CaHkT-TeTepbypr, Poccusa

Mopandukauma reHoMOB Ky/bTYPHbIX pacTeHWIA NPV MOMOLLM
KOMMOHEHTOB 6aKTepmanbHol 3awmTHomn cuctembl CRISPR/Cas B
HacTosLee BpeMA ABNAETCA ObICTpopa3BuUBatoLLenca obnacTbo
NpUKNagHon Hayku. Metoanka HZyKLummn cant-cneunduryeckmnx
MN3MEHEHNI B paCTUTENbHbIX FTEHOMAX, Kak NpaBusio, BKIloYaeT
TaKue 3Tanbl, Kak KOHCTPYMPOBaHME reHeTUYEeCKNX BEKTOPOB, CO-
AepaLnx reHbl Hykneasbl Cas9 n xumepHown Hanpaenatowen PHK,
focTaBky nnasmugHon AHK nnv prboHyKneonpoTenHoOBbIX Yac-
TUL, B KNETKM PaCcTEHNIA, YTO MPUBOANT K BHECEHUNIO U3MEHEHWI B
BblOpaHHbI caliT reHomHo [IHK, n nocnepyolyto pereHepauuto
pacTeHnin U3 MOgNOULMPOBAHHDBIX KNETOK. [puMmeHeHMe 3Toi
TEXHOOMUU B CENEKLUMN OTPAHNYEHO TEM, YTO FEHOTUMbI B Pa3HOM
CTeneHu NoABEPKEHbI reHeTYeCKo TpaHchopMaLUmn 1 pasnmya-
0TCA MO CMOCOBHOCTUN K pereHepaumu in vitro. fleHOTUN-3aBUCK-
MOCTb 3P PEKTUBHOCTN BUOTEXHONOTMYECKMX MAaHUMYALMNIA OCO-
6EeHHO APKO Bblpa)keHa y Ky/IbTYPHbIX 3€PHOBbIX 3/1aK0B. B HacTos-
e pabote Obina npoBeaeHa oLeHKa 3GGEKTUBHOCTIN pereHe-
pauum pacTeHNN in vitro N3 KNeToK He3perbiX 3apoabllLen f4ecATn
CMBUPCKMX COPTOB AYMEHS. Bblno NoKa3aHo, UTo TONbKO OAVH 13
nccnefyemblx COPTOB COMOCTABYM C MOAESbHbIM Af1A OMOTEXHO-
NOTMNYECKMX U FEHHO-MHXXEHEPHbIX paboT coptom Golden Promise.
CopT Anei NpoAeMOHCTPMPOBa CamMyto BbICOKYH 3GPeKTUBHOCTb
pereHepauny cpean CMOUPCKNX COPTOB AYMEHS 1 Obln BbIGpaH
ONA NpoBefeHns dKCNeprMeHTa No MmogndrKauum reHoma B npo-
Tonnactax Mmesodunna nucra. Jns nposegeHna mogudrkauum
reHoma 6b1710 BbIOpPaHO ABa LIENEBbIX FreHa, KOTOPble KOHTPON-
PYIOT X03ANCTBEHHbIE NpU3HaKK. feH Nud KOHTponupyeT Npu3Hak
rofI03epPHOCTU UV NMAEHYATOCTW, FreH VrsT — Nnpru3Hak ABYPARHOCTA
VNN WeCTUPAAHOCTU. Bbinn CKOHCTPYMPOBaHbI reHeTNYecKne BekK-
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TOpbI, HecyLme cucTemy MoandUKaLMM reHoMa, HanpaBIEHHYO
Ha TpU caiiTa B ABYX LieneBbIX reHax. KoHCcTpyKuuy 6biin BBEfE-
Hbl B MPOTONACTbl METOAOM MONANSTUNEHININKOMb-3aBUCUMOW
TpaHchopMaLmn, AeTeKUMA MyTaL Ui OCyLecTBAANaCb METOAOM
rny6oKOro CeKBeHNPOBaHWA LieneBbiX NociefoBaTelbHOCTEN,
aMnAnduuMpoBaHHbIx ¢ reHomHol [JHK TpaHcpopmmposaHHoO
KneTouHon nonynaumu. Mytauum 6b111 BbisBneHbl B 6-20 % no-
nynAunMm TpaHCGOPMMPOBaHHbIX KNeToK. [leneunmn pasHoro pas-
Mepa obHapy»KeHbl B TpeX LiefieBbIX caiiTax, OfHOHYKNeOoT!AHbIe
MNHCEPLUUM 06HAPY>KEHbI TONbKO B OJHOM 13 CaliToB. Pe3ynbraThl,
nonyyeHHble B paboTe, LEMOHCTPUPYIOT BO3MOMXHOCTb CalT-crie-
unduryeckoi MogMdrKaLmum reHoma cMbMpPCKoro sUMeHs. lanb-
HelLme Warn no pas3BUTUIO TEXHONOTY CalT-HanpaBieHHON Mo-
ONPUKaLMM reHOMOB KyJbTYPHbIX 3/1aKOB NOTPeOYoT pa3paboTku
«reHOTUM-HEe3aBUCKMbIX» METOLIOB reHeTnYecKol TpaHchopmaLlum
KNeToK 1 nocneayoLen pereHepauumn pacteHnin 3 mogmounumnpo-
BaHHbIX K/TETOK.

KntoueBble cnosa: CRISPR/Cas; Cas9; aumeHb; npotonnactbl; Nud;
Vrs1; pereHepaums; TpaHcpeKUMsA; calT-HanpaBieHHbIN MyTareHes;
KynbTUBUPOBaHWe in vitro.
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versatile tool to genetically engineer plants (amongst

other organisms) (Gerasimova et al., 2017). There are a
lot of reports of successful crop improvement using different
applications of RNA-guided endonucleases (RGEN) which is
also known as Cas endonuclease technology or CRISPR/Cas
technology (Korotkova et al., 2017). Most of the published
studies on barley targeted genome modification were per-
formed on the model cultivar Golden Promise (Holme et
al., 2017; Kapusi et al., 2017; Holubova et al., 2018; Kumar
et al., 2018). To take full advantage of this technology for
agricultural production, one needs to establish protocols for
elite germplasm. In cereals however, the feasibility of ge-
netic engineering is highly dependent on the genotype used
(Kumlehn, Hensel, 2009). In the West Siberia region of the
Russian Federation, barley occupies an area of three million
hectares. The introduction of Cas endonuclease technology for
breeding of Siberian varieties is a challenge, because effective
protocols for in vitro regeneration, transformation and geno-
me modifications of elite lines are yet to be established. The
present study aims to select candidate barley cultivars for
targeted genome modification and to demonstrate the mo-
dification of valuable trait-controlling genes in the genome
of Siberian barley using Cas endonuclease technology. As
first criterion for cultivar selection, recommendations of
local breeders were considered. Next, a representative panel
of pre-selected local cultivars was tested for efficient in vitro
regeneration from immature embryos, which constitute the
explant of choice for barley genetic engineering procedures.
One cultivar from the Russian spring barley collection was
eventually selected to conduct a genome modification expe-
riment using mesophyll protoplasts. As targets, two previously
known barley domestication genes controlling valuable traits
in monogenic fashion were selected. The Nud gene controls
hulled vs. naked barley (Taketa et al., 2008) and the Vrs/ gene
controls two-rowed vs. six-rowed barley (Pourkheirandish et
al., 2015).

| argeted genome modification is a modern, particularly
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Material and methods

Plant material. The ten following West Siberian barley cul-
tivars have been selected from the Russian spring barley col-
lection according to the advice of local barley breeders: Biom,
Talan, Vorsinskiy2, Aley, Acha, Signal, L-421, Kolchan, V-1,
Krasnoyarskiy91. The model cultivar Golden Promise was
used as a control with a high in vitro regeneration potential.
Plants were grown under greenhouse conditions until milk or
wax ripening stage of the caryopses.

Evaluation of in vitro regeneration efficiency. Milk or
wax ripening stage spikes (stage 75-83 of BBCH scale) were
harvested; grains were isolated from spikes and sterilized
by 96 % ethanol for thirty seconds and bleach-surfactant
solution (1:1 water dilution of Domestos, Unilever) for four
minutes with subsequent washing in sterile water. Analysis
was performed separately for five plants of each cultivar. For
analysis, one-three spikes were taken from each plant, 10 to
13 immature embryos per plant were isolated. As a control the
model barley cultivar Golden Promise was used.

After dissection and removal of the embryonic axis, em-
bryos were plated scutellum side up on callus induction me-
dium (4.3 g/l Murashige & Skoog plant salt base, 30 g/l mal-
tose*H,O, 1.0 g/l casein hydrolysate, CuSO,-5H,0 160 mg/l,
350 mg/l myo-inositol, 690 mg/! proline, 1.0 mg/I thiamine-HCI,
2.5 mg/l Dicamba, 3.5 g/l Phytagel, pH adjusted to 5.8 with
NaOH) and incubated at 22 °C in the dark (Harwood et al.,
2009). After four weeks of cultivation on callus induction me-
dium, calli were transferred to transition medium (2.7 g/l Mu-
rashige & Skoog modified plant salt base [without NH,NO,],
20 g/lmaltose-H,0, CuSO,-5H,0 160 mg/1, 165 mg/| NH,NO,,
750 mg/1 glutamine, 100 mg/l myo-inositol, 0.4 mg/1 thiami-
ne*HCI, 2.5 mg/l 2,4-dichlorophenoxy acetic acid, 0.1 mg/I
6-benzylaminopurine, 3.5 g/l Phytagel, pH adjusted to 5.8)
and were cultivated for another four weeks at 22 °C under
low light. Then, calli were transferred to regeneration medium
(2.7 g/l Murashige & Skoog modified plant salt base [without
NH,NO,], 20 g/l maltose-H,0, 165 mg/l NH,NO;, 750 mg/I

Cell biology
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glutamine, 100 mg/l myo-inositol, 0.4 mg/l thiamine-HCI,
3.5 g/l Phytagel, pH 5.8) at 22 °C under full light (16/8 hours
day/night). The number of explants giving rise to regenerated
plants was counted after four weeks of growing at regeneration
medium. The in vitro regeneration efficiency was calculated
as percent of explants producing regenerating plants. The
Mann—Whitney U test was performed for each Siberian cul-
tivar for pairwise comparison to the control Golden Promise
with regards to in vitro regeneration efficiency.

Target gene sequencing, guide-RNA design and vec-
tor construction. Genomic DNA was isolated from leaves
of barley cv. Aley. A two cm-long piece of leaf was cut,
transferred to the tube with 200 ul of warm (60 °C) buf-
fer (100 mM Tris-HCI pH 7.5-8.0, 500 mM NaCl, 50 mM
EDTA, 1.25 % SDS, 0.38 % Na,S,0;) and ground in a ho-
mogenizer. Then, 500 pl of buffer was added and incubated
at 60 °C for 30 minutes with subsequent addition of 700 pl of
chloroform-isoamyl alcohol mixture (24:1) and centrifugation
at 12000 g for 25 minutes. The upper fraction was collected
and mixed with 1.4 ml of 96 % ethanol. DNA was precipitated
by centrifugation again at 12000 g for 25 minutes, washed
with 70 % ethanol and dissolved in TE buffer. Fragments
corresponding to first exons of Nud (HORVU7Hr1G089930)
and Vrs! (HORVU2Hr1G092290) barley genes were ampli-
fied from genomic DNA using the primers Hv_Nud lexF
and Hv_Nud lexR for the Nud gene and Hv_Vrsl F1 and
Hv_Vrsl_R1 for the Vrsl gene (Suppl. Table)!. PCR frag-
ments were subjected to Sanger sequencing. To confirm the
identity of target sites in the Aley genome to known reference
sequences (morex contig 43456 CAJW010043456 carma=
7HL, morex_contig_ 135757 CAJW010135757 carma=2HL,
barke contig 396030 CAJV010295100 carma=7HL, barke
contig 69176 CAJV010052191, bowman_contig 850766
CAJX010845871 carma=7HL, bowman_contig 16990
CAJX010016287), a pairwise alignment of sequenced Nud
and Frs/ first exons was performed.

Target site selection was performed using the online tools
DESKGEN (https://www.deskgen.com/landing/; Doench et
al., 2016) and WuCRISPR (Wong et al., 2015). Guide-RNA
secondary structures were modelled using the RNAfold tool
(Gruber et al., 2008).

The generic vector pSH121 harboring maize codon-opti-
mized Cas9 under control of Zea mays Ubiquitin-1 promoter
and a guide-RNA scaffold preceded by the rice U3 promoter
was used as a backbone for final RGEN vector construction.
To this end, pSH121 had been generated from pSH91 (Bud-
hagatapalli et al., 2016) using a Gibson assembly approach
(Gibson et al., 2009) in order to remove the necessity for a
Guanine as starting nucleotide of the gRNA. The DNA mole-
cules for the Gibson assembly were generated as followed:
pSHO1 was digested by Hindlll restriction enzyme; DNA
fragments were separated in agarose gel and the 10166 bp
fragment containing the Cas9 expression cassette was isolated
from the gel. Two additional DNA molecules with overhangs
each compatible to the end of another DNA molecule used,
were created in separate PCRs using pSH91 as template and
either the oligonucleotide pair OsU3-1_GibF- OsU3-1_GibR
or OsU3-1_GibF- OsU3-1_GibR (see Suppl. Table). The re-

1 Supplemantary Materials are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx16.pdf
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sulting 487 and 1633 bp amplicons were purified using the
GeneJET PCR Purification Kit (Thermo Scientific). Gibson as-
sembly of the three described DNA molecules was performed
using the NEBuilder HiFi DNA Assembly Master Mix (NEB)
according to the manufacturers instructions.

The target-specific ca. 20 bp region of the gRNA can be
inserted into pSH121 vector between two Bsal restriction sites
as a double-stranded oligonucleotide with 5’-overhang tails.
Double-stranded oligos were created by melting and reanneal-
ing the following pairs of oligonucleotides: Nud ex1-45-F and
Nud ex1-45-R,Nud ex1-50-F and Nud _ex1-50-R, Vrsl exl1-
33-F and Vrsl ex1-33-R (see Suppl. Table). pSH121 was
digested by Bsal restriction enzyme; DNA fragments were
separated in agarose gel. The 10972 bp fragment was eluted
from a gel and used in three ligation reactions with double-
stranded oligonucleotides. As a result of ligation, three RGEN
vectors VRS1-33RGEN, NUD-45RGEN and NUD-50RGEN
were assembled. The accuracy of construct assembly was
confirmed by Sanger sequencing.

Protoplast isolation and transformation. Grains were
germinated in the dark at 23 °C. Leaf samples from seven
days-old etiolated seedlings were used for protoplast isolation.
Protoplasts were isolated according to Q. Shan et al. (2014).
Protoplast sample quality and cell population density were
estimated in a counter chamber slide using a microscope. A to-
tal amount of 20 pg plasmid DNA consisting of gRNA/Cas9
transformation vector and GFP expression vector pYF133
(Fang et al., 2002) was taken to transform 5 x 10 protoplasts
in 220 pl volume. PEG-mediated transfection was performed
according to Q. Shan et al. (2014). After two days of incubation
at 21 °C, the transformed protoplasts were observed using an
inverted fluorescence microscope (Zeiss Axiovert 200M, filter
set 13 with excitation wavelength BP 470/20 and emission
wavelength BP 505-530). The proportion of GFP-positive
cells was calculated per counting field of the chamber slide
to provide a metric for transformation efficiency.

DNA isolation, library preparation, deep amplicon
sequencing analysis. Genomic DNA was isolated from
protoplast samples by the method described by W. Wang et
al. (2016). For each gene, specific primers were designed to
amplify target loci from protoplast genomic DNA. Target
fragments were amplified using primer pairs Hv_Nud F4-
Hv Nud lexRand Hv Vrsl lexF-Hv Vrsl lexR for Nud
and Vrsl genes, respectively (see Suppl. Table). Amplicon
barcoding and library preparation was performed according
to recommendations of the service provider for amplicon
sequencing (https://en.novogene.com/next-generation-se-
quencing-services/microbial-genome/amplicon-sequencing/).
Sequencing was performed using the [1lumina HiSeq platform
generating paired-end 250 bp reads. After filtration, the se-
quence depth ranged from 6000 to 8000 reads per amplicon
sample. The indel frequency and patterns induced by VRS1-
33RGEN, NUD-45RGEN and NUD-50RGEN vectors were
analyzed. The threshold for mutation detection was adjusted
to the level of one percent. Indel frequency was normalized to
the control GFP vector co-transformation efficiency.

Results
Cultivar selection. The regeneration test was performed in

order to select the candidate cultivars for further establishment
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Fig. 1. In vitro regeneration from immature embryos of 10 Siberian barley cultivars in comparison to
the model cultivar Golden Promise.

a - numbers represent percent of explants producing regenerated plants. Horizontal bars represent
standard deviation; b - plantlet regeneration from callus of the Siberian barley cultivar Aley.

of'targeted genome modification protocols. A standard protocol for Agrobacterium-
mediated barley transformation using immature embryos (Harwood et al., 2009)
was adopted and control regeneration tests with neither Agrobacterium inocula-
tion nor use of selective agents were performed. Fig. 1 («) shows the percentage
of explants which gave rise to regenerated plants. Nine out of ten Siberian barley
cultivars showed significantly (p < 0.05) lower regeneration efficiency than the
model cultivar Golden Promise, whereas only one cultivar from the experimental
group did not differ significantly (p > 0.05) from this control. Aley evidently per-
formed best across all experimental repetitions showing an overall efficiency over
60 % (see Fig. 1). Consequently, this cultivar was chosen for the following genome
modification experiment.

Target site selection and vector construction. The barley genes Nud and Vrs!
were selected for targeted mutagenesis. To reveal the sequence of these genes in
the Siberian cultivar Aley, specific primers were designed based on the barley
reference sequence and a fragment containing the first exon of the respective gene
was amplified and sequenced. Alignment to Nud and Vrs] sequences available in
databases showed high identity of the Aley gene variants to the reference (Suppl.
Figure). Target sites were selected in the first exon of each gene, two sites for Nud
and one for Frsi. The generic vector pSH121 (Fig. 2, a) was used to generate the
three target-specific vectors used for transformation experiments (Table 1).
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Evaluation of genome modifica-
tions in protoplasts. Protoplasts were
isolated from seedlings of barley cv.
Aley and co-transformed with two vec-
tors, more specifically, any one of the
RGEN vectors and the control vector
pYF133 harboring a GFP expression
cassette (see Fig. 2, a and D). Anticipat-
ing that the transformation efficiency
of the co-transformed GFP plasmid is
equal to that of the gRNA/Cas9 vector,
the proportion of green fluorescing cells
was used to normalize the cleavage acti-
vity of the respective guide-RNA tested
(Lin et al., 2018). Genomic DNA was
isolated from protoplasts and used as a
template for the amplification of target
sequences. Mutations were detected in
each target site and occurred with dif-
ferent frequency (Table 2, Fig. 2, ¢).
The Nud-45 guide-RNA showed the
highest efficiency in this experiment
(22 %). There were only few mutation
types detected for each target site (see
Fig. 2, ¢). Three different deletion sizes
were detected for the Nud-45 target site
(-1,-2 and -9 nucleotides), two deletion
sizes for the Nud-50 target site (—5 and
—6 nt) as well as one deletion and one
insertion size for the Vrs1-33 target site
(-3 and +1 nt).

Discussion

Little is known about the mechanisms
which are causative for the high geno-
type dependence of genetic engineering.
Most available reports of targeted barley
genome modifications describe muta-
tions in the Golden Promise genome.
We aimed to demonstrate successful
targeted genome modifications in cells
of a non-model elite Siberian barley
cultivar. The protoplast system is a
well established tool for assessing the
efficiency of targeted genome modi-
fications in plants. The evaluation of
RGEN cleavage efficacy in vivo allows
one to select the best variants of target
site/guide RNA pairs (Budhagatapalli
etal., 2016).

We selected two target genes control-
ling domestication traits in barley. The
Nud and Vrsl genes control hulled vs.
naked and two rowed vs. six rowed bar-
ley variants, respectively. The selected
cv. Aley features a hulled and two-rowed
phenotype and its genome contains wild-
type alleles of both genes. Two sites in
the Nud and one site in the Vrs/ coding
sequence were targeted.

Cell biology
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Table 1. Target sites, target-specific parts of guide-RNAs and transformation vectors

(PAM, protospacer-adjacent motif; CDS, coding sequence)

Gene Target site with PAM (underlined) Target position in
‘Nud  GGAGACCCAGGAGCCCCAGIGG — 45-64,exon1
‘Nud  GCTCCTGGGTCTCCGAGATCAGG ~ 50-69,exon1
Vsl GTGGACACGACTTTCTICGCGG  33-52,000n1
a

gRNA/Cas9 (@' i )
vector

GFP vector ZmUbil-p GFP Nos-t

Fig. 2. Protoplast transformation and detection of site-directed mutations.

C.B. TfepacumoBa, A.M. KopoTkoBa, K. XepTur ... 2018

A.B. Kouetos, M. KymneH, E.K. XnectknHa 22.8
the CDS Target-specific part of guide-RNA Final vector
"""""""""" GGAGACCCAGGAGCCCCAG ~ NUD-45RGEN
"""""""""" GCTCCTGGGTCTCCGAGATC ~ NUD-50RGEN
"""""""""" GTGGACACGACTTTCTTCG ~ VRST-33RGEN

C

Nud-45

WT CGCGGCGTCAGGCAGCGCCACTGGEGCTCCTGEETCTCCGAGATCAGGCATCCTCTCCT

dl CGCGGCGTCAGGCAGCGCCACTG}GGCTCCTGGGTCTCCGAGATCAGGCATCCTCTCCT

d2 CGCGGCGTCAGGCAGCGCCACTG}—GCTCCTGGGTCTCCGAGATCAGGCATCCTCTCCT

do CGCGGCGTCAGGCAGCGCCACTG: ————————— GGTCTCCGAGATCAGGCATCCTCTCCT
****‘k‘k‘k******‘k‘k******‘k*} e Je de e Fe K de de e e K K dede e K K e de e ek K e e e

Nud-50

WT CGCGGCGTCAGGCAGCGCCACTGGGECTCCTGGGTCTCCGAGATCAGGCATCCTCTCCT

ds CGCGGCGTCAGGCAGCGCCACTGGGGCTCCTGGGTCT—= —hTCAGGCATCCTCTCCT

de CGCGGCGTCAGGCAGCGCCACTGGGGCTCCTGGGTC———=~~ @TCAGGCATCCTCTCCT
e de g de ok ok ok de gk ke kb ok ok ke k ok kb ok ok ok ke k ok ok ok |

Vrsl-33

WT ATGGACAAGCATCAGCTCTTTGGTTCATCCAACGTGGACACGACTTTICT TCGCGGCCA

d3 ATGGACAAGCATCAGCTCTTTGGTTCATCCAACGTGGACACGACTT———ETCGCGGCCA

il ATGGACAAGCATCAGCTCTTTGGTTCATCCAACGTGGACACGACTTTCTTECGCGGCCA

L 1k g e ek ke

a - vector architectures used for protoplast transformation; gRNA/Cas9 vector corresponds to pSH121; GFP vector — to pYF133; OsU3-p - rice U3 promoter;
gRNA - chimeric guide RNA; OsU3-t - rice U3 terminator element; ZmUbi1-p — maize Ubiquitin-1 promoter; zCas9 — maize codon-optimized Cas9 endonuclease;
Nos-t — 3"-signal of nopaline synthase gene; b — GFP detection in transformed protoplasts; bright field (left) and GFP filter (right). GFP-positive cells are marked
with asterisk; c - mutation types obtained in Aley protoplasts for the three target sites (marked blue, PAM in red).

Table 2. Mutation detection in protoplasts with the given mutation frequencies being normalized to transformation efficiency

Guide-RNA Total number Transformation Mutation type® Number of reads Mutation
of reads efficiency with mutation frequency, %
NUd45 ..................... 5 758 .............................. 0 66_6(_1) ..................................... 5 91 ..................................... 155 .................................
_GG(_z) .................................. 2 1047 ....................................
_GGGCTCCTG(_g) .................. 8 1 ....................................... 13 ...................................
Nud5o ..................... 7 821 ............................... 0 46_CTCGGA(_6) ......................... 15844 ...................................
_CTCGG(_S) ............................ 112 .................................... 3 1 ....................................
vr5133 ..................... 5 553 .............................. 0 35_'|'Tc(_3) ................................. 7 4 ...................................... 3 2 ....................................
+'|' (+1) ..................................... 5 6 ...................................... 2 9 ...................................

* Number of inserted or deleted nucleotides is indicated in parenthesis.

Aley protoplast transformation efficiency was estimated
from the proportion of GFP-positive cells which ranged from
0.35 to 0.66. This result is well comparable with previously
published data (Bai et al., 2014; Lin et al., 2018). For all
three selected target sites, mutated variants were obtained at
frequencies of 6 to 22 % (normalized to transformation effi-
ciency). There is no published data of targeted genome modi-
fication efficiency in barley protoplasts, but in comparison to
other Poaceae family species, comparable mutation frequen-
cies were obtained (Lin et al., 2018). However, the diversity
of mutation types seen in the present study is comparatively

KnetouyHas 6uonorus

low. There was no predominant type of mutations common for
all target sites, i.e. mutation patterns were different for each
particular case. We assume that the mutation type depends
on target site properties; for example, the 9-nucleotides dele-
tion of the Nud-45 site and the three nucleotides deletion for
Vrs1-33 site might be due to sequence-specific microhomolo-
gies, and the insertion of T to Vrs1-33 site could be due to the
reconstruction of a short CTTT repeat within the target site.
Our data show that RGEN-mediated genome modification
is possible in cells of Siberian barley. To obtain plants of
desirable genotypes with predefined genome modifications,
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the genotype dependency of gene transfer mechanisms and
in vitro regeneration has to be considerably reduced.

The number of genotypes hitherto engineered using Cas
endonuclease technology is highest in rice (45 genotypes),
which is followed by tomato (10), wheat (7), potato (4), oilseed
rape (3), and further by switchgrass, soybean, maize, grapes
and cucumbers with two genotypes per crop, and finally by
barley, orange, grapefruit, apple, flax and cotton with only
one genotype per crop (Korotkova et al., 2019). Further
development of Cas endonuclease technology and its broad
application potential for crop improvement requires involve-
ment of more genotypes and varieties. Our results reveal a
wide range of in vitro regeneration efficiency for a preselected
group of 10 Siberian barley cultivars. Only one out of ten
cultivars is comparable in regeneration efficiency with model
cultivar Golden Promise. Aley is our current prime candidate
cultivar for further establishment of stable genetic transforma-
tion. Identification of transformation amenability loci in the
genome of Golden Promise and introduction of respective
alleles into genomes of elite cultivars via marker-assisted
selection has been suggested to create elite germplasm with
increased transformation amenability (Hisano et al., 2017).
Another approach may involve a transient overexpression of
genes which enhance cellular totipotency. The maize Baby
boom (Bbm) and Wuschel2 (Wus2) genes were successfully
used to stimulate transformation in maize and sorghum (Lowe
et al., 2016, 2018). Further studies on the genetic control of
barley transformation and regeneration ability and the utiliza-
tion of known “transformation amenability” genes in genetic
engineering experiments may facilitate the transition from
fundamental research to practical applications.

Conclusion

Our study demonstrates the technical limitations of RGEN
application for local cultivars. We showed that only a small
portion of Siberian elite barley cultivars has useful in vitro
regeneration ability. At the same time, we demonstrated at
the cellular level that important genes of a local Siberian
cultivar can readily be modified at predefined target motifs
by Cas endonuclease technology. These results indicate that
further work in the field of crop improvement has to be fo-
cused on developing efficient genetic engineering and in vitro
regeneration systems and/or straightforward and universally
useful methods for Cas9/gRNA delivery and targeted genome
modification without the necessity of in vitro regeneration.
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Bupyc 3uKa ob6j1agaeT OHKOJIMTIYECKO aKTUBHOCTbIO
B OTHOIIIeHU! KjIeToK U87 rmmobs1acToMbI UeJiOBeKa

B.A. Cearuenko! @, V.A. Pasymos’ 2, E.B. [Tporomnonosal, A.B. Aemunal, O./1. Corosbena?, E.A. 3aBbsros?, B.B. Aokres

1,2

1 locynapcTBEeHHbII HayUHbIi LIEHTP BUPYCONOMN 1 G1UOTeXHONOMN «BekTop, p. n. KonbLoo, HoBocnGupckas o6nacts, Poccus
2 DepeparnbHblii NCCNe[OBaTENbCKUNIA LeHTP VIHCTUTYT umTonorum n reHetrnkn Cnbrnpckoro otaeneHns Poccminckol akagemun Hayk, HoBocnbnpcek, Poccus

MMmno6bnactomMa — BbICOKO3/10KauyeCTBEHHas OMyxoJib FOSIOBHOMO MO3ra.
BrnpoTepanua ¢ ncnonb3oBaHnem OHKONNTUYECKNX BUPYCOB HauMHa-
€T LIMPOKO UCMOJIb30BaTbCA B KMHNYECKOW NPaKTUKe ANA NevyeHns
3/10KayeCTBEHHbIX OMyXxonei yenoseka. Lienbto HacToAwen paboTbl
6b1S10 UCCefoBaHVE BO3MOXHbIX OHKONIUTUYECKMX CBONCTB BMPYCa
31Ka B OTHOLLEHMM robnacTom YesnoBeka. B akcnepumeHTax in vitro
NMoKasaHo, UTo BUPYC 31Ka CrocobeH n3brpaTenbHO MM3UpPoBaThb ony-
XoneBble KNeTKU rnrobnactombl yenoBeka U87 MG, nHAEKC cenek-
TUBHOCTU (OTHOLLEHKE NHOEKLVOHHOMO TUTPA /1A OMYyXONeBbIX Kre-
TOK K TUTPY Ha HOPMaJlbHbIX HETPaHCHOPMMPOBAHHbIX KI1eTKax) paB-
HAncA 2 - 102, U361paTenbHOCTb PenIMKATUBHON aKTMBHOCTM BUpYCa
31Ka B OTHOLLIEHU KneToK rmmnobnactombl U87 MG gononHuTeNbHO
NOATBEPKAEHA METOAOM HenpAMon uMmyHobnyopecueHummn. Ha um-
MyHozednLmTHbIX SCID Mbllwax ¢ IPMBUTLIMY MOAKOMXHBIMUN KCEHO-
rpadTamm rnnobnactombl Yenoseka U87 MG nokasaHa BblpaKeHHas
NPOTUBOOMNYXO0JIeBasd akTMBHOCTb BMpPYCa 3vKa Npu NpoBeAeHnn
Kypca (exefjHeBHO, B TeueHve 4 fiHel) MHTPaTyMOpPanbHOro BBEAEHUA
5-10° TU s, BUpYca 3uka. PocT onyxonu nHrubuposancs 6onee yem
B 10 pa3, BNIOTb 40 MOJIHOTO ee ncye3HoBeHUA. IHaeKkc TopMoXkeHnA
pocTa onyxonu coctasmn 92.63 %. PeynansoB (MeTacTa3oB) NOBTOP-
HOFO POCTa OMyXOMW HE 3aperMcTPUPOBaHO B TeUeHre 64 cyT Habio-
AeHua. NpeacTaBneHHble B HacToAwWen paboTe pe3ynbTaTbl MOKasbl-
BalOT MepPCrneKTUBHOCTb JaNbHENLINX NCCNeAoBaHNA BUpYyca 3mKa
Kak NoTeHL1anbHOro OHKONUTMYECKOTO areHTa NpoTrB rMrobnactom
yenoseka.

KnioueBble cnoBa: BUpYC 3uKa; BUupoTepanus; rnnobnactoma U87;
KCeHoTpaHcnnaHTauums.
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Zika virus has an oncolytic
activity against human
glioblastoma U87 cells
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1 State Research Center of Virology and Biotechnology “Vector’,
Koltsovo, Novosibirsk region, Russia
2 nstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

Glioblastoma is a highly lethal brain cancer. Virothera-
py with the use of oncolytic viruses has since recently
been regarded as a promising approach for the clinic
treatment of human glioblastomas. The purpose of
this work was to perform a primary evaluation of the
Zika virus as a potential oncolytic agent against glio-
blastomas. In vitro experiments showed that the Zika
virus strain MR 766 is able to selectively infect and lyse
neoplastic cells of the human glioblastoma cell line
U87 MG. The selectivity index (S, the ratio of infectious
titer for tumor cells to titer on normal untransformed
cells) was 2 - 102 The selectivity of the replicative activ-
ity of Zika virus in relation to U87 MG glioblastoma
cells was additionally confirmed by indirect immuno-
fluorescence. Using the model of immunodeficient
SCID mice with subcutaneous xenografts of human
glioblastoma U87 MG, a strong antitumor activity

of the Zika virus under a course (daily for 4 days) of
intratumoral administration of 5 - 10° TCIDs of Zika
virus was shown. Treatment with Zika virus resulted in
more than a 10-fold reduction in mean volumes of tu-
mors. The tumor growth inhibition index was 92.63 %.
Recurrences (metastases) of tumor re-growth were not
registered within 64 days of observation. This result
demonstrated the prospect of further in-depth studies
of the Zika virus as a potential oncolytic agent against
human glioblastomas.

Key words: Zika virus; virotherapy; glioblastoma
U87 MG; xenotransplantation.



TTM00JIACTOMA YeJIOBeKa MIpaeT BEAYLIYIO POJib Cpeau

3]I0KaYE€CTBEHHBIX OITyXOJIEH roIoBHOTO Mo3ra. Mcmons-

30BaHME TPAJUIMOHHBIX METOAOB JCYCHUS OHKOJIOTH-
YeCKUX 3a00JIEBAHUIL: JIy4eBOW Teparuu, XUMHOTEPAuu |
XUPYPrUYECKOTO yaJIeHHs OIyXOJNH, a TaKKe MX KOMOMHA-
i — obnasaeT BechMa HHU3KOW 3P QeKTUBHOCTBIO (Stupp
et al., 2009). OOBIYHO MPOIOIKUTEIBHOCTD KU3HU MMALUCH-
TOB TIOCJIE TIOCTAHOBKH JMAarHo3a COCTaBIIAET MEHEE JIBYX
ner. OxHa U3 NPUYMH Takod HedP(PEKTUBHOCTH TpajulH-
OHHBIX MCTO/J0B JICUCHUA FJ'II/IO6J'IaCTOM — BbIpaXXCHHaA Ie-
TEPOTEHHOCTh OITyXOJIM. B TKaHM Omyxonu OOHApyKUBAIOT
HeTpaHCc(OPMHUPOBAHHBIC M OIMYXOJIEBBIC KIIETKH, a TAKXKe
MOMMYJIAINUIO0 CTBOJIOBBIX OITYXOJIEBBIX KJIETOK Fﬂl/lOGﬂaCTOM]:I
(glioblastoma stem cells — GSCs) (Chen et al., 2012). ITo
Bceil BeposTHOCTH, GSC npenonpenenstor BEICOKUI ypOBEHb
3JI0Ka4€CTBEHHOCTH OITyXOJIH y YesioBeka. CTBOJIOBBIE KIIETKU
00eCTIeunBatOT BEICOKUIT YPOBEHB KIICTOUHOI ponudepani,
(hopMupoBaHuEe COCYIOB MPH OBICTPOM POCTE OIYXOJIH U €€
nHBa3uBHbBIN noteHiman (Bao et al., 2006; Alvarado et al.,
2017). O6pryHO TIIMOOIACTOMBI PEAKO METACTa3HPyIOT 3a
TIpe/IeIIbl IEHTPAIBHOW HEPBHON CHCTEMBI, @ Y OOJIBIINHCTBA
MaguEeHTOB MOCJIC XUPYPTUUCCKOIO0 BMCIIATEIILCTBA BbISABIIA-
IOTCSI PEIUANBEI OIYXOJIH B Mpenenax 2—3 ¢M OT HCXOTHOH
nonocty pesekiun (Wallner et al., 1989). Ora ocobenHOCTD
IMOOJIACTOM PEIIoNaraeT BO3MOXKHYIO IePCIEKTHBHOCTD
JIOKaJIbHBIX METOJIOB IIPOTUBOOITYXOJIEBOM TEPaNnH, BKIIOYast
MPUMEHEHNE OHKOJIMTHYECKNX BUpycoB (Alonso et al., 2012;
Kaufmann, Chiocca, 2014; Miska et al., 2016; Cassady et al.,
2017; Cattaneo, Russell, 2017; Shchelkunov et al., 2018).
[IpunsTO CunTarh, 4To 3P HEKTUBHOCTH BUPOTEPATINH 3aBUCUT
OT CIIOCOOHOCTH BUPYCOB CIIEU(PUIHO HHPHULIUPOBATD U JIN-
3MpOBATh OIyXOJIEBBIE KJIETKN B OPraHU3ME U 00eCIIeunBaTh
(hopmHpoBaHKE MPOTHBOOITYX0IeBOro MMMyHHUTeTa (Cattaneo,
Russell, 2017).

Bupyc 3uxka sBisercs npencrtaButeneM poxa Flavivirus
(cemeiictro Flaviviridae), koTopbrii BKIIro9aeT 0osee 53 BHI0B
PHK-conepskamux Bupycos (Simmonds et al., 2017). MHo-
TH€ U3 HUX BBI3BIBAIOT Pa3JIMUHBIC 3a00JIEBaHUS YEIIOBEKA:
JUXOpaJKy ACHTe, TUXopajaKy 3amagHoro Huuta, xkenTyio
JIMXOPAJIKy | PsiL IPYyTHX BUPYCHBIX HH(pekuuii. Bupyc 3uka
O5UT OTKPHIT B 1948 T. M monroe Bpems CUMTANICA HEmaro-
TeHHBIM JUIs 4YesoBeka. HenaBHsS BCHBIIKA 3a001€BaHUS
nuxopajkoi 3uka B bpaszunuu m acconuupoBaHHBIE C HEH
Cilydan MHUKpouedannn HOBOPOXKAECHHBIX CTUMYIHPOBAIH
uccnenosanus sroro Bupyca (Garcez et al., 2016; Lazear
et al., 2016; Li et al., 2016; Ming et al., 2016; Qian et al.,
2016; Shan et al., 2016). Beumo ycTaHoBieHO, YTO BHPYC
31Ka HHPHUIUPYET KICTKU-NIPEIIICCTBEHHUKH IIEHTPATLHOM
HEpPBHOI CHCTEMBI SMOPUOHA, YTO CONPOBOXKIAETCS TOTEPEit
CIIOCOOHOCTH KJIETOK K Tponudeparun, 1uddepeHInpoBKe
U uX mocnenyromuielt rudenu. [yist B3pocioro oprannsma, Ha-
MIPOTUB, BUPYC 3UKa MaJOMaTOreHeH: MpuoIm3uTensHo B 80 %
CITydaeB OH BBI3BIBAET O€CCHMITOMHYIO HH(EKIINIO, a B 00ITh-
IIMHCTBE OCTAJIBHBIX CITyYacB BBI3BIBACT JICTKYIO JINXOPAKY,
He TPeOyIOLIYIO JIYSHUs. DTO MOCIYKUIO OCHOBAHUEM JIJIsI
MCCIIE/IOBAHHSI OHKOJUTHYIECKONW aKTHBHOCTH BHpyca 3HUKa
MIPOTHUB CTBOJIOBBIX KJIETOK mTHo0OmacToMsl (Zhu et al., 2017).
Vianoch 00HAPYKUTh OHKOJIMTHUECKYIO aKTHBHOCTb a/1allTH-
POBaHHOTO K MBIIIaM BHpyca 3UKa Ha MBIIIMHBIX MOJIENISAX C
HCIIOJIb30BaHNEM KJIETOK IIIMOOIACTOM MBIIIH.

KnetouyHas 6uonorus

Ienp HacToOsMICH PabOTHI — UCCICIOBAHUE CIIOCOOHOCTH
BHpyca 3WuKa K H301UpaTelbHOMY HHPHUIIMPOBAHHUIO U TU3UCY
KJ1eToK rmrobnactomsl yenoBeka U87 MG in vitro u ero mpo-
THUBOOIIYXOJIEBOW aKTUBHOCTH i1 ViVo, HA MOZIEJIU KCEHOTPAH-
crutanTanuu kietok US7 MG nMMyHOAE(DUITUTHBIM MBITIIaM
SCID ¢ nocnenyroomum BBeJEHUEM BHpyca 3UKa B OITyXOJIb.

MaTeleaﬂbl n metogbl

Kaerounbie munun. B pabore ncronb3oBasn: KylIbTypy
OIIYXOJIEBBIX KJIETOK rinoOiacTomsl uenoeka US7 MG
(ATCC HTB 14), KynbTypbI KJIETOK IIOYKH SMOPHOHA 3€IeHON
mapthimkn Vero E6 (ATCC CRL-1586) n nmoukn smOGpnoHa
yenoBeka HEK293A (TermoFisher R70507), nunuonanyio
HETPaHC(HOPMHUPOBAHHYIO SIUTENHATBHYIO KYJIBTYPY KIETOK
nerkux amoprona yenoseka MRCS (ATCC CCL 171). Knetku
KynbTHBUpOBaiK B cpene DMEM/F12 (1:1), coneprxaiueit
10 % ¢deranpHOit chiBOpoTKH (Invitrogen), 80 MKr/mi1 reHTa-
munuHa cyabdara npu 37 °C B KyJIbTypasIbHbIX ITIACTHKOBBIX
(iaxonax (Costar). JIust CHSITHS KJIETOK € cyOcTpara npumMe-
usutn 0.25 % pactBop Tpuncuna u 0.02 % pacteop Bepcena
B COOTHOWIEHHN 1 : 1.

Bupyc 3uka mramm MR766 (ATCC® VR-84™) kynpru-
BHPOBAJIM Ha MOHOCJOHHOH KymbType kieTok Vero E6. Ipu
noctrxeHnd 85-90 % UTONaTOreHHOro BO3EHCTBUS BUpYCca
Ha KJIETOYHYIO KYJbTYPY COOMPAJIH KYJIBTYPaJIbHYIO Cpely 1
ocBeTsuTH HeHTpudyrupoBarueM (1500 g, 10 Mun), mocie
Yero BHUPYC OUHMINAIN C HCIIOJIB30BAHUEM LEHTPUQYKHBIX
koHIeHTparopoB Vivaspin 20 (Sartorius Stedim Biotech).
WH}peKkunoHHy0 aKTHBHOCTh BUPYCa B MOITYYEHHBIX BUPYC-
COZIEpIKAIMX CYCIICH3MSIX ONPEACISUIN Ha KyJIbTYpe KIETOK
Vero E6 mukpometonom cormacHo (Chanas et al., 1976).

HccnenoaHue ceJleKTUBHOI penINKAaTUBHOI U JIUTH-
4ecKoil AKTHBHOCTH BUpYca 3uKa in vitro. KyneTypsl omry-
xoneBbIx (U87 MG), nepeBuBaemMsbix (Vero E6 u HEK 293A),
a Taxke HOPMalbHBIX HeTpaHchopmupoBaHHEIX (MRCS)
KJICTOK 4YeJIOBEKa, KyJbTHBUPYEMbIC Ha 96-ITyHOUHBIX KYJIb-
TYpaJbHBIX IUIAHIIETaX, HHOUIMPOBAIN CTAHJAPTHBIMHU JIe-
CATHKPATHBIMHU Pa3BeIeHUSIMU BHpyca 3uka. Mubumupo-
BaHHBIE KJICTKH HHKyOupoBamu 6 cyt npu 37 °C B armoce-
pe, conepxaieit 5 % CO,. Peructpanuio HIUTOIMTHIECKOTO
(tmromaTryeckoro) a3 eKTa Ha KISTKH OCYIIECTBIISIIHN C MC-
nonb3oBanueM MTT-tecra (Niks, Otto, 1990). Jlutndeckyro
AKTHBHOCTb BHPYCa B OTHOLICHUH OITyXOJIEBBIX U HOpPMaJlb-
HBIX KJIETOK BhIpaxkamu depes TLI/I /M (50 % Txaneas
IIUTOIIATOTeHHAs 1034).

Jlyis monTBepKICHUsI CIIOCOOHOCTH BHpYyca 3uKa K u30u-
paTenbHON PEIUIMKANK B KIETKaX IIHOOIACTOMBI HCIIONb-
30BaJIM METOA HETIpAMOoi nMMyHO(IyopecteHunu. CyOkoH-
¢uroentHbie KynbTypsl US7 MG 1 MRCS, kynbTuBUpyemble
B 24-TyHOYHBIX KyIbTypalbHBIX IDIAHIIETaX, HHQUIIIPOBaA-
au ¢ mHoxkecTBeHHocTIo 0.1 TLJI /xn. Muduunuposan-
HbIE KJIETKH HHKYOUPOBAJIH 6 CyT, IOCIIe Yero (PUKCHPOBaIIH
oxnaxaeHHbM 10 —20°C 70 % stanonom. Hecnenmdude-
CKOE CBSI3bIBAHHE OJIOKMPOBAIN MOCPEICTBOM J00ABICHUS
onokupytoriero oydepa (1 % BCA, 0.1 % Teun-20 8 ®CBH)
C MOCIENYIOIUM HHKYOMPOBAaHUEM IPU KOMHATHOW TeM-
neparype B TedeHue 1 4. [locne ynaneHus OGI0KHpYIOIIEro
Oydhepa nobapssuTH crieliUUSCKIe K BUPYCY 3UKa MBINITHHBIC
MMMYHOTIIOOYITHHEI B pa3Benenny | : 500 n maKyOupoBamm 1 1
Y KOMHATHOW TeMneparype. [Tocie AByKpaTHON IPOMBIBKH
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OnokupyromM OygepoM 100aBIsUTH BTOpUYHBIC (iryopec-
[IEHTHBIC aHTHTENa B pa3BeneHud | : 500 (Kpoamdmii aHTHMBbI-
mmHbli [gG korbrorar, Alexa Fluor® 488, MolecularProbes,
Eugene) u nakyOupoBaiu 1 4 npu KOMHATHOI TeMIieparype.
I[Toce aByKpaTHOM MPOMBIBKH IPOBOIMIIN YUET PE3YIILTAaTOB
TIPY TIOMOIIH (MITyOpPECIICHTHOTO MUKpOCKoma Zeiss Axiovert.

’KuBoTHble. VccneoBanne BBINOIHEHO HA caMiiax Mbl-
et mann SCID (SHO-PrkdescidHrhr) SPF-cTatyca B BO3-
pacte 6—7 Hen. XKuBoTHble coaepkanuch B LleHTpe renetu-
YECKUX PEeCypcoB JabOpaTopHBIX KUBOTHBIX Ha 0asze LIKII
«SPF-BuBapwuit» MacTHTYyTa IImToniorun u reaetnku CO PAH
OJTHOTIOJBIMH CEMEHHBIMU TPYIIIIAMH 10 2—5 0CO0eH B HH/TH-
BuyanbHO BeHTHAMpyeMbix kieTkax (IVC) cucremsr Opti
Mice (Animal Care Systems) B KOHTPOJIHPYEMBIX yCIOBHUSX,
npu Temneparype 22-26 °C, OTHOCUTENBHON BIaXKHOCTU
30-60 % u cBeToBOM pexume cBet/TeMHoTa 14/10 ¢ paccse-
Tom B 01:00. Kopm Ssniff (I'epmanust) 1 Boza mociie 06paTHOTO
ocMoca, 00oraleHHass MUHEPaJIbHOM cMechio «CeBepsiHKa»
(Cankr-IletepOypr), ’KUBOTHBIM IPEIOCTABISUTUCE ad libitum.
B TeueHne skcrnepuMEHTa COCTOSIHUE MBIIIEH PErucTpu-
pOBaNM €XEAHEBHO. B 4acTHOCTH, OLIEHWBAIM M3MEHEHUS
COCTOSAHUSA KOXHBIX ITOKPOBOB, )lBHFaTeHbHOi/lI AKTUBHOCTH
U TIOBeJIeHNs. Ecy MBIIIb IEMOHCTPHPOBAIA BEIPAKEHHBIE
MIPU3HAKH TOKCHYHOCTH, HAIPUMEP U30THYTOCTh, CTOPOJICH-
HOCTb, CHW)KEHHE aKTUBHOCTH, U ITOTEPIO MacChl Tesa ooliee
20 %, To 3TH 0COOM MTOABEPTANCH SBTAHA3UH B COOTBETCTBHU
¢ TpeOOBaHMSAMH T'YMaHHOTO OTHOLICHHUS K KMBOTHBIM. 3a-
TUIAHUPOBAHHYO 3BTAHA3MIO OCYILECTBIISUIN ITEPEI03UPOBKOM
CO,, conpoBoKIaEMOH LIepPBUKAIBHOH AUCTOKALUEH.

3a 2-3 Hex 10 Hayasla HKCIEPUMEHTA KYJIBTYPy KIETOK
rmuomel U87 MG (ATCC HTB 14), xotopas xpaHHUTCS B
kpuobanke L[KII «SPF-suBapuit» Mul' CO PAH B xwua-
KOM a30T€, Pa3MOPAKUBAIM M KyJIHTHBHPOBAIN B TCUCHHUE
5-7 naccaxeii Ha cpere DMEM/F12 (1:1) ¢ 10 % deranbHoi
ceiBopoTkH (Invitrogen). Ilepen MEBEKITHEH KIIETKH OITyXOJIN
CHMMAJIH C TIOJUTOXKKH PacTBOPOM TPHIICHH/BEPCEH H TTOCIIE
5 muH nentpudyruposanus npu 1000 06/MuH oca 10K TIa-
TEJILHO PECYCIIEHIUPOBAIN B cpelie 0€3 CHIBOPOTKH, TOBOJS
10 koHnenTpayu 100 Toic. kiaeTok B 1 mxa w108 kinetok B
1 mu1. st mosryyeHust COUIHON ormyXonu riuoMbl U87 MbI-
I1aM B JIOMATOYHYIO 001aCTh MOAKOXHO BBOAMIHN 110 10 MitH
kieTok B o0beme 100 Mkt cpetst DMEM/F 12 Ge3 cbIBOpOTKH.

IIpoTuBOONMYX0JIEBYI0 AKTUBHOCTH BUpPYca 3UKa in vivo
onpenemsn Ha 6aze ['HL] Bb «Bekrop» Pocnorpebnanzopa
B ycaoBusx BSL-3. )KuBoTHbIX copepxanu B MUKPOHU30-
JiATOpax, pacCrioJIO)KECHHBIX B IMMOTOKE CTCPUJIIBHOI'O BO3AYyXa
Ha moJyikax yucToil komHatsl Duo-Flo Unit, model H-5500,
Labproducts Inc. Bce akcnepuMeHTanbHbIe TPOLEAYPHI C
JKMBOTHBIMH, a TAKKC MaHUITYJISIIUA 110 CMEHE MOACTUIIa U
KOPMOB ITPOBOJIVIIH B KaOWHeTe 0M00€30MmacHOCTH 2-T0 KJlacca
Steril GARDIII Advance model SG603. ITo mocTmwxkeHun
omnyxoisiMu 00beMoB 80-90 MkJ1 06pabaTbiBalid MbILIEH HC-
MBITYEMBIM IITAMMOM BHpYyca 3uka. Bupyc BBoanmm kypcom
U3 YEThIPEX €KEIHEBHBIX MHBEKLHUH, HHTPATyMOPAILHO B
nose 5103 T/, B 50 M1 MBImam KOHTPOIBEHON TPYIIIBI
WHTPATyMOPAJIHHO BBOAWIH (PU3PACTBOP B TOM XKe 00bheMe —
50 mkJ1. [TpuBHUTEIE OMTYXOIHM M3MEPSUTH ITAHTCIIBIUPKYJIEM
OJIMH pa3 B YEThIpe JIHA, 00BEM OIyXOJel PacCUUTHIBAIN O
hopmyne: (amuHA X MHPHHA X BBICOTa)/2. Pernctpuposanu
JIMHAMHKY pOCTa ITPUBUTHIX OIMyXOJIeH W KIMHUYECKHE IPO-
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spieHus. Yepes 64 nHA ¢ Hauana [UKJIa HHTPaTyMOPaJIbHON
00pabOTKN MBIIIEH TTOIBEPTa IBTAHA3UH B COOTBETCTBUHU
¢ TpeOOBAaHUSAMH TYMAaHHOTO OTHONICHHUS K >KHBOTHBIM,
OILyXOJIU PE3eLUPOBAIIY C IIOCIEAYIOIIUM B3BEIIUBAHUEM U
(hororpadupoBaHmeM.

PesynbraTbl n 06CyxpaeHune

HUccnenoBadne MOTEHIIMAIBHON CITOCOOHOCTH IITaMMa
MR766 Bupyca 3uka K n30MpaTebHON PEIUTMKALIMT 1 JTU3UCY
KJICTOK IIIHOOJIACTOMBI YEJIOBEKA i1 Vitro TPOBOIWIN B CPaB-
HUTEJBHBIX SKCTIEPUMEHTAX C HCIIOJIb30BAHHEM OITyXOJIEBOI
knerouHoit uann U887 MG u HOpMasibHOI HeTpaHc(hOopMu-
POBaHHOMN AUIMIOUAHON KynbsTypsl kieTok MRCS uenoBexa.
BricokouyBCTBUTEIbHBIE K BUPYCY 3MKa NEPEBUBAEMBIC
kietounsle uHuu Vero E6 m HEK293A ucnons3osanu B
KauecTBE KOHTPOJBHBIX KIETOUYHBIX KyabTyp. Kak BuaHO U3
Pe3yNbTaToB, MPEACTABICHHBIX B Tadmuie, mraMMm MR766
BUpYca 3UKa MPOSIBIII CXOHYI0 HH(EKIIMOHHYIO aKTHBHOCTh
KaK B OTHOIICHUH KJIeTOK rmrobiaactomel U87 MG, Tak u B
OTHOILICHUY IMMOPTAIN30BAHHbIX KJIIETOYHBIX JIMHUH, ITUPO-
KO HMCIOJIB3YEMBIX Ul €T0 KyJIBTHBUPOBAaHUS B JabopaTop-
HOM npakTuke. B To jxe Bpems BHpyC 3UKa CO 3HAUUTEIBHO
MeHbIIeH 3(pPeKTHBHOCTHIO WHDHUITMPOBAT U JIU3UPOBAI
HOpMaJibHbIE AUITIOUIHBIE KileTKH yenoBeka MRCS. Mnaekc
CENIEKTUBHOCTH (OTHOIIEHHE HHPEKIIMOHHOTO THTPA JUIS OITy-
XOJIIEBBIX KIJIETOK M IIEPEBHBAEMBIX TPAHC(HOPMHUPOBAHHBIX
KJIETOK K THUTPY Ha HOPMaJIbHBIX HETPAHC(HOPMHPOBAHHBIX
knetkax) U87 MG/MRCS5 cocrasun 2 - 102,

J171s1 TOTIOTHUTENIEHOTO MOATBEPIKACHHS H30MPATEIbHOCTH
MH(EKINOHHON aKTHBHOCTH BUpYyCa 31Ka B OTHOIICHHUH KJle-
ToK roonactombl U87 MG npuMeHsii MeTo/| HeMpsiMOit UM-
MyHOIyopecteHnnu. C 3Toi eTbI0 MOHOCION KIETOYHBIX
muauit U7 MG u MRCS nHdumposany ¢ MHOXXECTBEHHO-
crbio 0.1 TH,/xn Bupyca 3uka, ”HKYOMPOBaIU B TEYEHUE
6 cyT, moclie 4ero MpOBOAWIN aHAIIN3 C UCIIOJIB30BAHNEM
creuu(pUIECKUX aHTUBUPYCHBIX MBIIIMHBIX HMMYHOIJIOOY-
auHOB U antuBUI0BOro IgG konbiorara Alexa Fluor® 488
(puc. 1). Kak BumHO, Ha MHOHUIIMPOBAHHOH KJICTOYHOM KYIIBTY-
pe ro0acToMbl HAOITIOAACTCS! BRIpaKCHHAs (PITyOpeCHECHIINS
1 OTMEYaeTCs €€ MOJHOE OTCYTCTBHE HAa MH(DUIMPOBAHHBIX
kieTkax MRCS5. D1r pe3yasraTsl CBUIACTEIBCTBYIOT O TOM,
YTO IPU HU3KOH MHOXKECTBEHHOCTH BHUpYC 3MKa HE CHOCO-
0eH 3 PeKTUBHO HHPUIMPOBATH HOPMAJIBHBIE TUIIJIONTHBIE
KJIETKU YEJIOBEKa, HO B TO YK€ BPEMsI IEMOHCTPUPYET BBICO-
KyI0 PEIUTMKaTUBHYIO aKTHBHOCTH B OIYXOJEBBIX KIJIETKAX
muobnactomsl US7 MG.

C 1enbro uccie0BaHus IPOTUBOOITYX0JIEBOM aKTHBHOCTH
BUpyca 3uKa in Vivo HCIIOIb30BAIN UMMYHOIE(HUIIUTHBIX
Mbitieit iuaun SCID ¢ IpUBUTHIMHE MTOAKOKHBIMHU KCeHOTpad-
TaMH TIIN00IaCTOMEI yenoBeka. B kcenorpadter US7 MG, o
JIOCTIDKEHUH MANBIUPYeMbIX pazmMepoB (80—90 mKkir), 4yeThI-
PEXKpaTHO (€KEeTHEBHO, | pa3/CyT) BBOIMIU CYCIICH3UIO BH-
pyca3ukaB 03¢ 5 - 10° T/ ,/Mbiiib. KOHTPOIBHBIM MbIIIaM
T10 TOH e CXeMe MHTPaTyMOPaJIbHO HHbEIMpPOBan (uzpac-
TBOp. Ha puc. 2 npencraBneHa JuHaMKUKa H3MEHEHUH CpEeaHNX
00BEMOB KOHTPOJIBHBIX OITyXOJIeH (1 = 5) u omyxoJei, oopa-
OoTanHbIX BUpycoM 3uka (n = 5). Bupyc 3uka saddexriuHo
WHrUOMpOBaJl Pa3BUTHE M POCT MPUBUTHIX omyxoned U87
MG, u Ha 24-e CyTKH C MOMEHTA IePBOM HHTPATYMOPAITEHON
WHBEKIINU PA3JIUYNEe Pa3MEpOB OIyXOJeH B KOHTPOIHHOM
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In vitro assessment of the oncolytic activity of Zika virus

Cell culture U87 MG Vero E6
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* Confidence range of infection titer values averaged over three replicates (p < 0.05).

Fig. 1. Immunofluorescence staining of cell cultures infected with Zika (six days after infection with the dose 0.1 TCIDs/cell):
a, UB7MG; b, MRC5.

TpyIIIe ¥ TpyInre ¢ 00paboTKOH BUPYCOM 3HMKa CTAaHOBHIIOCH
noctoBepHbIM (Z =2.40227, p <0.05, rect ManHa— YUTHN).
Be110 3apeructpupoBaHo 0ojee YeM eCSITUKPATHOE CHUXKE-
HHE MX CPETHUX 00BEMOB IO CPABHEHUIO C KOHTPOJIBHBIMH
OITYXOJISIMM Ha MOMEHT 3aBEpPLICHHS CPOKa HAOJFO/ICHNS uepes
64 cyT oT Hadaia sxcriepumenTa (Z =2.50672, p < 0.05, rect
Manna — Yutan). Manexe Topmoxennst pocta orryxonu (TPO)
coctaBm1 92.63 %. Y 01HOT0 5KHBOTHOT'O K OKOHYAaHHIO CPOKa
HaOmroneHus Ob11a 00Hapy)KeHa ITOTHAS PEerPeCCHS OITYXOJH.
Pa3BuTHE OTIANeHHBIX METACTAa30B Ha MEPHOJL MPOBEICHNUS
JKCIIEpUMEHTa He 3apeructpuposano. [locie mposeneHus
9BTAHA3MH MOAKOKHBIE KCEHOTPa(THI OBIIN PE3EINPOBAHBI,
B3BeIICHBI 1 coTorpadupoBansl (cM. puc. 2). Cpeansist Macca
OITyX0JIeH KOHTPOJIBHBIX )KUBOTHBIX cocTaBuia 6.51+1.55T,
a ombITHOH Tpymmel — 0.52+0.30 T (Z = 2.50672, p < 0.05,
TecT MaHHa — YUTHN).

Cremyer OTMETHTb, YTO YKa3aHHbIH ypPOBEHb TPOTUBOOITY-
X0J1€BOH 3 (PEKTHBHOCTH HHTPATyMOPAIBHOTO BBEJICHUS BH-
pyca 3uKa ObUT JOCTUTHYT P HUCIIOIb30BaHUH HU3KOH J103bI
Bupyca (5 - 105 TL/1s, Ha nHbeKLHIO). BronHe BeposTHO, 4TO
IIPH KCIIONB30BaHUK Oonee BhICOKHX 103 (107-10% T/, )
OyzeT nocturarscs 0osee 3pPeKTHBHAS PEIUTUKALUS BHpYCa
B KJIETKaX OIMYXOJIH, YTO B HTOI'€ MOXKET MIPUBECTHU K JINZUCY
KJIETOK TIIHOOIaCTOMBI M TTOJTHOHM PEerpeccuy BCeX MPUBHUTHIX
KceHorpa)ToB rmobnacToMsl. M3BecTHO, UTO BHpYC 3UKa
CHOCOOEH JUTUTENBHO MEePCUCTUPOBATh B MH(MUIIMPOBAHHOM
OpraHu3Me, B TOM YHCJIE€ M B KJIETKaX HEPBHOW CHCTEMBI
(Swartwout et al., 2017). /lanHoe cBoiicTBO BUpyca 3HMKa
MOXKET 00€CIIeUnBaTh JUTUTEIbHBIA KOHTPOIIb HaJl PAa3BUTHEM
TIHO0IACTOMBI WM TOSBICHUEM PEIHINBOB 3TOH OITyXO-
. OO0 3TOM KOCBEHHO CBHETEILCTBYET (DAKT OTCYTCTBUS
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Fig. 2. Oncolytic performance of Zika against murine xenografts of
glioblastoma U87 MG after intratumoral administration: a, dynamics
of mean volume sizes; b, resected xenografts 64 days after the start of
virotherapy: left two control animals; right, two experimental animals.
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Zika virus has an oncolytic activity
against human glioblastoma U87 cells

JadbHEeHNIIero pa3BUTUS OIMYXOJIM Ha MPOTSKEHUH 64 CyT
9KCHEPUMEHTA IIOCIE MPOBEJCHUSI OJHOKPATHOTO IMKJIA
BUPOTEPAINNHU BUPYCOM 3HKa.

B pabote (Zhu et al., 2017) yka3ano, 4ro Bupyc 3uka (Ha
npumepe mrammoB Dakar 1984 u Brazil 2015) uadumupyer
in vitro nuddepeHIMpPOBaHHBIE KIETKH TIINOOIACTOMEI C
MeHbIIeH dPPEKTUBHOCTBIO, YEM CTBOJIOBBIE OIYXOJIECBBIC
KJIeTKH TnobnacTomsl. [IpencraBieHHble HAMM JTaHHBIE
MIOKA3bIBAIOT, YTO BUPYC 3MKa 001aJaeT BEIPaKCHHBIM OHKO-
JUTUYECKUM MOTEHIUAIOM NPOTHB MuddepeHnpoBaHHON
KJIeTOYHOH JimHNK rmnobnactombl U87 MG uenoBeka Kak
in vitro, Tak " in vivo. OHKOIUTHYECKAs aKTUBHOCTb BUpYyCa
3uka B otHouieHnn GSC u audpepeHIMpOBaHHBIX OITyXO-
JIEBBIX KJIETOK TIOJIOXKHUTEIBHO XapaKTepU3YeT BO3MOXKHBIIN
TEpareBTHYECKUI OTEHIMAI BUPYC 3UKa ITPOTHUB TIIMO0Oa-
cTOMBI yesoBeka. [ToMrmMo 3TOrO, HEeaBHO ObLIA MOKa3aHa
BBICOKAsl TIPOTHUBOOITYX0JIE€Basi aKTUBHOCTh BHpyca 3HKa B
OTHOIICHWH KJIETOK HeHpoOiacToMbl uenoBeka (Mazar et
al., 2018). B aroii paboTe MpUBEACHBI JaHHBIC, CBUICTECIIb-
CTBYIOIIMIE O PELIENTOPHOM B3aUMOJIEHICTBUH BHpYyca 3UKa
C KJIETOUHBIM MOBEPXHOCTHBIM IHKonporenHom CD24, u
HKCHEPUMEHTAIILHO JIOKa3aHa 3aBUCUMOCTb HH(EKIIMOHHOCTH
BHpyca 3uKa Ui KIETOK OT ypoBHs npeseHTannu CD24 Ha
KJICTOYHOHN ITOBEPXHOCTH.

Takum o0pa3om, IpeacTaBlIeHHbIE B HacTosiIIe padore
Ppe3yIbTaThl MPEAIIONAraloT MEPCIEKTUBHOCTD MPOIOIKEHUS
WCCIIeJOBAaHUH BUpyca 3MKa KaK OHKOJIMTHYECKOTO areHTa
MIPOTHB IITMOOJIACTOM UesioBeka. B nanpHeliem mianupyeTcst
UCCIIEI0BATh IPOTHBOOITYXOJIEBYIO aKTHBHOCTh BHpYyca 3UKa
C MICIIOJIb30BAHUEM OPTOTOMMYECKON MOJICJIN MBIIIMHBIX KCe-
HOTpaTOB INIMOOIACTOM YEJIOBEKA IIPH HHTPATYMOPAJILHOM H
MTapeHTEPaIbHOM BBEICHHH, @ TAKKE IIPOBECTH yIITyOIEeHHOE
JIOKJIIMHAYECKOE HCCIIeI0BaHNe Oe30macHOCTH. [IJ1st CHIKEHNUS
MOTEHIIMAJILHONW HEHPOTOKCUYHOCTH BUpYyca 3UKa BO3MOXKHO
BHECEHHE B €ro TeHOM T'eHeTHuecknx Moandukanmii. K Ha-
CTOSIIIIEMY BPEMEHH KapTHPOBAHBI MEPCIIEKTUBHBIC B 3TOM
OTHOIIEHUU TOYEUHBIE MyTalluu B 3'-HETPaAHCIMPYEMOM pe-
ruoHe u reHe 6enkxa NS5 (Akiyama et al., 2016). B cBszu ¢
MIOCIIEIHUM HaJI0 OTMETHTB, YTO CPEAN HccienoBareneii Gpop-
MUpYETCsi MHEHHE O JIOCTaTOYHON 0e30MacHOCTH M MOTEH-
IIUATTBHON MEePCHEKTUBHOCTH HCIIOJIb30BAHUS Ul Teparuu
rro0acToM U HeHpoOJIacToM AUKNX (TEHETHYECKH HE MO-
JUIPOBAHHBIX) IITAMMOB BUpYyca 3HKa, 00yCIIOBJICHHOE
BBICOKOH CIETIM(PUIHOCTHIO BUPYCa K OITyX0JIe00pa3yIomnM
1 OITyXOJICBBIM KJIETKaM M TEM, UYTO MH(EKIUS B3POCIBIX U
JIeTell NpOoTeKaeT MPEUMYIIECTBEHHO OECCUMITOMHO U HE
BBI3BIBAET BHIPAKEHHBIX ITATOJIOTHYECKUX H3MEHEHUH KaK CO
CTOPOHBI [IEHTPAIBHON HEPBHOM CUCTEMBI, TaK ¥ CO CTOPOHBI
opranuzma B neiom (Luplertlop et al., 2017; Mazar et al.,
2018). OcobenHo 60mpIIOe 3HAYCHNUE 3TO MOKET UMETh TIPH
TIO/IICPKUBAIOIIEH TepaIriy MOCIIE ONIEPALIMOHHOTO YIaICHUS
IMO0IACTOM /ISl TIPEIOTBPAILEHHS PA3BUTHSI PEIMIMBOB
OITyXOJTH.
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The bristle pattern development

in Drosophila melanogaster:

the prepattern and achaete-scute genes

D.P. Furman! 2@, T.A. Bukharinal! &
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The external drosophila mechanoreceptors, residing on the head
and body of imago, are represented by bristles of different sizes
(macrochaetes and microchaetes). Macrochaetes are arranged in
the species-specific bristle pattern, where each of them is strictly
positioned. The bristle pattern is formed starting from its proto-
type (prepattern) in the imaginal disc. The position specificity of
future mechanoreceptors is determined by local expression of two
proneural genes, achaete (ac) and scute (sc) belonging to the AS-C
complex, in response to the action of certain factors, referred to as
prepattern factors, nonuniformly distributed in the ectoderm of
imaginal discs. The topography of their total distribution defines
the bristle prepattern. Thus, the full-fledged adult bristle pattern

is the result of interaction of two systems — the prepattern and the
system responding to prepattern, i.e., the achaete and scute genes.
A considerable volume of miscellaneous experimental data related
to various aspects in development of the bristle pattern has been
so far accumulated; however, any formalized and detailed repre-
sentation of the molecular genetic interaction of the prepattern
factors with both each other and the achaete-scute genes is yet
absent. This review systematizes the available data on the regular
patterns of this interaction and shows that local expression of
these genes is determined by hierarchical two-level control system
comprising both direct and indirect regulators of their activities.

A generalized scheme of the system containing the functional
interactions of its components is proposed. The structural orga-
nization and principles of operation of the hierarchical molecular
genetic system enabling the local expression of ASC genes and the
resulting formation of ordered bristle pattern are described.

Key words: Drosophila melanogaster; macrochaetes; proneural
cluster; bristle pattern; prepattern; achaete-scute gene complex.
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CTaHOBJ/IEHME IIeTMHOYHOI'O
y3o0pa y Drosophila melanogaster:
MIpeACTPYKTypa I KOMIUIEKC I'€HOB
achaete-scute

AL CDpraHL 2®, TA. Byxapl/mal@

1 DepepanbHblii NCCNEROBATENBCKUI LEeHTP UHCTUTYT yutonornm
1 reHeTnKn Cnbrpckoro otaeneHna Poccuinckon akagemmnmn Hayk,
HoBocnbupck, Poccus

2 HoBocnburpcknii HauMoHanbHbIN NCCNefoBaTENbCKUIA
rocyfapcTBeHHbI yHBepcuTeT, HoBocmbupck, Poccun

BHellHre mexaHopeLenTopbl 4P030pWIIbl, JIOKaNN30BaH-
Hble Ha rofioBe U Tefle NMaro, NpefcTaBeHbl WeTUHKaM1
pa3HOro pa3mepa — Makpo- 1 Mukpoxetamu. MakpoxeTbl
06pasytoT YCTOMUMBYIO CTPYKTYPHYIO KOMMO3NLMIO, TaK
Ha3bIBaeMbII LLETUHOYHBbIN Y30p, CNeLMPUUHBIN ANA Kax-
[0ro Braa Apo3odunbl, B KOTOPOM Kaxxaas U3 MakpoxeT
3aHVMaeT CTPOro onpeaeneHHoe nonoxexve. opmmpo-
BaHMe LWEeTUHOYHOrO y30pa HaunHaeTca ¢ popmmnpoBaHna
ero npoobpasa B MMarviHanbHom aucke. CneynduuHoCcTb
no3unumn 6yayLmx mexaHopeLenTopoB onpeaenaeTca
NOKaJIbHOW 3KCNpeccren ABYX MPOHeNpanbHbIX reHOB —
achaete (ac) v scute (sc), BxogAawmx B komnnekc AS-C, B oT-
BET Ha [lefiCTBMe HEeKMX paKTOPOB, 3a KOTOPbIMI 3aKpenu-
Nocb Ha3BaHVe «baKTopbl MPEACTPYKTYPbI», FeTEPOreHHO
pacrnpefeneHHbIX B SKTOAePMe MMarrHasbHbIX ANCKOB.
Tonorpadus nx COBOKYNHOro pacnpefeneHuns n cosgaet
npoo6pas (NpefcTPyKTYpY) WETUHOYHOTO y30pa. Takum
06pa3om, MOSTHOLEHHbIN LETUHOYHDBIN Y30p ABNAETCA pe-
3yNbTaTOM B3aMMOAENCTBUA ABYX CUCTEM: NPEeACTPYKTYpPbl
1 CUCTEMbl OTBETA Ha MPEACTPYKTYpPY — reHoB achaete n
scute. K HacToALLEeMY BPEMEHUN HAKOMIEHO 3HaYUTeSIbHOe
YMCNIO Pa3PO3HEHHbIX SKCMEePVIMEHTASNTbHbIX AaHHbIX, Kaca-
IOLMXCA PA3INYHbBIX aCMeKToB GOPMMPOBAHMA LETNHOY-
HOro y30pa, 0fHaKo popmann3oBaHHoe NpeAcTaBneHne
MOJIHOIO CNeKTPa MOJIEKYNAPHO-TEHETUYECKNX B3aUMO-
LeNCTBMIN GaKTOPOB NPEACTPYKTYPbI Kak Mmexay cobon,
TaK 1 ¢ reHamu komnnekca AS-C, B nutepatype OTCyTCTBY-
eT. B 0630pe crnctemaT3npoBaHbl AaHHbIE O 3aKOHOMEp-
HOCTAX 3TNX B3anMoaencTeumi. NokasaHo, UTo sKkcnpeccua
npoHenpasnbHbIX FreHoB dchaete-scute feTepMUHNPYeETCA
nepapxmyeckn opraHn3oBaHHOW [1ByXypPOBHEBOW c1CTe-
MOW yrpaB/ieHs, cofepallel Kak NpAmble, Tak 1 He-
npsAMble PerynAaTopbl KX akTuBHoCTY. MNpeanoxeHa 0606-
LL|eHHaA CxeMa CUCTeMbI, BKNtovatoLwwan GyHKLMOHaNnbHble
B3aMMOJENCTBMA €€ KOMMOHEHTOB.

KnioueBble cnosa: Drosophila melanogaster; makpoxeTbi;
LWETNHOYHbIV Y30P; MPOHeNpasbHbIi Knactep;
NpPeACTPYKTYpPa; FeHHbI Komnnekc achaete-scute.



grees of complexity is one of the most important events

in the development of multicellular organisms. The
patterns of this process and underlying mechanisms are the
subject of long-term study and discussion. The bristle pattern
of Drosophila melanogaster is among the attractive model
objects for studying this issue; this bristle pattern is formed
of 20 pairs of external sensory organs, macrochaetes (large
bristles), located at fixed positions on the fly head and body.
The number and arrangement of bristles forming the bristle
pattern are so constant and characteristic of individual Dro-
sophila species that allows each bristle to be named according
to its position and the bristle pattern to be used as a species-
specific criterion in classification.

The adult sensory organ comprises four cells, namely, the
shaft, socket, neuron, and glial cell. All these cells originate
from a single cell, the sensory organ precursor (SOP) cell.
Each SOP cell develops from cells of proneural clusters, that
is, groups of 20-30 cells in the ectoderm of imaginal discs.
The cells of the cluster differ from all the remaining cells
of imaginal disc by the presence of the proneural proteins,
Achaete (AC) and Scute (SC). Each sensory organ develops
from its own proneural cluster. During development, the
proneural clusters are formed and SOP cells are separated at
the third instar larval and early prepupal stages. The bristle
positions on the body of an adult fly are strictly determined by
the positions of SOP cells (reviewed in Modolell, Campuzano,
1998; Gomez-Skarmeta et al., 2003; Furman, Bukharina, 2008,
2017; Bukharina, Furman, 2015; Troost et al., 2015).

At the very first stages of the research into the mechanisms
underlying genetic determination of the bristle pattern, Alek-
sandr Serebrovsky, Nikolay Dubinin, and their colleagues
clarified that the achaete-scute genes, represented by a set
of alleles, played the key role in this process. Characteristic
of the flies carrying different alleles is the absence of certain
bristles from the standard set. The bristle development at
strictly specified positions was supposed to be associated
with a local gene activity (Serebrovsky, 1930; Dubinin, 1932).
However, the mechanisms leading to local activation of the
achaete-scute genes remained vague and for a long time were
the subject of discussions. The most popular hypothesis among
the proposed variants interpreting this phenomenon was the
hypothesis proposed by Curt Stern in 1954 (Stern, 1954,
1968). This hypothesis postulates that the local activation
of the achaete-scute genes is a response to induction with
prepattern factors, distributed in the ectoderm of imaginal
discs in a discrete manner. As a result of this induction, cells
localized to certain regions of the imaginal disc acquire the
ability to follow a neural developmental pathway and form
proneural clusters (Reeves, Posakony, 2005). Thus, the bristle
pattern emerges due to the interaction of two systems — the
prepattern and the system responding to the prepattern, i.e.,
the achaete-scute genes.

In the current concept of macrochaete morphogenesis and
the mechanisms of bristle pattern development, the Stern
hypothesis has been confirmed at a molecular genetic level.
In particular, the structure—function organization of the
achaete-scute gene complex (AS-C) has been clarified and
the transcription factors influencing its expression have been
identified, including U-shaped (USH), Pannier (PNR), and

D evelopment of ordered spatial structures of various de-
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the proteins encoded by the iroquois gene complex (Iro-C),
such as, Araucan (ARA), Caupolican (COUP), and Mir-
ror (MIRR). These are the prepattern factors in terms of the
Stern hypothesis.

In turn, expression of the u-shaped, pannier, and iroquois
complex genes is determined by their own set of factors —
the segmentation proteins Decapentaplegic (DPP), Hedge-
hog (HH), Engrailed (EN), and Wingless (WG), which act
at early stages of imaginal disc compartmentalization. Thus,
the AS-C transcription activation comprises a hierarchy of
developmental events provided for by a concerted action of
genes and gene ensembles and ends with development of
bristles at strictly determined positions (Dahmann, Basler,
2000; Calleja et al., 2002; Aldaz et al., 2003; Ikmi et al., 2008;
Michel, Dahmann, 2016).

This review systematizes the published data on the factors
that initiate a local expression of the ac-sc genes and their
interactions at the stage of proneural cluster formation.
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The bristle pattern development in Drosophila melanogaster:
the prepattern and achaete-scute genes

Compartmentalization of the wing imaginal disc
The main morphogenetic events that determine development
of the bristle pattern on the body of drosophila are associated
with the pair of wing imaginal discs, each giving rise to half
of an adult fly thorax.

The disc develops from 10-50 cells of an early embryo,
which as early as the cellular blastoderm stage are predeter-
mined to form the imago’s wing structures and notum (Bate,
Martinez-Arias, 1991; Potter, Xu, 2001; Aldaz, Escudero,
2010). At this stage, the cells differ in the amounts of some
proteins, which later on determine the main stages in disc
compartmentalization. These proteins include EN, DPP, Dis-
tal-less (DLL), Vestigial (VG), WG, and HH (Blair, 1995;
Brook, 2000; Held, 2002; Hooper, Scott, 2005; Beira, Paro,
2016). Note that DPP, WG, and HH form a concentration gra-
dient, while the EN protein is confined to a narrow band with
a width of one cell.

As a mature morphological structure, the imaginal disc is
identifiable at the first instar larval stage. Soon after the disc
is formed, it divides into compartments with different deve-
lopmental fates (Aegerter-Wilmsen et al., 2007; Restrepo et
al., 2014) (Fig. 1).

Initially, the imaginal disc is divided into the anterior and
posterior compartments with further separation of the dorsal
and ventral part in each of them (Nienhaus et al., 2012). The
compartmentalization is determined by differential expression
of several genes. The gene cubitus interruptus (ci) is expressed
in the anterior part of the disc and the gene engrailed (en),
in the posterior part. The dorsal disc region is determined by
coexpression of the vg and ap genes and the ventral region,
by expression of the gene wg. The regions where the genes
determining compartments are expressed do not overlap and
the corresponding boundaries are indentified as conditional
anterior—posterior and dorsal—ventral axes of the disc (Brook,
2000; Delanoue et al., 2002).

The further events in compartmentalization are controlled
by a cascade of genes and the key initiator of the cascade
is the morphogene Decapentaplegic (DPP) (Restrepo et al.,
2014). Expression of the gene dpp and production of the cor-
responding protein, DPP, are observed in a narrow band of
cells. This band, well evident after specific protein staining,
lies along the anterior—posterior disc axis (Zecca et al., 1995;
Nellen et al., 1996; Foronda et al., 2009; Beira, Paro, 2016).
From this band, the morphogen spreads over the entire disc
forming a concentration gradient. DPP, being involved in
the corresponding signaling pathway, determines the further
direction in development of different disc regions depending
on the set of proteins they contain (Zecca et al., 1995; Gomez-
Skarmeta et al., 2003; Garcia-Bellido, 2009). In particular,
the region carrying the protein Brinker (BRK) will give rise
to wing structures. The role of Brinker is to counteract Dpp
signalling by repressing Dpp pathway target genes (Martin
et al., 2004; Affolter, Basler, 2007; Schwank et al., 2008;
Restrepo et al., 2014). The presumptive notum is determined
by the expression of Iro-C, proteins Eyegone (EYG) and
Twin of eyegone (TOE) continues further subdivision of the
presumptive thorax (Diez del Corral et al., 1999; Aldaz et al.,
2003; Barrios, Campuzano, 2015; Barrios et al., 2015).

The major developmental event in macrochaete morpho-
genesis is specification of the proneural clusters in the pre-

1048 Vavilov Journal of Genetics and Breeding - 201822 -8

D.P. Furman
T.A. Bukharina

sumptive notum region; this event is initiated by the proteins
of Iro-C and PNR (Ikmi et al., 2008). In this process, the
presence of PNR is a necessary but not sufficient condition.
It is known that the proneural cluster is formed of the cells
carrying PNR but lacking the USH (Gomez-Skarmeta et al.,
2003; Villa-Cuesta et al., 2007).

This is the general scheme of wing imaginal disc compart-
mentalization, which forms the background for development
of the bristle pattern.

The achaete-scute genes as the key component

in the molecular genetic system responsible

for macrochaete development

The central players in the morphogenesis of individual mac-
rochaetes and the overall bristle pattern are the genes achaete
and scute (ac-sc), components of the similarly named gene
complex (4S-C). This complex comprises four genes (achaete,
scute, lethal of scute, asense), encoding basic Helix-Loop-
Helix (bHLH) transcription factors. A local expression of
ac-sc provides for emergence of the bristles at strictly speci-
fied positions (see Fig. 1, b), whereas inactivation of these
genes results in the absence of some or all macrochaetes of
the standard set on the body of an adult fly. Ectopic achaete-
scute gene expression in the ectoderm of imaginal disc and
the resulting switch of this developmental mechanism in the
corresponding region to the neural pathway, gives additional
or ectopic bristles (Rodriguez et al., 1990; Modolell, 1997).

The achaete-scute genes determine development of the
complementary sets of the notum bristles (Campuzano, Mo-
dolell, 1992; Modolell, 1997; Garcia-Bellido, de Celis, 2009).

In this process, the “area of responsibility” of the achaete
gene is confined to development of the dorsocentral macro-
chaetes, while the scute gene expression is sufficient for de-
velopment of the complete bristle set (Rodriguez et al., 1990).

The specificity in time and site of achaete-scute gene
expression is determined by two types of enhancers. The
enhancers of the first type, which are localized beyond 4S-C
at a distance of up to 100 kb, are necessary for achaete-scute
gene expression in all cells of each proneural cluster (Gémez-
Skarmeta et al., 1995). In particular, the dorsocentral enhancer
drives achaete-scute gene expression in the proneural clusters
for dorsocentral bristles. As has been shown, the protein PNR
(Ramain et al., 1993; Gomez-Skarmeta et al., 1995; Garcia-
Garcia et al., 1999) and some proteins of the EGFR signaling
pathway (Culi et al., 2001) bind to this enhancer. The Iroquois
complex proteins, namely, ARA, COUP, and MIRR bind to
another enhancer of this type, the L3-TSM enhancer (Kehl et
al., 1998; Tkmi et al., 2008).

Enhancers of the second type, SOPEs (sensory organ pre-
cursor enhancers), are responsible for achaete-scute expres-
sion in the SOP cell (Ayyar et al., 2010). Each of these genes
has its own SOPE (Giagtzoglou et al., 2003; Jafar-Nejad et
al., 2003). These enhancers carry sites for a number of tran-
scription factors, namely, E boxes (CANNTG) for binding
the proneural proteins AC and SC, a-boxes (ACTACAG)
for binding transcription factors of the NF-xB/Rel family,
AT-rich B-boxes with still unknown functions, N boxes for
binding the proteins Hairy (CACGCG) and E(spl) (CACGAG
and CACAAG), and S boxes for binding Senseless (SENS).
It is known that Charlatan (CHN) also binds to certain still
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Fig. 1. Schemes of the wing imaginal disc (a) and the right half of adult
fly notum (b).

The regions that give rise to the adult heminotum and wing blade, shown with
gray and green, respectively. Black dots in scheme (a) denote the future pro-
neural clusters and in scheme (b) localizations of macrochaetes (ps, presutural;
dc, dorsocentral, np, notopleural; sa, supraalar; pa, postalar; and sc, scutellar).

unidentified SOPE sites. The sets of specific sequences in the
second type enhancers for the achaete-scute genes are differ-
ent. In particular, the SOPE for achaete gene lacks a-boxes
(Jafar-Nejad et al., 2003; Ayyar et al., 2007, 2010).

Direct regulators of achaete-scute expression:
traditional prepattern factors

The spatial expression of the achaete-scute genes within the
imaginal disc depends on combination of the transcription
factors that specify development of macrochaetes at specific
positions, thereby determining the bristle pattern geometry.
These factors are currently regarded as the corresponding
factors postulated by the Stern hypothesis (Stern, 1954, 1968;
Gomez-Skarmeta et al., 2003). This set traditionally comprises
the proteins of /ro-c (ARA, COUP, and MIRR) as well as
PNR, USH, and Hairy, directly influencing the achaete-scute
gene expression (Cubadda et al., 1997; Modolell, Campuzano,
1998). In particular, ARA, COUP, and MIRR drive develop-
ment in the region that will give rise to the lateral notum and
PNR, to the central notum (Tomoyasu et al., 1998; Garcia-
Garciaetal., 1999; Calleja et al., 2002). Below, we will briefly
consider the structure—function characteristics of the above
listed regulators involved in achaete-scute expression.

The transcription factors Araucan, Caupolican, and
Mirror contain homeodomains and directly bind to the first
type enhancers, thereby activating achaete-scute expression
(Kehl et al., 1998). These three proteins are encoded by the
similarly named /ro-C genes. Phenotypically, mutations in
these genes cause the absence of macrochaetes in the lateral
notum. The bristles in the flies carrying such mutations form
a characteristic comb, resembling the Iroquois hair dressing,
after which they were named.

The Iro-C occupies about 130 kb in the genome (Cavodeassi
et al., 2001). Expression of the genes ara, coup, and mirr
commences at the end of the second instar and considerably
increases in the third instar. The regions of ara and coup ex-
pression are completely identical but differ from the region
of mirr gene expression. The presence of MIRR protein is
characteristic of the imaginal disc regions where the proneural
clusters will later appear as well as the SOP cells for notopleu-
ral and supraalar bristles, while the proteins ARA and COUP
are detectable at the sites of the future proneural clusters for
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Fig. 2. Scheme of interactions between two PNR protein isoforms, USH
and AS-C.

Black arrows indicate formation of PNR/USH heterodimers; green and blunt-
end red arrows denote activating and repressive regulatory effects on genes
coding PNR, USH and AC-SC proteins, respectively.

the anterior notopleural and posterior postalar bristles (Kehl
et al., 1998; Ikmi et al., 2008).

The transcription factors Pannier and U-shaped both
belong to the GATA-binding proteins (Ramain et al., 1993;
Garcia-Garcia et al., 1999). As has been demonstrated, the
protein PNR exists as two isoforms, PNRa and PNRB. Ex-
pression of the corresponding mRNAs is controlled by two
alternative promoters. The cells expressing PNR may contain
either one or both isoforms, the ratio of which depends on
USH, since the heterodimer PNRB/USH has a negative ef-
fect on PNRa expression (Fromental-Ramain et al., 2008).
The ratio of these isoforms also to a considerable degree
determines the transcription activity of achaete-scute genes.
It has been shown that PNRP activates transcription, whereas
PNRo/USH inhibits it (Fromental-Ramain et al., 2008, 2010).
Figure 2 schematizes these interactions.

The regions of pannier and u-shaped gene expression in the
imaginal disc partially overlap, that creates different condi-
tions for the achaete-scute functional state and, consequently,
for the macrochaete development within these regions, de-
pending on the contents of the corresponding proteins (Mo-
dolell, Campuzano, 1998; Sato, Saigo, 2000).

Recent data provides more details for the role played by
PNR in the regulation of achaete-scute gene expression.
These data demonstrate that a certain protein complex con-
taining several proteins along with PNR (in particular, SSDP
(sequence-specific single-stranded DNA-binding protein) and
Chip (Ramain et al., 2000; Bronstein et al., 2010) acts as the
activator in question (find more details below).

The transcription factor Hairy contains a bHLH domain
to bind to the N box CACGCG in the regulatory regions of its
target genes, thereby prohibiting its transcription (Rushlow et
al., 1989; Ohsako et al., 1994; Gomez-Skarmeta et al., 1995).
Mutations in the gene hairy induce development of additional
bristles (Ingham et al., 1985; Skeath, Carroll, 1991). As has
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Fig. 3. Roles of the complexes containing SSDP, Chip, bHLH proteins, PNR, AP, and BX in determination of the cell fate (based on Bronstein et al,, 2010).

For details, see body text.

been experimentally shown, Hairy directly represses tran-
scription of the achaete-scute genes; however, a binding site
for this factor has been so far detected only in the regulatory
region of the achaete gene (Wainwright, Ish-Horowicz, 1992;
Ohsako et al., 1994; Gomez-Skarmeta et al., 1995, 2003;
Costa et al., 2014).

Prepattern factors: new players

Recently, new data have been obtained on the proteins and
protein complexes that bind to regulatory regions in the
achaete-scute genes and influence their activity along with
the traditional prepattern factors. These new factors include
NF«B/Rel family proteins; dCtBP (drosophila C-terminal
binding protein) cofactor; the complexes formed by Chip and
SSDP; homeodomain-containing proteins Apterous (AP) and
Tailup (TUP; synonym, Islet); and the zinc finger domain-
containing protein Beadex (BX; synonym, dLMO, Drosophila
LIM-only).

The proteins and protein complexes

involved in a direct regulation

of the achaete-scute gene expression

The NF-kB/Rel family proteins are considered to play an im-
portant role in the achaete-scute expression pattern. Three dro-
sophila proteins belonging to this family have been identified,
namely, Dorsal (DL), Dorsal related immunity factor (DIF),
and Relish (Rel). They influence the achaete-scute expres-
sion both directly binding to the a-boxes in the achaete-scute
regulatory regions responsible for transcription initiation and
via posttranscriptional interactions with achaete-scute mRNA
altering its stability and translation efficiency. There are the
data demonstrating that a low content of the NF-xB/Rel
family proteins in combination with a high level of Achaete-
Scute (AC-SC) proteins triggers a neural fate of the cell,
whereas a high level of NF-kB/Rel proteins at a low level of
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AC-SC proteins, on the contrary, excludes this developmental
direction (Ayyar et al., 2007, 2010).

The corepressor dCtBP forms a complex with the heterodi-
mer USH/PNR; this complex represses the achaete-scute gene
transcription. The flies carrying a mutant dCtBP gene develop
additional bristles, which correlates with the presence of ad-
ditional SOP cells in proneural clusters (Stern et al., 2009).

The complexes obligatory containing Chip and SSDP play
a special part in development of the stereotype bristle pattern;
these complexes function in different imaginal disc compart-
ments and at different stages of macrochaete development.
These complexes are represented by three types: the first type
comprises the complexes that contain bHLH proteins (includ-
ing AC-SC and DA) and PNR along with Chip and SSDP;
the second type complexes involve AP or TUP; and the third
type contains BX (Ramain et al., 2000; Chen et al., 2002;
Matthews, Visvader, 2003; de Navascués, Modolell, 2007;
Zenvirt et al., 2008; Bronstein et al., 2010). Each component
in these complexes fulfills its own function. According to the
latest data, Chip acts as an adapter and forms the background
for assembly of the complexes by recruiting proteins of vari-
ous families; bHLH proteins, AP, and TUP provide for site
specificity of these complexes in binding to DNA; PNR is
responsible for reinforcing the interaction between enhancer
and promoter; and SSDP acts as a transcription activator. The
schemes for assembly of such complexes involving the listed
proteins and their roles in determination of cell developmental
fate are shown in Fig. 3.

The 2Chip/2AP/2SSDP heterohexamer initiates expres-
sion of the AP target genes with subsequent activation of the
programs that provide for development of the wing structures
(see Fig. 3, a). The Chip/SSDP/PNR/2bHLH pentamers are
necessary for establishment of the presumptive notum in the
imaginal disc (see Fig. 3, b). It is known that the regions of
apterous and pannier gene expression in the disc partially
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overlap, so that the cells localized to the overlapping region
contain both types of complexes, 2Chip/2AP/2SSDP and
Chip/SSDP/PNR/2bHLH, thereby being potentially able to
form both wing and notum structures. The alternative deve-
lopmental program is selected with involvement of the protein
BX, playing the part of a kind of switch (Matthews, Visvader,
2003; Bronstein et al., 2010). In the cells containing Beadex,
AP is displaced from 2Chip/2AP/2SSDP to give a new com-
plex, 2Chip/2BX/2SSDP. Since BX is incapable of binding
DNA, such a complex is unable to provide transcription of
the AP target genes, thereby preventing formation of the wing
structures (see Fig. 3, ¢). A finer structuring of the presumptive
notum involves the complexes Chip/SSDP/PNR/2bHLH. By
activating the achaete-scute genes, they determine the posi-
tions of proneural clusters in the central notum (see Fig. 3, b).
In the cells of these proneural clusters, AC-SC proteins form
the multimers Chip/SSDP/PNR/AC/DA or Chip/SSDP/PNR/
SC/DA, which initiate transcription of the AC-SC target genes
and create the conditions for these cells to follow a neural
developmental pathway (see Fig. 3, d) (Bronstein et al., 2010).

The heterohexamer 2Chip/2TUP/2SSDP influences the
achaete-scute transcriptional activity. In the cells of the fu-
ture proneural clusters for dorsocentral macrochaetes, this
complex binds to the achaete-scute DC enhancer and acti-
vates achaete-scute transcription (van Meyel et al., 1999;
Biryukova, Heitzler, 2005; de Navascués et al., 2007). Thus,
the effects of the complexes 2Chip/2TUP/2SSDP and Chip/
SSDP/PNR/2bHLH in these regions of the imaginal disc are
analogous. Since the TUP expression is observed in a narrower
region as compared with PNR, it is assumed that TUP more
finely specifies the positions of proneural clusters. As has been
shown, the presence of the TUP protein at the sites for future
proneural clusters for the remaining macrochaetes blocks
emergence of additional SOP cells within the cluster. Two
mechanisms underlying this effect are considered, namely,
inhibition of achaete-scute expression via the TUP interaction
with transcription activators or repression of the AC-SC target
genes (de Navascués, Modolell, 2010).

The proteins indirectly influencing

the achaete-scute gene activity

Along with the above listed transcription factors that have
binding sites in the regulatory regions of achaete-scute genes,
a set of proteins also influences the achaete-scute expression
in an indirect manner. This set includes the proteins Touta-
tis (TOU) and Osa, transcription factors Bar (BarH1 and
BarH2) and WG, histone acetyltransferase Chameau (CHM),
kinase Shaggy (SGG), as well as the proteins of EGFR signal-
ing pathway.

The proteins Toutatis and Osa modulate achaete-scute gene
transcription by interacting with the complexes containing
Chip and PNR. It is known that Toutatis increases transcrip-
tion, whereas Osa decreases it. These proteins are believed to
be involved in chromatin remodeling, entailing the changes
in the efficiency of enhancer—promoter interaction (Heitzler
et al., 2003; Vanolst et al., 2005).

The homeodomain-containing proteins BarH1 and BarH2
are necessary for development of the presutural macrochaetes
(see Fig. 1). These proteins are encoded by similarly named
adjacent genes of the small complex Bar (Higashijima et al.,
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1992). Their expression is controlled by the DPP and WG. Ex-
periments have demonstrated that the Bar proteins are involved
in achaete-scute activation (Sato et al., 1999); however, their
direct interaction with the regulatory regions of achaete-scute
genes has not been demonstrates so far.

WG is a negative regulator for the achaete-scute genes.
The role of factor consists in expression activation of the gene
shaggy. The produced Shaggy kinase phosphorylates PNR,
which, being phosphorylated, is unable to bind to the enhanc-
ers of the first type and loses its function of a direct activator
for achaete-scute gene transcription (Yang et al., 2012).

The acetyltransferase Chameau is another experimentally
confirmed indirect negative regulator for the achaete-scute
genes. As has been shown, chm genetically interacts with
ush, chip, and pnr. Presumably, CHM may be involved in the
activation of downstream targets of AC and SC in the formed
proneural clusters (Hainaut et al., 2012).

The zinc finger transcription factors Spalt (SAL) and Spalt-
related (SAL-R) are required in the presumptive notum when
the future proneural clusters for the majority of macrochaetes
are determined (including the dorsocentral, scutellar, and
notopleural macrochaetes). The genes sal and sal-r are united
together and have a complex regulatory region, one part of
which controls sal/sal-r expression in the corresponding
regions of the imaginal disc. Transcriptional activity of these
genes is controlled by the proteins DPP and WG. The proteins
SAL and SAL-R repress the /ro-C transcription, which entails
prohibition of achaete-scute gene activation (de Celis et al.,
1999; de Celis, Barrio, 2000; Sweetman, Miinsterberg, 2006).

Proteins of the EGFR (MAP kinase) signaling pathway are
involved in the establishment of presumptive bristle pattern;
this pathway is initiated by two of the known ligands for this
receptor, Vein (VN) and Spitz (SPI). In both cases, the result
is transcription of the achaete-scute genes. The MAP kinase
cascade triggered by the EGFR interaction with VN acts as an
indirect regulator of the achaete-scute gene expression: first
the Iro-C genes are transcribed, and then the proteins ARA,
CAUP, and MIRR of this complex activate the achaete-scute
genes (Wang et al., 2000; Zecca, Struhl, 2002; Letizia et al.,
2007). The initiation of achaete-scute transcription when the
signal is transmitted via the SPI ligand does not require any
intermediate step, and EGFR acts as a direct regulator of the
achaete-scute expression (Culi et al., 2001).

Conclusions
Development of the bristle pattern is a hierarchically organized
process, where establishment of the prepattern, which deter-
mines positioning of adults bristles on the body of imago, is
the most important and basic stage. According to the current
concepts, prepattern is actually the combination of transcrip-
tion factors characteristic of certain imaginal disc regions
triggering and regulating expression of the achaete-scute
genes. A developmentally final establishment of the prepattern
takes place at the third instar larval stage. In turn, the main
prerequisite for this is the difference in the cells forming the
imaginal disc in the distributions of certain protein factors,
which is determined by concentration gradients of the proteins
encoded by segmentation genes and the morphogen DPP.
The general scheme illustrating the work of the system that
determines the bristle pattern development is shown in Fig. 4.
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&

Fig. 4. The general scheme illustrating the work of the molecular genetic
system that determines development of bristle pattern.

(Hairy, pnr, ush, Iro-C, tup)

(tou, sgg, osa, chm, Bar)

Designations: blue arrows indicate interactions between different regulator
groups; green and blunt-end red arrows denote activating and repressive
regulatory effects on the ac-sc expression, respectively.

A full-fledged adult bristle pattern is developed only in
the case of coordinated functioning of the prepattern and the
system responding to prepattern, the achaete-scute genes. The
main factors of the prepattern directly regulating the achaete-
scute expression are the proteins USH, PNR, ARA, COUP,
MIRR, and Hairy as well as proteins belonging to the NF-kB/
Rel family and EGFR signaling pathway.

Part of these proteins (HH, DPP, WQG) act at early stages of
imaginal disc compartmentalization, determined the expres-
sion of brinker, apterous, chip, dCtBP, pannier, u-shaped,
spalt and spalt-related genes which proteins “specifies” com-
partmentalization of the imaginal disc. The other part (proteins
of EGFR signaling pathway, ARA, COUP, MIRR, etc.) inter-
acts with the corresponding enhancers to initiate expression
of the achaete-scute genes, thereby determining the positions
of proneural clusters.
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BbISIB/IEHME ¥ aHa/IN3 IMHAMNUYEeCKX I1aTTepHOB
CYTOUYHOI 9KCIIpeCcCcr TeHOB MJIEKOIIUTAIOMINX

O.A. TToaxoropnas!, H.H. Teeppoxae6l 3, H.A. TToaxoaopusrit!h 2@

T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTHKi CUBUPCKOTo oTAeNeHs Poccuiickoi akaaemum Hayk, HoBocu6upck, Poccua
2 VIHCTUTYT BBIYMCNUTENBHOW MaTeMaTUKM 1 MaTeMaTuyeckoi reodpusmnkm Cnbmpckoro otaeneHnsa Poccuinckon akagemmmn Hayk, HoBocnbumpck, Poccusa
3 HoBOCMBMPCKMIL HALMOHANBHBIN UCCIEAOBATENbCKUI FOCYAAPCTBEHHDBIN yHIBEpcUTeT, HoBOCHBUPCK, Poccns

Llenbio nccnepoBanna 66110 BbiABIEHNE W aHANN3 NAaTTEPHOB CYTOY-
HOW AVHAMUKM 3KCNPECCHM FeHOB, pasfinyaloLwmnxca no popme Kpu-
BOW. MOXHO 0XMAaTb, YTO CXOACTBO NATTEPHOB CYTOUYHOW SKCNpec-
cum reHoB (GopMbl KprBOIA) ABAAETCA OTPaXKEHNEM CUHXPOHM3aLNUn
3KCNPeccuy reHoB OOLLMMUN BHELLHVMW U BHYTPEHHUMMW CUTHANaMm
WIIN YYacCTUA B CXOLHbIX BMONornyeckmx npoueccax. PasHble curHanbl,
MIMeloLLre CYyTOYHYI0 ANHAMUKY (CBET, akTUBHOCTb, NUTaHMe, CTpecc,
TemnepaTypa 1 T.A.), MOFyT BO3[€NCTBOBATb Ha Pa3Hble YPOBHY pery-
NALUN SKCMPECCUN, YTO MOXKET NPOABNATLCA B pa3nnyHoi Gopme nat-
TEPHOB CYTOYHOW 3KCNpeccun reHoB. PaboTa BbINOMHEHA C UCMOSb30-
BaHVEM 3KCNeprMeHTaNbHbIX AaHHbIX MO KCMNPECCUN FeHOB Ha YPOB-
He TpaHcAUMKN (NpodunnpoBaHne pubocom) B MeUeH 1 NoYKax
Mbiwn (GSE67305 n GSE81283). [InA BblABNEHWA FEHOB C CyTOYHbIM
PUTMOM 3KCMpeccum 6bi1 NCNOJb30BaH OAHOMAKTOPHbIV Aucnepcu-
OHHbIN aHanwm3. MpeanoxeH NOAXOA K BbISBNEHMIO CXOAHBIX MO dopme
KPUBbIX CYyTOYHOW AMHAMMKIN SKCNPECCUMU FeHOB Ha OCHOBE KilacTep-
HOro aHanm3a. PacctofHve Mmexxay reHaMmm paccumTbiBanoCh NyTem Bbl-
paBHMBaHMA $as 1 MOUCKa MaKCUMarbHOM MO LMKANYECKOMY CABUTY
KpOCC-Koppenauum mexay naTrepHamm CYTOUHOW SKCMPEeCCUn 3Tx
reHoB. [lJaHHbI NOAX0[ MO3BONNI BbIABUTb F€Hbl, UMEIOLLNE HE TONTbKO
naTTePHbl SKCMPECCUM C OGHUM MaKCUMYMOM (CMHyconaanbHble, acuM-
METPUYHbIE CO CMeLLEeHVEM BNEBO U BMPABO, UMMNY/bCHBIE), HO 1
CNOXHble KOMMO3UTHbIE CUTHASbl C HECKOMbKMMU SKCTPEMYMaMM.

B pe3synbTaTe BnepBble BbisiBAEHbI FPYMbl FEHOB, 06beUHEHHbIX MO
CXOfCTBY GOPMbI KPUBOI CyTOUHO 3KCnpeccum, 6e3 yyeTta nx daso-
BbIX XapakTepucTnk. QyHKLMOHaNbHbIA aHann3 oboralleHns Tepmu-
HaMW reHHOW OHTOJIOrY FPYM reHOB C PE3KO pa3nnyaoLwMmcs nat-
TepPHaMU CYyTOYHOMN SKCMPECCMU (CUHYCONAANbHBIMU 1 UMIYAbCHBIMI)
B MOYKaX 1 NeYeHu MbllY NoKasars, YTo rpynmna reHoB C CUHyconganb-
HbIM MaTTEPHOM CYTOUHOI SKCnpeccun B 60sbLUeli Mepe accoLnmnpo-
BaHa C perynaymen uupkKagHoro putMma 1 metabonusma. lpynna reHoB
C MMMYNIbCHBIM NATTEPHOM CYTOUYHOW SKCNPECCUN B 3HAUNTENbHOM
CTerneHn CBfi3aHa C 3aWnTHbIMY GYHKLUAMU OpraHn3ma, TpebytoLm-
M1 GopMUpPOBaHUA BbICTPOro oTeeTa. NokazaHa MHGOPMATUBHOCTb
aHanNM3a AMHaMUYEeCKMX NaTTEPHOB KPMBbIX CYyTOYHOWN ANHAMMKM SKC-
npeccun reHoB AsA GYHKLMOHANbHOIo ONUCaHNA reHoB. BbigeneHHble
OVHaMUUeCcKne NaTTepPHbl CyTOYHOMN SKCMPEeCcMmn NMetoT 60sbLioe
3HayeHvie AN JanbHEeNLLEero N3y4yeHna CIOKHON LMPKagHoW peryna-
LW, CUHXPOHM3aLMM 1 B3aUMOLENCTBMSA GUONOrMYecKUX NpoLeccoB
C CyTOYHOW AUHAMUKOW B OpraHn3me MIeKonmTaoLmx.
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TKaHecneun$unyHoCTb; bruonornyeckmne NpoLecchbl; AUHaMmnyecKmne
naTTepPHbl CyTOYHOM SKCNPEeCCcun.
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of dynamic patterns of diurnal
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The purpose of the study is to identify and analyze
patterns of the diurnal dynamics of the expression of
genes that differ in the shape of the curve. It can be
expected that the similarity of the patterns of daily
expression (shape of the curve) of genes is a reflection
of the synchronization of gene expression by common
external and internal signals or participation in similar
biological processes. Different signals that have daily
dynamics (light, activity, nutrition, stress, temperature,
etc.) can affect different levels of expression regulation,
which can be manifested in various forms of patterns
of daily gene expression. In our research, we used
experimental data on gene expression at the level of
translation (ribosome profiling) in the liver and kidney
of a mouse (GSE67305 and GSE81283). To identify ge-
nes with a daily rhythm of expression, we used a one-
way analysis of variance. To identify similar-in-shape
curves of the daily dynamics of gene expression, we
propose an approach based on cluster analysis. The
distance between the genes was calculated by align-
ing the phases and finding the maximum cross-corre-
lation between the patterns of the daily expression of
these genes by the cyclic shift. This approach allowed
us to identify genes that have not only expression pat-
terns with a single maximum (sinusoidal, asymmetri-
cal, shifted to the left or right, pulsed), but also com-
plex composite signals with several extremes. As a
result, the groups of genes united by the similarity of
the shape of the daily expression curve without regard
to their phase characteristics were identified. GO en-
richment analysis of groups of genes with sharply dif-
ferent patterns of daily expression (sinusoidal and
pulsed) in the mouse kidneys and liver showed that
the group of genes with a sinusoidal pattern was more
associated with regulation of circadian rhythm and
metabolism. The group of genes with a pulsed pattern
is largely associated with the protective functions

of the organism, which require the quick response.
Thus, our studies have confirmed the effectiveness of
the proposed approach to the analysis of the diurnal
dynamics of gene expression. The identified dynamic
patterns of diurnal expression are important for the
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further study of complex circadian regulation, synchro-
nization and interaction of biological processes with
diurnal dynamics in mammals.

Key words: circadian rhythm; translation; GO enrich-
ment analysis; tissue specificity; biological processes;
dynamic patterns of diurnal gene expression.
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UTMUYHBIC U3MCHCHUS C IEPUOIIOM, OJTM3KHUM K 24 yacam,

HaOIIIOMarOTCsl IPAKTHYECKH Ha BCEX YPOBHIX (PyHK-

LMOHUPOBAHMS OPTaHU3MOB MIICKOTIUTAIONIUX — OT MO-
JICKYJIAPHO-TECHETUYCCKUX OO CIIOKHBIX (bl/ISI/IO.HOFI/I‘leCKI/IX
MIPOLIECCOB, COMIACOBAHHOE MPOTEKaHNE KOTOPBIX 00yCIIOB-
JICHO PA3IMYHBIMU CHHXPOHU3UPYIOIIMMH CUTHAIAMU U Me-
xanu3mamu. K HaCTOAMIEMY BPEMEHU BbISABJICHBI IPOABICHU
OpraHo-/TKaHeCTIIM(PUIHOCTH CyTOYHON PUTMUKH SKCTIPEC-
CHHM TeHOB M TIOKa3aHO, YTO OoJiee COpPOKa MPOIEHTOB OEI0K-
KOOUPYIOIUX I'CHOB MJICKOINIUTAIOIIUX MMPOABJIAIOT CYTOYHBIC
OCLWUISILIMY KaK MUHUMYM B OIHOM oprase Ha ypoBHe MPHK
(Zhang et al., 2014; Laing et al., 2015).

Hupkaauas perynsiuus GyHKIHOHUPOBAHNS TeHETHYECKUX
1 METa0OIMYECKUX CeTeH, MyTell mepeaadn CUTHAJIOB U T. /1.
OCYIIECTBIIAETCS HE TOJIBKO Ha YPOBHE TPAHCKPHIIIMHI, HO U
Ha YPOBHE TPAHCIALUU, IOCTTPAHCKPUIILIMOHHON U IIOCT-
TPAHCISAIMOHHON MOAN(HKAIINH, TPAHCIIOPTA U AETPaJalui
MPHK u 6enxoB (Mendoza-Viveros et al., 2017). Hapymenne
LUPKaHBIX PUTMOB MOYKET OBbITh KaK NPUYUHOI, TaK U Clie]i-
CTBHEM Pa3IUYHbBIX PACCTPOMUCTB, BKIIOYasi METAOOIMIECKUI
CHHJIPOM, BOCTIAJINTEIIbHBIC 3a00JIeBaHNs, MCHTAJIbHBIC pac-
cTpoiictsa, pak u ap. (Sulli et al., 2018).

Ha cerogssmHmnii 1eHb OMMCaHbI MEXAHU3M U Pa3INYHbIE
(hakTOpHI, ONpEEISIONIe CyTOYHbIe H3MEHEHHUS B AKCIIpec-
cuu reHoB (Flores et al., 2016; Atger et al., 2017; Sulli et
al., 2018). OcHOBOI1 (PYHKITMOHUPOBAHUS ITOTO MEXaHU3MA,
0e3yCII0BHO, CITy’KaT MOJICKYJISIPHO-TE€HETHYECKHE IIUpKaJl-
HbIC OCHUIIIIATOPLI, MPUCYTCTBYIOIINE MMPAKTUYCCKN B KaXK-
JIOM KJIETKE OpraHu3Ma. Y MIEKONMTAOIIMX [JIaBHBIA BO-
JIITENb IIMPKATHOTO PUTMA, C(HOPMUPOBAHHBIH HEWpPOHAMHU
Cylpaxua3sMaTHIEeCKUX SAep TMII0TajJaMyca, CHHXPOHU3YET
PHUTM Bcei ceTn mepudepuIecKux MUPKaIHBIX OCHUIUIITOPOB
(Ripperger, Brown, 2010).. Onako ¢pu3ndeckas akTHBHOCTB,
IIPUEM ITUIIH, TEMIIEPATyPa U IPYTUe BHELIHUE U BHYTPEHHUE
(hU3MOTIOTMUECKHE CUTHAIIBI, UMEIOIINE CYTOUHYIO THHAMUKY,
TaKKe MOTYT (POPMHUPOBATH UKIMYECKNE H3MEHEHNS B YPOB-
HSIX DKCIIPECCHU T€HOB B KIIETKaX MepUpepuIeckux OpraHoB.
[Tuximdeckasi TOBTOPSIEMOCTb 3THX CHUTHAJIOB MPHBOIUT K
(hOpMHPOBAHMIO N 3aKPETICHUIO MEXAHU3MOB MOAJICPKKH
TaKoro pojia CyTOYHbIX l/I3MCH6HI/Iﬁ, OTJIMYHBIX OT HUPKAJHBIX
JacoB.

BrIsiBrIeHHE cpeii TEHOB ¢ CyTOYHOW TMHAMUKON pa3ind-
HBIX TPYII I'€HOB, YYaCTBYIOIINX B PEryJsiiuy Onojornye-
CKUX MPOIECCOB, MPOTEKAIOINX C CyTOYHONW MEPHOIUIHO-
CTBIO, PACIIMPSIET BO3MOXKHOCTH HCCIICIOBAHUS PETYJISIINT
(hU3HOIOTMYECKHUX ITPOLIECCOB U IOCIIEACTBUI NX HAPYLICHHUSI.
[Ipn aHanu3e AAHHBIX IO JUHAMHUKE CYTOYHOH 3KCIPECCUU
TCHOB, KaK MPaBHJIO, BHUMaHNE COCPEIOTOYCHO Ha aHAIIN3e
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CXOJICTBA W pazianyus uX (pazoBbIX XapaKTEPUCTUK (Bpems
CYTOK ¢ MaKCHMallbHBIM ypoBHeM skcnpeccun) (Janich et
al., 2015; Tlonkonomusii u 1p., 2017; Castelo-Szekely et al.,
2017). OmHako narTepHbl CyTOYHON IKCTIPECCUH T€HOB MOTYT
OTJIMYATHCS HE TOJIBKO (Pa30BBIMM XapaKTEPUCTUKAMU, HO U
(hopMoii KpHBOIi, ONMMCHIBAIONICH MUKINYECKYIO JHHAMHKY
IKCTIPECCHH.

Lenpro manHON pabOTHI OBUIO BEISBICHHE TATTEPHOB CY-
TOYHOW JMHAMHUKH SKCIIPECCUH T€HOB, Pa3IHYarONINXCs 110
(hopme KpHBOIl HE3aBHCUMO OT MX (ha3bl, U aHAIU3 IPYIIT
TEHOB, UMEIOIIUX CXO/HbIE AMHAMUYECKHE MaTTEPHBI IKC-
MIPECCHH.

MoxHO 0KMAATh, YTO CXOACTBO NATTEPHOB CYTOYHOU
sKkcrpeccud ((hOpMBI KPUBOW) TEHOB SBIISIETCS] OTPAKCHHEM
CHUHXPOHHU3AINHU 3KCHPECCHN T€HOB OOIIMMH BHEIITHUMH H
BHYTPCHHHUMU CUTHAJIaMH UJIN YYaCTU B CXOAHBIX 6I/IOJ'IOFI/I-
YECKUX MpPOoIeccax. ITO 0COOCHHO aKTyaIbHO JUIS UCCIIENO-
BaHMUS CyTOYHBIX PUTMOB, B (QOPMHUPOBAHIH KOTOPBIX UTPAIOT
Ba)XHYIO POJIb PA3JIMYHBIC BHCITHUE 1 BHYTPCHHUE CUT'HAJIBI,
UMEIOIINE CyTOYHYIO JMHAMUKY, B YaCTHOCTH CBET, aKTHB-
HOCTb, TIUTAHKE, CTPECC, TEMIIEPaTypa H T. 1.

B pabore npe/iokeH METOI BBISIBIICHUSI CXOHBIX 1O popme
KpUBBIX CYyTOYHOW TMHAaMHUKHM 3Kcnpeccuu reHos. Ha stoit
OCHOBE BBISIBIICHBI TPYNITBI TEHOB, pa3INYaloNIMecs AMHA-
MUYECKHUMU [IaTTEPHAMU CYTOYHOU dKCIIpecCun. Pe3ynbrarsl
aHaJIM3a 000TaIeHNs TePMUHAME TeHHOU oHTOoNorHH (Gene
Ontology, 3nech n nanee — GO) BBIACIECHHBIX TPYIII I'EHOB C
PE3KO pa3InyaroIMMHKCs aTTEPHAMH CYyTOYHON SKCIPECCHU
B MOYKAaX W MEYCHH MBI MOATBEPANIH 3(P(PEKTUBHOCTD
MPEIIOKEHHOTO TTOAX0a K BBISIBICHHUIO AMHAMHYECKUX
MaTTCPHOB KPUBBIX CyTO‘-IHOﬂ AVMHAMHKH SKCIIPECCUUN T'CHOB,
KOTOpBIE MOTYT UMETb OOJIBIIIOE 3HAUCHHE AJISI JaIbHEHIIIEro
M3YYEHUsI CIIOKHOM [IUPKaTHOM Perysiiuy, CAHXPOHU3AINT
1 B3aMMOJICHCTBHS OMOJIOTHUECKUX MPOIIECCOB ¢ CYTOUHOU
JMHAMHUKON B OPraHM3Me MIIEKOITUTAIOINX.

MaTtepwuanbl n metogbl

Hcronb30BaHbl TaHHBIE, MOTYyYSHHBIE METOJIOM Mpoduin-
poBaHus 0THOCTH pubocoM Ha MPHK B meueHun n movkax
MBILIH, NpeJIcTaBiIeHHble B padorax (Janich et al., 2015;
Castelo-Szekely et al., 2017), koTopsie JOCTYITHBI B 6a3e TaH-
HeIX GEO (nmeyens: GSE67305 u noukn: GSE81283). Orot
TIOJIXO/I ITO3BOJISIET MOJIyYUTh MH(POPMALHIO O TPAHCIUPYEMbIX
MPHK (TpancnsaToMm) M BX TpaHCISAIMOHHON aKTHBHOCTH B
oTpeieJIeHHBIIE MOMEHT BpemeHu in vivo (Ingolia, 2014).
B Hacrosiniee BpeMsi TpPaHCIIATOM paccMarpuBaeTcsi Kak 0o-
Jiee TOYHast, YeM TPAHCKPHUIITOM, OLIEHKA YPOBHS 9KCIIPECCUH
U, KaK CJIEACTBUE, (DYHKIMOHATIBHOCTH I'€HOB. DTO CBS3aHO

Bioinformatics and systems biology



BbiABneHune n aHanun3 ANHaMnYeCKnX NaTTepHOB
CyTOLIHOI7I SKCMpeccnm reHoB miekonmnTarwmx

C TeM, YTO KOPpEesIys JaHHBIX NMPOTEeOMa U TPAHCIITOMA
JIOCTaTOYHO BBICOKA, U €€ 3HAUCHUE CYIIIECTBEHHO BBIIIE KOP-
persinuy mpoTeoma u Tpanckpunrtoma (Smircich et al., 2015).

B skcniepuMeHTe MBIIIN COAEPKATNUCEH B YCIOBHUSAX CBETO-
TeMHOBOTO pexknma (12 1 cBet/12 9 TeMHOTa) 1 CBOOOIHOTO
JIoCTyna K numnie. Marepuai coOupain Kaxable 2 9 B TeUCHHE
24-4yacoBoro cytouHoro 1ukia (12 BpemMeHHbIX Touek (ZT0—
7T122), tne ZTO — BrimroueHue cBera; ZT12 — BBIKITIOUCHNE
cBera). Kakmoii BpeMEeHHOW TOYKE COOTBETCTBOBAIH IBE
HE3aBUCHMBbIEC PEIUIMKU IKCIIEPUMEHTA (1Ba KUBOTHBIX, Y
Ka)X/I0TO 3a0HMpajy MeYeHb M MOYKH), JUISI KOTOPBIX ObLIH
MOTyYeHbI 3HAYEHUS TTIOTHOCTHU MTPOQHUINPOBAHUS PUOOCOM
Ha MPHK ananmm3upyeMbIx TeHOB, HCTIOJIb30BAHHBIE B HAIIIEM
uccienoBaHny. Takum 00pa3oM, MacCHB JAHHBIX BKITFOUAI
10980 reHOB, 3KCIIPECCUPYIOLINXCA B IEUEHH CO 3HAYECHUSIMU
wiotHocT pubocom Ha MPHK, u 12622 rena — B noukax.

[Ipu mepBUYHOM aHaM3€ MCIONb3YEMbIX SKCIEPUMEH-
TAIBHBIX JAHHBIX MbI BBISBWIA TOYKH B KPUBBIX CYTOUHOH
JIMHAMHKH SKCIIPECCUM HEKOTOPBIX T€HOB, B KOTOPBIX pa3-
Opoc 3HauCHMH B BYX PEIIMKAX CYIIECTBEHHO BBIIIE, YEM
B JIPYTHX TOYKAX KPUBOH. DTH TOUKH MOYKHO PacCMaTpUBAThH
Kak BbIOpochl. [Ipumep Takoii KpUBOIl CyTOYHOI SKCIIPECCUH
rera Slc19a2 (Thiamine transporter 1) B TIe4eHU MBIIIA C
9KCTPEMAJIbHBIM 3HaY€HHEM pa30poca IIOTHOCTH PUOOCOM
Ha MPHK B Touxe ZT12 npusenen Ha puc. 1.

Heo6xonmumMo OTMETHTB, YTO NMPUYMHON CYIIECTBEHHBIX
BapHalyi B JUCIIEPCHH, UMEIOIINX, CKOPEE BCETO, CITyJaiiHbIH
XapakTep, MOTyT ObITh HE TOJILKO OIIUOKH U3MEPEHUH, HO U
O6mornorndeckas BapruabeIbHOCTh, CBOHCTBEHHAs MPHUPOJIE
JTaHHBIX.

Jlist BBISIBJIEHUSI TEHOB C CYTOYHBIM PUTMOM 3KCHPECCHU
MCTIOTB30BANICS OTHO(MAKTOPHBIA TUCIIEPCHOHHBIA aHAIN3
Ha JTaHHBIX, B KOTOPBIX y/laJeHbl BPEMECHHBIC TOUYKH C 3KC-
TpeMaJbHBIMU BbIOpOCamMM dKcrpeccuu. Eciu cymmapHas
10 BCEM BPEMEHHBIM TOYKAM CPENHSS BHYTPUTPYMIIOBAS
JIICTIepCHS N3MEPEHNH YPOBHSI 3KCIIPECCHH OblIa HIXKE, 9eM
o0I111as AUCIepcHs CUrHasa ¢ ypopaem 3nadnmoctu p < 0.001,
TO CUHATAJIOCH, YTO THBI 00JIaJaf0T PUTMHUYIHON SKCTIPECCHEH.
Taxkoii sxecTkuit KpuTepuii ObLT B3ST AJ1st 0TOOPA TEHOB C SIPKO
BBIPayKEHHON BOCITPOM3BOANMOCTBIO MATTEPHA CyTOYHOM KC-
MPECCHN, YTOOBI yMEHBIIHUTH BIUSTHHAE CITydalifHBIX BapHanil
B M3MEPEHHAX Ha PE3yJbTaThl aHAIN3a PUTMUYHBIX TCHOB.

[IpensapuTenbHO 11 aHATN3a OBUTA OTOOPAHBI TCHBI, IKC-
Ipecchsi KOTOPBIX BOCTIPOM3BOANTCS B peIUIMKax. Mcrmounb-
3yeMbIil HaMH1 TTOJIXO/T TIO3BOJIMIT BBIJICITUTh TCHBI, MMEIOINE
HE TOJIBKO MPOCThIE NMAaTTEPHBI KCIIPECCUU C OJHUM MaKCH-
MYMOM, HO U CIIOXKHBIE, €KECYTOYHO BOCIPOU3BOANMBIC
MaTTEPHBI HKCIIPECCHH CO MHOTHMH SKCTPEMYMaMH.

J1i1st BBISIBJICHHS SKCTPEMaJIbHBIX BHIOPOCOB B OKCIIPECCHU
TEHOB MbI HCTIONB3yEeM CJIEYIOILYIO0 TTporieaypy. st Kaxkaoro
TeHa IPOBOJIUTCSI IUCIIEPCHOHHBIN aHAITN3 C [IEIIbIO POBEPKU
TUIIOTE3bI O PABEHCTBE BCEX CPEIHUX 3HAUCHUH IKCIIPECCUU
JTOTO TE€HA |I; B KXJ0H Ipynme i, COOTBETCTBYIOIIEH H3Me-
PCHUSIM B KOHKPETHOH BPEMEHHOI TOYKE.

Hynepas runoresa Hy: p, =W, = ... = u,. AIbTepHaTUBHAs
runoresa: Hy: p; # |, Ju1s HEKOTOPEIX 7 M j. Jlnst npoBepku
HYJICBOH I'MITOTE3bI HCIIONB3YETCS CTATHCTHKA:

XXX P (k-1)
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Fig. 1. An exemplary circadian pattern of the expression of the Slc19a2
(Thiamine transporter 1) gene in the liver of a mouse with extreme
dispersion of ribosome density on mRNA at ZT12.

koTopas nMeet F pacnipenesienne ¢ creneHsmMu cBoOob! k— 1
u N—k. 3nece N — oOliee 4uciio U3MEPEHUid BO BCeX IpyIi-
Tax; k — 9UCI0 TPYIIN; 71; — YMCIIO HAONIONEHUH B j-TPYTITIE;
X —ipemnuka (i = [1, n;]) HabmoneHnit skcipeccuy reHa B

j-rpymne (j =1, ..., k); )_(.j = zi)_(ii/”j — BHYTPHUIPYIIIIOBOE
cpejiHee st j-rpymisr; X = Zj)_( _i/k — obmiee cpezmee mo
BeeM rpynmam. B mamewm cirygae N =24, k=12, n; = 2.

IIyctb B pesynmbrare IONY4eH yPOBEHb 3HAYUMOCTH 0.
Janee ynanseM U3 aHanu3a HaONIOACHUS I10CIEA0BATEIILHO
OJIHY U3 BPEMEHHBIX TOUYEK M IMPOBOJIUM ANCIECPCHOHHBIH
ananmu3 s k — 1 rpynm. Taknm oOpaszom, nomydaem 12 3Ha-
YEeHUI YPOBHS 3HAYMMOCTH KpuTepus F, paccuTaHHBIX 110
11 BpemeHHBIM TOUKaM (0, i = [1, 12]). Ecan ais nekoTopoit
BPEMECHHOM TOYKH / BBIIOIHACTCS YCIOBHE 0, < 0, /k, TO Bpe-
MEHHasi TOUKa / CYIUTAETCs BHIOPOCOM U yaslsieTcsl U3 aHaJIu3a.
s rena Slc19a2 (Thiamine transporter 1), maTTepH CyTOU-
HOH 9KCIIPECCUH B TIEYEHH MBIIIIN KOTOPOTO MPECTABICH Ha
puc. 1, o, = 0.054, 1. e. nynesas runoresa Hj coxpansercs u
CUUTAETCS, YTO MATTEPH CYTOUHOI SKCIIPECCHH T€HA HE BOC-
npousBogutcs. [Ipu ynanenun touku ZT12 ¢ 3kCTpeManbHbIM
3HaYeHUeM pazdpoca miotHoct pudocom Ha MPHK ypoBens
JTOCTOBEPHOCTH, PACCUUTAHHBIA O ocTaBmmMces 11 Tou-
KaM, paBeH: o, = 8.45x 1077, mmn ¢ yderom mompaBku Ha
MHOK€CTBEHHOE TECTUPOBAaHHE YPOBEHb 3HAYMMOCTH PABEH
1-(1-0,,)'? = 12a,,=0.00001, T.e. MOKa3bIBAET C BBICOKOIT
CTETEHBIO 3HAUNMOCTH BOCIIPOM3BOAMMOCTb B PEILUINKAX
HarTepHa CyTOYHOU IKCIPECCHH 3TOro reHa. Takum o0pazom,
BBISIBJICHO, YTO 5 % IEHOB COJIEPKAT «BBIOPOCY B JAHHBIX T10
sKcnpeccuu B neueHu u 3 % — B moukax. B pesynbrate us
BCET0 MacCUBa JIaHHBIX yhaseHo npumepHo 0.42 % uzmepe-
Hui B iederu u 0.25 % B moukax.

J171st BBISIBIICHUSI YCTOHYMBBIX TUIIOB MATTEPHOB CYyTOYHON
9KCIIPECCUH CPEIM I'€HOB MBI MIPUMEHSUIN METOJ HepapXH-
YECKOTO KJIACTEPHOTO aHAJlM3a C aJITOPUTMOM BBIUHCIICHUS
PacCTOSHUI MEXKTY KJIaCTEpaMH MO METOY TAJIBHETO coceia
WM TTOJTHOM CBSI3H, peann3oBaHHbIi B makere MATLAB (mpo-
rpamma linkage ¢ ommumeit ‘complete’) (Statistics and Machi-
ne Learning Toolbox, 2018). TepMuH «marTepH CyTOYHOMH
JKCIIPECCUM» B JIAHHOW paboTe OTHOCHTCS K (hOpMeE CHrHa-
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na, 6e3 ydeTa ero cytouHoii ¢assl. [loaTomy mpu mposese-
HHHM KJIACTEPHOTO aHAIIM3a PACCTOAHUE MEXKIY i U j TCHAMU
paccUnTHIBAJIIOCH HA OCHOBE BBIPABHUBAHUS (a3 M IMOHCKA
MaKCHMAaJIbHOMH 110 IUKIMYECKOMY CABHUTY KPOCC-KOPPEAILMU
MEKy MaTTepHAMH CYTOUYHOH 3KCIIPECCUH ITUX T'€HOB!
distz./. =1-Ry, 2)

e R, = max. ", x,(f) -xj(t—t); x,(f) — 3aBUCUMOCTb OT Bpe-
MEHU [ DKCIIPECCUU i-TO ICHa, xj(t—t) — IUKJINYECKUN CABUT
(ha3bl Ha BpeMsl T BEKTOpa CyTOYHOHN 3KCIIPECCUH j-TO TEHA.

Jl1st BBIIEJICHHS TPYTIIT TEHOB ¢ CHHYCOMIAIBHBIMU U UM-
MyNbCHBIMU MAaTTEPHAMHU CYTOYHOM SKCIIPECCHH TPUMEHSIICS
KpUTEpU HA OCHOBE OIICHKU 3HAYUMOCTH MaKCUMAJIbHOM 110
LIUKJIMYECKOMY CIBHI'Y KPOCC-KOPPEJISIIUY MaTTepHa CyTOoU-
HOW SKCIPECCUH Te€Ha C COOTBETCTBYIOIIUMH ATAJIOHHBIMU
CUTHAJIAMU:

R; = max, Corr (x, (?), signal (1—1)). 3)

B KadecTBe TAJIOHHOTO CHHYCOUIATBHOTO CUTHANIA HC-
nosk30Baics signal (7) = cos(2w 1/24), a B KaueCTBE UMITYIIBC-
Horo curnana —signal(r)=[1, 0.3, 0,0, 0, 0,0, 0,0, 0,0, 0.3],
e t=[0,2,4,6,8, 10,12, 14, 16, 18, 20, 22].

[TarTepH cyTOYHON AKCIIPECCHU I'€Ha CYATAIICS TTOJJOOHBIM
ATAJIOHHOMY CHTHAIly, €CJIH YPOBEHb 3HAYMMOCTH MAaKCH-
MaJbHOW MO IUKIUYSCKOMY CIBHUTY KPOCC-KOPPEISIIIUU
p-value <0.001.

Ananmm3 oboramenus tepMuHamu GO rpymim TeHoB Mpo-
BEJICH C KCIOJIb30BaHUEM OMOMH(POPMAIIMOHHOTO pecypca
DAVID (Huang et al., 2009), koTOpBbIii 4aIie BCero mpuMeHsi-
eTCsl JUIsl TAKOTO poia aHau3a. J[ocCTOBEepHOCTh OLIEHUBAIIH C
MOMOIIIBI0 KpuTepusi benpramuau—Xox0epra ¢ mornpaBKoi
Ha MHOXKCCTBEHHOCTB BbIOOpa (p-value < 0.05).

O.A. Podkolodnaya, N.N. Tverdokhleb
N.L. Podkolodnyy

Pesynbratbl n 06CyxpgeHune

BbiABneHne guHaMnyeckux naTrepHoB CYTOHHOP'I
Kcnpeccnun reHos

Ha niepBom starie paboTb ObUTH BBISIBIICHBI TEHBI, IEMOHCTPH-
pyromue€ puTMUYHBIE U3BMECHCHHUSA DKCIIPECCUU C MEPUOIOM
24 9, oTIeHWBaeMBbIe 110 BEIMIMHE MTOKA3aTels MPOPHINpOBa-
HUSI puOOCOM, B IT€UEHH M MOYKaX. KoamyecTBO pUTMHUYHBIX
reHoB cocTaBuiio 4906 u3 10980 reHOB, SKCIpeCCUPYIOTUXCS
B nieuenu, u 4455 u3 12622 B moykax.

[Tpu Gosee neTasbHOM pacCMOTPEHNUH KPHUBBIX, ONUCHIBA-
IOIINX CYTOYHYIO IKCIIPECCHIO 3TUX TE€HOB, MbI OOHAPY KHITH
Gonpmioe pazHooOpasue popMm kpuBHIX. KitacTepHsIit aHamm3
MIO3BOJIMJI BBISIBUTH PA3JIMYHBIC ITATTEPHBI PUTMUYHON JKC-
MIPECCHH, UMEIOIIHE XapaKTePHY0 (GopMy: CHHYCOUIAIIbHBIE
CUTHAJIbI, aCHMMETPHYHbBIE CUTHAJIBI CO CMEICHUEM BIIEBO
WIN BIIPABO, UMITYJIbCHBIE CUI'HAJIbl M CUT'HAJIbI C KOMOMHA-
I[UeH ITUX MATTEPHOB (CIOKHBIE CUTHAJIBI).

Ha puc. 2 nmpeacraBieHbl IpUMEpPHI KIACTEPOB € Pa3HBIMU
THUIIAMH MTaTTEPHOB CYTOYHOM 3KCIPECCHU B TIEYEHH MBIIIH,
BBISIBIICHHBIX METOJIAMH KJIACTEPHOT'O aHAJIN3a: CHHYCOU/1aJIb-
HBIH (@), IMITYITECHBIN (6), aCHMMETPUYHBIN C JICBO 1 TIPaBOi
acuMMeTpHel (6, 2), CIIOKHOCOCTaBHOM (KOMIO3UTHBII) (0, €)
TUIIBI TATTCPHOB.

Cremyer OTMETHUTH, YTO TE€HBI, UMEIOIINE CIIOKHOCOCTAB-
HOMW, WJIM KOMITO3UTHBIH, NMaTTePH CyTOYHOW SKCIpPECCHH,
OYEHb Pa3INYAOTCs MEXKLy COOOM, U MMOITOMY ITOJTydeHHbIE
KJIaCTEPBl BKIIIOUAIOT, KAK MPABHJIO, THOO0 OTJAEIbHBIC TE€HbI
(cM. puc. 2), 1ub0 Maioe ux 4HucIo.

T'enbl co CXO)KMMH MATTEPHAMHU CYTOUHOM 3KCIPECCUU
MOTYT UMETh pa3INyaroNIfecs MapaMeTpsl CyTOYHOTO PHT-

0 5 10 15 20 25 30 35 40 45 50 0 5 10

.5 L
15 20 25 30 35 40 45 50 0o 5 10

15 20 25 30 35 40 45 50

Fig. 2. Examples of gene clusters with different circadian expression patterns in the mouse liver detected by cluster analysis.

a, Sinusoidal circadian expression pattern; b, pulse circadian expression pattern; ¢, d, circadian expression patterns showing the left and right asymmetry,

respectively; e, f, genes with complex circadian expression patterns.

1058 Vavilov Journal of Genetics and Breeding - 201822 - 8

Bioinformatics and systems biology



BbiABneHune n aHanun3 ANHaMnYeCKnX NaTTepHOB
CyTOLIHOI7I SKCMpeccnm reHoB miekonmnTarwmx

Ma. B 3TOM cOCTOMT OCHOBHOE OTIIMYME HAILETO TTOJIX0/1a OT
OOIIENPHHATHIX MTOJX0/I0B K MOUCKY W aHAJIN3Y TPYTII TEHOB
C IMPKaJHON JAWHAMUKOHN, B YaCTHOCTH BBISBICHHS TPYIIT
KOSKCIPECCUPYIOINXCA TEHOB, I'PYIII '€HOB, UMCIOIIUX I10-
BBIIICHHBIH YPOBEHb AKCIIPECCHN B OTPEEICHHBI MOMEHT
BPEMEHH, I'PYIIIT TEHOB CO CXOHBIMH (pa3aMH CUTHAJIOB U T. [T.
(Janich et al., 2015; IMoakononusiit u ap., 2017; Castelo-
Szekely et al., 2017). U aT0 00ycnoBIMBaET TakXKe pa3IHIne
B OMOJIOTHMYECKOW MHTEPIIPETAIIMU IPYIIT TEHOB CO CXOKUMHU
[aTTepHAMU CYTOYHOH 3KCIIPECCUU.

JuHaMudecknil aTTepH CYTOYHOH 3kcmpeccuul ((popMel
KPHBOI1) TeHOB (pOpMHpPYyETCsl O/ BO3/ICHCTBHEM CHHXPOHH-
3alliu SKCIIPECCHUU T'CHOB O6IJ_[I/IMI/I BHCIIHUMU U BHYTPCH-
HUMHU CHUTHAJIAMH, NMEIOIIMHI CyTOYHYIO AWHAMUKY (CBET,
AKTHBHOCTB, INTAHHE, CTPECC, TEMIIEpaTypa u T. 1.). Pa3uble
CHUTHAJIBI MOTYT IIPOSIBIISITHCS B Pa3JINUHOM opMe [aTTepHOB
CYTOUYHOM 3KCIIpeECCUM TeHOB. [103TOMYy MOXKHO 0’)KUAATh, UYTO
TEeHBI, UMEIOIINE CXOHbIC NMATTEPHBI CyTOYHOH IKCIPECCUu
(popmy curnana), OynyT UMETh CXOIHYIO (yHKILHIO.

B macrosmieir pabote MBI paCCMOTPHM TPYTIIEI TEHOB C
JIBYMSI TIOJISIPHBIMH THIIAMU 9KCTIPECCHOHHBIX MAaTTEPHOB, a
HMMCHHO CUHYCOUIAJIbHBIMU YU UMITYJILCHBIMH.

W3 obmrero gucia TeHOB ¢ pPUTMUYHOM dKCIIpeCCHel CHHY-
COUATBbHBIN MAaTTEPH KCIPECCUHU B IEUEHH BBIABIEH y 766, B
noukax —y 508. [€HOB ¢ UMITYJIbCHBIM ATTEPHOM IKCIIPECCHU
B neueHu Haigeno 188, B moukax — 64.

Heo0XomiMo 0TMETHTB, YTO CHHYCOUTJIBHBIN NaTTEpPH Cy-
TOYHOU IKCIIPECCUH HMEET MAaKCUMAIIbHO CIIIAXKEHHYIO (op-
My CpelIu BCEX THUIIOB PUTMHUYHBIX MATTEPHOB, TOTAA KaK
MMITYJIbCHBIM CUTHAJI IMEET MaKCUMAIIbHYIO CKOPOCTH M3Me-
HEHHSI SKCIIPECCHH U Hanbosiee pe3kuii GpoHT. DTH 0COOCH-
HOCTH Ba)XHBI TIPH MHTEPIIPETALNH TPYIII TE€HOB C TAKUMHU
(hopMamu AKCIIPECCHH.

[Ipesxze Bcero BO3ZHUKAET BOIPOC, HACKOJIBKO BBISIBICHHBIE
TPYIIBI TEHOB YHUKAJIBHBI AJSI KQXKI0ro opraHa. B rpymme
PUTMHYHBIX TEHOB C CHHYCOHJAJIbHBIM ITATTEPHOM JKCIIpEC-
CHM OOIIMMH AJIsI IBYX OPraHoB oKa3aiuch 123 rena. B rpynme
C UMITYJIbCHBIM TTaTTEPHOM SKCIIPECCHU O0IMNX JUIs ABYX Op-
TaHOB PUTMHUYHBIX TEHOB OBIIO TOIBKO 9 (cM. Tabmuity). 3nech
U jajee OyIyT MCIIOIb30BaHbI CIACAYIOIINE Ha3BAHUS IPYIIIT
reroB: L(only)COS (Liver only cosine) — TeHBI ¢ CHHYCOH-
JTAJTbHBIM TTaTTEPHOM SKCIIPECCHH TOJIBKO B nieuenu; K(only)
COS (Kidney only cosine) — reHbl ¢ CHHYCOHIQIBHBIM I1aT-
TEPHOM SKCIIPECCHH TOIBKO B Mmodkax; intersectCos (intersect
cosine) — reHsl ¢ CHHYCOMJAIbHBIM MTaTTEPHOM SKCIIPECCHH
B roukax u rneuenn; L(only)IMP (liver only impulse) — rensr
C UMITYJIbCHBIM HAaTTEPHOM 3KCIPECCHU TOJNBKO B INEUCHH;
K(only)IMP (Kidney only impulse) — reHbl ¢ HMITyJIbCHBIM
MaTTePHOM 3KCIIPECCUH TOJIBKO B TIouKax; intersectImp (inter-
sect impulse) — TeHBI ¢ IMITYJTBCHBIM ITaTTEPHOM 3KCIIPECCUU
B TIOUKaxX M MEYCHH.

OyHKLMOHaNbHBIN aHanu3 oboralyeHnn

TEePMMUHaMU FreHHO OHTOMNOr MU Py reHOB

C pa3nMyHbLIMM NaTTEPHAMN CYTOUYHO SKCMPeccnm

YToOBl MONYYUTH MpeAcTaBIeHHEe O QYHKIHOHAIBHBIX
XapaKTePUCTUKAX BBISIBJICHHBIX HaMH TPYII T€HOB, MBI CO-
CPEOTOYMIIM BHUMaHUE Ha OLIEHKE O0OTalleHHOCTH ATHX
rpynn tepmuHamMu GO xareropuii Cellular Component u
Biological Process, a Takke nepenpencTaBICHOCTH TCHOB

BuounHdpopmatiKa n cuctemHasn 6ruonorus

2018
228

O.A.MopkonogHas, H.H. Teepaoxne6
HJ1. MogkonogHbin

Numbers of genes with different patterns
(sinusoidal and pulse) rhythmical
in the liver, kidneys, or both

Pattern Liver and Liver Kidneys
kidneys only only
Sinusoidal 123 643 385
intersectCos  L(only)COS K(only)COS
Pulse 9 177 55

KEGG Pathway B aHanm3upyembIX TpyIax, Mo3BOJISTIOIIeH
ACCOIMMPOBATh UX C ONpeAeTIeHHbIMU MyTaMu (cM. [Ipuio-
sxeHue)!.

I'pynna reHoB ¢ CHHYCOMAAJIBHBIM MATTEPHOM JKC-
npeccHy B 000X OpraHax rojiyuuniia Ha3paHue intersectCos.
Ora rpynma XapakTepu30Baiach 000TaIIeHHEM TepMUHAMA
kareropun Cellular Component, KOTOpble CBUAETEILCTBYIOT
0 NpEeUMyIIECTBEHHO BHyTpHKﬂCTO‘lHOﬁ JIOKAJIM3alluu UX
OEJKOBBIX MTPOIYKTOB, KaK B MEMOpPaHHBIX, TAK K HEMEMOpaH-
HBIX OpraHeiIax, B TOM YHCIIE B SIAPE M CTPYKTypax IUTO-
CKeJleTa.

CormacHo pe3yasTaTaM aHaln3a 0OOTaIeHHs] TepPMIHA-
mu GO kareropun Biological Process, B rpymnie reHoB inter-
sectCos nepenpe/cTaBieHbl TEPMUHBI, CBSA3aHHBIE C Pery-
JUUeN TUPKaJHOTO PUTMA, LUPKaJIHOM peryisauuen TpaHc-
KPHIIIMY, OTBETOM Ha CTEPOMJIHBIE TOPMOHBI, B YaCTHOCTH
TJIIFOKOKOPTHUKOU I, MeTa6OJ'II/l3MOM JIMITUJI0OB U OKHUCJIIUTCIIb-
HO-BOCCTAaHOBUTEIBHBIMHU MporieccaMu. OTMETHM TaKiXKe,
yro nmyTh Circadian rthythm 6a3s1 nanusix KEGG oka3zascs
CANMHCTBCHHBIM, YbU I'CHBI JOCTOBCPHO MNEPCHPECACTAaBICHBI
B rpymie intersectCos. IlaTTepH CyTOYHOM SKCHPECCHH Te-
HOB 3TOH TIpymmbl Hanbosee OJM30K K KIACCHYSCKOMY CH-
HYCOUJAIBHOMY € mepuozioM 24 4. MOXKHO TpeJnoarars,
YTO KaK B MEYEHH, TAK U B MOYKAX CYTOYHAss PUTMUYHOCTh
9KCIIPECCUH TeHOB rpymmbl intersectCos, BeposTHEE BCETo,
OIPENEIAETCS NMPSIMBIM WU KOCBEHHBIM PETYIUPYIOIIUM
BIIMSTHUEM SHJIOTEHHOTO OCIMIUIATOpPA, HApUMeEp IHUpKa-
HOTo. JTO TeM OoJjiee BEpOsITHO, YTO OCHOBHBIC TCHBI LIUP-
KaJIHOTO OCIMIUISITOpa, a uMeHHO Arntl, Cryl, Nridl, Perl,
Per2, Per3, Nrid2, Npas2, Rorc, BXOOAT B JaHHYIO TPYTIITY.
A OOJNBIIMHCTBO OMOJIOTHYECKHUX MPOLECCOB, XapaKTEPHBIX
JUIsl TPYTIITBI TeHOB intersectCos, N3BECTHBI KaK HAXOASIINECS
07T KOHTPOJIEM IIMpKaaHbIX gacoB (Yan, 2015). B To ke Bpe-
M1 HEJb3sI UCKJIIOUUTD BIMSHUS JPYTHX THUIIOB 3HIOTCHHBIX
OCHMJUISITOPOB, TAKUX KaK PErylupyeMble JOCTYITHOCTHIO
rummu (food entrained oscillator) (Flores et al., 2016). Kpome
TOTO, YCJIOBUSI TIPOBE/ICHHS HKCIIEPUMEHTA HE HCKIIOYAIOT,
YTO PUTMHUYHOCTDL 3KCIPECCUNU HEKOTOPBIX I'CHOB ﬂaHHOfl
TPYIIBI B ONPEIEIICHHOW CTENEHH MOXKET OMPENeNsIThCs U
BHEITHUMH PUTMUYHBIMHU CUTHAJIAMHU, TAKIMH KaK CBETOBOM
PEXKUM, PEIKUM IUTAHUA.

B rpymniry TeHOB ¢ CHHYCOHMIaJIbHBIM AaTTEPHOM JKCIIpEC-
cun B riedend (L(only)COS) Bxonumu 643 rena. Drta rpymnma
XapakTepu3oBajiach odoramieHueM tepmuHamu GO karero-

1 MpunoxeHne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx17.pdf
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puu Cellular Component, KOTOpBIE CBUIETEIBCTBYIOT O JIOKa-
JIM3alUK UX OCJIKOBBIX NPOAYKTOB B MEMOPaHHBIX OpraHel-
JaxX, B YaCTHOCTH SHJIOIIA3MaTHYECKOM PETHKYIyMe, MUTO-
XOHJpHSX, ammapare [0Jb/KH, a TakKe BO BHEKICTOYHBIX
9K30COMaX.

Amnanus oboramenus tepmuaamMu GO kareropuu Biologi-
cal Process moxaszaur, gto B rpymrie reaoB L(only)COS mepe-
MIPE/ICTaBIICHBl TEPMUHBI, CBSI3aHHBIE C META00INYECKUMHU
MPOIIECCAMH IIMPOKOTO CIIEKTPa OMOTOTHUECKIX CyOCTaHIINA,
BKJTIOY s JIMIH/IBL, )KUPHBIE KHCIIOTBI, aMUHOKHCIIOTHI, NAD,
KapOOruaAparsl, 1 UX PEryjsiueil, a TakkKe aronTo30M H OT-
BETOM Ha UHCYJIHH.

I'ensr mByx myTeit 6a3br qanaeix KEGG — Metabolic path-
ways 1 Carbon metabolism — nepenpencTasieHs! B rpymnie
L(only)COS.

['pyrnma puTMHUYHBIX TEHOB C CHHYCOMaIbHBIM MaTTEPHOM
HKCIPECCUH TOJIBKO B ITOYKAX, MotyuuBiiee HazBanue K(only)
COS, Brimouana 385 reHoB U XapaKTepru30Ballach 000TaICHN-
eM Takumu TepmuHaMu kareropun Cellular Component, xak
BHEKJIETOYHBIE 9K30COMBI, SHI0IIa3MaTHYECKUI PETUKYITYM,
(hokanbHBIC KOHTAKTHI.

Ananu3 oboramenns GO TepMuHaMu Kateropuu Bio-
logical Process moka3sai, uro B rpymme renoB K(only)COS
HepenpeaCcTaBIeHbl TEPMHUHBI, PE3KO OTIMYAIOIINecs OT Xa-
PaKTEPHBIX JUTA BBIIICOMUCAHHBIX TPYII. bonbiias yacTs u3
HUX CBsi3aHa co COOPKOH M OpraHu3anueil KIeTOUHbIX KOM-
IIOHEHTOB, HAIIpHMEp aKTUHOBOTO IIUTOCKENETa, aJare3uei,
JBIDKCHHEM KJICTOK HJIH CyOKJIETOYHBIX KOMITIOHEHTOB. Kpo-
M€ TOT0, MOYKHO OTMETHTh TEPMHHBI, CBSI3aHHBIE C OTBETOM Ha
TUIIOKCHIO.

CrarucTiuecky 3Ha9MMOTo oborameHus rpymsl K(only)
COS renamu myteit 6a3sl nanabix KEGG He HaOmonaetcs.
OtmeTtum, 4To 00muM Juist rpynn resoB L(only)COS u
K(only)COS, B otnmaue ot rpymmsl intersectCos, sBIIeTCS
OTCYTCTBHE TEPMHHOB, ACCOLIMUPOBAHHBIX C PEryisilueit
LIUPKAJIHOTO pUTMa. B TO e Bpems HaM ymanoch BBIIBUTH
TKaHecTenuGUIHbIE 0COOCHHOCTH STHX JABYX IPYIII PUTMHUY-
HBIX TeHOB. [Ipexae Bcero, paszinums KacaroTcs KaTeropuu
Cellular Component. 3xech pu HATHYKUK OOIIKUX TEPMUHOB
(extracellular exosome n endoplasmic reticulum) [T TPYTITIBI
T€HOB TI€UYEHH XapaKTepPHbI TePMUHBI mitochondrion, Golgi
apparatus, a 1Jid TeHOB TIo4eK — focal adhesion n cell junc-
tion. TIpOCIIEKUBAIOTCS PA3IUYHS U ISl TCPMHHOB KaTerOpUH
Biological Process. JI71st reHOB TIe4eHN XapaKTepHBI TEPMHHBI,
CBsI3aHHBIE C TIPOLIECCAMH METa0O0IM3Ma, OTBETOM Ha MHCY-
JIMH, arloNTO30M, TOTAA KaK JUIl TeHOB IOYEK — TEPMHHBI,
CBSI3aHHBIC C a/Ir€3MeH, IBMKEHHEM KJIETOK MM CyOKIeTOu-
HBIX KOMIIOHEHTOB, OTBETOM Ha THUIIOKCUIO M CTEPOMIHbIC
TOPMOHBI.

Takue pazinnuns COOTBETCTBYIOT ()yHKIIMOHAIBHBIM 0CO-
OeHHOCTSIM JBYX opraHoB. [leueHp urpaer ocoOyio posib B
TOMEOCTa3e PHEPIUH, NIOITOMY CYTOYHAS] PUTMHYHOCTH Me-
TabOJIMUYECKHX MTPOIIECCOB UIMEHHO B ATOM OpraHe Hanbosee
BBIP)XCHA U OIPEJEIIAeTCs He TONBKO IUPKAIHBIMU YacaMHu,
Ho 1 put™Mamu tutanus (Kornmann et al., 2007; Ribas-Latre,
Eckel-Mahan, 2016). HapyumieHusi nuieBoro noBeaeHus
(romonmanue/mepeenanue) SBISIOTCS MOIIHBIMA CUTHAJIAMU,
OIOCPETYyEeMBIMHA METa0O0NINYSCKIMH HIIH TOPMOHAIBHBIMH
W3MEHEHUSIMH, CIIOCOOHBIMH TIepeHacTpanBarh neprudepnye-
CKHe LIUPKAIHBIE Yachl, B YACTHOCTH, B Ile4eHH. MyTaliu re-
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HOB HUPKAAHOTO OCHWJIATOPA IPUBOJAT K MeTa6OJ'II/I'-IeCKI/IM
HapyIIEHUSM ¥ Pa3BUTHI0 META0ONMMYeCKUX 3a00JIeBaHUH,
COTIPOBOX/IAIONIUXCSI HAPYIICHHUEM YyBCTBUTEIBHOCTH K
uHcyauny (Zhou et al., 2014). 3HaunTeNbHAS YaCTh SHEPTUU B
OpTaHU3Me MPOLYLUPYETCs B IEYEHH MUTOXOHIPUSMH Yepe3
oKHCIHTENbHOE (hochoprmmpoBaHme 3a cyeT MeTaboan3Ma
JUNUI0B U KapOoruaparoB ¢ Hapadborkoi ATP. C sroii ke
OpTaHeJUION CBsI3aH COOCTBEHHBIN IyTh aroNTO3a KIIETKU.
OTMeTHM, YTO IMPKAIHBIC Yachl M PEKUM MHUTAHUS MOTYT
y4acTBOBaThb HE TOJIbKO B TPAHCKPUIILIMOHHOW, HO U B TPaHC-
JSIIMOHHON PETYIALNN SKCIIPECCHH TEHOB B TeueHu (Atger
etal., 2017).

IIpoueccsl, KOTOpbIE OKa3aluCh PUTMUYHBIMU B IPYyIIIE
reroB K(only)COS, BaxxasI 1151 QyHKIIMOHUPOBAHUS MTOYCK.
Tak, TepMUHBI, CBI3aHHBIC CO COOPKOH M OpraHu3aIrel
KJICTOYHBIX KOMIIOHCHTOB, a}ll"e3ldeﬁ, JBUXKCHUECM KJICTOK
WU CYyOKJIETOYHBIX KOMITOHEHTOB, MOTYT OBITH OTPaKEHHEM
aJIanTaIyy KJIETOYHBIX CTPYKTYP He(poHa, HAapUMep 1010~
LUTOB, MPEKIAC BCEI0 K pPUTMUYHBIM U3MCHCHUAM ITOKa3aTe-
JIel THAPOCTATHYECKOTO JIaBJICHUS B KAMMILIAPaX KITyOO4KOB,
KOTOPOE MOABEP>KEHO MHTCHCHBHBIM CYTOUHBIM KOJICOaHUSIM
(Firsov, Bonny, 2018). DTu nokasarenn onpeneistorcs
OTPOMHBIM MHOKECTBOM CHCTEMHBIX M JIOKAIbHBIX (hakTo-
poB. JIto00# 13 HUX MOXKET HAXOIUTHCS MO KOHTPOJIEM Kak
LIEHTPAJIBHOM, TAaK U JIOKAJIbHOW CUCTEMBI LIUPKAJHBIX 4ACOB,
onpenersomux ux purMuaHocTh (Firsov, Bonny, 2018). Ox-
HHUM W3 CUTHAJIOB, CIIOCOOHBIX IEpEHACTPaNBaTh IIUPKaIHbIC
Yachl TI0YEK, SBJISIETCS yPOBEHb KUCIOPO/a KaK B KPOBH, TaK U
B TIOYEUHOH TKaHH, KOTOPBIN PUTMUYHO H3MEHSETCSI B TCUCHUE
CYTOK, IOCTUTasi MaKCHMyMa B TIEPBOM MOJIOBHHE aKTUBHOM
(a3er (Adamovich et al., 2017). CBsi3p MeXly LUPKaIHBI-
MH YacaMd M YPOBHEM KHCIIOPOZA B MOYKE OMOCPETyeTCs
TpaHckpununoHHbM pakropom HIF 1, akTHBHOCTE KOTOpOTO
UHAyLupyercs runokcueit. Ciuenyer OTMETHUTh, YTO IUIOT-
HocTh pudocom Ha MPHK rena Hifl o pUTMUYHO U3MEHSETCS
B TIOYKaX B TEUYCHUE CYTOK M BOCITPOM3BOIUTCS B PEIUINKAX.

MyTanust 5Toro reHa OTMEHSIET Peryaupylollee JelicTBre
YPOBHS KHCIIOPOAA Ha IMPKaJAHBIEC Yackl modek (Adamovich
et al., 2017). PerunpokHas perynsmnus UPKaJIHBIX 9YaCOB U
OTBETA HA TUITOKCHIO IPOUCXOJIST 33 CUET TPAHCKPHITIIMOHHOM
PEryJIAIHN, a TAKXKE IyTeM OeJI0K-OeTIKOBBIX B3aNMOACHCTBHI
(Wu et al., 2017). Takum 00pa3oM, OTBET Ha THUIIOKCHIO B
[IOYKaX — PUTMUYHBII [IPOLIECC, PErYIMPYEMBIN KaK Ha CU-
CTEMHOM, TaK U Ha JIOKaJbHOM YPOBHE.

Vcrionp30BaHHBINA HAMH MOIXO/T TTO3BOJIMIT BBISIBUTD CIICIIH-
(huueckoe odoramenue rpynn resos L(only)COS u K(only)
COS repmunaamu GO kareropun Biological Process, arto mo3-
BOJISIET ITPEAIIOIAraTh HAJIMIME TECHON B3aUMOCBSI3U MEKTY
COOTBETCTBYIOIUMH [TPOIIECCAMH M TeHAMH C PUTMHUYECKUM
THUIIOM 3KCIIpeccui. MOXKHO 10J1ararh, 4T0 aKTHBHOCTB 3THX
MIPOLIECCOB TOXKE PUTMUYHA.

I'pymnima reHoB ¢ UMITYJILCHBIM HATTEPHOM IKCIPECCUH,
o0IIMM [T ABYX OpraHoB, MOMyYIiIa Ha3BaHHe intersectlmp
1 BKJIIOYAa Bcero 9 reHoB. Bo3MOXKHO, Majioe 4rciio TeHOB
}laHHOﬂ rpynnbl HE MO3BOJIMIIO MOJYYUTHh CTATUCTUYCCKU
3HAUMMBIX PE3Y/IBTATOB AHAJIN3a C UCTIOIb30BAHIEM CHCTEMBI
DAVID. EnuHcTBEHHOE, YTO MOXHO OTMETHUTh, 3TO Iepe-
npejcTaBieHHOCTh TepmuHa Chaperone (HyHKUMOHAIBHOM
kateropun UP. KEYWORDS (p =0.0015), tne 4 u3 9 reHoB
OKa3aJIMCh IIariepoHaMu. be3ycioBHO, MBI HE MOXKEM JIeTIaTh
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BbiABneHune n aHanun3 ANHaMnYeCKnX NaTTepHOB
CyTOLIHOI7I SKCMpeccnm reHoB miekonmnTarwmx

KaKUX-JIM00 3aKJIIOYEHHI Ha OCHOBE THX JaHHBIX, OJHAKO
HAIlOMHHM O POJIM IIANE€POHOB B MOAAEPKaHNHU IIUPKaTHOH
PUTMHUKH Yepe3 MEXaHHU3M JICTPA/IAllnH IUPKaJHBIX OCITKOB IO
yOuKBHUTHH-TIpOoTeacomMHoMy myTH (Ripperger, Brown, 2010).
Cremyer OTMETUTD, UTO CyTOYHAsI PUTMHYHOCTD SKCIIPECCUH
I1aTIEPOHOB MOXKET 3aBHCETh HE TOJIBKO OT IUPKa/THBIX YacOB,
HO M OT LIMKJIOB ITUTAHUSI U U3MEHEHHs TeMIeparypbl Tela
(Reinke et al., 2008).

I'pynma reHOB ¢ MMITYJBCHBIM ITATTEPHOM SKCIPECCHU
B IeueHH, rnosyuyusinas Hazeanue L(only)IMP, Bxiouana
177 renoB. B a1oii rpymine oTMedeHa epenpeacTaBIeHHOCTh
TEPMHHOB extracellular exosome, respiratory chain GO
kareropun Cellular Components. Pe3ynbrarsl ananuza 060-
rameHns TepMrHaMu kareropun Biological Process mokazamm
Mepenpe/ICTaBICHHOCTh TeHOB C aHHOTAIMEH TepMHUHAMM,
CBSI3aHHBIMH C 3aIIIUTHBIMU PEAKLUSIMU KJIETKH M OpraHu3-
Ma (Hampumep, acute inflammatory response, acute-phase
response, blood coagulation, regulation of complement acti-
vation, regulation of humoral immune response, fibrinolysis,
blood coagulation). [lpyras rpymma TEpMHHOB CBs3aHa C
MIPOMEKYTOYHBIM META00JIM3MOM (B YaCTHOCTH, respiratory
electron transport chain, ATP metabolic process, generation of
precursor metabolites and energy, oxidative phosphorylation).
OTO B 3HAYNUTEIHLHOM CTENIEHHM MOATBEPXKIAETCs Mepenpet-
CTaBJICHHOCTBIO reHoB nyteit Complement and coagulation
cascades, Oxidative phosphorylation u Metabolic pathways,
ornucannbeix B 0aze qanaeix KEGG.

[lepBas rpymnmna TEpMHUHOB CBsi3aHa C 3aIUTHON (YHK-
nuel opranusMa. [1ockoabKy OCHOBHasI 3a/1a4a [UPKAJHBIX
YacoB — CHMHXPOHHM3AIUS BCEX IPOIECCOB, MPOTEKAIOMINX
B OpraHu3Mme sl aanTaliy ero K pUTMHUECKH W3MEHSIO-
IIAMCSI BHEIITHUM BO3JEHCTBHSAM, OUEBHUIHO, YTO 3ALUTHBIE
(DYHKIMU ¥ IApKa/THBIE Yachl JOJDKHBI OBITh B3aHMOCBSI3aHbI.
JlelicTBUTENIBHO, 3TH JIBE CUCTEMbI UMEIOT MHOTOUHCIICHHBIE
B3anMoperyupytome csa3u (Cermakian et al., 2014). Ile-
YeHb CIY)XKUT HCTOYHHKOM MHOTHX KOMIIOHEHTOB 3all[UTHON
CHUCTEMbI OpraHu3Ma, B TOM YHUCJIe O0CTPO(da3HbIX OEIKOB,
0€IIKOB CHCTEMBI KOMIUIEMEHTA 1 PsiIa PETyIATOPOB CHCTEMBI
AKTHBAIIMM KOMIUIEMEHTA, SIBIISIOIIUXCS BAYKHBIMH KOMIIO-
HEHTaMH MMMYHHTETa, OCJIKOB CBEPTHIBAIOIICH U MPOTUBO-
CBEPTHIBAIONICH CHCTEMBI KpOBH. MHOTHE M3 ATHX OEIKOB
CEKpPETOpHBIE U KOAUpYIoTCs TeHamu rpynmbl L(only)IMP.

Bropast rpymnmna TepMHUHOB, CBsI3aHHAsI C OKCHJIATUBHBIM
(hochopunmpoBaHreM, COOTBETCTBYET IMPOIECcaM, TPOHC-
XOJSIIIIMM B MUTOXOH/IpHsIX. CyTOUHAs pPUTMUYHOCTH MHOTHX
MHUTOXOHAPHAJIBHBIX TIPOLECCOB MOATBEPIKACHA TIPH HCCIIe-
JIOBAaHMAX KaK B TKAHAX MEUEHH, TAK U HA M30JMPOBAHHBIX
muroxonapusx (de Goede et al., 2018). LlenocTHOCTH Mexa-
HHU3Ma MOJIEKYJISIPHBIX [IUPKAJIHBIX YaCOB, ¥ LIEHTPAJIbHBIX, 1
nepuepruIecKrX, HeOOXOTUMA JUTS TOTHOIIEHHON PEeTYIISINT
MHUTOXOHAPHAIBHOTO JIbIXaHHs B KieTkax rnedeHn (de Goede
et al., 2018). Kpome Toro, ObUIO MOKa3aHO, YTO BHEIIHUE
BO3JEHCTBHS — COCTaB UM, PEKUM KOPMIICHNE/TOIOJAHUE
U JIp. — MOTYT OBITh JIOTIOJTHATEILHBIMU PETYIATOPAMH PHT-
MHUYHOCTH 3THX IporieccoB B euenu (de Goede et al., 2018).

I'pymmna reHoB ¢ MMITYJILCHBIM HAaTTEPHOM 3KCIPECCHU B
nmoykax, Ha3BanHas K(only)IMP, Bxirogana 55 reHos. B atoit
rpynme GO aHanu3 He BbISIBUII 000TaleHNsI TEPMHUHAMH HU
OJIHOW M3 KaTeropuil Npu 3aJaHHOM YPOBHE 3HAUMMOCTH
kpurepust benmxamuan—Xoxoepra.
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3aknioyeHune

CyTo4HBIC PUTMBI OMOJIOTHYECKHX TPOLIECCOB MOTYT OTpa-
KaTbCA B CyTO‘{HOﬁ CUHXPOHU3AIUHN PA3JIMYHbIX YYaCTHUKOB
3TOTO IPOLECCa, YUCIIO HAXOSIINXCS B aKTUBHOM (Da3e KoTo-
PBIX B TEYEHUE CYTOK MOXKET HE MEHAThCS. [103TOMY OIX0ABI,
CBA3aHHBIC C BBIABJIICHUEM I'PYIIII I'CHOB, HAXOAAIINXCA B aK-
THUBHOM (ha3e B ONpeeTICHHOE BPEMSI CYTOK, C TIOCJIEIYIOIINM
¢ynkmronansueiM GO ananmuzom stux rpynn (Janich et al.,
2015; [oaxonomuslii u ap., 2017; Castelo-Szekely et al., 2017)
MO3BOJISIFOT BBISBIISATH IUKINYHOCTB TOJIBKO TEX IPOLECCOB,
KOTOpBIE CYIIECTBEHHO MEHSIOT YUCJIO F€HOB-yUYaCTHHKOB
paccMaTpuBaeMoro mporecca B TedeHue cyTok. OTCyTCTBHE
JIETAJILHOTO OTIMCAHUSI CTAINH TPOLIECCOB C YKa3aHHEM IeHOB,
Y4YaCTBYIOIINX B HHX, 3aTPyAHSCT MPOBEJICHNE aHATIM3a IUP-
KaJIHOM peryJisiiuy OOJbIIMHCTBA OMOIOTHUECKHX IIPOLIECCOB.

OnHako marTepHbl CyTOYHOW HKCIPECCHU T'€HOB pPa3iv-
YalOTCSl HE TOJIBKO (Da30BBIMH XapaKTEPUCTHKAMH, HO U
(hopmMoili KpUBOIi, ONMCHIBAIOICH MUKIMYECKYIO THHAMUKY
skcnpeccun. CXOICTBO (POPMBI KPUBOW CYTOUHOW AMHAMHU-
K1 DKCIIPECCUH TEHOB MOXKET OBITh OTPa’KCHUEM YYacCTHs B
CXOOHBIX IMpoHeccax NPOAYKTOB 3TUX I'CHOB.

B HacTosmieit paboTe MpeuIoKeH MOIX0 K BBIICICHHIO
Pa3IUYHBIX THUIOB ()OPM KPHUBBIX CYTOUYHON AMHAMUKHU IKC-
MPECCUH TeHOB He3aBHCUMO OT uX (aspl. Takoil TuHaMu-
YECKHUH MAaTTEPH CyTOUYHOM 3KCHPECCHU ME€HOB MOXHO pac-
CMaTpHUBATh KaK JOTIOJIHUTEIBHYIO (yHKIIMOHAIIBHO BaXKHYIO
XapaKTepUCTHUKY TeHOB. JTO aKTyaJIbHO UMEHHO JJIS cCie-
JIOBaHMS CyTOYHOW JTMHAMHUKH HKCIIPECCHH T€HOB, KOTOpPBIE
MOTYT pearupoBaTh Ha pa3iMYHbIE CHHXPOHU3HPYIOUIUE
CHUT'HAJIBI: CBCT, (bml/mecxyro, OMOIHOHAJIBHYIO WX YMCTBEH-
HYIO aKTUBHOCTb, [TUTAHNE, CTPECC, U3MEHEHNE TEMIICPaTyPbI
U T. 1. Pa3Hble CUrHAJIBI MOTYT BO3/ICHCTBOBATH HA PA3JIMUHbBIC
YPOBHH PETYIAIUN IKCOPECCUN, UYTO MOXKET IMPOSABIIATHECA B
pa3nuIHOi (popMe MaTTePHOB CYTOYHOM AKCIIPECCHU TEHOB.

[pemioxxeHHBIM HAMU ITOIXO0J TIO3BOJIHIT BBIJIEIUTD IPYTIIHI
I'€HOB, CXOJIHbIE 110 (POpPME KPUBOM CyTOUHOH IKCIIpeccHu, 6e3
yueTa ux (pa3oBbIX XapaKTepPHUCTUK. BBISBICHBI IPYIIIbI, KOTO-
PpBbI€ UIMEIOT HE TOJIBKO MaTTEPHBI SKCIPECCHH C OAHUM MAKCH-
MyMOM (CI/IHyCOI/UIaJ'[I)HBIe, ACUMMECTPUYHBIC CO CMECIIICHUEM
BJICBO MJIN BIIPABO, UMITYJILCHBIE), HO U CIIOXKHBIE, EKECYTOUHO
BOCIIPOU3BOAAIINECS, C HECKONBKIMH MaKCUMyMaMHU.

OyHKIMOHATBHBIA aHaiau3 oborameHus: TepmuHamu GO
TPYTII TEHOB € PE3KO Pa3IMYAIOMIMMUCS MaTTEpPHAMHU Cy-
TOYHOW 3KCHpeccHu (CHHYCOMIATbHBIMUA M UMITYJIbCHBIMH)
B IMOYKax M IMEYCHU MBIIIK MOKa3aj, 4TO I'pyIina rcHoB C
CHHYCOMJAJIbHBIM MAaTTEPHOM CYTOYHOH 3KCIPECCHHU KaK B
MIeYCHH, TaK U B MOYKaxX B OOJBIIECH Mepe acCOIMMpOBaHa C
perynsuen upKagHoro puT™Ma i Metadonmnsma. B o xe Bpe-
M1 HaM yZIaJIOCh BBISIBUTH TKaHECTICIIM()UIHBIE 0COOCHHOCTH
TPy TEHOB C CHHYCOUAIbHBIM AaTTEPHOM CYTOUHON IKC-
MPECCHH, KOTOPBIE OKA3aJINCh CBS3aHbI C (DYHKIHOHATbHBIMH
0COOCHHOCTSAMH JIByX OpPraHOB. [ pyrina reHOB C UMITYIbCHBIM
MaTTEPHOM CYTOYHOM SKCIPECCUH B 3HAYUTEIBHON CTETIEHU
CBsI3aHa C 3aLIUTHBIMH (DYHKIMSIMU OpraHu3Ma, TPeOy FOLUMH
(hopmupoBaHUs OBICTPOTO OTBETa. B opMupoBaHme Takmx
OTBETOB CYIIIECTBEHHBIN BKJIA]] JIOJDKHBI BHOCHTH MEXaHHU3MBI,
CHOCOOHBIE 00€CTICUUTh 3HAUUTEIHHOE YBEINUIECHHE IKCTIPEC-
CHHM I'€HOB 33 KOPOTKO€ BpeMs. OJTHUM U3 TAKMX MEXaHU3MOB
MOXKET OBITH peryisiust 3pGEeKTHBHOCTH TPAHCIISIIIMU TCHOB
(Janich et al., 2015; Castelo-Szekely et al., 2017).
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Takum 00pazoM, HaIIT| UCCIICTOBAHUS TOATBEPIMITH (P PeK-
TUBHOCTB ITPE/JIOKEHHOTO TTO/IX0/1a K BBISIBIICHHIO U aHATIM3Y
KPUBBIX CyTOYHOI JMHAMUKH SKCIPECCHU TeHOB. BrigeneH-
HbIC IMHAMIYECKUE MATTEPHBI CyTOYHOH SKCIIPECCUI HMEIOT
OosblIoe 3HAYEHHUE VISl JalbHEUIIEro M3yueHHs CIOKHOH
LUPKAIHON PETYJISALIH, CHHXPOHU3AUH 1 B3aUMOJCHCTBUSA
OMOJIOTMYECKUX TPOIIECCOB ¢ CyTOYHOI JTHHAMHUKON B Opra-
HU3ME MJICKOITUTAIOUINX.
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IIpropuUTM3aINs reHOB, aCCOLIMMPOBAaHHbBIX
C IaTOreHe30M JIeiiKo3a V KPYIIHOI'O poraToro cKoTa

H.C. IOpuu! 2@, H.A. TToakoroansiit! 3, T.A. Arapkosa?, E.B. rnatbesal’ 2

T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTuKi CUBUPCKOro oTAeNeHs Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccua
2 HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccnsa

3 YIHCTUTYT BBIUMCANTENBHON MAaTEMATVIKI 1 MaTeMaTUUYECKON reodusnkn CUGNPCKOro oTaeneHns POCCUIICKON akagemMin Hayk, HoBocubupck, Poccns

4 CuBMpcKuin heepanbHbiil HayuHbIl LIEHTP arpo6L1oTeXHONOrM Poccuiickoli akaieMum Hayk, p.n. KpacHoo6ck, HoBocubupckas obnacts, Poccus

MepcneKTYBHBIM MOAXOAOM L5 UCKOPEHEHNA NHPEKLMOHHBIX 6ones-
Hel CenbCKOXO3ANCTBEHHBIX XMUBOTHbIX, 0COGEHHO NPU OTCYTCTBUM
3bdEKTUBHBIX METOAOB fleYeHnA 1 NPOUNAKTUKN, CYNTAeTCA Hanpas-
NeHHasA ceneKkuma No reHeTMYeCcKUM Mapkepam (OQHOHYKIeOTUAHBIM
nonumopdramam, MUHUcaTennuTam). Bupyc nenkosa KpynHoro pora-
Toro ckoTa (BJIKPC) pacnpocTpaHeH no Bcemy MUpY 1 NpefcTaBnaeTt
OfIHY 13 OCHOBHbIX MPO6GEM A5 Pa3BUTKA XMBOTHOBOACTBA U NPOAO-
BOJNIbCTBEHHOW 6e30nacHocTy B Poccun. OfHaKo, Kak NoKasanu Heaas-
HVe NOSIHOTEeHOMHbIE NCC/IeA0BaHWA, YyBCTBUTENIbHOCTb/PE3NCTEHT-
HOCTb K MHeKuun BJIKPC HocuT nonureHHbIn xapakTep. Lienbto nccne-
[OBaHUA GblIO CO3AaHMe KaTaniora reHoB KPYMNHOro poraTtoro cKoTa v
LPYrX BUAOB MNEKOMUTAKOLLMX, BOBJIEYEHHDBIX B MPOLIeCcC natoreHesa
nHdekuunn BJIKPC, n nprnopurTr3auma reHoB KaTasora ¢ MoMOLLbIO Me-
TopoB bronHbopmaTuKu. MyTem pyyHoro cbopa nHpopmaumm us ot-
KPbITbIX MICTOYHNKOB HaMM CO3[laH KaTasor reHOB KPYMHOro poratoro
CKOTa 1 ApYrux BUAOB MNEKOMMUTAKOLLMX, BOBIEUEHHbIX B MpoLiece na-
ToreHesa uHdekunn BJIKPC, Bkntoyatowwmin 446 reHos. lNpuoputnsa-
LMo reHOB KaTasiora OCyLLeCTB/ASIN Ha OCHOBE ClIeAyoLNX KpUTepu-
eB: 1) reH accouMnpoBaH C NeNKo30M Mo AaHHbIM MOTHOrEHOMHOro
aHanum3sa accoumauuii; 2) reH acCouMmpoBaH C JIeNKO30M Mo JaHHbIM
aHanM3a accoumaumin «Cyyan—KOHTPOSbY; 3) poNib reHa B pa3BUTUN
nenKo3a n3yyeHa B SKCNepUMEHTaxX No HOKayTy Y Mbilleir; 4) 6enoxk,
KOAMPYeMbIl reHOM, yuacTByeT B 6eM0K-6eNKOBbIX B3aUMOAENCTBMAX
C BUPYCHOW YacTule Nnbo OTAeNbHbIM BUPYCHbIM 6e/1KoM; 5) reH
MMeeT aHHoTauuo TepmrHamm Gene Ontology, KoTopble ABNAOTCA
nepenpencTaBieHHbIMY ANA JaHHOTO CMCKa FeHOoB; 6) reH yyacTByeT
B 6rionoruueckmx nyTax u3 6asz KEGG nnn REACTOME, KoTopble ABns-
10TCA NepenpeacTaBneHHbIMU A1A AaHHOTO CMCKa reHoB; 7) 6enok,
KOAMPYEMbIl FeHOM, UMEeEeT HeCJTy4aliHO BbICOKOE KONMYecTBO 6enokK-
6eKOBbIX B3aMOZENCTBIUI C 6enKamu, KognpyembIMU APYrMMU reHa-
MU 13 KaTanora. Ha ocHoBe Ka)Kaoro Kputepus reHy nprceaviBanm
paHr. 3aTeM paHr CymMMrUpoBanu 1 onpegenanu obwuii paHr. Mpuo-
puUTU3aLmA CNncka, BKovatoLlero 446 reHos, No3BonuIa BblAeUTb
nATb Hanbosee BepOATHbIX reHoB-KaHanaaTos (TNF, LTB, BOLA-DQAT,
BOLA-DRB3, ATF2), KOTOpble MOTYyT BNUATb Ha YyBCTBUTENIbHOCTb/YC-
TOMYMBOCTb KPYMHOMO pOraToro ckoTa K 3a6oneBaHuto NIeiKo3oMm.

KnioueBble cfioBa: BUPYC Neiiko3a KPYNHOro poratoro CKoTa;
MOJIHOreHOMHBbI aHaNIN3 accauyaLii; reH; OAHOHYKEOTVAHDIN
nonumopdunam; accounauus; npuoputrsauus; GO aHanus; 6enok-
6enKoBoe B3aMmofencTBye.
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Selection by means of genetic markers is a promising
approach to the eradication of infectious diseases in
farm animals, especially in the absence of effective
methods of treatment and prevention. Bovine leuke-
mia virus (BLV) is spread throughout the world and
represents one of the biggest problems for the live-
stock production and food security in Russia. However,
recent genome-wide association studies have shown
that sensitivity/resistance to BLV is polygenic. The aim
of this study was to create a catalog of cattle genes
and genes of other mammalian species involved in the
pathogenesis of BLV-induced infection and to perform
gene prioritization using bioinformatics methods.
Based on manually collected information from a range
of open sources, a total of 446 genes were included in
the catalog of cattle genes and genes of other mam-
mals involved in the pathogenesis of BLV-induced
infection. The following criteria were used to prioritize
446 genes from the catalog: (1) the gene is associated
with leukemia according to a genome-wide associa-
tion study; (2) the gene is associated with leukemia
according to a case-control study; (3) the role of the
gene in leukemia development has been studied using
knockout mice; (4) protein-protein interactions exist
between the gene-encoded protein and either viral
particles or individual viral proteins; (5) the gene is
annotated with Gene Ontology terms that are over-
represented for a given list of genes; (6) the gene
participates in biological pathways from the KEGG or
REACTOME databases, which are over-represented for
a given list of genes; (7) the protein encoded by the
gene has a high number of protein-protein interac-
tions with proteins encoded by other genes from the
catalog. Based on each criterion, a rank was assigned
to each gene. Then the ranks were summarized and an
overall rank was determined. Prioritization of 446 can-
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KAK UUTUPOBATbD 3TY CTATbIO:

(TNF, LTB, BOLA-DQA1, BOLA-DRB3, ATF2), which can
affect the sensitivity/resistance of cattle to leukemia.

Key words: bovine leukemia virus; genome-wide asso-
ciation study; gene; single-nucleotide polymorphism;
association; prioritization; GO analysis; protein-protein
interactions.
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npyc neifkosa kpymHoro poraroro ckota (BJIKPC) —sto

OHKOTEHHBIH JeNbTa-peTpOBUPYC, HHPHUIUPYIOIINI

kpynHsIi poratslii ckoT (KPC), oBen 1 aipyrue Buab Mie-
xormraromux. BJIIKPC poxcteenen T-muMpoTpornHOMY BH-
pycy uenoseka tuna 1 (HTLV-1) u Bupycy nmmynonedummra
gyenoBeka tumna 1 (HIV-1) (Coffin et al., 2002). Uudekuus
BJIKPC npoTtekaeT y O0JBIIMHCTBA JKABOTHBIX O€CCHMITOM-
HO, Torna kak y 30—40 % pa3BuBaeTCst IEPCUCTEHTHBIN JTUM-
(hoLMTO3, KOTOPBIN XapaKTepu3yeTcs pasMHOKeHHeM UH)U-
IIMPOBAHHBIX MPOBUPYCOM B-1MMQOIUTOB M MOBBIIEHHEM
yrcia JeHkonuToB B nepudepudeckoil kposu KPC. Menee
yeM y 10 % MHOUIMPOBAHHBIX KUBOTHBIX Pa3BUBACTCS Tsi-
xemast popma 3ab0eBaHNs, KOTOPasi IPUBOAMT K MOSBJICHUIO
JIETATBHBIX JIMM(OM WITH TUM(POCAPKOM B Pa3IIMUHBIX OpraHax
(Barez et al., 2015). BJIKPC pacnpocTpaHeH 1o BceMy MUPY
U TIEPEHOCHUTCSI MEK/Ty dKMBOTHBIMH Y€PE3 KPOBb, MOJIOKO HITH
JIpyTHe OMOIOTHYECKHE KHUIKOCTH, KoTopble conepxkar JJHK
nposupycoB (Gutiérrez et al., 2015). B Poccun neiiko3 KPC
MPEJICTABIISIET OIHY U3 OCHOBHBIX ITPOOJIEM IS pa3BUTHS KU~
BOTHOBOJICTBA M ITPOJIOBOIBCTBEHHON Oe30macHoCTH. B psine
XO3SIMCTB TIOTOJIOBbE MH(MHUIINPOBAHHBIX dKMBOTHBIX COCTaB-
ssteT 10 40 %. 1o ganueiM 3a 2010-2014 1T, 5KOHOMHUYECKHE
norepu ot seiiko3a KPC B Poccun nocruraror 2.5 mupa pyo.
B roa (Stepanova, 2016).

TpagunmoHHBIe MEpHl 0OPHOBI ¢ JTEHKO30M BKIIOYAIOT
M30JBIIMIO WIIN JINKBUAALUIO MHQUIIMPOBAHHOTO CKOTA I10
pe3yJibTaTtaM CepoJIOrHYeCcKOi M IeMaToJIOTHYeCKON auar-
Hoctukn nHekn BJIKPC, HO 3TH Mepsl S5KOHOMHYECKH
HeTpUeMJIEMBI B X035HCTBaX ¢ BBICOKOH moieil nadumpo-
BaHHBIX *HMBOTHBIX (Rodriguez et al., 2011). [lepcriekTMBHBIM
MIOIXOJIOM JUTS TUKBUAAINH HH(PEKIINOHHBIX O0JIE3HEH Cellb-
CKOXO3STIICTBEHHBIX JKHBOTHBIX, OCOOCHHO NMPHU OTCYTCTBUH
3¢ HEeKTUBHBIX METOIOB JIeUCHHUS M NPO(DHUIAKTHKY, CAUTACTCS
HAaIpaBJIeHHAs CEJIEKIIHSI 110 TEHETHUECKIM MapKepam, acco-
[IMMPOBAHHBIM C YCTOHYMBOCTBIO K MH(EKINU OpraHu3Ma-
xo3sinHa (Bishop, 2014). Hanpumep, npu reHOMHO#1 o1ieHKe
MOJIOYHOTO CKOTa YK€ Ceifuac yunThIBAETCS yCTOMUMBOCTD K
Mmactuty (Koeck et al., 2012).

W3zBecTHO, uTO HekoTopbie nopoasl KPC obnanator Bpox-
JIEHHOI1 ycToitunBocThio K nHpuuupoBanuio BIIKPC (FAO,
2007). ITytem ananuza peHOTHIIOB M potocioBHBIX (Abdalla
etal., 2013), a Takke ¢ UCIOIH30BAHUEM MATPHIIBI A TUTHB-
HOW TeHeTHUYeCKOH aucnepcun—KoBapuarmn (Abdalla et al.,
2016) 6puTO MOKa3aHO, YTO KOI(Y(PHUIMEHT HACIETYEMOCTH
gyBcTBUTEeNbHOCTH K BJIKC y KMBOTHBIX TONINTHHCKOW U
JoKepceerickoit mopon coctanister okoio 0.08. IIpoBeneHHbIC
paHee MHOTOUYHCIICHHBIC HCCIeJOBaHMs TToKa3ainy, 9rto JJHK-
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MapKepsl B TeHaxX-KaHAWJaTax (HalpuMep, ONpeaeeHHbIe
amtenn B reHe BOLA-DRB3, xomupyromeM O6emok DRB3,
OTHOCSIIUICS K TNIABHOMY KOMILIEKCY THCTOCOBMECTUMOCTH
MHC II) BHOCST CyIIEeCTBEHHBIH BKIIaJ B BAPHAOETFHOCTD K
napunuposannio BJIKPC Mexy oTIepHBIME JKHBOTHBIMA
(Xuetal., 1993; Juliarena et al., 2008; Miyasaka et al., 2013).
[Tpu 3TOoM otum aneny B reHe BOLA-DRB3 acconuupoBaHbI
C 4yBCTBUTENBHOCTHIO/pe3ncTeHTHOCTHIO K BJIKPC y sxuBoT-
HBIX TOJIITUHCKOW MOPOJBI U HE ACCOIIMUPOBAHBI Y KUBOT-
HBIX JDKepcenckoit mopomsl. OHAKo, KaK MMoKa3al HeAaBHUAN
MIOJTHOT€HOMHBIH aHanmu3 acconnany (GWAS) 4yBcTBUTEIB-
HOCTH/PE3UCTCHTHOCTH K MH()EKIHUHU, YyBCTBUTEIBHOCTh K
BJIKPC nocuT monureHHsIit xapakrep (Abdalla et al., 2016;
Brym et al., 2016; Carignano et al., 2018).

Iespro uccnenoBanus ObLIO co3aanue katamora reioB KPC
U IPyTUX BUIOB MIICKOMTUTAONINX, BOBICYEHHBIX B TIPOIIECC
narorene3a uHdpeknun BJIKPC, a Takke mprOpHUTH3AIMS
TCHOB KaTajiora ¢ MOMOIIBI0 METOJIOB OMOUH(OPMATHUKH.

Matepwuanbl n metogbl

Co3nanmne karajora reHoB. Habop KitoueBbIX CIIOB st
moncka myomukanuii B PubMed 6511 cpopmupoBan Ha oc-
HOBE METOJIMKH, MCIIOJIb30BAaHHONH HAMH paHee IS TOUCKa
l/IH(i)OpMaHI/ll/I O IreHax 4€JIOBCKa, y4aCTBYIOIIUX B OTBETC Ha
BUpycC KiemneBoro YHnedannta (Ignatieva et al., 2017). B xozme
9TO paboTHI OB TPOBE/ICH FKCIICPTHBINA aHAIHN3 A0CTPAKTOB
U TIOJIHBIX TEKCTOB HAYYHBIX CTaTeH, notyueHHbIx n3 PubMed
10 Ha3BAHUIO BUPYcCa. BBISBICHBI CIIEAYIONINE THITBI SKCTIe-
PHMEHTOB, YKa3bIBAIOIIMX HA TPUIACTHOCTB TOTO HIIH HHOTO
reHa K OTBETY OpraHM3Ma-Xx03siMHa Ha BUPYC KJIELIEBOrO SH-
nedanuta: 1) nreHTH(UKAINS ATUIeTHHBIX BAPUAHTOB T€HOB,
ACCOIMUPOBAHHBIX € TSHKECTHIO 3a00NIeBaHMs; 2) 0OHapyXe-
HUE BJIMAHUA HOKAyTa ONPEACIICHHOTIO 'CHa Ha KIIMHUYECKNUE
MTOKA3aTeN, XapaKTepU3yIOIIHe X0 3a00IeBaHus; 3) aHATTN3
muddepeHInanbHON SKCIIPECCHH TEHOB i1 Vivo 'y OOIBHBIX
JIONICH M MH(UIIMPOBAHHBIX )KUBOTHBIX JIMOO i1 Vitro B KIIET-
Kax, 3apa)XCHHBIX BUPYCOM; 4) BBISBICHHE TPSMBIX (pr3nde-
CKHUX B3aMMOJCHCTBUII MeX 1y OelKaMi OpraHu3Ma-X03siMHa
n BupycHbiMu Oenkamu (in6o PHK) in vitro. ITostomy nst
moncka myonukanuii B PubMed, conepxanix qaHHBIE O Te-
Hax, BOBJICUCHHBIX B TATOTCHE3 JICIK03a y KPYITHOTO POTaTroro
CKOTa, HaMH OBLIM UCIIOJIb30BaHBI CJIETYIONINE KOMOWHALIUH
kmodeBbIx ciioB: 1) (Bovine leukosis OR Bovine leukemia
virus) AND association; 2) (Bovine leukosis OR Bovine leu-
kemia virus) AND Knockout; 3) (Bovine leukosis OR Bovine
leukemia virus) AND Expression; 4) (Bovine leukosis OR
Bovine leukemia virus) AND (PPI OR Physical interactions).

Bioinformatics and systems biology



MpropuUT3aLMA reHOB, aCCOLMMPOBAHHbIX
C MaTOreHe30M JIeNKOo3a y KPYMHOro poratoro ckoTa

JlanHble 0 reHax/0enKax IKCTparupoBalid U3 0TOOpPaHHbBIX
myOnuKauii BpyuHyto. Ha3BaHNs reHOB KOPPEKTHPOBAIH B
COOTBETCTBHH C UX O(HIHATEHBIMU HA3BaHUSIMH U3 0a3bl 1aH-
HbIX Entrez Gene. CBeieHuMs1 0 KayK/10M reHe/0eske ToMelanm
B ONpE/ICTICHHYIO KaTeropuio (TabiHily) B COOTBETCTBHHU C
THUITOM JIOKa3aTeIbCTBA €T0 YJacTus B IIATOTCHE3e HHPEKIH-
OHHOTO npoliecca. HanMmeHoBanue kareropuii (Tabiuir) 1 ux
OTIMCAaHUE MIPUBEICHBI B TA0M. 1.

DyHKIMOHAILHASI AHHOTALMS TEHOB OCYIIIECTBIISUIACE C
nomoisio cucteMbl DAVID (Database for Annotation, Visu-
alization and Integrated Discovery) (Huang et al., 2009). B xa-
yecTBe Pe()epPeHCHOTO CIUCKA TEeHOB MCIOJIB30BAIN CIIHCOK
I'€HOB M3 ITOJIHOT0 TeHoMa Bos taurus. TepMUHBI U3 CII0Bapst
6a3s1 Gene Ontology n 6monornueckue mytn u3 6a3 KEGG n
REACTOME cuutanu nepenpeacTaBlIeHHbIME AJI51 JAaHHOTO
crucka renos npu FDR < 0.05 u Fold Enrichment > 3.

O0yuaronee MHOKeCTBO T'eHOB cofepkano 21 reH u3
CO37IaHHOTO HaMH Karasora. Kaxaslii u3 HUX y/IOBIETBOPSI
xoTst Obl oHOMY KpuTepuio (Tadn. S14)!. Ilepsoiii kpute-
pHif — reH copepikaics Takke B nuarpamme bta05166 6a3sr
KEGG Pathway, omuceIBatomeii nporecc HHOUINPOBAHUS
KJIETOK oprannsma-xossiuna supycom HTLV-1 (Human T-cell
leukemia virus 1). Takux reHoB ObpIIO HaimeHo 19. Bupyc
HTLV-1 sBnsercs nanbonee OIM3KOPOACTBEHHBIM IIPECTA-
BUTEJIEM TOTO %€ cemeiicta (Deltaretrovirus), uro u BIIKPC
(Coffin et al., 2002), Ha OCHOBE Y€r0 MOKHO OXKHJIATh, YTO
npouecc nHpumposanus Bupycamu HTLV-1 u BJIKPC ax-
TUBHPYET CXO/IHBIE ITPOLIECCHI B KJIETKaX OpraHM3Ma-X03s51Ha.
Bropoil kpurepuii — reH uMen CIeAyoIIne YKCIEPUMEH-
TaJbHBIC CBUETENLCTBA (CM. Tabi. 1) ero BOBIEYEHHOCTH B
otBeT Ha uHpekuuto Bupycom BJIKPC: amienbHble BApHAHTHI
M0 JAHHBIM SKCIIEPUMEHTOB «CIy4ail—KOHTPOJIbY; HOKayT;
Hanuuue Gu3ndeckux (OerIoK-OeKOBBIX) B3aUMOJICHCTBUH
¢ 6enkamu BJIKPC (tabn. S2, S3, S6). Takux reHoB ObUIO
BBISIBJICHO ILIECTb.

PexoncTpykuusi cereii 0e10K-0eJIKOBBIX B3anuMOoieii-
cTBUid. J[aHHbIE 0 0€I0K-0CIKOBBIX B3aUMOIEHCTBUAX IKC-
TparupoBanu u3 6a3pl naHHbX [ID (Integrated Interactions
Database, Bepcust ot 2018-05) (Kotlyar et al., 2016).

[Tockonbky npoTeoM Bua Bos taurus u3y4deH euie He B J10-
CTaTOYHOM CTETNIEHH, TIONCK OEJTIOK-0EIKOBBIX B3aMMOAEHCTBUIM
MIPOM3BOMIIN JUISl CIIMCKA TEHOB YEJIOBEKA, OPTOJIOTMYHBIX
reHaMm u3 karajiora. [Ionck cooTBETCTBHS MEXY CUMBOJIAMH
TEHOB BHUJA Bos faurus n CUMBOJIAMU OPTOJIOTHYHBIX TEHOB
Buia Homo sapiens ocymectsisu B mporpamme Ortholog
Conversions (https://biodbnet-abcc.nciferf.gov/db/dbOrtho.
php) pecypca bioDBnet. B oTneipHBIX caydasx MOUCK OPTO-
JIOTOB BEITOJTHSUTH € TIOMOIIBI0 TeHOMHOTO Opay3epa UCSC
genome browser (https://genome.ucsc.edu/), KOTOpbINA BU3Y-
anu3upyer BblpaBHUBaHUE nocnenosarenbHocTH JHK nc-
KOMOTO T'€Ha C TIOCJIE/I0BATEIEHOCTSIMHU OPTOJIOTMYHBIX TCHOB
JIpyTUX BUJIOB.

Ha ocHoBe gannbIx n3 6a3s! [ID HaMu OBITH pEKOHCTPYH-
POBaHBI JIBE CETH: CETh BCEX OEIOK-OCIKOBBIX B3aUMOJICH-
cTBU Mexny renamu/60enkamu yenosexka (H PPI) u cers
0e10K-0€IKOBBIX B3aMMOIEHCTBHI 1711 T€HOB/OEIKOB, acco-
murpoBaHHbIX ¢ seiiko3om (L PPI). Cers H PPI copepxana
N = 18238 Bepuus (6enkoB), 1562726 pebep (B3aumoseii-

T Ta6n.S1-515 cm. B Mpunoxexnn no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx18.pdf
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CTBHUI) M MMeJIa cpefiHioto cTeneHs Bepiuunsl 171. Cers L PPI
coxeprkana n = 428 BepmuH, 2352 pebpa u UMena CpeIHIO0
CTENeHb BEPUIMHBI, paBHYIO 11.

PacyeT 3HAYMMOCTH reHOB Ha OCHOBe ceTH 0e/10K-0eJ1-
KOBBIX B3auMojeiicTBHii. [y pacuera nHIEKCa 3HAYMMOCTH
WX BECa W; HEKOTOPOIo IeHa g;, KOAUPYIOIIEro OeloK p,,
ObL1a UCTIONIB30BAHA CIIEAYIOIIAs POLEAYPA.

1. ®opmupoBanue s Genka p; TaOMULbI 2 X 2, OMHUCHIBAKO-

11eif COOTHOIICHNE Ynciia OeITKOB, B3aNMO/ICHCTBYIOIINX C

Oenxom p; B cetu L_PPI u B ceru H_PPL

Network® Number of proteins Network size
interacting not interacting except Pi
protein

with p; protein

with p; protein

*H_PPI\L_PPI is the human PPI network from which proteins involved in L_PPI
are removed. A dot in an index indicates summarizing over the index; d;and D;
are the numbers of interactions of p; protein in the L_PPl and H_PPI networks,
respectively.

2. Pacuer orHomenus mrancoB (odds ratio — OR) mist kax-
noro Genka p;:
di/(n—1-d,) _d(N-D;—n+d)

OR =D, ~a)/N-D, n+dy O ~dyin—i-dy

Janee mMbI OyeM HCIOB30BaTh JIorapuGMuIeckyro ¢op-
My ctatuctuku In(OR), KoTopast aCHMIITOTHYECKH CXOAUTCS
Kk HopMansHOMY pacnpenenenuio N(0,6) (Vsevolozhskaya,
Zaykin, 2018), rie

6 = o(In(OR)) \/dlfn_1_dl.+D,.—d,.+n—D,~—n+di' @

Hynesas runoresa H: In(OR) = 0 o3navaer, 4To oTHOILIE-
HHE 4yHcla 0EJIKOB, B3aUMOACHCTBYIOMMUX C OENKOM p;, K
YHUCITy HEe B3aMMOJICHCTBYIOIUX ¢ HUM OeskoB B cetu L PPI
PaBHO 3TOMY TTOKa3aTeIto B CETH ¢ OeIIKaMu, HE BXOAALINMHI
B ceth L_PPI, T.¢. Oenok p, B3aMMONEHCTBYET ¢ OelKaMu U3
cetu L PPI Tak e, kak u ¢ ApyrumMu 6eIKamH.

AnprepHaruBHas runoresa H,: In(OR) > 0 o3nauaer, uro
0eloK p, Jalle B3aUMOJeHCTByeT ¢ Oenkamu u3 cetu L_PPI,
9YeM C IpyTUMH OeskaMu.

Jis reHa g; B KauecTBE MHJIEKCA 3HAYUMOCTH I, Oynem nc-
MOJIb30BaTh HIDKHIOI TpaHuIly 95 % 10BepUTEIBHOIO UHTEP-
Basa jyis cratuctuku In(OR):

I;=In(OR)-1.960. 3)
3nauenue I, > 0 Oyzer ykasplBaTh Ha TO, 4To runoresa H,
oTBepraercs. B aTom ciryuae Mbl OyeM HCIIONIB30BaTh 3HA-
4yeHue I; KaK 3HaYMMOCTh WM BEC T'eHa g, TOJNyYECHHBIA Ha
OCHOBE CETH OEJIOK-OEITKOBBIX B3aNMOIEHCTBHIA:
ecma I, >0, To w, =1, maage w, = 0. 4)
IIpuopuTH3anuI0 TeHOB OCYIIECTBIISIIM HA OCHOBE He-
CKOJILKUX KPUTEPHEB, IOCIIE YEro 10 KaKJAOMY KPUTEPHIO
TeHy NPHUCBANBAJIN PAHT. 3aT€M PaHTH CyMMHUPOBAJIH U OTIpe-
Jensut o0muit panr. B pabore ncnonb30Bany cienyronme
KPHUTEPHUH.
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Table 1. Categories of genes/proteins of cattle and other mammalian species included

in the list of genes involved in the development of BLV infection

Category Description Number of Table no. in the
(proof method) genes publications Supplement
Genome-wide Genes containing or adjacent to SNPs associated with 53 3 S1
association analysis  BLV infection development according to GWAS data
Allelic variants Allelic variants of SNPs in these genes were associated 3 6 S2
with sensitivity/resistance to BLV infection in case—control studies™
Knockout Knockout of this gene in mice increases their resistance 1 1 S3
to the administration of the plasmid harboring
the BLV nucleotide sequence
Expression™* Genes encoding mRNAs (or proteins) whose expression 25 29 S4
increases/decreases after BLV infection
DNA microarray Genes encoding mMRNAs whose expression 368 1 S5
increases/decreases in animals with persistent lymphocytosis
according to hybridization with a DNA microarray
Physical interaction ~ Genes encoding proteins that directly interact 3 3 S6
with BLV proteins
Entire catalog Catalog of genes of cattle and other mammal species involved 446 43 S7

in BLV infection development

* Clinical severity or immunological parameters of infected animals were associated with one of the SNP alleles.

**When evidence existed that the level of the active protein form altered in response to BLV infection, the gene encoding this protein was also added to this class.

Kputepnii 1. I'en accounupoBas ¢ JIeHKO30M 10 JaHHBIM
skcriepuMenToB GWAS. AcconmmnpoBaHHBIM TeHaM TPHCBA-
MBaeTcs paHr |, ocTanbHBIM T'eHaM IpucBanBaeTcs paHr 0.

Kputepnii 2. I'en accounupoBas ¢ JIEHKO30M 10 JaHHBIM
aHAJIN3a «CIy4all—KOHTPOJIbY Il OTHAEJIBHOIO reHa. Acco-
[IUMPOBAHHBIM T€HaM INPHCBANBACTCS paHr |, OCTAIbHBIM
reHam — pasr 0.

Kputepuii 3. Ponb rena B pa3BuUTHH JIeiKo3a U3ydeHA B
9KCTIEPUMEHTaX 10 HOKayTy y MblIed. Takum renam mpu-
cBaMBaeTcs paHr 1, octanbHbIM reHam — 0.

Kputepuii 4. benok, Kogupyemslii TeHOM, y9acTBYeT B
0eJI0K-0eJIKOBBIX B3aUMOJICHCTBUSX C BUPYCHOM YacTHICH
7100 OTAEIBHBIM BUPYCHBIM OesikoM. Takue reHbl nmoay4aroT
pasr 1, a ocTampHBIM reHaM TpucBanBaeTcs pasr 0.

Kpurepnii 5. I'en umeer anHotanuto tepMuHamu Gene
Ontology, KoTOpbIE, IO JaHHBIM HAIIErO aHaju3a, sBJs-
I0TCSI TIEPETIPEACTABICHHBIMU ISl CIIMCKA T€HOB KaTasiora
(FDR <0.05, Fold Enrichment > 3). I'eHbl, aHHOTHPOBaHHbIE
TaKUMHM TEPMHUHAMHU, MOJYYalOT paHr 1, OCTaJbHBIM T€HaM
npucBamBaercs paHr 0.

Kpurepwnii 6. I'en yqacTByeT B OMOJIOTHYECKUX ITYTAX U3
6a3 KEGG wiu REACTOME, xoTopble, 10 JaHHBIM HAIIETO
aHaM3a, SIBISTIOTCS EPENPE/ICTaBICHHBIMHE [T CIIMCKA TEHOB
karanora (FDR <0.05, Fold Enrichment > 3). Takue renst no-
Jy4aroT paHr 1, a ocTanbHBIM I'eHaM NpHcBanBaeTcs par 0.

Kpurepuii 7. PaHr ka)10r0 reHa IpupaBHUBAJICS HHACKCY
3HAYUMOCTH (WM BECa) W;, PACCYMTAHHOMY Ha OCHOBE OIIH-
CaHHOH BBIIIIC MPOLEAYPhI aHANIN3a CeTei 0eTOK-0eTKOBBIX
B3aumozeiictsuit H PPIu L PPIL.

[TpumenenHble B TaHHOW paboTe KPUTEPUH BBITOIHSIOT
nBe 3anaun. IlepBasg 3agada cocrosula B TOM, 4TOOBI OTO-
OpaTb reHbl, UMeIomre Hanbosee yOeauTeNbHBIe YKCIIePH-
MEHTAJIbHBIC CBHJICTEILCTBA X BOBJICUECHHOCTH B OTBET Ha
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nndexkuuto BIIKPC (kpurepuu 1-4). Bropas 3anaua — npu-
JIaTh BEC TeHaM/OekaM, IpUHAIeKAIINM K (YHKITHOHAIEHO
CBSI3aHHOMY ITOJIMHOKECTBY, KOHTPOJIHPYIOIIEMY ITaTOTCHE3
3a00JICBaHUS, T. €. IPUOPUTU3UPOBATH UX.

Pesynbratbl

CospaHue KaTasiora reHoB

[Tounck mo PubMed BoisiBrin 43 sKcriepuMeHTaIbHbBIE CTAThH,
omHCHIBaloNIe BopieueHne reHos/0enkoB KPC u npyrux
BUIOB MJICKOITUTAONIHX B rporiecc napummposanus BJIKPC.
B pesynbrare pyyHoil aHHOTanMM JaHHOTO Habopa crareit
Hamu ObLI cOo31aH Kartasior, Bkirodaromuii 446 renoB KPC u
JPYTHX BHUJIOB MJICKOITUTAIOMINX, BOBJIECUCHHBIX B ITPOIIECC
naroreHe3a nHdpekuun BJIKPC (tabm. 1).

OyHKUMOHaNbHaA aHHOTaLMA reHOB

c nomouybto cuctembl DAVID

C nmomoreio cuctembl DAVID 6bimu BeisiBeHsr 200 miepe-
MIPEICTABICHHBIX TEPMUHOB M3 CJIOBAPs OMOJIOTHIECKUX TIPO-
recco 6a3sl Gene Ontology, a Tak)Ke TpyINIibl TeHOB, aHHO-
THPOBaHHBIC ATUMU TepMUHAMH (CM. Tabd. 2 u Tabdn. S8).
Bonbmast wacte BbIsiBIEHHBIX GO TEpPMHHOB XapaKTepHU3y-
€T IPOIECCHI, CBSI3aHHBIE C OTBETOM OpraHU3Ma Ha BHPYC
Y UMMYHHBIMH peakiusMi. OObeJMHEHHBIN CIIHCOK TeHOB,
cBszaHHBIX co Bcemu 200 mepenpencraBieHHbIME GO Tep-
MHUHaMH, BKIodan 162 rena (tadum. S9).

Kpowme Toro, 651710 BBISIBICHO, YTO TCHBI H3 pacCMaTpHBa-
€MOTO CITMCKA HECTyYaiHO YacTO BCTPEYAIOTCS B CEMHAALIATH
ounonornyeckux mytsix n3 6a3 KEGG u REACTOME (15 u 2
cooTBeTCTBEHHO) (Tabs. S10). BombIIMHCTBO BBISBICHHBIX
OMOIOTMYECKHX ITyTel CBA3aHO C Pa3BUTHEM 3a00JIeBaHN, Ta-
KHX KaK BOCTIAIMTEIbHOE 3200JIeBaHUE KUIIIEYHUKA, OOJIE3HD
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[araca, Massipust, apUKAHCKHUI TPUTTAHOCOMO3, TYOCPKYJIe3,
KOpb, TPUNI A, peBMATOWIHBIN apTPHT, JEUIIIMAHUO3, CTa-
(hrtoxokkoBast MH(EKIHs, KOKIomI, reprec. O0beTMHEHHBIN
CITMICOK TCHOB, CBSI3aHHBIX CO BCEMH CEMHA/IIAThIO TIEPEIPe/-
CTaBJIICHHBIMH OMOJIOTHYECKIMH MyTSAMH, BKITIodad 81 reH
(tabm. S11).

3HauMMoCTb FreHOB

B ceTn 6enoK-6enKoBbIX B3auMoaencTeumn

Ha ocnose ananu3za cereit H PPl u L PPI Hamu BbIsBIICHO,
410 167 T€HOB U3 KaTaiora NMEIOT ITOT0KHUTEIIbHBIC 3HAUCHNS
UHJICKCA 3HAYMMOCTH W, (Tabm. S12).

Haubonpuue 3nauenus w, (ot 1.20 go 1.77) umenu reHsl
SLC7A7, TYROBP, CD794, MS4A1, CTSS, CD3E, CI1QA,
TLRS,IL2RA,CD2, FGL2,IL6R, CD63, TNFRSF1B. benko-
BbI€ IIPOJIYKTHI OOJIBIIMHCTBA M3 HUX YYaCTBYIOT B PETYJISILIUK
MMMYHHBIX ITporieccoB (tadi. S13). Kpome Toro, Koppemnsii-
OHHBI/ aHAIIM3 3HAYCHHUS XapaKTEPHCTUKU F'EHa W, U HHJEKCA
MPUHAJISKHOCTH K 00y4arolieil BbIOOpKe 1oKa3ail HaJlnuue
BBICOKOTO ypoBH: Koppernsun R = 0.187 ¢ ypoBHEM 3Ha4H-
MoctH p-value < 0.001. DTn HabMIONEHNS YKA3bIBAIOT HA TO,
4qTo Hpe[[ﬂO)KeHHbIﬁ HaMu METOA pacye€Ta 3HAYUMOCTHU I'CHOB
Ha OCHOBE CETH OEITOK-0ETKOBBIX B3aNMOIEHCTBHI aJ€KBATHO
OLICHMBAET 3HAYMMOCTh T€Ha B KOHTEKCTE LIEJICBOTO IIPH3HAKA
U MOXeET OBITh HCIIOJIb30BaH B Ka4eCTBE JONOJIHUTEIHLHOTO
KPUTEPHs IIPU PEIICHNH 33Ja41 IIPHOPUTH3AINN TCHOB.

PaHXnpoBaHue reHOB

Ha ocHoBe onricanHOM porieypsl paHkupoBanus (cM. Ma-
TepHasbl ¥ METO/bI) OBIIM ONpeeNIeHbl PAHTH BCEX T'€HOB
u3 chopMUPOBaHHOTO HaMu Karaiora (446 rexos). Hawu-
BBICIIIIE UTOTOBBIE paHTH (5.77 u 5.05) BHIABICHBI Y TEHOB
TNFw HLA-DPA1/BOLA-DQAI. Emie tpurena (HLA-DRB1/
BOLA-DRB3,ATF2, LTB) nadpaiu 6oiee 4 6asuios (Tad. 3).
V nagnaru reno (CTSS, CD3E, LTA, C1QA, IL2RA, CD2,
IL6R, TNFRSF'1B, CTLA4, CSNK2B, IL10, LCP2, SELPLG,
IL6,C1QC,CD19,ILIB,IL18, SYK, HGF) cymMapHbIii 6at
npuHUMaN 3HadeHue ot 3 mo 3.36. [TomHble cBeAeHUS TIO
PaHXHPOBAHUIO TEHOB MPE/ICTAaBICHBI B Ta0I. S15.

O6¢cyxpeHue

JI1s1 BEISIBIICHUSI IPUOPUTETHBIX T'€HOB-KAHIWIATOB, CBS-
3aHHBIX C Pa3BUTUEM JICHKO3a, HAMH COOPaH KaTajor, BKIIFO-
yatonmmii 446 TeHOB, BBIIBICHHBIX HAa OCHOBE Pa3IHMYHBIX
IKCIICpPUMCEHTANBHBIX Moaxon0oB (GWAS, nccienoBanme Oc-
JIOK-OCJIKOBBIX B3aUMOJCHCTBHH in vitro U T. 11.). OKa3ajioch,
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Table 2.Some overrepresented (FDR<0.05, Fold Enrichment > 10)
terms* in the Gene Ontology vocabulary detected by the DAVID
resource in analysis of 446 genes in the catalog

Go term Number Fold FDR

of genes Enrich-

ment

Interferon-alpha biosynthetic 5 374 4.7E-03
process
Regulation of interferon-alpha 5 374 4.7E-03
biosynthetic process
Interferon-gamma biosynthetic 9 24.0 1.2E-06
process
Regulation of interferon-gamma 7 21.8 5.3E-04
biosynthetic process
Regulation of tolerance induction 6 18.7 1.7E-02
Tolerance induction 6 16.0 4.1E-02
Positive regulation of activated 8 13.6 2.1E-03
T cell proliferation
Activated T cell proliferation 10 12.1 1.4E-04
Regulation of activated T cell 9 11.6 1.2E-03
proliferation
Positive regulation 16 11.5 6.5E-09
of interferon-gamma production
Positive regulation of alpha-beta 12 11.5 6.9E-06
T cell activation
Regulation of interferon-gamma 22 11.0 4.2E-13
production
Interferon-gamma production 22 104 1.9E-12
Cytokine biosynthetic process 22 10.3 2.3E-12
Regulation of alpha-beta T cell 14 103 1.0E-06
activation
B cell receptor signaling pathway 9 10.2 3.5E-03
Negative regulation 11 10.0 1.7E-04
of mononuclear cell proliferation
Negative regulation 11 10.0 1.7E-04

of lymphocyte proliferation

* The complete list of overrepresented terms found at FDR < 0.05 and Fold
Enrichment > 3 is presented in Table S8.

Table 3. Ranks of the five most significant genes in the catalog of genes
involved in BLV infection development according to criteria 1-7 and their integral score

Gene designation Criteria
Human ...................... B ovme ........................ 123 ......
TNF ............................ T NF ............................. 1 ................... 1 ................... 1 ......
HLADPNBOLADA] ................ 1 ................... 10 ......
HLADRB]%OLADR[B ................. 1 ................... 10 ......
ATF2 .......................... ATonoo ......
LTBLTB .............................. 100 ......

Underlined are genes belonging to the test sample.

BuounHdpopmatiKa n cuctemHasn 6ruonorus

Integral score

4 5 6 7
0 ................... 1 ................... 1077 ............. 5 77 ..................
0 ................... 1 ................... ] ................... ]05 .............. 5 05 ...................
0 ................... 1 ................... 1045445 ...................
............. 11 1 111 411
0 ................... 1 ................... 1 ................... 103403 ...................
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YTO I'pylIibl TEHOB, BBIABJICHHBIX KAXX/IbIM U3 MECTO OB, cna60
MIEPEKPBIBAIOTCS MEXTy c000ii. Tak, HM OTMH I'€H U3 CIIHCKOB
muddepeHanbHO SKCIPEcCupyeMbIX TeHOB HE ObUT MOJI-
TBEPKACH APYTUMU SKCIICPUMCHTAJIbHBIMHA METOAUKAMMU. Mp1
CBSI3BIBAEM ITO OOCTOSITEIHCTBO C TEM, UTO TU(PepeHITHATH-
Hast 9KCIIPECCUS U3ydallach B KJICTKAX ONPEIEICHHOTO THIIA
(meHApUTHBIE KIETKH, T-Xenmnepsl U Jp.) U B ONPeAEICHHBIN
BpeMeHHOU mepuox (tabn. S4 u S5), a acconnaTUBHBIE UC-
ciepoBanus (Tabm. S1 1 S2) MO3BOJISFOT BEISIBUTH TCHBI, BITHSI-
IOIME HAa MHTETPAJIbHBIC XapaKTECPUCTUKU BCEIO OpraHn3mMa
Ha BCEX JTarax MaToJorndeckoro mporecca. OTcyTcTBue
repecedeHust MeX/y TPyIIIaMH TeHOB, TTOJIYYEHHBIMHA B 3KC-
MEPUMEHTaxX MO 0e0K-OeJIKOBBIM B3aUMOJICHCTBUSIM JIHOO
HOKayTY, C IPYTUMH IPyIIIaMH T€HOB, I10-BUUMOMY, CBSI3aHO
C 0YEHb MaJIBIM KOJINYECTBOM I'€HOB, HCCIICIOBAHHBIX B 9THX
THUIIaX YKCIIEPUMEHTOB.

Jist pUOpUTH3ALNN HAMU HCITIOJIB30BAHbI JIBE TPYIIIBI
KaueCTBEHHO Pa3IMYHBIX KpuTepres. [lepBas rpymma (kpure-
pun 1-4) oTpaskaeT HalIM4YHe SKCIIEPUMEHTANBHBIX JaHHBIX,
CBUJICTENBCTBYIONINX 00 acCOIMAINN I'eHa ¢ 3a001eBaHNEM
1100 00 M3BECTHOM MEXaHH3ME €ro ydacTHs B OHOJorHde-
ckoM rporecce. COBOKYIHOE KOJINYECTBO T'€HOB, TOJIOXKHU-
TEJIbHO OLIEHEHHBIX XOTS OBI 110 OTHOMY U3 YEThIPEX KpUTe-
pueB, coctaBisieT 12 % ot ux obmiero uncia (54 rena u3 446).
[Tpu 5TOM HU OJTMH T'eH HE UMEJ ITOJIOKUTEIBHBIX 0aJlJIOB 10
BCEM UETBIPEM KPUTEPUSM, U TOJIBKO I'eH TNF UMe OJI0KHU-
TEJIBHYIO OLICHKY I10 TPEM KPUTEPHSM U3 YETBIPEX.

ITonyuyus Taxkoil pe3ynbTar, Mbl IPUHSINA PELICHUE Pa3-
pabortats 1o0aBOYHBIE KpUTepUH. [Ipr 3TOM OCHOBBIBAJIHCH
Ha IPEIOIIOKEHIH, YTO HEKasl 4acTh TeHOB/OEIIKOB 13 Kara-
Jiora MpeCcTaBisieT cO00# QYyHKIIMOHAIBLHO CBA3aHHOE TMOJI-
MHOXECTBO, KOHTPOJIHPYIOIIee TeUeHne 3a00neBaHus (JIei-
k03). [IpuHaIekHOCTh TeHa/0eIKa K STOMY ITOJMHOXKECTBY
MOJKET YKa3blBaTh Ha TO, YTO I'eH/OCIIOK 3aJCciiCTBOBAH B
oTBeTe Ha MH(eknuo. TakuM 00pazoM, OBUTH MPETOKEHBI
KpHUTEpUH 5—7, XapakTepHu3yonye GyHKIHNOHAIBHYIO CBSI3b
Ka)X/IOr0 M3 I'eHOB/OEIIKOB CO BCEM MHOXKECTBOM JIPYTHX
reHoB. Kputepun 310l rpymnibl MOI0KUTENBEHO OLEHUBAIN
162 (GO anamms), 81 (Pathway ananu3) n 167 (panr B cetn
0eJ10K-0eTKOBBIX B3aUMOJICHCTBHI) T'€HOB, YTO COCTABIISLIO
36, 18 1 37 % oT 00111eT0 KOJIUYECTBA ITEHOB COOTBETCTBEH-
HO. B 11e710M MONIOXXNTENIBHYIO OLIEHKY XOTSI ObI IO OJTHOMY
13 yKa3aHHBIX KpuTepueB nomyuunan 235 reHoB (53 %).
[TonoXkuUTeNBbHYIO OLEHKY 0 KaXXKIOMY M3 TPEX KPHUTEPHUEB
(xputepun 5—7) momyunnu 57 renos (13 %). AHanu3 oreHok
BCCIro MHOKCCTBaA I'CHOB M3 KaTajiora, BbISIBJICHHBIX HA OCHOBC
Ka)KJJOr0 U3 TPeX KPUTEPHUEB, U UHIEKCOB ITPUHAUIC)KHOCTH
TEHOB K 0Oyuaromieil BEIOOpKE MMOKa3al HaJIUIHe 3HAYHMMBIX
Koppessiuuii (Bo Beex ciyuasix p-value < 0.001).

B pesynbrare pamKiupoBaHUs HAHOOIbIIIee KOTUIECTBO Oal-
108 (014 10 5.77) momyuwnmu 1sith reHoB (TNF, BOLA-DQAI,
BOLA-DRB3,ATF2, LTB) (cm. Tabn. 3). Yetsipe u3 Hux (TNF,
LTB, BOLA-DQAI, BOLA-DRB3) oka3alluch BOBIICUEHBI
B UMMYHHBIH 0TBeT. ['ensl TNF n LTB xomupyloT O0enku u3
cemeiicTBa OesikoB (hakTopa HEKpo3a OIyXoJed, B KOTOpoe
BXOIAT okojio 48 6enkoB (Kim et al., 2005). O6a rena OpuTH
WACHTH(UINPOBAHBI KaK MOTCHIIMATIbHBIC TeHBI-KaH/INAaThI
IIPH ITOJTHOTE€HOMHOM aHaJIM3€ acCOLMAIi ¢ UHOUIIMPOBAHHU-
em BJIKPC (Carignano et al., 2018). Amnens G B mpomoTope
rena TNF, na pacctosiuuu 824 1. H. OT cTapTa TPaHCKPHUIILHH,
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ACCOLIMUPOBAH C pa3BUTHEM JMM(OMBI y BUPYCOHOCHTEIIEH
neiiko3a KPC, MOBBIIIIEHHBIM YHCIIOM ITPOBUPYCOB B TCHOME
U HU3KOH TPaHCKPUITIIUOHHON aKTUBHOCTBI0 IpoMoTtopa TNF
npu JrourdepazHom anaiuse in vitro (Konnai et al., 2006;
Lendez et al., 2015). HokayT »TOoro reHa y MbIIIIei fefaeT ux
OoJiee YyBCTBUTEIBHBIMH K BBE/ICHUIO IIA3MUIbI, COJIEpIKa-
el HyKJICOTHIHYIO TocienoBareabHocth BIIKPC (Miiller
et al., 2003). benox LTB cuHTe3MpyeTcs akKTHBHPOBAHHBI-
mu T- n B-numdonnramu, ecrecTBEeHHBIMU KHIIEpaMu, 00-
pasyer rereporpumMep ¢ JUM(POTOKCHHOM-alib(a U, TAaKUM
00pa3oM, «3asKoprBaeT» TUM(OTOKCHH-aIb(a Ha KIETOY-
Holt MmeMmOpane nuMdormra (Nakamura et al., 1995). Takoit
reTepoTpuMep (YHKIMOHUPYET Kak JIMTaHd JUls peLentopa
TNFRSF3/LTBR n yyacTByeT B pa3BUTHH HMMYHHOTO OTBETA,
oOecrieunBast MEXKJIETOUHYI0 kKoMMyHHKaruio (Crowe et al.,
1994). Cunraercs, uto ocHoBHas pyHkuust LTB 3akmtouaercs
B CTUMYJIUPOBAaHHUH PA3BUTHS TUM(OUTHON TKaHH, B IEPBYIO
odepenp mMbarnueckux y3mnos (Onder et al., 2013).

T'enst BOLA-DQAI u BOLA-DRB3 oTHOCATCS K TeHaM
TJIaBHOTO KOMIIJIEKCA COBMECTHUMOCTH, JOKAJIU30BAaHHOTO
Ha xpomocome 23. [Toka3aHo, 4TO pazIMYHbIC ajuIe)I I'eHa
BOLA-DRB3 accouuupoBaHbl ¢ 4yBCTBUTEIBHOCTHIO/pe-
3uCcTeHTHOCTHIO K nHpuImposanuio BJIKPC (Lewin, 1994).
[To-BuaMMOMY, PE3UCTEHTHOCTD K BUPYCY CBsI3aHa C IIPHCYT-
CTBHEM IOJIIPHOTO MOTHBA B no3uuusix 70—71 nonunenTtuia
B 00J1aCTH BEPOSTHOTO MTENTHA-CBI3BIBAIOIIETO JoMEHa (Xu et
al., 1993). Amexs DRB3.2*0902 mocToBepHO accOnUUpOBaH
C FEHETUYECKOW YCTOMYMBOCTBIO K Pa3BUTHUIO IIEPCUCTEHT-
HOTO TMM(pONINTO3a U MOHWKEHHBIM YHCIOM IPOBHPYCOB
(Juliarena et al., 2008). Amment BoOLA-DQA1*0204 u BoLA-
DQA1*10012 6butn accOUMUPOBAHbI ¢ HU3KOW U BBICOKOI
MIPOBUPYCHOM Harpy3koit coorBeTcTBeHHO (Miyasaka et al.,
2013).

[TsaT1it 13 yncna Hanboee 3HaUUMBbIX TeHOB — ATF2. OH
KOAMPYET TPAaHCKPUIITMOHHBIN (pakTop activating transcrip-
tion factor 2, u3Bectusiit Taxke kak CREB2 (Cyclic AMP-
responsive element-binding protein 2). benok ATF2 criocooen
WHIyIIIPOBaTh 3KCHPECCHIO JATMHHOTO TEPMHUHAIBHOTO TO-
Bropa BJIKPC in vitro (Willems et al., 1992).

['pyrna, BKIrOYaBIIas BaJuaTh CISAYIONMX O 3HAYHUMO-
ctu TeHoB (0T 3 1o 3.36 Oamna), comeprxana CyIIeCTBEHHOE
KOJIMYECTBO T'€HOB, CBSI3aHHBIX ¢ (PyHKIIMOHUPOBAHUEM HM-
MyHHO# cuctemsl (Tabi. S15). Cpean Takux reHoB 0wt L7A4,
KOAMPYIOITHIA TUM(POTOKCHH-aTb(]a, OTHOCSIIUIICS K ceMeii-
cTBy OenkoB (hakTopa Hekposa omyxonel (Kim et al., 2005).
VYpoBeHb Oeska LTA B KpOBH SIBJISIETCS] XOPOLINM MTPEAUKTO-
pom cxopoctr pazsutus CIINJ] y BUY-nHpHIMPOBaHHBIX
narnentoB (Medrano et al., 1998). IllecTs U3 1BaALATH FEHOB,
MMEBIIHX OLCHKY OT 3 10 3.36 6ayuta (IL2RA, IL6R, IL10, IL6,
IL1B, IL18), xoqupyIoT HHTEPICHKUHBI H/FITH UX PEIeTITOPEI,
u tpu rera (CD3E, CD2, CD19) KonupyIoT HOBEpPXHOCTHBIE
AQHTUTEHBI, DKCIIPECCUPYIOIIUECS Ha JIUM(POUIHBIX KIETKAX.

Takum o6pazom, Hamu cosaH Karanor reHoB KPC u gpyrux
BUJIOB MIICKOIIMTAIOIINX, BOBJICUCHHBIX B IIPOIIECC MTATOTeHE3a
undpexun BJIKPC, Brimouaromuii 446 renos. [Tpuoputnsa-
IsI IOJTyYEHHOTO CIICKA TeHOB METOZaMH OHOMH(OpMaTH-
K TIO3BOJIMJIA BBIICJIUTD MSITh HAaHOOJIEe BEPOSTHBIX T'€HOB-
KaHJI1/IaTOB, KOTOPBIE MOTYT BJIMSTH HA YyBCTBUTEILHOCTH/
ycroitunBocTh KPC K 3a00meBaHIIO JTEHKO30M. DKCIIEPTHBINA
aHAJIM3 JAHHBIX JIUTEPATYPhl BBISBII TOTEHIIMAIBHYIO BO3-
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MOXHOCTh YYacTHUs KaXI0T0 U3 ISTH BHICOKOITPHUOPUTETHBIX
TEHOB B MaTOreHe3e 3a00J1eBaHMs, TOATBEPANB TEM CaMbIM
3¢ PEKTUBHOCTH BEIOPAHHOTO HAMH METO/1a TIPHOPUTH3AIIH.
JlanbpHel1ne SKCrIepUMeHTaIbHbIE HCCIIEIOBAaHUS ITUX T€HOB
MO3BOJISIT MONYYUTh HH()OPMAIHIO, 3HAYUMYIO /ISl TOHMMa-
HUS MEXaHM3MOB naroreHesa Jieiikoza y KPC, uto kpaiine
B)XHO JUIsl BBIPAOOTKU MPAKTHYECKHX PEKOMEHIALNU ISt
JMKBHUIALUH 3TOH BUPYCHOM MH(MEKIMU, B TOM YHCIE C M0-
MOII[bIO TEHOMHON U MapKep-aCCOLMMPOBAHHOMN CENEKIMH.
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TpaAVLMOHHO OCHOBHBIMYM CTPYKTYPaMu MO3ra, y4acTBYIOLWMMM B 3a-
NOMUHaHUN NHbOPMaLMK, CYNTAOTCA OTAENbI, KOTOPbIE OCYLLEeCTBAA-
10T BTOPUYHYI0 06paboTKy ceHCopHOM nHbopmaummn. OfHako B nocnes-
Hee BpemMs MNOABUINCH AaHHbIe O PO CEHCOPHOW MNACTUYHOCTY B
peanv3aumm NpoLeccoB 3anomrHaHuA. B HacToAwen pabote meTogom
MapraHeu-ycuneHHon MPT nccnefoBaHo BRvsAHMeE onbpakTOPHOro ac-
coumaTMBHOro obyyeHuns Ha GYHKLMOHANbHYIO aKTVBHOCTb HENPOHOB
0OOHATENIbHOIO 3MUTENNA B OTBET Ha MHANPOEPEHTHbIN CTUMY, B Ka-
YecTBE KOTOPOrO BbICTYNaso anesbCcnHoBoe Maco. O6HapyKeHO, UTo
Takana nepudepmnyeckas CTPyKTypa 060HATENBHON CUCTEMbI B3POCSIbIX
MblLLel, Kak 000HATENbHbIN 3nuTennin (03), AeMOHCTPUPYET 3aBUCH-
My!0 OT OfbITa NACTUYHOCTb. B Hallem sKCneprMeHTe YCOBHOE KOH-
OVLMOHMPOBaHKEe NPUBENO K U3MEHEHNIO NaTTePHOB HAaKOMNeHWA
Mn?*, aroHncTa KanbLmMeBbIX KaHanos, B kneTkax O3 B OTBET Ha 3anax
anenbCMHOBOrO Mac/a B CPABHEHUW C KOHTPOSIbHON FPyMnoW 1 XKUBOT-
HbIMU, KOTOPbIM ObIN NPefNoXeH 3anax 6e3 nogkpenneHua. Ans nu-
TeprpeTauuy NonyyYeHHbIX Pe3ysibTaToB COMOCTaBAANOCH pacnpenene-
HMe KOHTpacTa No 30HaM 06OHATENbHON JlYKOBHULbl B OTBET Ha YCNOB-
HblIiA 3aMax y 06yYeHHbIX XUBOTHbIX U Y KOHTPOJbHbIX XMBOTHbIX, KOTO-
pbIM NPeAoCTaBAANY aneibCUHOBOE MAc/I10 B TPEX KOHLEHTPaLMAX:
NCXOAHON (MCNonb3oBanach NPV KOHAULMOHMPOBaHMN), B 4 pa3a 60mb-
Lweli 1 B 4 pa3a MeHbLueit. TOCKOMbKyY B rpymnne 0byueHHbIX XXUBOTHbIX 1
KOHTPOJIbHbIX, KOTOPbIM NPeLbABAANN CTUMYN B 4 pa3a 6osblueil KOH-
LeHTpaLum, NonyyeHHble naTTepHbl akTueauumn O3 coBnanu, MOXHO
3aK/0YNTb, YTO aCCOLMATMBHOE KOHANLMOHNPOBAHME YBEINYMIIO YyB-
CTBUTENbHOCTb HeMpoHOB O3 K yCNOBHOMY CTUMYJTY, UTO COrnacyeTca

C NPOBEAEHHBIMY Ha TEX »Ke XKUBOTHbIX MOBEAEHUYECKMMY TECTUPOBA-
HuAMKN. Habnogaemoe ycuneHre oteeta O3 Ha 3anax anenbCMHOBOrO
Macsa MOXET, C OJHOW CTOPOHbI, ObITb Pe3ynbTaToM HellporeHesa, T. e.
06pa3oBaHNA HOBbIX 0OOHATENbHbIX HEPOHOB, pearpyLLMX Ha AaH-
HbI CTUMYJ, @ C BPYro — CNeACTBMEM YBENMYEHUA UHTEHCUBHOCTMI
oTBeTa KaxaoW oTaAeNbHON KneTkn. OCHOBbIBAACh Ha fJaHHbIX MO HaKon-
nexunio MPT-KoHTpacTa B 060HATENbHbIX HEMPOHaX, MOXHO FrOBOPUTL O
6oree BEPOATHOM YBESIMUYEHNM YyBCTBUTENBHOCTH O3 3a CYET CeHCop-
HOW NNaCTUYHOCTH, @ He 3a CYET HelporeHesa. Takm 06pa3om, CeH-
copHas nnacTnyHocTb O3 Urpaet 3HauUMyto Posib B GOpMMpPOBaHUN
HEeNpOoHaNbHOro OTBETa Ha NPeAOCTaBIeHE 3HaYanbHO nHANbde-
PEHTHOrO 3aMaxa 1 ABAAETCA YaCTbio NPUCNOCOOUTENBHBIX PeaKkLui
YKVMBOTHOTO K U3MEHAIOLWMMCA YCIOBUAM Cpefbl.

KnioueBble cioBa: onbdpakTopHoe 0byueHmne; CeHCoOpHasa NnacTny-
HOCTb; 0BOHATENbHbIV SNUTENNIA; MapraHeL-yCUeHHas MarHUTHO-pe-
30HaHCHaA Tomorpadus.
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Traditionally, studies of the neurobiology of learning
and memory focus on the circuitry that interfaces be-
tween sensory inputs and behavioral outputs, such as
the amygdala and cerebellum. However, evidence is ac-
cumulating that some forms of learning can in fact drive
stimulus-specific changes very early in sensory systems,
including not only primary sensory cortices but also
precortical structures and even the peripheral sensory
organs themselves. In this study, we investigated the
effect of olfactory associative training on the functional
activity of olfactory epithelium neurons in response to
an indifferent stimulus (orange oil). It was found that
such a peripheral structure of the olfactory system of
adult mice as the olfactory epithelium (OE) demon-
strates experience-dependent plasticity. In our experi-
ment, associative learning led to changes in the patterns
of OE cell activation in response to orange oil in compa-
rison with the control group and animals that were given
odor without reinforcement. To interpret the results
obtained, we compared the distribution of MRI contrast
across the zones of OE in response to a conditioned
odor in trained animals and in control animals that
were given orange oil at three concentrations: original
(used for conditioning), 4-fold higher and 4-fold lower.
Since the OE activation patterns obtained coincided

in the group of trained animals and controls, which
were stimulated with orange oil at the 4-fold higher
concentration, it can be concluded that associative
conditioning increased the sensitivity of the OE to the
conditioned stimulus. The observed increase in OE re-
sponse to orange oil may be the result of neurogenesis,
i.e. the maturation of new olfactory neurons responsive
to this stimulus, or the consequence of an increase in
individual sensitivity of each OE neuron. Based on data
of MRI contrast accumulation in mouse OE, the sensory
plasticity way in learning-induced increase in sensitivity
of OE to conditioned stimulus is more possible. Thus,
the sensory plasticity of the OE plays a significant role in
the formation of the neuronal response to the provision
of an initially indifferent odor and is part of the adaptive
responses to the environmental changing.

Key words: olfactory learning; sensory plasticity;
olfactory epithelium; manganese-enhanced magnetic
resonance imaging.



araxy UrparoT BKHEHIIYIO POJIb B )KM3HHU MIICKOIIHUTA-

IOMINX, TPEIOCTABIISISI 0COOM CBEJICHNUS O MOJIOKEHUH B

MIPOCTPAHCTBE NMUIIN M XUIIHUKOB. [lo3aToMy croco6-
HOCTh K 3allOMHHaHHIO HOBOH 3araxoBoil mHpopmanuu,
KOTOpas TaK MJIM MHAUe MOKET OKa3aTh BIMSHNC HA BBDKUBAC-
MOCTb 0COOH, SIBIISICTCS OJTHAM M3 HEOOXOIMMBIX 3JalITUBHBIX
CBOICTB oprannsma. B 0osb1oit yact HelipoOHOIOrHYECKIX
HCCIIEZIOBaHNUI, TIOCBSIIIEHHBIX MEXaHU3MaM OOyUCeHNS U T1a-
MSTH, B KQUE€CTBE OCHOBHOMW THUIOTE3bI pacCMaTpUBAIOT pas-
JIMYHBIE CXEMbI B3aMMOACHCTBHUS MEXKILy CEHCOPHBIM BXOJIOM
U CTPYKTypaMH, OTBETCTBEHHBIMH 32 PEATN3alNIO TTIOBECH-
YECKOW MPOTrpaMMbl, TAKUMH KaK THIIITOKAMII, aMUIaNa 1
Mo3keuok (Gao, Suga, 2000; Weinberger, 2011). Onnako B
LIEJIOM Psifie MCCIIEI0OBaHUI MOKa3aHO, YTO MPU HEKOTOPBIX
(hopmax o0yueHus CTUMYII-ciel(uuecKre N3MEHEHHS MOTYT
MIPOUCXO/IUTH HE TOJIBKO B KOPTHKAJIBHBIX CTPYKTYpax o0Opa-
60TKM MH(OpMAINN, HO M HEMOCPEACTBEHHO B CEHCOPHBIX
kierkax (McGann, 2015). ITpr 5TOM KOHKPETHBIE MEXaHU3MBI
peanu3aluy CTpyKTypPHOH MJIaCTUYHOCTH CEHCOPHOT'O BXO/Ia
JI0 cux mop crabo m3ydeHsl. B manHO# pabore Ha Momenn
ACCOLMATHBHOTO OJIL(AKTOPHOTO 00yUYEHUsI OBLTH ITPOBE/ICHBI
uccienoBanus QyHKIMOHAIBHBIX U3MEHEHUI B OOOHSTEIb-
HBIX HEHPOHAaX MBIIIN, HHIYIHPOBAHHBIX KOHIUIINOHUPOBA-
HHEM C TIOMOIIBIO 3aIIaXOBOTO CTHMYIIA.

B cocTaB 000HSATETHLHOTO SIUTEINMSI BXOASAT TPU BUJIA KIIe-
TOK: OIIOpPHbIE, OOOHATENILHBIE PELENTOPHBIE U Oa3aIbHBIE.
bBazanbHbIe KIETKH SIBISIFOTCSI CTBOJIOBBIMH U CIIOCOOHBI Jie-
JUTHCS U U PEepeHIIMPOBaTHCS KaK B OIIOPHBIE, TaK U B Pe-
HenTopHbIe 000HATENbHBIE KIeTKH (Moulton, Beidler, 1967;
Schwob et al., 1995). OnopHsle Ki1eTKH HeCcyT (PyHKIIH H30-
JSIMK PELENITOPHBIX KIETOK, BRIPAOOTKH MYKOIOJIHCaxa-
punos (Getchell, 1986). PeientopHbie KITETKH PEICTABIISIOT
co0oi1 dunossipHBIe HEHPOCEHCOPHBIE KIICTKH, PACIIOIOKEH-
HBIE MEXJly OTNIOPHBIMH M 0a3ajibHBIMU KJIETKaMH, aKCOHBI
KOTOPBIX MAYT M3 HOCOBOH ITOJIOCTH B MO3T UEPE3 PELIETUATYTO
KOCTh M 00pa3yloT CHHAIChl C MUTPAJIBbHBIMU KJICTKAMH B
IJIIOMEPYIISIPHOM cJioe 000HsATeNbHOM JyKoBHILBI (OJI).

ObonsTenpHas WHPOpPMANKS TTEPBOHAYATHHO MPEICTaB-
JsieTCsl MaTTepHaMyi HEHPOHHOW aKTUBHOCTH HEHPOHOB OJb-
(hakroproro snutenus (0OD) — 00IUPHOI U (PyHKIIMOHATEHO
pa3Ho00pa3HON MOMYISAINH BO3OYIUMBIX KJIETOK C peIler-
TOpPaMH 3aMaxOBBIX CTUMYJIOB Ha ITOBEPXHOCTH, KOTOPBIX y
Mbitiei okoso 1300 tunos (Zhang, Firestein, 2002). B kax-
noMm Helpore OD sKcmpeccupyeTcs KaKOH-TO OJUH THII
onbdakTopHoro perentopa (OP). HelipoHBI ¢ OMMHAKOBBIM
tuniom OP Ha TOBEpXHOCTH, HECMOTpPS Ha TO, YTO PaBHO-
MEPHO pacCHpeieNIeHbl TI0 HOCOBOH MOJIOCTH, MHHEPBUPYIOT
OZIHY U Ty ke roMepyiy B OJI. Takum 0oOpazoM, ceHCOpHbIE
HEHPOHBI MPEACTABISIOT O00OHITEIBHYIO HH(GOPMALIUIO B
MO3T B popMe CTUMYI-CIIETTM(PUIHBIX KOMOMHAITII BXOTHBIX
CUTHaJIOB K Kiryooukam OJI. DTu marTepHbI INIOMEPYISIPHOTO
BBOJIa CITy»KaT OCHOBOH JIJIsl BCe TOCIeayoMIeiH 00paboTKu
obonsarensHOM nHPOpMarun (Carey et al., 2009).

MarnutHo-pe3oHancHas Tomorpadus (MPT) Bkirouaer
B ce0sl LIeNbIi psiji METOIOB, KOTOPBIE TIO3BOJISIIOT UCCIIE0-
BaTb HE TOJIBKO MOP(OJIIOTHIO PA3IHYHBIX CTPYKTYp, HO U
JMHAMHKY Pa3HBIX mpoueccoB. OnuH u3 (QyHKIMOHATBHBIX
METO/IOB Ha OCHOBE IJIEPHOTO MarHUTHOT'O pE30HAHCa — Map-
ranen-ycmwiennas MPT (MY MPT). Uorsr Mn?" senstrorcs
AQrOHMUCTAMHU TOTECHINAJ-3aBUCUMBIX KaJbIIMEBBIX KaHAJIOB

Ddusnonormyeckas reHeTuka

U 4epe3 HHUX CIOCOOHBI NPOHMKATh BHYTPb KieTku (Aoki
et al., 2004). bnaromapst 3TOMy CBOHCTBY MOHOB MapraHIia,
BO3MOXKHO ipuMeHATs MY MPT 115t otieHKH (YHKIIMOHATB-
HOW aKTUBHOCTH HEHPOHOB, B YACTHOCTH OJIb(haKTOPHBIX
(Pautler, Koretsky, 2002). [TockonpKy MapraHer sBISETCS
napamarHeTukoM, nousl Maprania (II) cnoco6nsr cokpamniars
BpEeMsl CIIMH-PELIEeTYaTON pejlakcaluu IPOTOHOB B IIOCTOSIH-
HOM MarHuTHOM I0JI€ IIPU BO3JAEHCTBUU PaJuOyacTOTHON
nocnenoBarenbHocTh (T1 penmakcamnus), T.€. MOTYT BBICTY-
narb B Kauectse no3utuBHoro MPT-kontpacta. [loatomy
¢ momompio MPT MOXXHO OIeHHWBATh HaKOIIeHHe Mn2*
B HCCIielyeMoll TKaHW. B mepBoM NpuOIMKEHNH YPOBEHb
AKTUBHOCTHU KJICTOK TKaHU B OTBET HA CTUMYJI 6y)leT npsaMo
npornopuroHalieH ypoBHio MPT-curnaina, KoTopblii 3aBUCUT
OT YPOBHS aKTUBHOCTH KaJIbI[UEBBIX KaHAJIOB. JlaHHBII METOX
He TpeOyeT MCIOJIb30BaHKsI HApK0o3a M HANPSIMYIO OTPa)KaeT
axtuBHOCTE Ca?*-KaHamoB. KpoMe TOro, OH MO3BOIISIET i Vivo
OLICHMBATh CKOPOCTh aKCOHAJIBHOTO TpaHcropTa (Smith et
al., 2007).

Taxum 00pa3om, 11eNTb HaCTOSIIEeH paboThI COCTOSIIIA B TOM,
YTOOBI HCCIIEIOBATH POJIb CEHCOPHOM IITACTUYHOCTH B (DOPMH-
pOBaHUU OJIb(GAKTOPHOM HaMsiTH. J{yist 3TOTO0 i1 Situ MBI IPO-
BEJIN OLIEHKY BIMSHHSA aCCOLMaTHBHOTO KOHAUIIMOHUPOBAHHUS
Ha (DYHKIIMOHAJIBHYIO aKTHBHOCTH HelipoHoB OO B OTBET Ha
YCIJIOBHBII 3al1axoBbli cTUMyJl MmeTonoM MY MPT.

MaTtepwuanbi n metopbl
/KuBornsie. Pabora BbinonHena Ha 0ase LleHTpa reneru-
YECKHX PECYPCOB JIaOOpPATOPHBIX KMBOTHBIX MHCTHTYyTa
uutosioruu v renetuku CO PAH. DkcniepuMeHThbI TOCTaBIeHbI
Ha camiiax Meieit SPF-craryca nnopeanoii inann BALB/C
B Bo3pacte 8—10 Hex. (25-28 1). [Tocne orcaaku B TpexHe-
JISTHOM BO3PACTEe M JI0 MCCIICTOBAHUN MBIIIEH COICpKaIN
IpyINIamMy 1o MATh 0co0eil OJHOTO ToJIa B CTaHJApTHBIX
kieTkax (35 %25 %12 cm) npu Temmeparype 22-24 °C u uc-
KyccTBeHHOM cBeToBOM pexkume 14C: 10T. bpuketupoBaHHbIH
kopM («Yapay, [TaBnosckuii [Tocan) n Bomy 10 Havyasa oOy-
YeHHS MBIIIH TToNy4yanu ad libitum. B kadecTBe MONCTHIIOU-
HOTO MaTrepHaja MCIOIb30Ball 00CCIIBUICHHBIC IPEBECHBIC
ONWIKU. Bce MaHUITIISLUY C )KUBOTHBIMU OBLITH IIPOBEJICHBI
B COOTBETCTBHH ¢ ObnoaTnaecknMu Hopmamu (ITpotoxomn 6no-
stryeckoit komucenu Ne 16-02-020 ot 15.08.2016).
OabpaxTopHoe 00yueHue MPOBOIUIIN, UCIIONB3YS B Ka-
yecTBe MHAN(PPEPEHTHOTO 3aMIaXOBOTO CTUMYIA aIleIbCH-
HoBoe macio (1 % BoxHsIi pacTBOp). B mporecce o0ydenus
JKUBOTHBIX COZIEPKAJIM B YCIOBHUAX OTPAHUYEHHOTO JIOCTYTIA
K kopmy. [IpenocraBieHne rpaHyi ebl CITy K0 TTOIKPEILIs-
I0IUM cTUMYJIoM. VcxonHas BeIOOpKa ObuTa paszeneHa Ha
TPH TPYHIBL: )KUBOTHBIE, Y KOTOPBIX MPEIOCTaBICHUE €/Ibl
OBUIO COBMEIIEHO C BO3JEHCTBHEM 3aMaXxOBBIM CTHMYJIOM
(ctumyn ¢ konauionupoBanueM, CK+, n = 6); KUBOTHBIE, y
KOTOPBIX IPEIOCTABICHHE €/1bI U 3a11aX0BOT0 CTUMYJIa ObLTH
pasHecensl Ha 30 MHH BO BpeMeHH (CTUMYN 0e3 KOHIUITH-
onuposanust, CK—, n = 6); KOHTpOIbHAs IPyIIa, KOTOPHIM
3araxoBbIil CTUMYIT HE MIPEIbABISUICS, KAK U B APYTHUX TPYTI-
Tax, ’KHBOTHBIE TTOTy9alii KOPM JBa pa3a B eHb (KoHTpos,
n = 6). B nponecce o0y4deHHs KJIETKy B T€UCHHE 2 MUH
MIPOyBAJI BO3AYXOM, COAEPKAIIMM 3alax aneJbCHHOBOTO
Macja, M0 OKOHYaHUH YEero XMBOTHOE IOTy4Yano TPAHYIIbI
kopma. OOydeHue MpOBOAMIN 2 pa3a B CYyTKH B TEUCHHE
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14 nHel, mpH 3TOM >KUBOTHBIX COZEPKANIN MHANBUIYAIBHO.
Jlnist moaum cTUMyIia HCTIONIb30BalIN ONNb(aKTOMEp CIIETyIo-
el KOHCTPYKIMK: BO3LyIHbIH Hacoc (Barbus SB-348A) ¢
MIOMOIIbIO CHIIMKOHOBOTO IIJIAHTa U MJIACTHKOBOIO HOCHKA Ha
1 MJT cCOeIMHSAIICS C 3aKPBITOM KIIETKOM, B KOTOPOI HAXOIUIACH
TecTHpyeMast 0co0b. B macTHKOBBIM HOCHK, BCTaBJICHHBIH B
OTBEPCTHUE /I TIOWJIKH B KPBIIIKE KJIETKH, MOMEIAIH KyCOK
(unsTpoBanpHOI Oymaru (0.5 X 2 cM), Ha KOTOPYIO HAHOCHITH
20 mk1 1 % anenbcuHOBOro Macia. Bo Bpems npeabsBieHus
3ar1ax0BOT0 CTUMYJIa HOCHK OT aBTOITUIIETKH POy BaIH BO3-
JIyXOM €0 cKopocThio 200 MiT/MUH.

OabdpakropHbiii TecT. [loBeneHueckoe TeCTUPOBAHUE
MPOBOJIMIIN yepe3 iBoe cyTok nocie MPT-ckanupoBanus u
HapKoTu3anuu. Ha JiBe mpoTHBOMONIOKHbIE CTEHKN KIIETKH, B
KOTOPOH COZIEepKaI0Ch JKHBOTHOE, TIPUKPETIIISIIH C TOMOIIBIO
CKOTYa J1Ba Kycka (pribTpoBalibHOI Oymaru (2 X 2 cm). Jlanee
TECTUPYEMOMY KHBOTHOMY J1aBaJIM CBOOOTHO TIEPEMEIIAThCS
IO KJICTKE B T€UEHHE 5 MUH, I10CJIE Yero, He BBIHUMAsl MBIIIb
U3 KJIETKH, Ha (QUIBTPOBAIIbHYIO Oymary HaHocwin 20 MK
pacTBopa anerbCHHOBOTO Macjia WM JTUCTHIUINPOBAHHOMN
BOZIBI (pHuc. 1, 6). 3areM B TedeHHE 3 MUH € TIOMOIIBIO (-
POBOI KaMepbl PETUCTPUPOBAIIN [TOBEIEHUE XKUBOTHOTO. JlJ1st
OLIEHKH TTOBEJICHYECKOT0 OTBETA )KMBOTHOTO HA MPEI0CTaB-
JIsieMBbIE 3aITaX0BbIE CTUMYIIBI HA TIOJTyYEHHBIX BUCO3AITUCIX
TO/ICUMTHIBAIM BpeMsl OOHIOXMBAHUS KQXK/I0T0 KycKa (UIIBT-
poBabHOM OyMaru u BpeMs HCCIIeIoBaHUs KOpMyIiku. O0-
HIOXMBaHHEM CUNTAIIOCH BCTABaHHE HA 33 JHHE JAITKU PSIOM
C 3aMaXx0OBBIM CTUMYJIOM (CcM. puc. 1, 6).

Mapraneu-ycusneniass MPT. Ilpu uccnenoBanuu ax-
TUBHOCTU HEHpOoHOB OO MBbIIIEH B OTBET HA NMPEABSBICHHE
3a1axoBoro crumyna meronoM MY MPT kpurtepueM oneHku
BhICTyHA) ypoBeHb MPT-curnana B moMepyssipHOM CJI0€ OC-
HoBHOM OJI, KOTOPBI 3aBUCEN OT JIOKATbHON KOHLIEHTPALUU
Maprasua. Mcxost u3 Halmx 3KCIIepUMEHTOB U AAHHBIX JH-
Teparypbl, HAKOTUIEHUE HOHOB Maprania (Mn2") B Heliponax
ocHOBHOW OJI BEICOKOIOCTOBEPHO KOPPEIHUPYET C YPOBHEM
AKTHUBHOCTH KaJIbLIUEBBIX KAHAJIOB KJIETOK OOOHSTEILHOTO
snmrenus (Aoki et al., 2004). JlokanpHYI0 KOHIIEHTPALIUIO
Mn?* B momepyisipaoM ciioe OJI BeIpakaiy Kak OTHOLICHHE
ypoBHst MPT-curnana B uccienyeMbix o0acTsIX K YPOBHIO
MPT-curnana B peepeHce, KOTOPBIM CITYXKHJIa MHKPOIIPO-
6upxa c pocharasiv Oydepom (0.5 M), MOMeEnIeHHas! BIOIb
rosioBsl MblH. MPT-ckanupoBaHue MPOBOAMIN uepe3 2 4
MOCJIe TPEBABICHHS 3aIIaX0BOTO CTUMYJIA.

JUis OLIeHKH NaTTEPHOB aKTHUBALUU HEHPOHOB OO B OTBET
Ha 3aMaxoBbIi CTUMYJ, MBIIIAM HHTPAaHa3aJbHO BBOIMIN
10 Mk 10 MM pacTBOpa XJI0pHIa MapraHIia, IIOCIe YeTo KH-
BOTHOE TTOMENIali 00paTHO B KJIECTKY M JaBAJIM 3aMaxOBBII
cTuMya cepusMu o 4 MuH (1 mun ctumyn ON + 3 MuH CTH-
myn OFF). Kaxzprit 3amax sxcronnpoBaics 4 pasa. UToOs!
CHM3UTH KOHIIEHTPALIMIO CTUMYJIA U TPEAOTBPATUTH CEHCUTH-
3anuio HeilipoHoB O3, Mex 1y NpeI0CTaBICHUIMH KIETKY, B
KOTOPOH JKUBOTHOE COAEPKAIOCh HE MEHEE CYTOK JI0 Hadasa
9KCTIEPUMEHTA, TIPOTyBaJIM YUCTHIM BO3tyxXoM. [Tpu kaxaom
NPEJIbsIBIICHUH UCTIOB30BAJIM HOBBIN KYCOK (PUIIBTPOBAIbHOM
OyMaru ¢ HaHECEHHBIM Ha HETO TECTUPYEMbIM BEIIIECTBOM.

Haxomnenne nonos mapranua B OJI Mbimm Obl1o mccie-
JIOBAHO C TIOMOIIBI0 MarHUTHO-PE30HAHCHON ToMorpaduu
Ha CBEpXBBICOKOMONBEHOM ToMorpade BioSpec 117/16 USR
(Bruker, I'epmanus) — 11.7 To.
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3a 3 MHUH 10 HCCIeI0BaHNs MBIIIEH 00€3IBIKHUBAIN T'a30-
BOM cMechio (4 %) nzodmropana (Isofluran, Baxter Healthcare
Corp., CIIIA) u Bo3myxa IpH HTOMOIIM HAPKO3HOTO armapara
(The Univentor 400 Anaesthesia Unit, Univentor, Masbra).
Temmneparypy >KUBOTHBIX ITOJJIEPKUBAITH C TOMOIIBIO BOIHO-
TO KOHTYpa B TOMOTpa(uiyeckoM CTOJIMKEe-KPOBaTKe, NMEB-
mem Temnepatypy nosepxnoctu 30 °C. [Tog HUKHIOIO YaCTh
TYJIOBUINA MTOMENIATN MHEBMATHUECKUN NaTUUK IBIXAaHUS
(SA Instruments, Stony Brook, N.Y., CIIIA), 4To mo3BoJIsII0
KOHTPOJINPOBATh INTyOMHY HapKo3a.

WHudopmanus o pacnpeneneHny HOHOB MapraHiia B Ipe-
Jienax oOOHSTENFHON JIyKOBHUIIBI MBIIIN OblIa ITOJydeHa C
nomolnpto T1-B3BelIEHHBIX H300paKEHHUIT ¢ UCTIOIb30BaHHU-
em meroga RARE (rapid acquisition with relaxation enhance-
ment). [TapamMeTpsl UMITYIBCHON TOCIIEIOBATEIBLHOCTH Me-
tona: TE = 10 mc, TR = 400 mc. [TapameTps! n300paskeHus:
pasmep 1.8 x 1.8 cm; marpuma 256 X256 To4ek; TONIIMHA
cpesa 0.5 mM; pasmepsl Bokcenst 75 pmMx 75 umx 0.5 Mm;
paccTositHue Mexay cpezamu 0.5 MM; KOTUYECTBO CPE30B 9;
OpHEHTaIus cpe3oB kopoHapHas. O61ee BpeMs CKaHUPOBa-
HUSI COCTABIISUIO 7 MUH.

IIpensaputensuyto 00pabotky MPT-ckaHOB BBITONHSIIH
B mporpamme ImageJ. O6paboTka cocTosia U3 HECKOIBKIX
9TaIoB: BEIPABHUBAHUE N300PAKECHHUH 110 TOPU3OHTAIH, BbI-
JIeJIeHHe TPaHUIl MO3Ta MbIIIN, U3MEHEHUE pa3MepoB H30-
OpaxeHus. BolpaBHUBaHNE TEOMETPUN M Pa3MEPOB MO3Ta
MIO3BOJIMJIO CPaBHUTH ypoBeHb MPT-curnana B OTAEIBHBIX
obnactsax ocHoBHoit OJI y pasubix ocobeit. [[is ananusa
MOJTyYEHHBIX PE3YIBTaTOB MIOOYIISIPHBIH CII0H 00OHATEIBHBIX
JIYKOBHII Ha KaXJIOM cpe3e ObLT YCIIOBHO pa3yiesicH Ha 12 00-
nacteit. Beero na OJI npuxonunoch natek cpe3oB. Takum 00-
pasom, ucxogHoe paspernenne MPT-ckaHa 06110 yMEHBIIIEHO
710 250 um x 250 um x 0.5 mm. B mpenenax atux 12 obnacreit
ypoBeHb MPT-curnana ycpenHsics, Hocie 4ero npoBOIUIn
pa3IUYHBIC MEXIPYIIIOBBIE CPABHEHHS M, TAKUM 00pa3oM,
OLICHMBAJIM N3MEHEHHSI HEHPOHAIIbHOM aKTUBHOCTH B OTBET
Ha 3aI1axoBblii cTUMYIIL. Jlasiee Jyist BU3yalii3alyu oy YeHHbIX
PEe3yIbTaTOB MCIONIb30BAIH ABYXMEPHYIO «KapTy» OIb(ak-
TOPHOM JIyKOBHIIBI, T/IE TT0 OCH a0CIMCC pacIioyiarajii HoMep
obnactu (1-12), a mo ocu opuuHar — Homep cpesa (1-5),
C MOMOIIBIO TICEBJOOKPAIINBAHIS KOAUPOBAIN 3HAUCHUE
t-xputepust CTbIOICHTA, XapaKTEPU3YIOIIETo I0CTOBEPHOCTD
OTJINYUH JIBYX T'PYIII IO HAKOIJIEHUIO KOHTpAacTa B JaHHOU
3oHe OJIL.

Craructuka. {7151 OIICHKH B3aMMOCBSI3U JIBYX ITATTEPHOB
akTrBanuu OO UCIIOIB30BAIIM HenapaMeTpuiecKuii koaddu-
IMEeHT Koppersinnu Criupmana, Asl MHOKECTBEHHBIX CpPaB-
Hennit cpenaux — LSD-tect (Least Significant Difference).
Jlanubie BeIpaxkanu kak cpeanee+ SE.

Pesynbratbl

NMoBeaeHYeCKUIn OTBET MbiLLEN

Ha YyC/1I0BHbIIA 3aNaxoBblil CTUMYN

Jnst nccnenoBaHusl POy CEHCOPHOM IJIACTUYHOCTH B pea-
TU3AIMHA MEXaHU3MOB OJTb()aKTOPHOM ITAMSATH MBI HA IEPBOM
JTare MPOBEIH OIECHKY (OPMUPOBAHUS MOBEIACHYCCKON
peakiuy Ha yCIOBHBIN 3alMax0OBbI CTUMYI B TIpoliecce 00y-
yeHus. [lockonbKy mpuMeHsieMast HAMM CXeMa Ipernoaraia
HCIIOJIb30BAaHNE B KAYECTBE MOJIOKUTEIBHOTO MOAKPETUICHUS
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CeHCopHas NIAaCcTUYHOCTb HENPOHOB ONbPAKTOPHOrO
3NUTENNA MbILIY NPU aCCOLNATBHOM 06YUYeHMN
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Fig. 1. The influence of associative learning on the behavioral response of mice to an indifferent olfactory stimulus.

(a) Training scheme: The conditional stimulus (CS+) was performed by blowing the cage housing the animal with air containing the stimulating olfactory agent
(20 pL of 1 % orange oil applied to a piece of filter paper, air flux 250 mL/min) for 3 minutes. After the stimulus, food was presented. Conditioning without
reinforcement (scheme below, CS-) was conducted basically as in the CS+ group, but food was presented 30 minutes after the end of the conditioning.
(b) The olfactory test: top, the animal sniffs the above-mentioned source of the smell; bottom, the mouse examines the feeder. The stimulus was applied to the
filter paper attached to the cage wall. On the opposite wall, a piece of filter paper of the same size with the solvent was attached. (c) The distribution of the time
for sniffing filter paper with distilled water (white bars) and orange smell (gray bars) and the time of examination of the feeder (black bars) in animals of different
groups, the CS+ group being examined on day 14 of training. (d) Dynamics of the behavioral response to the conditioned odor stimulus (smell of orange oil) of
animals of the CS group. Parameters of the behavioral response of CS+ individuals before the start of the experiment (day 0) and after the end of training (days

14 and 21) are presented. a-d - significant differences by the LSD test (p < 0.05).

MpeaoCTaBJICHUC €/1bl dKUBOTHBIM, COACPKAIINMCSH B YCIIOBUAX
C OTpaHHUYEHHBIM JOCTYNOM K KopMy (cM. puc. 1, a), To B
KauecTBE KPUTEPUEB TOBEICHYECKOTO OTBETA HA yCIOBHBIN
CTHMYJI MBI pacCMaTpyUBalId BpeMsi OOHIOXMBAaHHS OCOObBIO
MCTOYHHUKA 3araxa Wik (pUiIbTpoBaIbHON Oymard ¢ BOIOH U
BpEMsI, IIPOBEJICHHOE €H PSZIOM ¢ KOPMYIIKOH (cM. puc. 1, 0).
Vcxons n3 nomy4yeHHbIX pe3ynbTaToB, TONIbKO B rpymnmne CK+
yepe3 14 mHel mocie Hadanma SKCIEpUMEHTa HaOIomIaIoch
JIOCTOBEPHOE YBEINUCHNE BPEMEHH NCCIIEIOBAHMUS KOPMYIIIKH
IIPY [IPEIBSIBICHNY 3al1axa arejibCHHOBOTO MacJia, IPH 3TOM
BpeMsl OOHIOXMBaHMS MCTOYHUKA CTUMYJA CTATUCTHUYECKH
3HAYMMO CHMKAJIOCh [0 CPABHEHHIO KaK C MBIIIAMH I'PYIIITHI
CK—, TaK ¥ ¢ KOHTPOJIBHBIMH XUBOTHBIMHU (CM. puC. 1, 8). OTOT
3¢ PEKT COXpaHSIICS 0 MEHBIIIEH Mepe B TEUCHUE HEAEIH 10-
CJIe OKOHYAHNS 00YUCHNS, UTO CBU/ICTEIILCTBYET O CTaOHIIBHO-
cTi ¢(HhOPMUPOBAHHOM TTOBEICHYCCKON PEAKIIUH Ha YCIIOBHBIN
3armaxoBbIil cTUMyT (cM. puc. 1, ). Mermm rpymmsr CK— mo-
CTOBEpPHO OOJIbIIIC BPEMEHH TPaTHIM Ha OOHIOXMBAaHHE 3a-
[IAXOBOT'0 CTHMYJIa B 0JIb()aKTOPHOM TECTE 110 CPABHEHUIO C
ocobsmu koHTpoasHOM 1 CK+ rpymm (cMm. puc. 1, 8).

WccnepoBaHme akTUBHOCTU HEPOHOB

0onbpaKTOPHOro 3NUTENNA MbilLen

B OTBET Ha YCJIOBHbII 3aMaxoBblil CTUMYN

B Hactosieii paboTe uisi OICHKH M3MEHEHHsI aKTUBHOCTHU
Heriponos OO Owi1a ncnonb3oBana MY MPT. JlanHsrii MmeTon
MO3BOJISIET OIICHUTh HAKOIUICHUE B TKAHW MOHOB MapraHIia,

Ddusnonormyeckas reHeTuka

KOTOPBIE SBIISIOTCS arOHMCTaMU KaJIbIIEBBIX KaHaIoB. Kpome
TOT0, TOKA3aHO, YTO TIEPEMEIIEHUE MapTraHIla [0 BHYTPUKIIE-
TOYHOMY MPOCTPAHCTBY MPOUCXOIHT 33 CUET AKCOHAIBHOTO
TPAHCIIOPTA, YTO MO3BOJISET UCCIEIOBATh JaHHBIN mporecc
¢ momommpio MY MPT (Smith et al., 2007). Takum o6pazom,
MHTEHCHBHOCTH M CKOPOCTH HAKOIIJICHUS] MapraHiia B TKaHH
JIAI0T BO3MOXKHOCTb 0XapaKTepU30BaTh PA3IMYHbIC aCIIEKThI
HEHPOHAIbHOW aKTUBHOCTH.

[Tpouecc o6paboTku nmomyvyaemsix T1-B3Bemenasix MPT-
M300pakeHUI CXEMAaTHYHO MPEACTaBlieH Ha puc. 2, a. Ha
kaxaoM ckane OJI ycmoBHO BeIneneHs! 12 30H, B mpeaenax
KOTOpBbIX ycpenusuiin MPT-curnan, Bcero JiykoBuia Oblia
BUJIHA Ha IISITH cpe3ax. Takum oOpa3oM, BCIO JIyKOBHUILY pas-
Jernsut Ha 60 30H, 110 KOTOPBIM MPOBOIMIN MEXIPYITIOBBIE
CpaBHEHUSI, BU3YaJIM3HPOBABIIHNECS B BHJIE «TETUIOBBIX» KapT
(puc. 2 u 3).

Vcxonst U3 Oy 4eHHbIX Pe3ysIbTaToB, BO BCEX TPEX UCCIIe-
JTyeMBIX TPYIIIaX HaKOIUICHHE MapraHIia B NIOOYIISIPHOM CJI0e
OJI MBIIIM IPH NPEIbSABICHUHN 3aMlaxa aneIbCHHOBOTO Maciia
JIOCTOBEPHO OTIIMYaJIOCh OT pacnpenenenust MPT-curnana B
OJI 6e3 3amaxa, 9TO CBUICTEIBCTBYET O HAMIHH peakipm O3
JKMBOTHBIX Ha JIAHHBIA CTUMYJI (CM. pHC. 2, 6, BEpXHUI Psif).
I1pwu >TOoM marTepHbl HakoIwIeHs Mn?" B OJI B OTBET Ha yc-
JIOBHBIH CTUMYJI BBICOKOJJOCTOBEPHO KOPPETUPOBAIIH BO BCEX
DKCIEPUMEHTAIBHBIX IPyIax. JJajbHeui aHanu3 noxkasain
HaJIMYUe IOCTOBEPHBIX OTIWYMI B 30HAILHOM pacIpesierne-
Huu MPT-curnana B OJI npu MeXrpynmnoBbIX CpaBHEHH-
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Fig. 2. The influence of associative learning on the patterns of accumulation of manganese ions in the olfactory bulbs (OBs)
of mice in response to the smell of orange oil.

(a) Schematic processing of T1-weighted MRI scans and construction of thermal maps. Scans of mouse OBs of different experimental
groups were made 2 hours after the presentation of orange oil and/or intranasal application of manganese chloride. The pseudo-coloring
of T1-weighted scans shows the patterns and intensity of contrast agent accumulation in OBs of mice in response to the exposure of
the orange oil odor. The red dashed line indicates the boundaries of each of the 12 zones of the globular layer in the cut. (b) Influence of
conditioning on the patterns of accumulation of manganese ions in different zones of Balb/c male OBs in response to the smell of orange
oil. Pseudo-coloring reflects the significance of the increase (t > 0) or the decrease (t < 0) of the MRI signal level in various compartments
of an OB in response to the olfactory stimulus compared to the individuals administered manganese ions without odor stimulation
(upper row). The bottom row presents the thermal maps obtained as a result of intergroup comparisons. The figure shows the correlation
coefficients (r) of manganese distribution patterns in OBs. >> -t-test> 0 if the accumulation of the contrast agent in the given OB area in
the group animals to the left of the sign was higher than that in the group on the right and t-test < 0 if otherwise.
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CeHcopHasA NNACTUYHOCTb HENPOHOB 0/bHAKTOPHOTO
SMUTENNA MbILIV NPV aCCOLMATUBHOM 0ByYeHNM

ax. B rpynnax CK+ u CK— nocroBepHo
Gonblnee KOJIMIECTBO MapraHIa HaKar-
JMBAJIOCH B 00JACTSIX MEepeqHel 4acTn
OJI 1o cpaBHEHHIO C KOHTPOJIEM. Y )KHU-
BOTHBIX Tpynmbsl CK+ 1o cpaBHEHHIO C
koHTposieM u CK— Takxke 10CTOBEPHO
BOo3pactaeT ypoBeHb MPT-curnana B
3oHax 3agueit gactu OJI (cm. puc. 2, 6,
HIDKHAHN ps1). Mprmu rpymnmsr CK— ro-
CTOBEPHO HE OTIIMYAIOTCSl OT IPYIIIBI
CK+ o yposuio MPT-curnasna B 30Hax
nepeaneit yacti OJI 1 0T KOHTPOIBHBIX
JKMBOTHBIX 110 aKKyMYJISILIMK MapraHiia
B IVIOMEPYJISIPHOM CJIOE 3aJHEH 4acTh
OJI (cm™. puc. 2, 6). [TosToMy aTTepHHL,
MOJYYCHHBIE B PE3yJIbTaTe MEXIPYII-
noBeIX cpaBHeHUT CK—>>KOHTpons U
CK+>>CK-—, naxonsrcst B 0OpaTHOii 3a-
BHUCUMOCTH JIPYT OT Apyra (cM. puc. 2).

JUisa MHTEpHpeTanuu MOIydeHHBIX
Ppe3yNIbTaToOB MBI OLICHWIIN pacipesiesie-
Hue noHoB Maprania B OJI y KOHTpOJIb-
HBIX JKUBOTHBIX, KOTOPBIM TIPEJOCTAB-
JSUTM 3amax aneJlbCHHOBOTO Macia B
4 paza Gonbiueit (AMx4) u B 4 paza
MeHblIeit (AM/4) KOHIIEHTpaIMK OTHO-
CHUTEJIEHO UCTIONIb30BaHHON MPH YCIIOB-
HOM KOHJUIIMOHUPOBAHHUH (CM. puC. 3).
I'pynmer CK+ n1 AMx4 moctoBepHO He
OTIMYAIOTCsA 10 pacnpeneneHuo MPT-
curHaa B iooysipaom cioe OJI. [Tar-
TEPHBI, TTOJIy4YEeHHBIE MIPU CPABHEHHUN
rpynn CK+u AMx4 ¢ rpynmamu CK— u
AM/4, BBICOKOJJOCTOBEPHO KOPpEIH-
PYIOT ApyT ¢ ApyroM (cm. puc. 3). Ilpu
CpaBHEHHUH pPaCIIpe/IeJICHUs] KOHTpacTa
B OJI uepe3 12 4 mociie 3KCNO3ULIUU
YCIIOBHOTO 3anaxa ¥ Beenenus MnCl,
JIOCTOBEPHBIX Pa3IMNuUil MEXK/Ty HKCIIe-
PUMEHTAJIBHBIMU TpyHIIaMH O0HApy-
JKeHO He ObLIO0 (puc. 4).

O6cyxpeHue

ILenTpanbHast HEpBHASI CHCTEMa CIIO-
coOHa OBICTPO yCTAHABIMBATH CBS3b
M@Ky KOHKPETHBIMH CTHMYJIaMU U
MOCIEIYIOIMNMHA aBEePCUBHBIMU W aT-
TPaKTUBHBIMHU COOBITHSIMA. CUHTACTCS,
9TO 00yUYCHHE BKIIFOUACT YCTAHOBJIICHUE
accolMalui MeXay HEHUTPaJbHBIMU U
SMOIIMOHAIBHBIMUA CTHMYJIAMH B 00-
JIACTSIX KOPBI TOJIOBHOTO MO3Ta U JIUM-
Ouueckor cucTteMbl Mo3ra. Ha ceron-
HAITHUA JT€Hb UMEIOTCSI CBUACTEILCT-
Ba CTUMYJI-CIICIU(DUIHBIX CTPYKTYPHO-
(hyHKIIMOHATBHBIX U3MEHEHUH yke Ha
YPOBHE CEHCOPHBIX KIJIETOK B IpOLEC-
ce acconuaTuBHOTO o0yueHus. B yact-
HOCTH, B cTarhe (Jones et al., 2008) moka-
3aHO, YTO MOCJIE TPeX HeIeb accolua-
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'“ 10
0
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Fig. 3. Effect of the concentration of orange oil smell on manganese accumulation patterns in
mouse OBs.

Pseudo-coloring on thermal maps reflects the significance of the increase (t>0) or decrease (t < 0) of the intensity
of contrast agent accumulation in various zones of the OB in response to the olfactory stimulus. We compared
the contrast agent distribution patterns of conditioned (CS-, CS+) and naive animals, where the smell of
orange oil (OO) was presented only once at concentrations 4 times larger (OOx4) or 4 times lower (OO/4)
than that used in the conditioning process. The figure shows the correlation coefficients (r) of manganese
distribution patterns in OBs.>> -t-test> 0 if the accumulation of manganese in the given OB area in the group
animals to the left of the sign was higher than that in the group on the right and t-test <0 if otherwise.

TUBHOTO KOHJIMIIMOHUPOBAHMS C MCIIOJIb30BaHHEM alleTO(pEeHOHAa B KauyeCTBE YC-
JIOBHOTO 3aI1aXOBOTO CTHUMYJIA y MBIIIEH yBETHUNBACTCS KOINIECTBO HEHPOHOB B
0D, akcrnpeccupyromux perentop M71, Hanboiee ”HTEHCUBHO PearupyFOIIIi Ha
arierodenon. B padore (Kass et al., 2013) acconuaruBHOE KOHAMIIMOHUPOBAHKE C
TIOMOIIIBIO arieTo(heHOHA yKE Yepe3 TPU JHS BBI3BIBAJIO YBEIHUCHNE KOIUYECTBA
HEeWpOMEeMaTopa, BBICISIEMOTO 00OHSATEIEHBIMI HEHPOHAMH, SKCIIPECCHPYFOLIMH
peuentop M71, B OTBET Ha yCIIOBHBIN cTUMYII. Hannuue ceHCOpHO TIIaCTUIHOCTH
OBLTO TIPOJIEMOHCTPUPOBAHO W IS PEIIEITOPHBIX HEHPOHOB ciyxoBoii (Polley et
al., 2004; Bieszczad, Weinberger, 2012; Zhang et al., 2013) u 3puTenpHOI cucTeM
(Headley, Weinberger, 2013).

B mamewm mccienoBaHIM MBI HaOMIOIa M H3MEHEHHE HEHPOHATFHONW aKTHBHO-
cTH 000HATENBHBIX HelipoHoB OO B mporecce acCOMaTHBHOTO OJIb()AKTOPHOTO
o0yueHus B 0TBET Ha MHAN(D(GEPEHTHBII 3anaxoBblii cTumyil. Kak ObL10 okazaHo
B [TOBEICHYECKUX IKCIIEPUMEHTAX, NCIOJIb30BaHHAS HAMU CXeMa O0y4YeHUs TpH-
BOJMIIA K (POPMHUPOBAHUIO y MBIIIEH CIIE(PHUIECKOTO MOBEICHYECKOTO OTBETA Ha
ycnoBHbI ctuMyi. Jlanee ¢ momorisio MY MPT MbI 0xapakTepr30BajIy apaMeTpbl
HEHPOHAILHOM aKTHBHOCTH Y )KMBOTHBIX, TIO/IBEPTABIINXCSI U HE TTOJJBEPTaBIINXCS
aCCOIMATUBHOMY KOHIMIIMOHNPOBaHHI0. OOydeHNE KUBOTHBIX, COJCPIKAIUXCS B
YCJIOBUSIX OIPaHUYEHHOTrO JIOCTYIIA K IHIIE, C UCIOJIB30BAaHUEM B KaueCTBE I10-
3UTHBHOTO MOAKPETIIEHHUS IPEI0CTaBICHNSI KOPMa, TIPHBEJIO KaK K JIOCTOBEPHOMY
YBEIMUCHNIO HHTEHCHBHOCTH, TaK U K M3MEHEHHIO TATTEPHOB HAKOIUICHUS Map-
raHna B o0ynsipHoM ciioe OJI 1o cpaBHEHHUIO ¢ KOHTPOJIBHOU I'PYIIION U TPYIION
ocobelt, KOTOPBIM CTUMYJ JaBaiil 03 TIOAKPETUICHHS.

Panee oTMeuanock Takxke, 4To aCCOIMATHBHOE 00yUYEHHE YBEININBACT UyBCTBHU-
TEJILHOCTB 0COOM K yCIIOBHOMY 3araxoBomy ctumyiy (McGann, 2015). Mexanusm
9TOro (PeHOMEHA /10 CHX TIOp /10 KOHIIA HE SICEH: YBEININBACTCS JIM UyBCTBUTEIb-
HOCTb oJb(hakTopHBIX HelipoHOB (Kass et al., 2013), nian Bo3pacTaeT nx KOJIM4ecTBO
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Fig. 4. Comparison of distribution patterns of manganese ions in a mouse OB 12 hours after exposure to the smell of orange oil.

(a) Examples of T1-weighted MRI sections of olfactory bulbs of mice from different experimental groups made 12 hours after the intranasal
injection of manganese chloride and orange oil presentation. (b) Pseudo-coloring reflects the reliability of the increase (t > 0) or decrease
(t < 0) of the intensity of contrast agent accumulation in various OB compartments in response to the olfactory stimulus. The figure shows
the correlation coefficients (r) of manganese distribution patterns in OBs. >> - t-test > 0 if the accumulation of manganese in the given OB

area in the group animals on the left of the sign was higher than that in the group on the right and t-test < 0 if otherwise.

(Jones et al., 2008). Ecniu 651 32 cuet HelporeHesa yBenniu-
JIOCh KOJIMYECTBO OOOHSTENBHBIX HEHPOHOB, pearnpyroumx
Ha YCJIOBHBIH CTUMYJ, BO3POCIIO OBl M MakCHMaJIbHOE Ha-
koruteane MPT-curnana (uepes 12 1 mocne BBenenus (Aoki
et al., 2004)) B cnenmnduyeckux 3onax OJI. B Haieit padote
MBI [TOKA3aJIH, YTO JOCTOBEPHBIE Pa3INYUs B MHTCHCHBHO-
CTH HaKOIUICHHSI Maprania B pa3nuuHbix 30Hax OJI mexmy
00y4eHHBIMU U KOHTPOJIbHBIMU JKMBOTHBIMH HaOIIOal0TCs
gepes 2 9 (HO He depe3 12 9) mocie 3KCIO3UIHUN CTUMYa ’
BBE/ICHHS KOHTpacTa. Kpome Toro, oTCyTCTBHE Pa3iHyuii B
aktuBHOCTH OO >KUBOTHBIX Tpymnnbsl CK+ U KOHTPONBHBIX
0co0eil, KOTOPBIM NPEIbSIBILUIN 3allax aneIbCHHOBOTO Macia
B OOJIBIIICH OTHOCUTEIIFHO MCIOJIB30BAHHOM MTPU KOHUIIHO-
HUPOBaHUH KOHLIEHTPAIMH, CBUETEIHCTBYET 00 YBEIIMUCHUH
qyBCTBUTENBHOCTH HEpoHOB OO K mHAHPDEpPEHTHOMY
CTUMYITY B TIpoIiecce OOyUCHUS.
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HexkoTopsle aBTOPBI COOOIIAIOT, YTO KOHAUIIMOHHUPOBAHHE
C OKPEIJICHHEM YBEITMYMBACT HHTCHCUBHOCTD AIICKTpUYe-
CKOW aKTUBHOCTH B OTBET Ha MHAN(D(EPEHTHBINH CTUMYIT 110
CPaBHEHHUIO C KOHTPOJIEM, YTO COOTHOCUTCS C TIOJTYYEHHBIMH
Hamu pesynbraramu (Kass et al., 2013; Abraham et al., 2014).
[Tockonbky MapraHell SIBJISETCS arOHHCTOM KaJIbLUEBBIX
KaHAJIOB ¥ NPOHHKAECT BO BHYTPHKICTOYHOE HPOCTPAHCTBO
NP MX aKTHBAIUH, MOYKHO 3aKJIFOYUTh, YTO UX aKTHBHOCTD
B OTBET Ha NPEAbSBICHHE YCIOBHOTO CTUMYJA B IpOIecce
oOyueHHs1 He MeHsieTcsl. MI3MeHseTcsl pH 3TOM CKOPOCThb
TpaHCHIOpTa KoHTpacTa u3 HocoBol nojoctu B OJI. YuuTsi-
Bast 3HAYMMBIH BKJIaJ aKCOHAIBHOTO TPAHCIIOPTa B IPOLECC
BHYTPHKJIETOYHOM Joructuku Mn?" (Pautler, 2004; Smith et
al., 2007), MOXXHO 3aKJIFOYNTh, YTO ACCOLIUATUBHOEC OOyUCHHE,
B YaCTHOCTH, IIPUBOANT K HHTEHCU(PHUKAIUH MeTaOoI3Ma B
OTBET Ha YCJIOBHBII CTUMYJI. DTO MOXKET OBITh 00YCIOBICHO

Physiological genetics



CeHCOpHas NIACTUYHOCTb HENPOHOB ONbPAKTOPHOIrO
3NUTENNA MbILIY NPU aCCOLNATBHOM 06YUYeHMN

BBIJICJICHUEM OOJIBIIICTO KOJIMYECTBA HEHPOTPAHCMHUTTEPA, YTO
moATBepkaaeTcs pagom uccienosanmii (Kass et al., 2013).

Wrak, B nanHO# paboTe HaM yAajocCh in situ MPOIEMOH-
CTPHUpOBATh, UTO, BO-IIEPBBIX, ACCOLMATUBHOE O0yueHUE
CTHMYJI-CIIENN(UYHO BIMAET Ha YPOBEHb HEHpOHAIBHON
AKTHBHOCTH PELENITOPHBIX Ki1eToK O3, U3 Yero cieayer, 4To
(hopmupoBanue oyib(PAKTOPHOI aMsITH HAYMHAETCS HE C MO/
kopKoBBIX cTpykTyp LIHC, a Ha 3Tame penenium 3anaxoBoro
CTHUMYJIa; 8 BO-BTOPBIX, B IIPOLIECCE MOJIOKUTEIBHOTO MHIIE-
BOI'0 KOHAUIIMOHUPOBAHUA BO3pPAaCTACT UYBCTBUTCIbHOCTDH
OD B OTBET Ha TPEIOCTABICHHIE YCIOBHOTO OJB(PaKTOPHOTO
CTUMYJIA, YTO TOBOPHUT 00 yBEIMUYCHHUH aIalITHBHOMN 3HAYUMO-
ctH gaHHoro 3amaxa. O0a 3Tu peHOMEeHa SBJISIOTCS YaCThIO
HPHUCIIOCOOUTETEHOM CTPATEr My )KUBOTHOTO K N3MEHSIOIHM-
Csl YCIIOBUSIM CPE/IBL.
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Posb reHa Kaiso B pa3BUTUI BOCIa/JIeHUS
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E.A. Autunosa! @, K.M. Auacosal, M.A. Bopucosal, C.B. Kennao?, E.B. TTpoxopuyk?, E.H. Koxesnukosa

1

1 DepepanbHbIit cCnefoBaTeNbCKII LeHTP UHCTUTYT LMTONOTUM 1 FreHeTHKn CUBMPCKOro OTAeneHns POCChitckol akaaemn Hayk, HoBocubupck, Poccus
2 DepepanbHbIN NCCEAOBaTENbCKUI LEHTP «DyHAaMEHTaNbHbIE OCHOBbI BUOTEXHONOMNY POCCUICKOM akapeMun Hayk, IHCTUTYT GrouHxeHepuy,

Mockea, Poccus

KonnuyecTso niofeit c BocnanutesibHbIMY 3a060NeBaHNAMN KNLLIEYHMKA
(B3K) B MVpe NOCTOAHHO yBeNMumMBaeTCs. BaxHbiMKM B 3Tonorny 3a6o-
NeBaHUA ABNAIOTCA reHeTMYecKne, CpefoBble Y UIMMYHONOMMYecKme
¢dakTopbl. OfHaKO MexaHU3M pa3BuTUA 3aboneBaHunsA 1 3GdeKTUBHbIE
cnocobbl 60pb6bI C HAM [0 CUX MOP He HaaeHbl. [Ina peleHna 3Tnx
npo6em UCNonb3yT PasINYHbIE MOAENN Ha KNBOTHbIX. CambiMu
NepcrnekTVBHbIMY CYATAOTCA TPAHCTEHHbIE MOLENN, Y KOTOPbIX Hapy-
LWeHa paboTa oTaenbHbIX reHoB. [Ins n3yyeruns B3K B kauecTse ogHoW
13 TaKnx Mofiener NCNosb3yioT Mblleln C Hynb-MyTaunen reHa Muc2,
KogupytoLlero 6enok MyLH-2, KOTOpbIli yuacTByeT B GOPMMPOBaHIM
3aLMTHOrO MYLIHOBOTO CJI05l B TOHKOW 1 TOJICTON KuLKe. B npouecce
pa3euTKA B3K 1 CBSI3aHHbIX C HUMK OHKOIOrMYeCKUX 3aboneBaHui
KenyfouHO-KMLLEeYHOrO TpaKTa NPUHUMAET yyacTue psaf TPaHCKpUn-
LIMOHHbIX GAaKTOPOB, KOTOPblE MEHAIOT NPOdUNIb SKCNPEeCcCMn reHoB
KULWKKN. OfWH 13 HUX — TPAHCKPUNUMOHHbIN dakTop Kaiso, conepra-
N4 JOMEH «LIMHKOBbIE MasbLbl» U CMOCOOHDBIN CBA3bIBATLCA C METU-
nuposaHHo [HK. B HacToAwen paboTe Mbl oLeHUAN ponb 6enka
Kaiso B pa3B1TMy BOCNaneHna K1LeYHKa Ha Nprumepe sKcnepumeH-
TanbHOW Moaenu Mbiwei C57BL/6Muc2/-Kaiso- Hamu 6bino nokasaHo,
YTO Yy MblLLel C HapyLleHHOW 6apbepHO GyHKLMEN KULWEYHMKa NpK
pa3BMTMM NPOLLECCOB, cxoxKx ¢ B3K y niogen, pa3snsatotca Bocnanm-
TeslbHble peakLuy, Takre Kak MNOBbILLEHVE YPOBHA SKCNPeCccu reHOoB
11, Tnf n I117a. OTcyTCTBME TPAaHCKPUNLMOHHOTO dakTopa Kaiso y Mbl-
wei ¢ geduruyntom MyLmHa-2 Bbi3bIBAET CHUMXEHME YPOBHSA dKCNpec-
cnm TonbKo reHoB Cox2 1 Tff3. BO3MOXHO, CHUXKEHMe SKCnpeccumn
reHa, KOgUpYIoLero LMKNOOKCUIeHasy-2, MOXeT NPUBOAUTL K YMEHb-
LIEHWIO SKCMpeccun aHTubakTepranbHoro dpaktopa Trefoil factor 3.
Bbenok Kaiso Ha akcnepumeHTanbHom mogenu B3K He oka3sbiBan 3Ha-
YMMOW PONN B Perynaumy NPOBOCNANNTENbHBIX LUTOKMHOB daKTopa
HeKpo3a onyxonu n nHTepnenknHos 1 n 17.
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Role of the Kaiso gene

in the development

of inflammation in Mucin-2
deficient mice

E.A. Litvinoval ®, K.M. Achasoval,
M.A. Borisoval, S.V. Zhenilo?,
E.B. Prokhortchouk?, E.N. Kozhevnikoval

TInstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2 Federal Research Centre “Fundamentals of Biotechnology’, RAS,
Institute of Bioengineering, Moscow, Russia

The number of people with inflammatory bowel
disease (IBD) is constantly increasing worldwide. The
main factors that have effects on the etiology of the
disease are genetic, environmental and immunologi-
cal. However, the mechanism of disease development
and effective treatment of IBD have not yet been found.
Animal models help address these problems. The most
popular model is considered to be transgenic models
in which individual genes are knocked out. One of such
models for the study of IBD are mice with a null muta-
tion of the Muc2 gene encoding the Mucin-2 protein,
which is involved in the formation of a protective
mucin layer in the small and large intestine. Some of
transcription factors that change the expression of
intestinal genes are involved in the development of
IBD and colorectal cancer. One of such transcription
factors is “zinc finger” domain-containing protein Kaiso
which is able to bind to methylated DNA. In this study,
we assessed the role of Kaiso in the development of
intestinal inflammation using the experimental model
of C57BL/6Muc>/Kaiso- \We have shown that mice with
impaired intestinal barrier function that develop pro-
cesses similar to human IBD also develop inflammatory
responses, such as increased expression of /1, Tnfand
I117a genes. The deficiency of the Kaiso transcription
factor in Mucin-2 knockout mice causes a decrease in
the expression level of only the Cox2 and Tff3 genes.
Perhaps a decline in the expression of the gene en-
coding cyclooxygenase-2 can lead to a decrease in

the expression of the antibacterial factor Trefoil factor 3.
However, in the experimental model of IBD, Kaiso pro-
tein did not play a significant role in the regulation of
pro-inflammatory cytokines of tumor necrosis factor
and interleukins 1 and 17.

Key words: mice, intestine inflammation, Mucin-2, Kaiso
gene.



OJIMYECTBO JIFO/ICH C BOCTIAINTEIbHBIMHU 3200J1€BaHUSMHU
knmneganka (B3K) B mupe Ha mpoTsHKeHNH MHOTHX JIET
nocteneHHo yeenmuuBaercs (Benchimol et al., 2011),
9TO CTAaHOBUTCSI OJJHOI M3 Hanboliee Cepbe3HbIX NPOOIIEM B
coBpeMenHoi meaunuae. Ha pazsutne B3K compspxenHO
OKa3bIBAIOT 3 PEKT reHeTHUECKIE, CPEIOBBIE 1 IMMYHOJIOT U~
yeckre (pakTopbl, HO ATUOJIOTHUS U MEXaHU3M Pa3BUTHUS dTHX
3a00JeBaHUI O KOHIIA HE SICHBI. DTO 3aTpyAHSIET (P PEKTHB-
Hyto npodmiaktuky u nedernne B3K (Holleran et al., 2017).
MoseKynsIpHO-TeHETHUECKIE MOAXO0/Ibl A BO3MOKHOCTb
CO3/1aBaTh TPAHCTEHHBIX )KUBOTHBIX, Y KOTOPBIX HapylleHa
paboTa OTAENBHBIX TEHOB; [UISl H3YYEHHS MEXaHH3Ma Pa3BUTHUS
B3K ucnone3ytor Takue monenu. OAHON U3 HUX SBISIFOTCS
MBIIIN C HYJIb-MyTaruei rena Muc2, KOZUPYIOIETO OeIoK
MynmH-2, KOTOPBIH y4acTByeT B (HOPMHUPOBAHUH MYIIHHOBO-
ro GapbepHOTo Closi B TOHKOH ¥ ToNCTOM Kumke (Muc2™").
My1uH-2 — OCHOBHOW MPOTEONIUKAH KUIIEYHHUKA, 1e(DUIUT
KOTOPOTO BBI3BIBACT PA3BUTHE XPOHMUYECKOTO KHIICYHOTO
BOCIAJICHHS, KaK MPaBUIO, B COYETAHUU C OaKTepUAIbHOM
nHdekmerr (Martens et al., 2009; Bergstrom et al., 2010;
Morgan et al., 2012). B cBs3u ¢ 3TUM MBIIIH, Y KOTOPBIX
HapyiieHa 0apbepHast QYHKIIUS KHIICYHHKA BCICACTBUC MY-
Tarmu Muc2”/~, — Xopolmas SKCTIepHMeHTaTbHAS MOJIENb ISt
M3Y4eHUsI BOCIIAJICHUS M KaHIIEPOTeHE3a TOJIICTOH 1 IPSIMOI
kuku. Tak kak Helicobacter spp. UHUIUUPYET Pa3BUTHE
BOCTIAJICHHA Yy TpaHCTeHHBIX KUBOTHBIX (Foltz et al., 1998),
TO MBI HCTIOJIB30BAJIN KUBOTHBIX C 3TOH MH(EKINCH.
DKCIepUMEHTAIbHbIE JaHHBIE TOBOPSIT O TOM, YTO Y MBbI-
LIe U y JIIOAEH NPU Pa3BUTUH 3JI0KAYECTBEHHBIX OIyXOJIEH
MOBBIIIAETCS IKCTIpeccust Oenka Kaiso B siipax pakoBEIX Kile-
tok (Vermeulen et al., 2012; Wang et al., 2016). Ha monenu
MBIIIEH, TOTYYEHHBIX ITyTEM CKPEIIMBAHMUS TPAHCTEHHBIX
JKUBOTHBIX C MyTanueil B rene Apc (ApcM/*), cknoHHBIX K
CIIOHTaHHOMY OITyX0JICOOPa30BaHUIO, C MBIIIAMH, Y KOTOPBIX
yBenu4eHa skcnpeccus rena Kaiso B kumednuke (Kaiso™'%),
OBUTO TOKa3aHO OOIbIIee KOJINYECTBO MOJHUIIOB B CTEHKE
TOJICTOM KHILIKU U COKpAIEHNE POAOIDKUTEIBHOCTH KHU3HU
*uBOTHBIX (Parisi et al., 2015). benox Kaiso comepxwur mo-
MEH «IIMHKOBBIE MaJbIIbI», CIOCOOEH CBS3BIBATHCS C METHU-
mposanHoi JIHK u penpeccupoBaTth TpaHCKPUIILIUIO TEHOB
(Prokhortchouk at al., 2001; Lopes et al., 2008). [Tockonbky
akcripeccust Kaiso yCUITMBAET pa3BUTHE OITyXOJIH M BOCIIaJe-
HUSL, MBI TIPEITONIOKHUIIN, YTO OTCYTCTBHE 3TOTO OEIIKA MOXKET
MOBIUATh HA Pa3BUTHE MPOBOCHAIUTEIBHBIX UMMYHHBIX
peaknuii B KUIICYHUKE MBIIICH ¢ aedumurom MytmHa-2.
MBI OLIEHMIIH SKCIIPECCUIO ITPOBOCTIATUTENIBHBIX LIMTOKHMHOB
U TPAaHCKPHUIIHOHHBIX ()AKTOPOB, PETYIUPYIOMINX UX JKC-
MPECCHIO, Y MbIleH Tpex reHoTuros: C57BL/6 (koHTpoIb),
CS57BL/6Muc2- (monens B3K) u CS7BL/6Muc2-/-Kaiso-/~ (ec-
TOBas rpynmna i u3ydeHus: ponu Kaiso nmpu mozpeanpo-
Banun B3K). Hacrosimee ncciieoBanmne MO3BOIUT MTOHSTH,
Kak Jepuuut Oenka Kaiso MOXKeT y4acTBOBaTh B pa3BUTHH
B3K mHa mpuMepe sKCreprMEHTAIbHONW MOJEIN MBIIIEH
C57BL/6Muc2~/-Kaiso-/-

MaTeleaﬂbl n metogbl

Hccenenosanue BeIMoHEHO B L{eHTpe reHeTHuecKnX pecypcoB
naboparopHbix kuBoTHRIX WUIlul" CO PAH Ha camkax ju-
Huit C57BL/6Muc2-/ y C5TBL/6Muc2-/-Kaiso-/ ya renetiaeckom
(one C57BL/6 B Bo3pacte 12—14 nen. B kauecTBe KOHTPOJIS

Ddusnonormyeckas reHeTuka

ucnoib3oBasu Mblteit imHun C57BL/6. KuBotHbie ¢ MyTa-
s CS7BL/6Muc2~ g C5TBL/6Muc2-/-Kaiso-/- Grimm momy-
4YeHbl B YHHUBepcuTeTe DnuHOypra U nepenaHsl aboparo-
pHei TeHOMUKH 1 ITIMTeHOMUKH 1103BOHOYHBIX L{eHTpa Ono-
nmkeHepun PAH B LleHTp reHeTH4ecKuX pecypcoB abopa-
TopHbIX xKHUBOTHBIX I{ul" CO PAH. )KuBoTHBIX comepkanu
OJIHOTIOJIBIMH TPYIIIaMH IO YEThIpe-TIsiTh 0COOeH B MHIMBU-
JIyaJThbHO BeHTHIIMpYyeMbIX kieTkax (Optimice, CIIA) mpu
UCKYCCTBEHHOM cBeToBOM pexkume 14C: 10T, Temneparype
20-22 °C, pnaxxroctu 40—50 % u napnenuu 38 I1a. B kauecTre
TIOZICTHIIA MCTIONB30BaIN 00ECTIBUIEHHYIO OEpE30BYIO CTPY K-
Ky. JKMBOTHBIM TIPEIOCTABIISUIN CTEPHIIBHYIO JICHOHU3UPO-
BAHHYIO BOIy ¢ no6asnenneM Munepanos Kt uMg2*t («Cese-
psuka», T. Cankr-IleTepOypr) m aBTOKIABHPYEMBIH KOPM
Ssniff® R/M-H V1534-3 (Ssniff, I'epmanus) ad libitum. Pa-
00Ty C KMBOTHBIMH BBITIOJIHSUIN COITIACHO OMOATHYECKUM HOP-
Mmam [lupextussl EBpocoroza (ECC Directive 86/609/EEC).

MOHHTOPHHT TATOT€HOB Y MBIIICH MTPOBOIMIIN 10 TOJI0-
BOMY crucky, pekomengoBanHomy FELASA (Federation of
European Laboratory Animal Science Associations) 82014 .,
COITIACHO MEKAYHApOIHBIM TPEOOBaHHUSAM K CONIEPKAHHIO
#uBOTHBIX SPF-ctaryca (Méhler et al., 2014). YV wmblei
C57BL/6 He ObUTO METEKTHPOBAHO BUAOCTEIH(PUIECKUX
MaTOreHOB, YKa3aHHbIX B rofgoBoM cnucke FELASA. Kpome
Helicobacter spp., y C5STBL/6Muc2-/~ y CSTBL/6Muc2-/-Kaiso-/-
JPYTHX MaTOreHOB He 0OHapyskeHO. JKUBOTHBIE MOCTYITHIN
B LleHTp reHeTHUECKUX pecypcoB J1a00paTOPHBIX SKHBOTHBIX
WLul" CO PAH c Helicobacter spp. B cBsi3u ¢ Tem, 4TO B 3TOU
pabote He OBUTO MPETYCMOTPEHO CIIEIIHAIEHOTO 3apAXKSHHUS
KUBOTHBIX MHpekuuen Helicobacter spp., olileHKy 6a30BOro
YPOBHSI DKCIIPECCHU UHTEPECYIOIINX HAC T€HOB BBIIIOJIHUIN
Ha MpImax JuHuu C57BL/6 6e3 nHdexmy.

OO0pasibl BOCXOMAIICH TOJNCTON KHIIIKH MBIIICH (UKCH-
poBanu B 10 % HeliTpanbHOM (QopmasrHe, 00e3BOKUBAIN
B CHHUPTax BO3PACTAIOUICH KOHIEHTPALNU M 3aKII0YAIHN B
napaguH. Cpesbl TOMIUHON 4 MKM OKpAIIMBAIIN C TIOMOIIBIO
HIHWK-peakuun (peaxuust Hudd-iionnas xucnora) (buo-
Burpywm, Poccnst) ms uzyuenns o0mieir MOp¢hOJIOTHH U BbI-
SIBJICHUSI CeKpeTa OOKaJIOBUIHBIX KiIeTOK. DoTorpadun mpe-
MapaToB MOJYYaJIi ¢ HCIOJIb30BaHUEM MUKpocKkora DM 2500
(Leica) mpu ysenmuennn B 400 pas.

He6ompmioit ¢pparMeHT TKaHN BOCXOSIIETO ydacTKa TOJN-
CTOM KHIIKH BBIPE3aJl U 3aMOPaKHMBAJIM B JKUJIKOM a30Te,
XpaHwn He 6omee nByx Mecsmes npu —/0 °C 1o MoMeHTa
anaimu3a mpo0. Brimenenne PHK w3 TkaHH BBIMONHSIN C
nomoribio pearenra TRI Reagent® (Molecular Research
Center, CIIIA). Kommaectso PHK ompenensiii ¢ moMoIsio
Y®-cniekrpodoromerpa NanoDrop 2000 (Thermo Scientific,
CIIA). danee PHK o6pabarsiBasnin JIHKazo0ii RNase-free
DNase I (Thermo Scientific, CIIIA), cormacHo mpuiaraeMoin
uHcTpykiun. PHK ounmami ¢ momorrsro rimukorena (Thermo
scientific, CHIA) u Bemonusiau cunre3 kJIHK dpepmentom
oOparHo# TpanckpunTazoit M-MuLV (SibEnzyme, Poccus).

YpoBeHb SKCTIPECCHH I'€HOB, BOBJICUCHHBIX B ITPOBOCIIAIIH-
tenbHbli otBeT (/11b, Tnf'n 1117a), 3anmycK BOCHATUTEIEHON
peaxmwm (Cox2 u Nos2), OTBET Ha OakTepHaTbHBIC CUTHAIIBI
(T1/3), axtuBanuro kinerok T-xemmep 17-ro tuna (/I6 u Tgfb1),
a Tak)Xe TPaHCKPUMIHMOHHBIX (hakTopoB (Rorc wm Thx21)
OIpEeNEeIIslIN METOJOM IOJIMMEPa3HON LENHON peakluu
(TILIP) B peampHOM BpeMEHH. PeakIuio BBITIONHSIIN C TIO-
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Sequences of oligonucleotide primers for real-time PCR

Gene Primer Nucleotide sequence,
5-3
Tubb  PubF  TGAAGCCACAGGTGGCAAGTAT
BtubR  CCAGACTGACCGAAAACGAAGT
. T fB ............. T|:|:3|: S T AATGCTGTTGGTGGTCCTG .....................
TFF3R CAGCCACGGTTGTTACACTG
‘Rorc RORytF  TGGGCTCCAAGAGAAGAGGA
RORytR  CAGGCTCCGGAGTTTTCCTT
. T bxz 7 ......... TbEtF BT CCAGGGAACCGCTT ATATG ......................
ThetR  CGATCATCTGGGTCACATTGT
R TNFa-F  CCCTCACACTCAGATCATCTTCT
TNFeR  GGCACCACTAGTTGGTTGTCTTT
. //1b .............. | |_1 BF R TGAAGTTGACGGACCCCAAA ..................
||_1[3RTGATGTGCTGCTGCGAGATT ....................
6 IL6-F  GCTACCAAACTGGATATAATCAGGA
IL6R  CCAGGTAGCTATGGTACTCCAGAA
Mi7a W17aF  TCAAAGCTCAGCGTGTCCAA
L170R  GGGTCTTCATTGCGGTGGA
Tgfb1  TGFBF  TGACGTCACTGGAGTTGTAC
TGFB-R  AAGAGCAGTGAGCGCTGAAT
‘Nos2  NOS2F  CAGGGTCACAACTTTACAGGGA
'NOS2R  CACTTCTGCTCCAAATCCAACG
Co2 COX2F  CCAGCACTTCACCCATCAGT
COX2R  ACCCAGGTCCTCGCTTATGA

Notes: F, forward primer; R, reverse primer.

Mmorsio npemukca BioMaster HS-qPCR SYBR Blue, k/IHK
n 250 nM crienudraecknx npaiimepos (Tabnuia). Bee no-
CJIe/IOBATEIbHOCTH IPaiMEPOB MOIOUPAITH ITPH IIOMOIIH 0a3bl
nmauabiXx BLAST u nmporpammer Unipro UGENE. [leteknuio
ocymecTBisuid B ammuugukarope CFX96 Touch™ Deep
Well Real-Time PCR Detection System (BioRad Laborato-
ries, CIIIA). IHK nenarypuposanu 5 mus npu 95 °C, 3atem
npoBoauau 45 uukioB: aeHarypauus — 95 °C 15 ¢, omkur
mpaliMepHBIX OJUTOHYKJIeoTHaA0B — 62 °C 25 ¢, cuHTe3 —
62 °C 25 c. Aranu3 B KaxaoM oOpasie aIs KaKIoro reHa
JIeNalii B TPEX TEXHUYECKUX MOBTOPaX. JKCIPECCHIO TCHOB
onpezessn 1o yposHio kJIHK, cuaTe3npoBaHHOM ¢ MaTpHIIbI
MPHK neneBoro rena, HopmanuzoBanHoro Ha k/I[HK rena
Tubb (B-tubulin) no popmyne: ACt = 2°(Ct MPHK Tubb —
— Ct MPHK wunTepecyromiero rexa), rue (Ct) — HOMep IHKIIa,
COOTBETCTBYIOIINH IKCTIOHEHITHANBHOH (haze [TLIP-peaxrmii.

Craructiuueckyio o0pabOTKy JAaHHBIX TPOU3BOAMIN TPH
MOMOIIK Mmakera nporpammuoro oodecrneuenus STATISTI-
CAG6.1. 1 Be160pok ACt SKCTIpECCHH TeHOB, HE OTIICHIBATO-
IIMXCSl HOPMAJIBHBIM PaCTIpe/IeJICHUEM, UCTIONb30BAIN PaH-
roBBIN AucnepcuoHHbIN aHanu3 Kpackena—Yomnuca, a s
MEXTPYIIIOBOIO CPaBHEHUS — KpUTepuil MaHHa— YUTHH WU
[PY HATMYMH 3HAYCHUI HIDKE YPOBHSI IETEKIMK — TecT y2. Bee
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JIaHHBIE TIPEJICTABIICHBI KaK CpeHee £ CTaHaapTHas omroKa
CpenHero.

PesynbTaTbl n 06CyxaeHne
Ha rucronornyeckux cpesax TOJCTOIO KHIIEYHHKA y MBbI-
weit C57BL/6Muc2/- y C5TBL/6Muc2-/-Kaiso-/- g Gokanosu-
HBIX KJeTkax He HaOmonmaercs [IIMK-mo3utuBHOTO comep-
KHIMOTO (TTHKOTPOTEHHOB) (puc. 1). OqHaKo 60KaIOBUIHBIC
KJICTKH NPOM3BOAST HE TOJIBKO MYIWHBI, HO M JIpyTrue 3a-
HMTHBIC aHTHOaKTepuaibHbie Gaktopsl (Kopp et al., 2015).
OmanM H3 Takux OENKOB, KOTOPHIH BMecTe ¢ MyrmHOM-2
KOIKCIIPECCHPYIOT OOKaIOBUIHBIC KIIETKM B OTBET Ha OaKTe-
puanbsHbie curnaibl, seisercs Trefoil factor 3 (Tff3) (Podol-
sky et al., 1993; Taupin et al., 2003). Hamu moxa3zano, 910
paznmuuust konmmuectBa MPHK rena Tff3 mexmy Tpems npo-
TECTUPOBAHHBIMH T€HOTHUIIAMHU OBUIN CTATUCTUYECKH 3HAYH-
MeiMu H(2.21) = 13.72, p = 0.001. Yposens MPHK T7Ff3 Obu1
JIOCTOBEPHO BBIIIE y MBIIIEH NMpH OTCYTCTBUH MyIluHa-2.
Jedunur tpanckpunuuoHHoro ¢akropa Kaiso y mbliei
i CS57BL/6Muc2-/-Kaiso-/- iypponu K CHUKEHHIO yPOBHS
MPHK rena 7ff3, HO He BocCTaHaBIMBAJ €ro 70 YPOBHS, Ha-
0J1r01aEMOT0 Y )KUBOTHBIX AMKOTO THMA (puC. 2). MOXKHO rpe-
TIONOKUTE, 4T0 y Mbireii CS57BL/6Muc2-/-Kaiso-/- cpykaercs
YpOBEHb CHUTHaJIa, BhI3bIBatoInii Hapabotky Trefoil factor 3
OOKaJIOBUTHBIMH KJIETKaMH, @ 3TO MOXKET OBITh CBSI3aHO C Pa3-
BUTHEM IPOTHBOBOCTIANATENbHOTO oTBeTa (Shi et al., 2014).
Panee 6bU10 TIOKa3aHo, 4T y Mbimeit C57BL/6Muc2/- Ge3
nH]peKIun yxxe B Bo3pacte 14 nHel HauMHaeTCst ocTpast BOC-
MAUTENbHAs PeaKknusl KUIIEYHUKA, KOTOpas K YeThIpEXHe-
JICIIFHOMY BO3PACTy IMEPEXOANUT B XPOHUYECKYIO (opMy C
XapakTepHbIMH Ipu3Hakamu B3K: yanuHeHne kpunt Hucxo-
JIIEN KUIIKA U CHIKEHHE Macchl Tena. KommuecTBo BOC-
MAJIUTEIBHBIX IUTOKUHOB Y TaKMX MBIIICH CHIKAeTCs, HO
ocraercsi Ha Oosiee BBICOKOM YPOBHE, YeM y MBIIIEH JMKOTO
tuna (Burger-van Paassen et al., 2011). Otu nccremoBanus
OBLTH BBITIONHEHBI Ha MbImax 0e3 wHpeknuu Helicobac-
ter spp. B Haieii paboTe MbI HCITOIb30BAJIN MBIIICH, POXKICH-
HBIX ¢ nHpekuneit Helicobacter spp., Tak Kak U3BECTHO, YTO
OakTepuanbHasi HHPEKIUS MHULMIPYET Pa3BUTHE BOCTIAe-
HUS y TpaHCTeHHBIX )HBOTHBIX (Foltz et al., 1998). [To Harmm
JTaHHBIM, pa3nnuus konuuectsa MPHK renos nmposocnanu-
TEJILHBIX IUTOKUHOB //1b u Tnf Mexy Tpems TeHOTUIIaMHU
OBLTH CTATUCTUYECKH TO0CTOBepHBIMU: H(2.20)=6.32, p=0.04
n H(2.20) = 10.39, p = 0.006 coOTBETCTBEHHO. DKCIIPECCHs
Il1b m Tnf B xumke Gbina BEImE y Mpmein CS7BL/6Muc2/-
10 CPaBHEHHMIO C TMKUM TUIIOM. OJJTHAKO HYJIb-MYyTaLlUsl TeHa
Kaiso He npuBOMIIa K U3MEHEHUIO YPOBHSI 3KCIIPECCUH 3THX
TeHOB y MbIlIeH ¢ aeduurom Mymuna-2 (cM. puc. 2). DKe-
MpeccHs F'eHa MPOBOCTIAIUTEIBHOIO IMTOKKMHA 1/ ] 7a, KOTOpbIiA
HapabaTeIBaIOT KJIeTKH T-xemmep 17-ro Tuma, y MBIIEH IH-
KOr'O TUIIA HE AETEKTUPOBAJIaCh. Y MbIILEH C57BL/6Muc2/- i
CS57BL/6Muc2-/-Kaiso-/- sxcripeccust rena 111 7a B kumike Obiia
3HAYUTENBHO BhIMIe (6 13 10 1 5 U3 7 COOTBETCTBEHHO), UeM
y MbIeit gukoro tumna (0 n3 5) (em. puc. 2). Takum oOpazom,
HOKayT reHa Kaiso He oKa3bIBaJl 3HAYUMOT0 3P PeKTa Ha ypo-
BeHb MPHK npoBocnanuTenbHbIX HUTOKMHOB.
[IpoBocnanuTeNbHbIE TUTOKUHBI B MECTaxX BOCIAJICHUS
3aIyCKarT SKCIPECCUIO COMPSIKEHHBIX M€HOB, TAaKUX Kak
Cox2 n Nos2 (IMKJIOOKCUTeHa3a-2 W WHAyIUpyeMas CHH-
Ta3za OKCH/A a30Ta), B JICHIPUTHBIX KJIETKaxX W Makpodarax
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Fig. 1. The ascending colon of mouse strains C57BL/6, C57BL/6M %"~ n C57BL/gMuc2-/-Kaiso-/-,

Periodic acid-Schiff stain, magnification x400.
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Fig. 2. mRNA levels of the genes Tff3 (Trefoli factor 3), Tnf (TNFa), /16 (IL-1B), ll17a (IL-17a), Cox2 (COX2), Nos2 (NOS2), Il6 (IL-6), Tgfb (TGF), Rorc (RORyt),
and Tbx21 (T-bet) in the colon tissues of mice of three genotypes: C57BL/6J (black dots), C57BL/6MU27- (Muc2-/-, white dots), and C57BL/gMuc2Kaiso/~

(Muc2-/-/Kaiso-/-, gray dots) normalized to the Tubb gene (B-tubulin).
*p<0.05;** p<0.001, Mann-Whitney test.

(Guihot et al., 2000; Wang, Dubois, 2010). bsuto nokasaso,
YTO TOBBIIIEHHE YPOBHS LIUKJIOOKCUIeHA3bl-2 MU MHIYLH-
pyeMoii CHHTa3bI OKCHJIa a30Ta Hadmoaercst y 001bpHbIX B3K
1 B 9kcriepuMenTanbHbIX Mozensix B3K (Singer et al., 1998;
Shattuck-Brandt et al., 2000; Cross, Wilson, 2003). Hamu
JTaHHbBIe TTOoKa3and, uto pasHuna ypoBHs MPHK rema Cox?2
MEXIy TPeMsI TeHOTHIIAMH MeJla CTaTUCTUIECKU 3HAYNMBII
addexr H(2,20)=12.45, p=0.002. ’KupoTHsie ¢ aeduiurom
My1una-2 uMeroT 0osiee Boicokuii ypoBenb MPHK renoB
Cox2 1o cpaBHEHUIO C IMKUM TUIIOM. Y MBILIEH C ABOMHBIM
HokayTom CS57BL/6Muc2-/-Kaiso-/- qyxcripeccus IUKIOOKCH-
reHaspl-2 6bIIa JOCTOBEPHO HHuKe, deM y CS57BL/6Muc2-/-
(cM. puc. 2). Takum 06pa3oM, MO>KHO HPEJIIOJIOKUTb, YTO OT-
CYTCTBHE JKCIIpeccHu reHa Kaiso MoXeT okasbiBaTh dpdexT
Ha YpOBEHb ITUKIOOKCUTEHA3bI-2. DKcrpeccus Nos2 He Je-
TEKTHpOBaJach y Mblei aukoro tTuna. Jledumur Mymna-2
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MIPUBOAWI K aKTUBauK reHa Nos2 y 6 u3 10 )KUBOTHBIX, UTO
OBUIO TOCTOBEPHBIM M3MEHEHHEM [0 CPABHEHHUIO C JIUKUM
tunom (x> =4.2, p = 0.04). Hyne-myTanms reHa Kaiso otme-
Hsita 310T 3 ekt Ha skcnpeccnto MPHK Nos?2 rena (2 u3 8)
10 cpaBHeHuIo ¢ Mpimamu C57BL/6M42/~ (6 u3 10), HO >TH
W3MEHEHHS He OBUTH JOCTOBEPHBIMH. TakuM 00pa3om, reH
Kaiso Bnusin TonbKo Ha dkcripeccuio Cox2.

Pa3BuTHE XpOHMUYECKOTO BOCIAJICHHUSI Y MBIIIEH C Ha-
pylIeHHOH OaphepHOW (DyHKIMEH KUIIEYHHKA 3aITyCcKaeTcs
BCIE] 32 OCTPOM BOCHAIUTEIbHON peaKkluell U HaunHaeTCs
¢ hopMUpOBaHUS TOJIEPAHTHOCTH UMMYHHOU CHCTEMBI K
TTOCTOSTHHOMY JIaBJIEHHIO CO CTOPOHBI OaKTE€PUaIbHBIX aHTH-
reHoB. Y mozielt, crpanatonx B3K, akTuBupyroTes KIeTKu
T-xenmep 17-ro Tuna, KOTOpble HHTMOUPYIOT BOCHAIUTEIb-
Hble peaknuu kierok T-xemmep 1-ro Tuma (Strober et al.,
2010). duddepennuposka xinerox T-xenmep 0 B T-xenmep
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17-ro Tuma mpoucXOoOuT IOJ| ASHCTBHEM UMMYHHBIX (ak-
topoB IL-6 m TGFp, xoTopbie HapabaTHIBAIOT IEHAPHUTHBIC
KJIETKH B OTBEeT Ha OakrepuanbHble anTHrensl (O’Connor
et al., 2009). Panee ObLIO OKa3aHO, YTO MBILINA C HOKAYTOM
reHa [/17a pa3BuBaioT OoJiee CHIIBHOE BOCTIAICHHE TTPH IKC-
nepuMeHTaabHOM Monenuposannn B3K (Yang et al., 2008).
Hamu Ob110 OTMEUEHO, YTO ypOBEHb dKcIpeccuu reHa [/17a
ObLT BBIIIE y MBIIeH ¢ gedururom MyrmHa-2, a qeunuT
Kaiso BbI3BIBaJI CHIDKEHHE DKCIIPECCHH 3TOTrO T'eHa, HO He
JIOCTOBEPHO. MBI IIpeAonoKmiy, 4ro Kaiso MoxkeT BIHITh
Ha dKcrpeccuto TeHoB /6 u Tgfbl, xoTopbie BOBICUCHBI B
muddepenunpoBky kinerok T-xemmep 17-ro tuna. Pasnuia
skcnpeccun MPHK rena 7Tgfbl mexay Tpemsi TeHOTHUIIaMH
6s11a nocToBeproii H(2.20)=7.17, p=0.03. Yposens MPHK
rena Tgfb1 6611 ke y CSTBL/6Muc2-/-Kaiso-/- no cpaprenmio ¢
C57BL/6Muc2-"- JKuporusie qukoro tumna u C57BL/6Muc2-/- ye
OTIIMYAJINCH APYT OT IPYTa 10 YPOBHIO SKCIIPECCUH ITOTO F'eHa
(cMm. puc. 2). Hecmotpst Ha oTcyTcTBHE 3 ekTa reHoTHIIa Ha
skcnpeccuro //6 rena, ypoerb MPHK 3T0ro rena Obu1 HUXKE
y C57BL/6Muc2-/ 110 cpaBHEHMIO C JUKAM THIIOM, a Ae(UITUT
Kaiso HuBenupoBan 3tu paznuuust. Takum oOpa3om, Oesrok
Kaiso nmpuHHMaeT ydacTue B PeryJisiiiiu SKCIIPECCHH TeHOB
116 u Tgfbl. Msl ipenonaraeM, 9To MOCKONBKY SKCIIPECCHS
9THX T€HOB B JICHJAPUTHBIX KJICTKaX HAYMHACTCS B OTBET Ha
OakTepualibHbII aHTHICH, a 3TOT MPOLECC 3alyCKaeTcsl Ha
Ooree paHHUX CpPOKaX y MBIMIEH C XPOHHYECKOW MOIEIBIO
B3K, To nHabmogarorcsi HeCKONBKO ociadineHHble 3(hheKTh
nedurnmra 6enka Kaiso Ha yposens MPHK renos /6 u Tgfbl.

Janee MBI U3MEPIIIN HKCIIPECCHIO TPAHCKPUIIIMOHHBIX
¢aktopoB RORyt u T-bet, ygacTBytomux B nuddepeHun-
poBke kietok T-xenmep no 17-my u 1-my Tunam. M3BectHo,
YTO aKTHUBANUs OJHOTO Tuma T-Xemmep KIeTOK WHTuOupyeT
QG depeHINPOBKY APYTOTro THIIA, 3TO PETYINPYIOT pa3ind-
HbIe TpaHcKpumiroHHbie (akropsl (Caprioli et al., 2008).
Mpb!I 00HapY UM, 9TO TOJIBKO YPOBEHb IKCIPECCHH TeHa
Rorc (RORyt) ObuT BBIIIE Y MBIIICH ¢ HAPYIICHUEM CHHTE3a
Mynuna-2. benok Kaiso He BIUMsUI Ha DKCIIPECCHIO 3TOTO
rera (cM. puc. 2). MPHK rena 7hx21 (T-bet) He oTmudanach
Y MBIIIEH BCEX TPEX TeHOTHIIOB.

TakuMm 00pa3oM, y MBIIICH C HAPYIICHHOW OaphepHOU
(hyHKIMEH KUIIIETHNKA B TATOJIOTMIECKNH POoIiece BOBIEKa-
I0TCSI TIPOBOCTIAJIUTEIIBHBIC [IUTOKUHBI, BBI3BIBAIOIINE aKTH-
BallMIo KIeToK T-xenmep 17-ro Tuma, KoTopasi peryaupyeTcs
TpaHCcKpUNIHOHHEIM (hakTopom RORyt. [ledpunur Henka
Kaiso y sxuBoTHBIX-MOzEel B3K He oka3piBacT 3HAYMMOTO
3¢ peKTa Ha FIKCIPECCHIO TCHOB MTPOBOCTIAIUTEIBHBIX ITUTO-
KWHOB M TPAHCKPHUIIMOHHBIX (PAaKTOPOB, YIACTBYIOIINX B
ux perynupoBannu. Hemocrarok Oenmka Kaiso cHU3MI 3Kc-
MIPECCHIO F'€HOB [IUKJIOOKCUTEHA3bI-2 U aHTHOAKTEPHUAIEHOTO
thaxropa Trefoil factor 3, koTOpas MOBBIIIANACH Y KUBOTHBIX
npu aedunute MyruHa-2.
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BausiHue (p13myecKkoli aKTMBHOCTU
Ha CTPYKTYPHVIO aCIMMETPIIO TMIIITOKaMIIa MbIIIN

T.A. 3amapa! @, A.B. Pomamenxo’ 2, A.A. ITpockypal, A.C. Parymmssx!

1 WHCTUTYT BblYMCAUTENbHBIX TexHonornin Cnbmpckoro otaeneHns Poccuiickon akagemmmn Hayk, HoBocnbumpck, Poccus
2 DepepanbHblii NCCNEeROBATENbCKUI LeHTP VHCTUTYT ymtonorum un reHetnkn Cnbrpckoro otaeneHnsa Poccuinckolt akagemmnm Hayk, HoBocnbupck, Poccus

AKTyal'IbHOCTb I/ICCJ'Ie,ElOBaHI/IM B3pocnoro He|7|p0reHe3a oyeBnaHa B
CBA3U C MOTEHLMNAaNbHON BO3MOXHOCTbBIO MCMOJIb30BaHWA HOBbIX Hell-
POHOB AJ1A 3aMeLleHnA HeI7Ip0HOB, YTpayeHHbIX B Npouecce XnU3Hn.

Effect of physical activity
on structural asymmetry

HecmoTpA Ha 3HauMTENbHbIE YCUINA, MaJIo YTO M3BECTHO O KOHEYHOM
cyab6e 3TnX KneToK, GyHKLMOHANbHON 3HAYMMOCTH X CBA3EN U pery-
nAYMM nx passuTra. usmyeckas akTUBHOCTb 3HAUYMNTENbHO NOBbILLAET
B 3y6uaTol U3BWVHE FMMNMNOKamMa KOIMYeCTBO AeNALWMXCA NPOreHu-
TOPOB, KOTOpble fanee npeobpasyloTcA B HOBble HeNpPOHbI. CyLecT-
BYIOLLME UMMYHOTFMCTOXMMMNYECKME METOLbI MaPKUPOBKY HOBbIX Hell-
|POHOB He MO3BOJIAT NPOCeANTb BPEMEHHYIO AUHAMUKY N3MEHEHMI
06EMOB CTPYKTYP MO3ra Y OfHOIO 1 TOTO »Ke >KMBOTHOIO, UHAYLIMPO-
BaHHbIX BHELIHUMMN BO3AENCTBUAMY, TaKNMU Kak OOPOBOsbHbIE Hu-
3UYecKre HarpysKuy. OTo fenaeT akTyanbHOM 3afauy pa3paboTku u
COBEpPLIEHCTBOBAHNA METOO0B [OSITOBPEMEHHOIO KOHTPOSIA 1N3Me-
HEHWI, KOTOPbIE MPONCXOAAT BO B3POC/IOM FMMnMnoKammne BCieacTeme
VNHAYKUMM HelporeHesa. OCHOBHOW Liefbio HacTosALel paboTbl 6bi10
C MOMOLLbIO0 MAarHUTHO-PE30HAHCHOM TOMOrpadun Ha CBEPXBbICOKO-
NosibHOM TOMorpade HeMHBA3UBHO NPOCIEANTb BPEMEHHYIO fVNHA-
MUKY U3MeHeHMI 06BEMOB MMNOKaMMNa y OfHUX U TEX e KUBOTHbIX,
MMeBLLMX AOOPOBOJIbHbIE GU3NYECKME HArpy3KK, KOTOpPbIE, KaK 13-
BECTHO, MHULMMPYIOT HeporeHes B 3y6UaToi N3BUUHE FMAMNOKamna.
O6HapyxeHo, YTo AOOPOBOJIbHbIE GU3NYECKIME HArPY3KN HE N3MEHANN
o6wWwnin 06vem runnokamna mbiwn. OaHaKoO pasHMLa B COOTHOLIEHUN
06bEeMOB MeXKAY NPABOW 1 IEBOI YacTAMM runnokKammna 6biia 4oCTo-
BEPHO HIXe MO CPABHEHMIO C KOHTPOJIbHON rpynnoii. [poBeaeHbl pe-
KOHCTPYKLMA 1 aHann3 6enok-6enKoBbIX B3aMMOAENCTBUI, KOTOpble
obecneyrBatoT BblKMBaHME OObLIEro KONMyecTBa HOBbIX HEMPOHOB U
VX MHTErpaLmio B CyLLEeCTBYIOLLME HEPOHabHbIE CETU B FUMNoOKamre.
MpeanoXKeHHbIN NoaXo  NO3BOJIAET HEVHBA3MBHO PErUCTPUPOBaTb
MN3MEeHeHNA, B TOM Ymcrie NIeBO-NpaByo aCUMMETPUIO MO COOTHOLLIE-
HUO 06BEMOB 3TUX MAPHbIX CTPYKTYP MO3ra.

KnioueBble cnoBa: MarHUTHO-pe30HaHCHas TOMOrpadus; B3pOoC/blii
HeliporeHes; CTPYKTYpHas acMMEeTPUsA MO3ra.

KAK ULUTUPOBATD 3TY CTATbIO:

3anapa T.A., PomalyeHko A.B., Mpockypa AJ1., PatywHak A.C. Bnnaxume dusnyeckoi
AKTUBHOCTM Ha CTPYKTYPHYIO aCIMMETPUIO FMMNoKammna Mbllun. BaBnnoBCKuia
JKypHan reHeTuky 1 cenekuymn. 2018;22(8):1084-1089. DOI 10.18699/V)18.454

HOW TO CITE THIS ARTICLE:

ZaparaT.A.,, Romashchenko A.V., Proskura A.L., Ratushnyak A.S. Effect of physical
activity on structural asymmetry of mouse hippocampus. Vavilovskii Zhurnal
Genetiki i Selektsii =Vavilov Journal of Genetics and Breeding. 2018;22(8):1084-
1089. DOI 10.18699/VJ18.454 (in Russian)

Received August 31,2018
Revised October 24, 2018
Accepted November 6, 2018
© AUTHORS, 2018

@ e-mail: Zapara_t@mail.ru

of mouse hippocampus

T.A. Zapara! @, A.V. Romashchenko! 2,
A.L. Proskural, A.S. Ratushnyak!

" The Institute of Computational Technologies, SB RAS,
Novosibirsk, Russia
2 |nstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

The relevance of studies of adult neurogenesis is
evident in connection with the potential use of these
new neurons to replace neurons lost in the process of
life. Despite considerable efforts, little is known about
the final fate of these cells, the functional significance
of their connections and the regulation of their deve-
lopment. It is known that physical activity significantly
increases the number of fissile progenitors, the pre-
cursors of new neurons in the dentate gyrus of the
hippocampus. The existing immunohistochemical
methods for labeling new neurons do not allow trac-
ing the temporal dynamics of changes in the volume
of brain structures in the same animal, induced by ex-
ternal impacts, such as voluntary exercise. This makes
it an urgent task to develop and improve methods for
long-term control of changes that occur in the adult
hippocampus due to the induction of neurogenesis.
The main purpose of this work was to non-invasively
track, by using magnetic resonance imaging (MRI), the
temporal dynamics of changes in the volume of the
hippocampus in the same animals that had voluntary
physical activity. It was found that voluntary exercise
did not change the total volume of the mouse hippo-
campus. However, the difference in the volume ratio
between the right and left parts of the hippocampus
was significantly lower compared with the control
group. The reconstruction and analysis of protein-pro-
tein interactions that ensure the survival of a large
number of new neurons and their integration into
existing neural networks in the hippocampus have
been carried out. The proposed approach allows the
non-invasive registration of changes in the ratio of the
volumes of these paired brain structures.

Key words: magnetic resonance imaging; adult neuro-
genesis; structural asymmetry of the brain.



03pacTaroliee KoJIMYeCTBO aTOJIOrHi MO3ra, BBI3BAHHBIX

TpaBMaMH, UIIEMHUYECKHMHU MOBPEXKACHUSIMH KIETOK

TIPY UHCYIIBTaX, BO3PACTHBIMH HEHPOIeTeHEPAaTHBHBIMH
HapymeHUAMHU MO3I0BOI'0 KpOBOO6paL[IeHI/I)I, IIOBBIIICHHBIMU
Harpy3kaMy M 3KOJOTHYECKUMH (pakTopamu, JenaeT dpes-
BBIYalHO aKTyaJIbHOH MpoOieMy MONCKa METO/IOB U CPE/ICTB
MPOTHOCTHKHU, HEHPOIIPOTEKIMH, KOPPEKIIMH BOSHUKAIOLIUX
CTPYKTYPHO-(YHKIIMOHAIBHBIX HAPYIICHUH.

OtHMM U3 MHOTOOOCIIAIONINX CITOCOO0B KOPPEKIINH MTPE-
CTaBJISIETCS MHIYKIIMS HEeHporeHe3a BO B3POCIOM MO3TE.
l'unmoxamMn BOBIEUEH B MPOLECCHl XPaHEHUsT MH(POPMAIUU
W pean3alyio KOTHUTUBHBIX (DYHKIMI MO3Ta, ¥ HOBbIE HEH-
POHBI BO B3POCIJIOM MO3re€ MI'PAIOT CYLIECTBEHHYIO POJIb B
stux nporeccax (Deng et al., 2009; Akers et al., 2014). bonee
TOTO, C BO3pPAcTOM, KakK U IIPU psijie HeHpoaereHepaTHBHBIX
MaTOJOrUi, HAOMIOMAaeTCsl YMEHbIICHHE 00hEMOB JaHHOU
CTPYKTYPBI, a pu3NUecKas aKTHBHOCTb CIIOCOOHA 3aMEUINTh
3TOT Tpolecc.

duznyeckast aKTUBHOCTb PUBOIMT K BBIOPOCY LIEIIOT0 psijia
AKTHBHBIX BEIIECTB, KOTOPBIE PErYIUPYIOT W MOIYIHPYIOT
pas3n4HbIe PU3HOIOTNIECKHIE MPOLIECCHI, B TOM YHCIIE B MO3-
re (Schnyder, Handschin, 2015). iMeHHO 1109TOMY OCHOBHOE
BHUMaHHE MBI COCPEIOTOYMIIN Ha UCCIIEJOBAaHUH Ipolecca
HelporeHesa B TMITIIOKaMIIE y )KHBOTHBIX 1TOCIIE 100pOBOIIB-
HBIX (PM3UYECKHUX HArpy3oK (Oer B Kojiece, K KOTOPOMY UMEJICS
CBOOOIHBII JOCTYTI).

ToHKas mIacTHHKA MEK/1y TUIITOKAMIATBHBIM XHIIyCOM U
CJIOEM I'PaHyJSIPHBIX KIETOK MIIM CyOrpaHyisipHON 30HOH —
005acTh aKTUBHOH TPOTH(EpaIiiA BO B3pPOCIOM THITIIOKAMIIE,
KOTOpasi TeHEPUPYET HOBBIE HEHPOHBI B TEUCHUE BCEH B3pOC-
sott xm3Hu (Muramatsu et al., 2007). Heiiporenes nporekaer
B @QHTMOT€HHOW HUIIIE ¥ TECHO CBSI3aH C [IPOLIECCOM AKTHBHOTO
COCYIUCTOTO PEKPYTHHTA U MOCIEAYIOINUM PEMOJICITHPOBa-
HHEM JIOKaJbHOW COCYHCTOM ceTH. DTa cpena MOoXeT obec-
MEYUTh HOBBIM HHTEP(EIC, B KOTOPOM KIIETKH, ITOyICHHBIE
W3 ME3CHXHMBI, U HUPKYJIUpyIomue (HakTopbl BIUSIOT Ha
[IJITACTUYHOCTH BO B3POCIION IIEHTPaIbHOM HEPBHOM CUCTEME
(Palmer et al., 2000; Seri et al., 2004).

®dusnyeckass akTHBHOCTh 3HAYUTENLHO MOBBIIIACT B CyO-
rpaHyJIsipHON 30HE KOJIMYECTBO MPOTEHUTOPOB C BBICOKOMH
nponudepaTuBHON aKTHBHOCTBIO, KOTOPBIE Jjajiee aKTHBHO
npeoOpasytorcs B HOBbIe HelipoHsl (Kronenberg et al., 2003).
HpI/I O9TOM YCTAaHOBJICHO, YTO 3HAYUTCJIbHAsA 4aCTb BHOBL
c(hOopMHPOBAHHBIX BO B3POCIIOM T'HITITOKaMITe HEHPOHOB THO-
Het (Dayer et al., 2003). BenenctBue 3Toro ucciieioBaHue
pEeryJlupoBaHus MPOLECCOB BbIKMBAHUS HOBBIX HEHPOHOB
U UX BCTpaMBaHME B (DYHKIMOHAJIBHBIE CETH BO B3POCIOM
MO3T€ — BBICOKO aKTyasbHasl 3aj1a4a.

Cy1ecTByOIINE UMMYHOTUCTOXUMHYECKHE METO/IBI Map-
kupoBku nporeanTopos (Fukuda et al., 2003; Kronenberg et
al., 2003) He MO3BOJISIOT MPOCIEIUTH ANHAMUKY UX BCTpau-
BaHMs B CYILECTBYIOLIHE HelpoHHbIe aHcamOnu. [loaromy,
HECMOTpSI Ha 3HAUUTENIbHBIC YCUIINS, MAJI0O U3BECTHO O KO-
HEYHOH cyap0e 3THX KIICTOK, (YHKIHMOHAJILHONH 3HAYMMO-
CTH UX CBSI3€H U PEerynMpoOBaHUM UX PA3BUTHUS. DTO JAenaeT
Ba)KHOH 331auy pa3paboTKN 1 COBEPILICHCTBOBAHUSI METO/IOB
JIOJITOBPEMEHHOTO KOHTPOJIS COCTOSTHHSI BHOBb (JOPMUPYEMBIX
CTPYKTYPHO-(YHKIIMOHAIBHBIX HEHPOHHBIX aHCaMOJIEH.

OnarM 13 eHOMEHOB, BO3HUKAIOIINM ITPY (POPMUPOBAHUN
CTPYKTYP MO3Ta, SBJISCTCS H3BECTHAS MEXKITOTyIIIApHAS JICBO-
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npasasi aCUMMETpHsI runmokama. Takas jarepusanus oOHa-
PY’KHUBAETCSI B aCHMMETPUYIHOM PACIIPEACICHIN PA3INIHBIX
TumoB cuHancoB CA3-CA1 B runmokamMIiie MJICKOITUTAFOIIHX.
AddepenTsl 3 nupamMuaHbIX HelipoHos nons CA3 B ieBoM
MOTyIIApUH MHHEPBUPYIOT HEOONBIINE BHICOKOTIIACTHYHBIE
CHHAIICHI HA alTMKaJIbHBIX JICHAPUTAX MMPAMUIHBIX HEHPOHOB
nosist CAl, Torna kak B IPaBoM MOJYIIAPUH TPUCYTCTBYIOT
Gornee KpymHBIE ¥ CTaOMITFHBIE CHHATICH TPHOOBUIHON (POPMBI
(El-Gaby et al., 2015).

W3BecTHO, YTO HOBBIC KJICTKH, BOSHUKAIOIINE B 3y0UaToit
W3BWJIMHE, PAaCTIPOCTPAHSIOT CBOM aKCOHBI B TeueHue 11 qaeit
no nonst CA3 m gepes JiBe HeJleNIM YCTaHaBIMBAIOT paboune
cunaricel (Faulkner et al., 2008). Takum oOpa3om, B TeucHHE
JIBYX HEZIEJb TIOCIIE MHIYKIUH PO epaniy IpOreHUTOPOB
MPOUCXOJUT MEPECTPOiiKa KIETOYHO-MOJICKYISIPHBIX aH-
camOJieii B TUIIIIOKaMIIe B3POCIIOrO KUBOTHOTO. DTHM OIIpe-
JIETSUIOCHh BPEMsl KOHTPOJIS MEPECTPOEK KIETOYHO-MOJIEKY-
JSIPHBIX aHcaMmOIell B THUMITOKaMIle TPOJOJKUTEIBHOCTHIO
B JIBE HE/ICIIH.

Lemnpro Hamrei paboThl OBII0O HEMHBA3WBHO, C TIOMOIIIBIO
MarHUTHO-pe3oHaHCHOHM ToMorpadun (MPT) Ha cBepxBbI-
COKOIOJILHOM ToMorpade y OIHUX U TeX )K€ KMBOTHBIX, HE
TPaBMHPYS MX, NTOCIEIOBATENbHO, B TEUEHHE JBYX HEIEIh
OTIpECITUTh N3MEHEHUS B THUIOKAMIIAIBHON CTPYKType
Mmo3ra. B xadecTBe MHIyKTOpa HeliporeHesa Oblia BeIOpaHa
M3BECTHAsI METOMKA JOOPOBOIBHBIX (PU3MUECKUX HATPY30K
*HUBOTHBIX (Brown et al., 2003). C ucnosnp3oBaHreM OHOMH-
(hopMaIMOHHOTO MOAX0/ia TPOBEJICH aHAIN3 PETyJIITOPHBIX
0eJI0K-0€JIKOBBIX B3aMMOAEHCTBHM, 00€CIIEUYNBAIOIIMX BhbI-
JKMBaHHE BHOBb 00Pa30BaHHBIX HEHPOHOB B TUIIIOKAMIIE.

MaTeleaﬂbl n metogbl
PabGora BbIITOTHEHA C HCIIOJIB30BAHHEM O00OPYIOBAHUS
LIKII «IleHTp reneTndyeckux pecypcoB JabopaToOpHBIX K-
BoTHBIX» UL Ulul" CO PAH, mognepxxaaaoro MunoOp-
Haykn Poccum (yHHKaJdbHBIN HIEHTH(QUKATOP MPOEKTa
RFMEFI62117X0015). OxcriepuMeHThI TOCTABICHBI HA CaM-
rax Meimreit SPF-craryca mmpoko HCroabp3yeMoit HHOpeTHOH
muand BALB/C B Bo3pacte 8—10 Hen (25-28 1). [Tocie ot1-
CaJIK{ B TPEXHEAEIIbHOM BO3PACTE U J10 UCCIIE0BAHUI MBbILLIEH
COZIEpKaJM TI0 YEThIPE 0COOM OIHOTO TI0JIa B CTAHJAPTHBIX
kietkax (35%25x 12 cm) npu temneparype 22-24 °C u uc-
KyccTBeHHOM cBeToBOM pexkume 14C: 10T. bpuketupoBaHHbIH
kopM («Yapay, [TaBmoBckuii [Tocam) n BOAY MBIIITH ITOTyYain
ad libitum. B xadecTBe MOJCTUIOYHOTO MaTepraia HCIoJb-
30BaJIM 00ECIIBIICHHBIE IpeBeCcHbIe onmmIky. [lepen Hagamom
9KCHEPHUMEHTa )KMBOTHBIX PACCaKMBAJIM II0 JBE 0COOM B
KJIETKY C KOJIECOM aKTHBHOCTH JUIs (PM3MUYECCKHUX YIpa)KHe-
HU# (BCEro B 3KCIIEPUMEHTAIBHON U KOHTPOJIBHOM TpyIIax
y4acTBOBAJIO 110 BOCEMb >KMBOTHBIX). Koneca akTuBHOCTH
ObLTH cHAOXKEHBI cYeTINKaMn 000poToB. B KiteTke ¢ kosrecom
JKUBOTHBIE COJICPKAIUCH B TCUCHHE ABYX HEJEIb.
Perucrpanus n3mMeHeHns1 00bEMOB TUIIIOKaMITa JKMBOTHBIX
Obuta mpoBeneHa ¢ nomombeio MPT Ha cBEpXBBICOKOTIONB-
HoM Tomorpade BioSpec 117/16 USR (Bruker, ['epmannst) —
11.7 Tecnma. MPT-ckanmpoBaHne MO3Ta KaKI0W MBITIH TIPO-
BOJMJIM TPU pa3a: Iepej HadajaoM dKCIIepUMEeHTa, yepe3 1 u
2 Heq TMocie NPOXKUBAHUS B KJIETKE C KOJIECOM aKTMBHOCTH.
3a 3 muH 10 MPT-craHnpOBaHUS MBIIIEH 00€3IBIKABAIN
ra3oBoii cMechlo (4 %) nzodmopana (Isofluran, Baxter Health-
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care Corp., CIIIA) 1 Bo3myxa npu MOMOIIM HAPKO3ZHOTO aIl-
mapara (The Univentor 400 Anaesthesia Unit, Univentor,
Mansra). Mapopmamms 06 o6beMax CTpyKTyp MO3Ta MBIIIH
ObUIa MoJTyYeHa ¢ NOMOIIbI0 T2-B3BEIICHHBIX N300paKEHU I
¢ ucnonb3oBanneM Merona TurboRARE (turbo rapid acqui-
sition with relaxation enhancement). [TapameTpbr uMITyIIBC-
HoM nociiegoBarenbHocTy Metoaa: TE =22 mc, TR = 1500 mc,
mapamMeTpsl n300paxenus: pasmep 1.93 x1.93 cm; marpuna
256 x 256 Touek; TonmuHa cpe3a 0.5 MM; pa3mMepsl BOKCENs
75 um %75 um % 0.5 mm; paccrosiHre Mexxay cpezamu 0.5 Mu;
KOJINYIECTBO CPE30B 9; OpuEHTAIMs CPe30B — KOPOHApHAs;
o01ee BpeMst CKaHMPOBaHMS cOocTaBisuio 7 MuH. V3amepenue
00bEMOB THUIIIIOKAMIIA MPOBOIMIN B MporpamMme Imagel,
YUUTHIBas IUIONIA/b THIITIOKAaMIIAa Ha CpPe3e, TOJIINHY Cpe3a
1 paccTosiHAE Mex 1ty cpe3amu. Pacder koaddurmenra acum-
meTpuu (KA) runnokamma:
Var=Varl/(Var+ Vi),

rae V — 00beM CTPYKTYpbI, n3MepeHHbIH Ha T2-B3BEIICHHBIX
nzoopaxenusix; JII, [1I" — neBas u npaBast 4aCcTH TUIITIOKAMIIA.
Craructudeckast JOCTOBEPHOCTb OTIIMYHI ONPEEISIIach 1o
kpureputo Manna—Yutau (p < 0.05).

PexoHcTpyKkuus IyTeil peryisiuud HEUpOreHe3a B IUIl-
MOKaMIIe OCYIIECTBIISAIACH C UCIOJIb30BAHIEM TEXHOJIOTUH
GeneNet (Pocnarent Ne 990006 ot 15.02.1999).

Pesynbratbl

C nmomompto T2-B3BemeHHoit MPT ObUIH 1TOITyYeHBI JaHHBIC
0 BIIMSIHUY (PU3UUECKOM HAarpy3KH Ha MHITYKIHIO HeliporeHes3a
B TMIIIOKaMIIE B3pOCIIOT0 JKUBOTHOTO. B sKciepuMeHTanbHON
rpymnne, B OTINYUE OT KOHTPOIBHOM, )KUBOTHBIE HMEITH BO3-
MOXKHOCTB Oerarb B Kojiece akKTUBHOCTH. KoimdecTBo 060-
POTOB KOJIEC, PETUCTPUPYEMOE CUETYMKAMH, BAPHUPOBAJIO B
npenenax 164—250 Teic., YTO CBUAETEIBCTBOBAJIO O €XKECY-
TOYHOM HMX HCIIOJIb30BaHUH XMBOTHBIMH. TakuM 00pazom,
CYMMapHO 3a BpeMs SKCIIEPUMEHTA MBIIIH ITPOOeTain B KO-
JIece aKTUBHOCTH JI0 95 KM.

Kak B onbITHO#, Tak ¥ B KOHTPOJIBHON TPYIIIE KUBOTHBIX
JIOCTOBEPHBIX OTINYNI B OTHOIIEHUN 00beMa TUIIIOKaMIIa K
o0mmemy o0beMy Mo3ra He oOHapy»xeHo (puc. 1, 6). B rpyn-
I€ JKUBOTHBIX C YBEJINYEHHOH (PU3NUECKOIl aKTHBHOCTBIO, B
OTJIMYME OT KOHTPOJIBHOM IPYMIIbI, YK€ IOCIe NEPBOH He-
JIeTTN 3KCIEPUMEHTa JOCTOBEPHO CHIDKAICSH Kod(duiment
aCMMMETpPHHU runmnokammna (cMm. puc. 1, a u ). Ilpu 3Tom BO
BCEX CIIyJasX yBEIHMUNBAJICA 00bEM IIPABOTO THITIOKaMIIa IT0
CPaBHEHMIO ¢ I€BBIM. Pa3HuIa 3TOr0 OKa3aTemst MeXx 1y Mep-
BOU M BTOPO#1 HEJIEIISIMH SKCIIEPUMEHTA Obljla HEJIOCTOBEPHOM.

O6cyxpeHue
JlanHble, momy4deHHble ¢ momMoibto T2-B3emeHHoit MPT o
MU3MEHEHHIO 00bEMOB I'MITIIOKAMIIA TPH HATMYUH (PH3UIECKOH
HarpysKH, JIeMOHCTPUPYIOT BIMSHHUE 3TOTO (haKTopa Ha Co-
OTHOIIEHHE 00bEMOB €ro IpaBoii U JieBoi yactell. Takue u3-
MEHEHHS MOTYT OBITh 00YCIIOBIICHBI yCHICHHEM UHTEHCUB-
HOCTH HeHporeHesa B 3y04aToil M3BMIIMHE TMITIIOKAMIIA, YTO
OBUIO MIOKa3aHO Ha PA3JIMYHBIX IKCIIEPUMEHTAIBHBIX MOJEIISIX
(Christie, Cameron, 2006), yBenndeHneM IUIOTHOCTH CHHATI-
THaeckux konTakroB (Knott et al., 2006), aktuBarueii pocra
mu (Haber et al., 2006).

@dusnveckasi akTHBHOCTh 3HAYUTENLHO MOBBIIIAET B CYO-
TPaHyJSIPHOI 30HE J0JII0 ITPOTCHUTOPOB C BBICOKOHM MPOJIH-
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(hepaTHBHOM aKTHBHOCTBIO, KOTOPBIE Jlajiee aKTHBHO Mpe-
oOpasyrorcst B HoBBIe Helponsl (Kronenberg et al., 2003).
3HauuTENbHAS YAaCTh BHOBb C(HOPMHUPOBAHHBIX B 3y04aTOM
(hacumu B3pOCIIOro I'MINOKamMIa HEHPOHOB TMOHET B Tede-
HHE JByX Hezenb. [Ipu 3ToM Te U3 HUX, KOTOpbIE BBLKUIN U
BCTPOWJINCH B CYIIECTBYIOIIHUE CETH, IEMOHCTPUPYIOT BBICO-
Kyto crabmwisHOCTh (Dayer et al., 2003).

OCHOBHBIMH PETyISTOPaMH MHIYKIUH Mpoaudepannu
MIPOTEHUTOPOB, A TAKXKE BBDKMBAHUS W MUTPAIIMM HOBBIX
HEHPOHOB BBICTYNAIOT TpouyecKknue U PoCTOBbIE (aKTo-
PBI, BBIIENIIEMbIE MUKPOOKPYKEHHEM HEHPOTCHHON HMIIIH.
KiroueBbiMu cunratorest Heliporpopuueckuii pakrop BDNF
(brain-derived neurotrophic factor), nmpoaykuusi KOTOpOro
3HAYUTENBHO MHTEHCHPHUIUpPYETCs mocie (u3ndecKoil Ha-
rpy3ku (Schnyder, Handschin, 2015), a Takxe cocyaucTslit
sHpoTenuatbHbIi pakTop pocra VEGF (vascular endothelial
growth factor), ne¥icTByromme yepe3 CBOM THPO3HHKUHAZHBIC
PELENnTOphl, XOPOLIO MPEJICTaBICHHBIE HA MPOTEHUTOPAX
(Fournier, Duman, 2012; Ortiz-Lépez et al., 2017).

Ha ocHOoBaHNM nUTEpaTypHBIX HCTOYHUKOB 0a3bl JaHHBIX
PubMed ¢ ucrons3oBanuem texnomorun GeneNet (Pocma-
TeHT Ne 990006 ot 15.02.1999) npoBeneH aHaIu3 peryssiTop-
HBIX MOJIEKYIIIPHBIX IPOIIECCOB, KOTOPBIE MOTYT OIIOCPENO-
BaTh BBDKMBAHUE IPOTCHUTOPOB B HEHPOTEHHOM HUIIIE TTOCTIE
nHTEeHCHpUKAIUK (PU3NUECKOI HArpy3KH U UX BCTpPauBaHUE
B (DYyHKIIMOHAJIEHBIE CETH.

Ilepenaua curnana BDNF u VEGF nogaep:xxuBaet BbIKU-
BaHHE BHOBb C()OPMHPOBAHHBIX BO B3POCIIOM THIIIIOKAMIIE
HelipoHOB uepe3 pocdonHo3uToN-3-knHa3HEIH/Akt/mTOR
CUTHAJBHBIN Kackas (puc. 2, a).

dochounnozntna-3-kunasa (phosphatidylinositol-3-kinase,
PI3K) obecnieunBaeT hopmupoBanue myia pocPOnHO3UTON-
3,4,5-rpucpocdaros (PIP3 (phosphatidylinositol 3,4,5-tris-
phosphate) u3 pocdonnozuron-4,5-6udocdaros (PIP2 (phos-
phatidylinositol 4,5-biphosphate)) (Volinia et al., 1995) na
Iu1a3Marndeckoil Memopane Heiiponos. PIP3 sBistores mecra-
MM 3aKpeIIeHUs Ha TU1a3MaTHYeckol MeMOpaHe MPOTEeMHKHU-
Ha3el B (Akt, RAC-gamma serine/threonine-protein kinase),
(hyHKIIMOHAIBHAS POJIb KOTOPOH! B KJIETOYHBIX ITPOIIECCax X0-
poriio u moxpooOHo ocBereHa B mureparype (Vanhaesebroeck,
Alessi, 2000; Sarbassov et al., 2005; Huang, Manning, 2009).

Wmerorcst nannsle, uro 6enok Girdin (Akt phosphorylation
enhancer) popmupyer curnanbhbii myTh Girdin/ Akt B sH110TE-
TUaTBHBIX KIIeTKax npu anruorenese (Kitamura et al., 2008).
dopMupoBaHUEe HOBBIX COCYJIOB B IIpOllecce HEHpOreHesa
BBICTYIAET CYIIECTBEHHBIM (DAaKTOPOM.

B xap6okcuibHOM ydacTke MoJeKynbl Oenka Girdin mpu-
CYTCTBYET CalT, o0ecreuynBalomni GOpMUPOBaAHHE KOM-
IJIeKCca HEMOCPEACTBEHHO ¢ MpoTenHkrHa3oi B. Cunraercs,
YTO 3TO 0O0BEAMHEHHE KaKMM-TO 00pa3oM MPOJOHTHPYET
KMHa3HYI0 aKTUBHOCTH MpoTenHkrHa3bl B PI3K/Akt/mTOR
CUTHaJIbHOM Kackaze (Anai et al., 2005). [Tpu arom Girdin —
cyoctpar Akt (Kitamura et al., 2008). CBs3bIBasch C HUTS-
MU aktuHa, Girdin BoBieKaeTcs B MPOIECCH PEMOACIH-
PpOBaHHA AKTUHOBOI'O HUTOCKEJICTA U MOABMKHOCTDH KJICTKU
(Enomoto et al., 2005). Kpome Toro, B pabote (Nakai et al.,
2014) mokazaHa BOBJICYCHHOCTbH JTAaHHOTO OEJKa B CHHAIITH-
yeckue nporueccs (hochopmtuposanne NR2B cyobennHu-
st HM/JIA penenrtopoB) B rummokamite gepe3 Bdnf/Akt cur-
HaJIbHBIN 1Ty Th. [ TTyTamMaTHbIe perenTops! 3TOro THIIA ITPUCY T-
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BrnumsaHue dpursnyeckor akTMBHOCTA

Ha CTPYKTYPHYI0 aCMMMETPUIO rnnokammna mMbliLlin

CTBYIOT Ha CHHAIITHYECKHX KOHTAKTaX
BHOBb C()OPMHPOBAHHBIX HEHPOHOB BO
B3pocinom rumnmokamne (Drew et al.,
2013).

MBI peKOHCTPYHpPOBaU OeIoK-0e-
KOBBI€ B3aUMOJIEHCTBHUS B HEUPOr€HHON
HUILIE, KOTOPBIE, MPEANOI0KUTEIBHO,
MOTYT 00ecIieunBaTh BBIKMBAHHE HO-
BBIX HEWPOHOB (Oenok-OenkoBasi ceTh
FOTOBUTCS K IIPEJICTABJICHUIO HA caiiTe
http://wwwmgs.bionet.nsc.ru/mgs/gnw/
genenet/).

Hamu BBIIBUHYTO IPEIINOJIOKEHHE,
yto Girdin MOXXEeT BBICTyHarh B Kade-
CTBE IOCPEIHHKA, KOTOPBIi, ¢ OIHON
CTOPOHBI, IPOJIOHTUPYET KMHA3HYIO aK-
THUBHOCTB IIPOTENHKHHA3bI B, 00pa3ysi ¢
Hell KOMIUTEKC (CM. pHC. 2, a — CTpeJika
cpeanet Tonmuubl). [Ipu aTom, Oyay-
YM caM MUIIEHBbIO NMPOTEHHKHWHA3bl B
(cM. puc. 2, 6 — cTpenka cpeaHel Toi-
IIMHBI ), YePEe3 B3aUMOJICHCTBHE C HUTSI-
Mmu aktiHa Girdin BoBieKaeTcs B Mpo-
IIECChl MX PEMOJEIMPOBaHMs, obecre-
YKBasi KJIETOYHYIO MOJABMKHOCTB, 4TO,
Ha Halll B3IVIs]], MOXKET UTPaTh BAKHYIO
POJb TPU MUTPAIMM HEHPOHOB M MX
BcTpanBaHuu (Akt-3aBUcHMast KIeTOY-
Has murparst). C y9eToM Toro, 9To HO-
BbIe HEHPOHBI (POPMHUPYIOT CHHAIICHI,
Ha KOTOPBIX IPEUMYIIECTBEHHO pac-
nonoxeHsl NR2B-HMJIA penenitopsl,
Girdin, yugacTtByst B ux (ocdopunmpo-
BaHMU (CM. pHC. 2, 6 — TyHKTUPHAS JIH-
HHST), BOBJIEKAETCSI B TIPOLIECCHI CHHATI-
THYECKON TUIACTMYHOCTH HOBBIX HEH-
POHOB.

Girdin mpsAMo B3aMMOACHCTBYET C
6enxkom DISCI1 (disrupted in schizo-
phrenia 1 protein). DTOT KOMILIEKC TIpe-
MATCTBYET MOAIEpKaHuIo (pochopunn-
POBaHHOTO COCTOSIHUSI IPOTEHHKUHA-
3pl B (Kim et al., 2009). Nmerorcs
JTAaHHBIE O TOM, YTO MO/IABJICHUE AKTHB-
Hoct DISC1 yckopsino HelipoHaIbHYO
MHTErPaLHio, HO B UTOTE 3TO IIPUBOJIUIIO
K MOP(OJIOTHYECKUM HapyIICHUSIM U
HETPaBWJIBHOMY TTO3UIIHOHUPOBAHUIO
HOBBIX KieTok (Duan et al., 2007). Ho-
BOOOpa3oBaHHBIE HEHPOHBI GOpPMH-
PYIOT KOHTAaKThl CO CBOMM OJIMIKaii-
MM OKpYXKEHHUEM, a 3aTeM yxke ¢ bosee
yIOAJIEHHBIMH KJIETKAMU W TIOJIy4aroT
CHaJaja ropaszo OOJbIIe TOPMO3HBIX
BXOJIOB, YTO, BEPOSITHO, 3aLIMIIALT CY-
IIECTBYIOMIYIO CETh HEHPOHOB OT UX H3-
mmaeit Bo3oynnmoctr (Deshpande et
al., 2013). MoxxHO cziesiath BBIBOI, YTO
HOBBIE HEHPOHBI JOJIKHBI BCTPAUBATh-
Cs1 B CYIIECTBYIOINE CETH C HEKOTOPOH
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Fig. 1. The effect of physical activity on the ratio of the volumes of the right and left parts of the
mouse hippocampus.

(a) Examples of coronary T2-weighted MRI images of the brain of control and experimental mice. The
dashed line marks the right (R) and left (L) parts of the hippocampus. (a1) The position of the coronary slice
on the standard stereotactic orientation (from the ear apertures). (b) Dynamics of the relative volumes of
the hippocampus during the experimentin animals subjected to physical exercise and kept under standard
conditions. (c) Dynamics of the ratio of volumes of the left and right parts of the hippocampus (coefficient
of asymmetry, Ka) in animals subjected to physical exercise and kept under standard conditions. Week 0:
Ka values before providing free access to a running wheel; weeks 1 and 2: Ka values one and two weeks
after the provision of free access to a running wheel.

* Differences statistically significant at p < 0.05 according to the Mann-Whitney test.
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Fig. 2. Schematic presentation of protein—protein interaction supporting the survival and migra-
tion of new neurons in the hippocampal neurogenic niche. See text for details.

PIP2, PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PIP3, PI(3,4,5)P3, phosphatidylinositol 3,4,5-
trisphosphate; Akt, RAC-gamma serine/threonine-protein kinase; Bdnf, brain-derived neurotrophic factor;
VegfA, vascular endothelial growth factor; PI3K, phosphatidylinositol-3-kinase; Girdin, Akt phosphoryla-
tion enhancer; NR2B, subunit of the N-methyl-D-aspartate receptor; DISC1, disrupted in schizophrenia 1
protein.

—] Girdin inhibition by DISC1; P - phosphorylated state of the protein;
|:| VegfA and Bdnf tyrosine kinase receptors.
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3aJIepIKKOH, YTO, BEPOSITHO, KOHTposupyercst napoit DISC1/
Girdin (cm. puc. 2, 6).

TakuMm 00pa3oM, OCIOK-OCIKOBEIC B3aMMOJCHCTBUS Ha
TUIa3MaTHYECKOI MeMOpaHe HOBBIX HEWPOHOB 00ECIICUNBAIOT
BBDKHMBAHHE NPOT€HUTOPOB, UX POCT, @ TAKKE MUTPAIHIO U
MIOCTETIEHHOE BCTPanBaHKe B (P)YHKIIMOHAIBHBIC CHHATITHYC-
CKHe ceTH (cM. puc. 2).

OO0HapyXeHHOE B HAIIMX JKCIIEPUMEHTAaX JOCTOBEPHOE
MN3MEHEHHE CTPYKTYPHOM acCMMMETpPHUH THIIIIOKaMIa y KH-
BOTHBIX, ITOJYYaIOUIUX JOOPOBOJIBHYIO TOBBINICHHYIO (DU-
3UYECKYI0 aKTHBHOCTb, MPEACTABISET UCKIIOUNTEIbHBIN
unTepec. [ panynspHbIe KIeTKH 3y0uaroit Gpacuun GopMHPYIOT
AKCOHbI, IPOCIUPYIOLIMECS HA NMUPAMUIAIbHbIE HEUPOHBI
mosst CA3, akCOHBI KOTOPBIX B CBOIO OUepeab 00pa3yroT CH-
Harchl ¢ Heliponamu nonst CAl. BenenctBue neBo-npaBoit
MEXKIIOJIyIIapHOM aCUMMETPUU B IIPABOM TUIIIIOKAMIIE B I10J1€
CA1 B cpennem 67 % MEeHIPUTHBIX MIATTHKOB, IPEACTABIISIO-
KX TOCTCHHANTHYECKYIO YaCTh CHHANTHYECKNX KOHTAKTOB,
OTHOCHTCSI K KPYITHBIM, 00Jiee CTa0OMIbHBIM TPHOOBHIHBIM
nmmukaMm (El-Gaby et al., 2015). Cunraercs, 9To 3TOT TUI
IIMIIMKOB — CyOCTpar maMsTH, 00eCIIeYHBaCT JIOITOBPEMEH-
Hoe xpaHeHue undopmarnuu (Bhatt et al., 2009; Yang et al.,
2009). HaGmomaeMplif B HaIIUX dKCIEpUMEHTax (peHoMeH
HyXJaeTcs B OoJjiee MpUCTaIbHOM M3yUCHHH, U MBI HE CTpe-
MUMCH K TOCTICHIHBIM ITOBEPXHOCTHBIM BBIBOJAM.

Hamm pe3ynbTaTsl CBUAETENBCTBYIOT O BO3MOKHOCTH B
paMKax BBIOpAaHHOW MOJEJIM OXapaKTepHU30BaTh N3MECHEHHE
00BEMOB CTPYKTYp, MHIYLIUPOBAHHBIX BHEIIHUMH BO3/IEH-
CTBHSIMH, TAKUMH KaK JOOPOBOJIbHbIE (PU3MUECKHE HATPY3KH.
[Tokazana BO3MOXKHOCTh HEMHBA3UBHO (II0CJIC/IOBATEIILHO, HA
Pa3HBIX CTAAUAX HEHPOTeHe3a y OTHOTO 1 TOTO 7K€ JKUBOTHOTO)
PETHCTPHPOBATH N3MEHEHUSI, B TOM YHCIIE JIEBO-TIPABOM aCHUM-
METPHH 10 TAKOMY ITapaMeTpy, Kak COOTHOILIICHHE 00BEMOB
9TUX CTPYKTYp. IIpy 3TOM, KaK IOKa3bIBalOT JaHHBIC JIUTE-
parypsl, H3MeHeHHEe 00BEeMOB CTPYKTYP MO3Ta MOXET OBITh
crumyn-crieniuuansiM (Lerch et al., 2011), uTo oTKpbIBaeT
[IMPOKHE BO3MOXKHOCTH I10 MCCIIEIOBAHMIO JIATEPU3ALUN U
MEXaHU3MOB HEMPOHAIBHOW TUTACTHYHOCTH.

[Tomy4eHHbIE pe3yabTaThl, ECTECTBEHHO, TPEOYIOT Jailb-
HEHWIINX MCCIIEA0BAHUI C NPUMEHEHHEM CPOPMHPOBAHHBIX
METOIMUECKUX MoaxonoB. IIpeacrasiseTcss HEOOXOIUMBIM
C TIOMOIIBIO AEKTPODYUIUOIOTHUSCKIX METOIOB MTPOBECTH
SKCIIEpUMEHTaIbHBIN aHalIN3 (yHKIMOHAILHOW POJIH HEpo-
reHe3a Ha MOZEIISIX HEHPOHAJIbHOU INIACTUYHOCTH B Cpe3ax
THIIOKAMIIA, B YaCTHOCTH, OCYIIECTBIISIS TETAHU3AIHIO T1ep-
q)OpaHTHOFO IIyTHU T'ANIIOKaMIia Ha Cpe3ax, MOJTYUCHHBIX OT
TPYIIIBI MBIIIEH, y KOTOPBIX HEHPOTeHE3 NHYIUPOBaH AJIH-
TEJIHOH (PU3NUECKOM HArpy3Koi (B TEUCHUE JBYX, YETBIPEX,
BochMH Hegenn) (Patten et al., 2013) wnu npyrumu dakropa-
MU, KOTOpBIE OyIyT BBISBICHBI B pe3yibTare ononHpopma-
IIMOHHOTO aHaAJIN3a.

3aknioyeHune

Taknm 06pa3om, B pe3yabrare paboThl TOKa3aHo, 4To J00po-
BOJIBHOC YBEJIUYCHHE (PU3MUYCCKON aKTUBHOCTH, WHIYIIH-
pyolliee HelporeHes3, NPUBOAUT K CHUKEHUIO CTPYKTYPHOU
ACHMMETPHH TUITIIOKaMITa 4epe3 OIHY-/Be Hezenu. BesiBiieHo
OTCYTCTBHUEC JOCTOBCPHBIX OTJIMYHM B 061)eMax TUIIIoKamMIia
n kK03((pUIKeHTa aCHMMETPUH TIPU OTCYTCTBHUHM MHIIyKIUH
HeliporeHesa. [IpoBenen anamu3 0eIOK-OEIKOBBIX B3aUMO-

1088 Vavilov Journal of Genetics and Breeding - 201822 -8

T.A. Zapara, A.V. Romashchenko
A.L. Proskura, A.S. Ratushnyak
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CpaBHUTEJbHBbINV aHAJIN3 IIPUCIIOCOOJIEHHOCTU
nvHUI Drosophila virilis, KOHTPAaCTHBIX 10 peaKIIun

Ha CTpeccupyioliee BO3AeicTBIe

E.K. Kaprosa @, VL.IO. Paymren6ax, H.E. [pyntenxo

DepiepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT ymutonorum u reHetnkn Cnbrpckoro otaeneHnsa Poccuinckol akagemmnm Hayk, HoBocnbupck, Poccus

OAHUM 13 BaXKHeWLLNX 31eEMeHTOB, CMOCOOCTBYOLWMX aaanTaLlmm opra-
HM3MOB K He6NaronpuATHbIM YCIIOBUAM Cpefbl, ABAETCA CTpecc-peak-
umA. Ocobblii MHTepec NpeAcTaBAAeT U3yyeHne reHeTUYeCKoro KoHT-
pons cTpecc-peakuyv HaCEKOMbIX 1 ee Posiv B afanTtaumm K Hebnaro-
NPUATHLIM ycnoBuamM. lOBeHUNbHBIN ropMoH (FOI) BbINoAHAET PyHK-
LMo rOHaAOTPOMHOIO FOPMOHa Y UMaro Hacekomblix, Drosophila B Tom
yncne, KOHTPONMPYA pa3BUTME ANYHUKOB, BUTEINIOrEHEe3 N OTKIaAKY
AUL, 1 UTPaET KITIOUEBYIO POJIb B CTPECC-peakuun 1 perynauum pas-
MHOXEHWA HACEKOMbIX B YCNOBUAX CTpecca. [TokasaHo, UTo CHuKe-
Hue gerpapauunm lOly ocobelt, pearvpytolwmx Ha HebnaronpuATHble
BO3[eNCTBUA CTpecc-peakuyen (R-ocobelt), Bbi3biBaeT 3a4epKKy B
oTKnagke Avy 1, No-BUAMMOMY, MO3BONAET NONYNALUN «repexaaTb
HebnaronpurATHbIe YCNIOBUA, CMOCOOGCTBYA TEM CaMblM afanTaLmn Ha
nonynAaynMoHHoM yposHe. OfHaKo Npu NpoBeAeHNN MOHUTOPUHIa
NpVPOAHbIX nonynauni D. melanogaster no cnoco6HOCTV pa3BMBaTh
cTpecc-peakuyio 6610 06HapY»KeHO, UTO B HUX C BbICOKOW YacTOTOM
BCTPeYatoTcs 0cobu, He cnocobHble K ee pa3suTuio (NR-ocobw). syuye-
HMe penpoayKTUBHbIX XapakTepucTuk R- n NR-ocobein nokasano, uto
B HOPMaJlbHbIX YCJIOBUAX NPENMYLLECTBO B OCTaBIEHMMN NOTOMCTBA
MMetoT nepBble. B He6naronpuATHbIX YCIIOBUAX, €CNM CTPeCcCcop JoCTa-
TOYHO MHTeHcrBeH, NR-0cobu norunbatot, HO ecvi ero UHTEHCUBHOCTb
HeBesrKa, TO OHW, B OTIMYMe oT R-0cobelt, MpoAosKatoT OCTaBNATb
noTomcTBo. Ha OCHOBaHWUM 3TUX AaHHbIX Oblna BbIABMHYTA rMnoTesa o
TOM, YTO cbanaHcMpPoBaHHOCTL nonynAuuii no R- n NR-annenam obec-
neymBaeT NX aganTaLmio NPU CyLeCcTBOBaHMM NONYNALMA B YCIIOBUAX
YacTbIX CTPECCHPYIOLNX BO3AENCTBUN HEBBICOKON UHTEHCUBHOCTH.
Llenbto faHHOM paboTbl ABNSANACH NPOBEpPKa 3TOW MMNOTe3bl IKCMEPU-
MEHTasIbHbIM NyTeMm. 1114 3TOro NpoBoAMINCh UCCNefoBaHNA XapaK-
TEPUCTUK NPUCNOCOBNEHHOCTH (MPOAOIIKUTENBHOCTY XKU3HW, MIIOJ0-
BUTOCTN) R- 11 NR-nnHWMiA D. virilis B HOPManbHbIX YCNIOBUAX U NPY pery-
NAPHOM TEMI0BOM CTPECCUPOBAHUN PA3ANYHOWN NEPUOJNYHOCTY.

KntoueBble cnosa: Drosophila virilis; HeMpo3HAOKPUHHaA cTpecc-
peaKkuua; oBEHUbHBIN TOPMOH; MPUCNOCOONEHHOCTb; MAIOA0BUTOCTD;
NPOACIKNUTENBHOCTb XKN3HW.
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Comparative analysis of the
fitness of Drosophila virilis lines
contrasting in response to stress

EK. Karpova@, I.Yu. Rauschenbach, N.E. Gruntenko

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia

One of the crucial elements contributing to the adap-
tation of organisms to unfavorable environmental con-
ditions is the reaction of stress. The study of its genetic
control and role in adaptation to unfavorable condi-
tions are of special interest. The juvenile hormone (JH)
acts as a gonadotropic hormone in adult insects con-
trolling the development of the ovaries, inducing
vitellogenesis and oviposition. It was shown that a
decrease in JH degradation in individuals reacting to
adverse conditions by stress reaction (R-individuals)
causes delay in egg laying and seems to allow the
population to “wait out” the unfavorable conditions,
thereby contributing to the adaptation at the popula-
tion level. However, monitoring natural populations

of D. melanogaster for the capability of stress reaction
demonstrated that they have a high percentage of
individuals incapable of it (NR-individuals). The study
of reproductive characteristics of R- and NR-individuals
showed that under normal conditions R-individuals
have the advantage of procreating offspring. Under
unfavorable conditions, if the stressor is intense enough,
NR-individuals die, but if its intensity is low, then they,
unlike R-individuals, continue to produce offspring.
Based on these data, it was hypothesized that the
balance of R- and NR-alleles in the population ensures
its adaptation under frequent stresses of low intensity.
To verify the hypothesis by an experiment, the fitness
characteristics (lifespan, fecundity) of the R and NR
lines of D. virilis were studied under normal conditions
and under regular heat stress of various frequency.

Key words: Drosophila; neuroendocrine stress reaction;
juvenile hormone; fitness; fertility; lifespan.



€aKIMsl CTpecca — 3TO YHUBEPCAIbHbIM U BBICOKOKOH-

CepBAaTUBHBIN OTBET )KMBBIX OPTaHU3MOB Ha JIIOObIE

HeOnaronpusTHeIe Bo3aecTBHA. O ee 3BOIOIMOHHON
JIPEBHOCTH CBHUJIETEIILCTBYET UICHTUYHOCTD PsiJia 3JIEMEHTOB
CTpeCC-peaKknny y MICKOITUTAIOIINX H HACEKOMBIX, pa30IIe-
mmxes B 3Bomonuu 6omee 600 vma net Hazan (Chernysh,
1991). A HekoTOpbIE U3 ITUX DJIEMEHTOB 3aJIeHCTBOBAHbI B
CTpecc-peakuy Aaxke Yy pacTeHHH: TaK, yPOBHH KaTexoJa-
MHUHOB MEHSIOTCSl Y pacTeHHH Kaprodess Mmoj JieiicTBueM
Pa3HBIX CTPECCHPYIONINX BHEIHHUX (aktopos (Sweidrych et
al., 2004). ITokazano, uto y umaro Drosophila nieHTpatbHbI-
MU 3BE€HBSIMH CTPECC-PEAKIINH SBISIOTCS OMOTEHHbBIC aMUHBI
(oKTOMaMUH U 10aMuH), ypOBEHb KOTOPBIX PE3KO BO3pacra-
eT TP HeOIAarONPHUATHBIX BO3AEHCTBUSIX JTI000H MIPUPOIBI, a
TaKke roHagoTponuusl (20-ruapokcuakan3on (209) u roBe-
HIIBbHBINA ropMoH (FOI')), TUTP KOTOPBIX MpU cTpecce BeAeT
cebst ananormgHbM obpaszom (Gruntenko, Rauschenbach,
2008).

B HeOnaronpusiTHBIX YCIOBUSIX Pa3IMYHOM MPUPOJIBI, Ta-
KHX KaK BBICOKHE M HU3KUE TEMIIEPaTyphl, MEXaHUUIECKHE U
XMUMHYECKUE CTHUMYIIbI, HETIPEPHIBHBIN CBET N MIMMOOHIIN3a-
1yst, ypoBHH odamuHa (JIA) u okTonamMuHa pe3Ko Bo3pac-
TAIOT B reMoNM(pe 1 HEPBHOW TKaHH APO30(UIBI, BIUSS HA
BeDKMBaeMocTh (Hirashima et al., 2000; Gruntenko et al.,
2012; Hanna et al., 2015).

W3menenne ypoBHEH 000MX TOHAJOTPOIIMHOB B Hebmaro-
MPUATHBIX YCIOBHSAX TaKKe CrocoOcTByeT ajnanrtanuu. Ilo-
BbIeHUE TUTpa 200 MPUBOAUT K AlONTO3y YaCTH PaHHHUX
BUTEJIOTEHHUYECKUX OOIUTOB U CHIDKEHHUIO TUIOJJOBUTOCTH,
YTO CHOCOOCTBYET aJIaNTally Ha MOIMYIISIHOHHOM YPOBHE B
YCIIOBHSIX [IEPEHACENICHHS! MJI HEXBATKH IHIIEBBIX PECYPCOB;
a noBbiieHne ypoBHs FOI' BEI3BIBAET 3a€PKKY OTKIAJKH
SI1L, TIO3BOJISTFOLIYO MTEPEX/IaTh HeOIaronpusITHbIC YCIOBUS
(Gruntenko, Rauschenbach, 2008).

HVccenoBanus MOCIEAHUX JIET TTO3BOJIMIN yCTaHOBUTH
CBSI3b MEXJIy CTPECC-yCTOHUMBOCTBIO W MPOJOJIKHTEIHHO-
cTb10 kn3HHU. OIHAKO JAaHHBIE JOCTATOYHO MPOTHBOPEUYHBBI:
B OJIHUX HCCJIEIOBAHUSIX CyIIECTBOBAHNE TAKON CBSI3U OTBEP-
raercst (Harshman, 1999), a B ipyrux roBoputcs, 4to cTpecc
NpOJIeBaeT XHU3Hb HacekoMbIM (Sarup et al., 2014) uiu, Ha-
npoTuB, yKkopaunsaeT (Moskalev et al., 2015). CenexonHsie
9KCIIEPUMEHTHI, KaK IojaraioT Hekotopsie aBropsl (Tower,
1996; Harshman et al., 1999), MmoryT naBark IpOTHBOPEUUBbIE
PE3yNBTaThI 10 PA3HBIM IPUYUHAM: U3-3a Pa3IIMIHil B 0a30BBIX
MOMYJIALHSX, TIOTPEITHOCTEH CeTEKINHN, PA3INIrii B Tapamer-
pax CeJeKIHMOHHOTO SKCIIEPUMEHTa, 8 BOSMOXKHO, YTO B Pa3-
HBIX pa00Tax B OTBET HA CEJICKINIO BOBJIEKAIOTCS PA3INUHbIE
MeXaHU3MbI. MBI e 1ojiaraeM, 4to 3 QeKT cTpecca Ha Mpu-
CIIOCOOJICHHOCTh B 3HAYUTEIBHOW MEpEe 3aBUCHUT OT YaCTOTHI
¥ MHTEHCHBHOCTH BO3ICHCTBHSA CTPECCOPHOTO (hakTopa,
TUTAaHUPYEM BBISIBUTH «TIOJIOKUTEIBHBIC» U «OTPUIATEIHEHBIC)
JIO3UPOBKH TEIJIOBOTO BO3/ICHCTBYSI HA IJIOIOBUTOCTD U IIPO-
JIOJDKUTENTBHOCTD JKU3HU UMaro Drosophila virilis.

[To pesynpraraM MHOTOJETHHX HCCICIOBAaHWN B HaIIei
nabopaTopuu pa3padoTaHa MePCICKTUBHAS MOEIb IS U3Y-
YEHHs CTPECC-PEaKINH Ha HACEKOMBIX. DTa MOJIENb IPEIICTaB-
JIeHa IBYMs JIMHUAMU D. virilis, KOHTPACTHBIMH MO PEaKINU
Ha jaeicTBue crpeccopa. JIMYMHKU OAHON U3 ATUX JIMHUH
(e 101 guxoro Tuma) mpu passutau npu 32 °C mocnie
CYTOUHOMH 3aJIep>KKN OKYKJIMBAIOTCS M HOPMAJIBHO TIPOXOJISIT

MeTamopdo3. Jlnuunku apyroi (muuus 147) He CrioCOOHBI K
Metamopdo3zy npu 32 °C u nmorubarot. Kak THYnHKH, Tak 1
nmaro nuHuK 101 oTBeYaroT Ha CTpecCUpOBaHE BOSHUKHO-
BEHHEM CTPECC-PEaKI1H, II03BOJISIIONICH UM a/lallTHPOBAThCSI
K HEOJIarompHusATHRIM YCIIOBHAM Cpebl. Y ocobeit muaun 147
noytoOHast peakmus orcyrctyeT (Paymenoax, 1997). [lannsre,
TMOJIYYCHHBIC paHeC, ACMOHCTPUPYIOT HAJTUYUEC ITOJIOKUTEIIb-
HOM KOPPETAIUN MEXKIy PEaKTHBHOCTHIO CHUCTeMBI JIA u
BBDKMBAEMOCTBIO B YCIIOBHSIX cTpecca 0coOeil AByX JIMHUM
D. virilis. Y myx nuauu 101 npu KpaTKOBPEMEHHOM CTpPECCe
(60 muH, 38 °C) pesxo Bo3pacTaet conepxanne [IA, n npu
YBEIMUYCHUH JUTUTEIBHOCTH CTPECCUPYIOIIETO BO3/ICHCTBUS
JI0 6 4 BCe 0COOM ITOH JIMHUU BEDKUBAIOT. Y MyX JTUHUM 147
MOBBIIIEHUE cofepkanns [IA BecbMa HE3HAUUTENIBHO, U TIPH
YBEIMYEHHOH JUTUTEIEHOCTH CTPECCOPHOTO BO3ACHCTBUS 110~
rubator 88 % camox u 57 % camio (Paymenoax, [llymuas,
1993). IlogoOHas CBsSI3p MOKET CBHICTEIHCTBOBATH O POIIH
JA B amantanuu D. virilis X TETIIOBOMY CTpecCy, IpuIeM
OCHOBHOE 3HaU€HHUE 3/1€Ch, 10-BUIIUMOMY, UMEET HE YPOBEHb
OMOTEHHOT0 aMMHa KaK TaKOBOW (B HOPMAJbHBIX YCIOBHAX
coxepkanue JIA Bwimie y ocobeit nmuuun 147), a creneHb
€T0 MOBBINICHUA, T. €. pPCAKTUBHOCTL B YCJIOBUAX TCIJIOBOTO
ctpecca. Takas poms A MOXeT OBITH CBSI3aHA C TEM, YTO
OH KOHTPOJIUPYET PHEPreTHUECKIH MEeTa00IM3M HaCEKOMBIX
(CTUMYNHUPYET OKHUCJIEHUE TIIFOKO3bI U TPETayio3bl, BHI3bI-
Bas T€M CaMBIM WHTCHCH(DHKALNIO MBIIIEIHON (YHKIIHH),
MOBBIIIAsl IPU cTpecce ero yposeHs (Paymenoax, [lymnaas,
1993).

IIpoBoanIoCh TakKe UCCIIEA0BAaHUE HA 3TOW MOJIENH YPOB-
Hs1 nerpaganun FOI, 01HOTO N3 IIEHTPaTbHBIX 3BEHBEB CTPECC-
peakiuu. YCTaHOBJICHO, YTO MMAaro Iukoro tuma D. virilis
(yimaMEs 101) oTBewaroT Ha ACWCTBUE CTPECCOPOB CHIDKECHUEM
yposHs aerpaganny FOI (moBbIIIeHHEM COIepKaHUs TOPMO-
Ha). Y oco0eii ke MyTaHTHOM uHUU 147 momo0Has peakius
OTCYTCTBYET.

Curnanssblil nmyTs OI' KOHTpONIHPYET pa3MHOXKEHUE Ye-
pe3 peryJsiLuio BUTEIUIOTeHE3a, CO3PEBAHMs M OTKIIAJAKH SUL]
y CaMOK HaCEKOMBIX M Yepe3 KOHTPOJIb PaHHEro 3MOpHo-
HAJIBHOTO Pa3BUTHUSI U TEM CaMbIM MOXET 00ecneunBaTh
aJIanTalMIo Ha MOMyIIsIMOHHOM ypoBHe (Goodman, Granger,
2005; Gruntenko, Rauschenbach, 2008). JleficTtButenbHO,
9KCTICPUMEHTBI OKa3aJIH, 4To IeHCTBHE cTpeccopa (BEICOKOH
TEeMIIEPaTypPhl) BHI3BIBAET, BCIEJCTBHE CHUYKEHUS AeTPaIaliiu
TOT" (ToBBIIIeHNS YPOBHS TOPMOHA), Y CaMOK D. virilis TUKOTO
THIIA 33/ICPXKKY OTKJIAJIKU SIUI] U CHI)KCHHE TIJI0/IOBUTOCTH B
TCUCHUEC HCCKOJIBKHUX [lHeﬁ, a 3aTCM €€ IOBLIIICHUC (OTKHa—
JIBIBAIOTCS «3a/IepKaHHbIe sifay) (Paymenbax, 1997). V ca-
MOK € MyTaHTHOW JIMHUU 147, KOTOpbIE HE PearupyroT Ha
CTpECCOp CHIKEHUEM Jerpajaliii TOpMOHA, U3MEHEHU B
PENpOIYKTHBHBIX XapaKTePUCTUKAX MPH CTPECCE HE MPOHC-
xouT (Paymenbax, 1997). IIpiueM B HOpMaIbHBIX YCIOBHSIX
IUIOZIOBUTOCTh CAMOK 3TOM JIMHUHU CYILIECTBEHHO HMXKE, YeM
y myx juaun 101. Heobxoammo 3aMeTHTh, 4TO 1MOI00HBIE
9KCTIEPUMEHTHI OBIIM MpOBENeHbI U Ha D. melanogaster ¢
AHAJIOTMYHBIM PE3YJIbTATOM: BHIDKMBAE€EMOCTH JIMHUU D. me-
lanogaster ¢ an3kuM ypoBHeM IOI" camxkena (PaymenOax,
1997; Gruntenko, Rauschenbach, 2008).

Takum 006pa3zom, ocobu, pearupyroriue Ha ctpecc (R-oco-
01), IMEIOT SIBHBIE IPEUMYIIECTBA [IEPE]] HE PearnpyomuMu
(NR-ocobwm), Oymyun criocOOHBIMH aJanTHPOBAThHCS K HeOa-
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TONPHSATHBIM YCIIOBUSIM CPEJIbl (32 CUeT M3MEHEHUH B dHep-
TETHYECKOM MeTabosm3me) 1 obsaast 6oiee BHICOKOW JKU3-
HECTIOCOOHOCTBIO B YCIIOBHSX CTPECCa, a TAKKe Ha MOPSIIOK
OoJiee BEICOKOH TIJI0IOBUTOCTBIO B HOPMAJIBHBIX YCIOBHSX, U,
T0 BCE BUUMOCTH, IOJKHBI ObI OBUTH BHITECHUTD B IPHPOJIE
nociennnx. Ho ncenenoBanne aAByX NPUPOAHBIX OIS
D. melanogaster nokasaino, 4ro 310 He Tak. NR-ocodu BcTpe-
Yar0TCs B IPUPOAHOM MOMYIISIIMY C 4acTOTOM mpuMepHo 50 %
(Paymenbax, 1997). Uem xe 310 00yciIoBICHO?

Bo3moxHo, NR-0c00OM MMEIOT MPEHMYIIECTBO B OCTaBIIC-
HHHY TIOTOMCTBA B YCIIOBHSX YaCTOTO CTpeccHpoBanus. R-oco-
61 OyyT pearnpoBarh Ha SKCTPEMaIIbHBIC YCIIOBHUS 331€PKKOI
B OTKJIQJIKE SIMIl U TAKUM 00pa3oM «IepeXuaaThy» Hebaro-
MIPHUATHBIN TIEPHUOI, @ 0COOH, HE CTTOCOOHBIE K 3TOW PEaKITiH,
Oy/ly T IPOAOIDKATh PA3MHOXKATHCS, YTO IIPUBEJIET B YCIOBHIX
YacCThIX CTPECCUPYIOLIUX BO3JEUCTBUI HEBBICOKOW MHTEH-
CHUBHOCTH (T.€. HE MPUBOIAIINX K THOEIN HE CIIOCOOHBIX
K CTpecc-peakiuu ocodei) K BO3pACTaHMIO YMCIIA TAaKUX
oco0eli B TIOMYJISIUU, HECMOTPS Ha UX 0oJiee HU3KYIO ILIO-
JIOBUTOCTb. DTHM MOXKET OOBSICHATHCSA COOTHOILIEHHE YaCTOT
oco0eit, pearupyronmx 1 He pearupyronmx Ha crpecc (50:50),
00OHapy)KEHHOE B MCCIICIOBAHHBIX MTPUPOJHBIX MOIMYIISIIHAX
D. melanogaster, Tak Kak OHU OBbUIH MOIY4€HBI U3 PailoHOB
C BBICOKOH CTENEHbI0 aHTpororenHoro BiustHus (Gruntenko,
Rauschenbach, 2008).

Ha ocHOBaHMM 3THX JaHHBIX ObLIA BBIIBUHYTA THUIOTE3a
0 TOM, 4TO cOaJIaHCHPOBAHHOCTH MOy mo R- m NR-
aJyIessiM 00eCIeYMBaeT UX aIalTalHIo P CYIIECTBOBAHUH
MOMYJALUKN B YCJIOBHAX YacThIX CTPECCHPYIOIINX BO3/ECH-
cTBUIl HeBbICOKOH MHTeHcHBHOCTH (Rauschenbach et al.,
1996; Gruntenko, Rauschenbach, 2008). Llenbro HacTosIICH
paboThI ObUIA TPOBEPKA ITOM THUIIOTE3BI SKCIIEPUMEHTATIBHBIM
myteM. JIJIst 3TOro MCCiIenoBalil XapaKTepUCTHKH ITPHUCTIO-
COOJIEHHOCTH (IIPOAOIDKUTEIBHOCTD )KU3HH, TUIOJJOBUTOCTB)
R- m NR-muHuit D. virilis B HOpMaJIbHBIX yCIOBUAX U TPH
PETYIISIPHOM TEIUIOBOM CTPECCHPOBAHUM PA3IMYHON Iepro-
JIMYHOCTH M JUTUTEIBHOCTH.

Matepwuanbl n metogbl

JKcnepuMeHTadbHbIe KUBOTHBIE. VccienoBanue mnpo-
BefieHO Ha NByX JuHUAX D. virilis: muamn 101 (R) guxoro
tuna u ek 147 (NR), Hecymeit mytarun brick (po3oBbie
masa), broken (npepBaHa 3ajHsis IONIEpEYHAst KUJIKA KPbLa)
u detached (Henopa3BUTHE MPOMONBHBIX KMIOK KpbUIa) B
xpomocome Il 1 TemrepaTypo-4yBCTBUTEIBHYIO JINUNHOY-
HYI0 JIeTajlb B XpoMOcoMe VI, NpensTCTBYIOLYI0 pa3BUTHIO
CTpecCc-Peakiiy KaK y JINYUHOK, TaK U y UMaro 3TOH JINHNU.
KyasTypbl 00enx JMHUHE BBIpAIIMBaIN Ha CTAHIAPTHOW IH-
TatenpHOH cpene npu 25 °C.

AHaJIM3 NJI010BUTOCTH. [110JOBUTOCTE OILICHNBAIH CIIe-
JIYIOIINM 00pa3oM: I10 MSATh TOJIBKO YTO BBUICTEBIINX CAMOK
1 CaMIIOB MOMeEIIaTu B cTakaHbl ¢ kopMoM (10 crakaHOB B
KaXXTIOH MCCIIeAyeMOW TPYyNIe) U TMEePEeHOCHUIN Ha CBEXKUH
KOpPM €XKEJIHEBHO JI0 MOMEHTA NPEKpaIIeHHUs IIeproja pe-
MMPpOAYKIHH. Yuciao BBUIETEBIINX U3 KaXXZ0T0 CTakaHa MyX
OBUIO TOCYUTAHO, ¥ THIOZAOBUTOCTH OIIPEIENISNACH KaK YHCIIO
MIOTOMKOB Ha POJUTEIIECKYIO CAMKY B CYTKH.

AHAJIM3 NPOAOKUTEILHOCTH KU3HHU. J[1151 onipeienenns
MIPOJOJKUTENLHOCTH JKU3HH OpaIH 1O MATh TOJIBKO UTO BBI-
JIETEBIINX CAMOK H CaMIIOB, TIOMEIIAJIN B CTAKaHbI C KOPMOM
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(10 crakaHOB B KaX/101 HCCIIEyeMOM IPyIINe) U NePEeHO CHIIN
Ha CBEXHI KOPM €KEJHEBHO JI0 MOMEHTA CMEPTH BCEX IO-
JIOTIBITHBIX MyX. Ka)kzpli IeHb ITPOBOIMIIN PETUCTPALIUIO U
oIlpesieIeHUE 110J1a yMEPIIMX MyX BO BCEX CTaKaHaX. 3aTeM
MOZICUUTHIBATIACH CPEHSS MPOIOIKUTENBHOCTD KHU3HHU 0CO-
Oeif pa3HbIX ITOJIOB B KAX/IOW MCCIIEyeMOH IpyIIIe.

Craructuyeckas o0padorka. [y OLIEHKH JOCTOBEPHO-
CTH PEe3yNIbTaTOB UCTONIB30BaNN f-TecT CThIOZIEHTA.

Pe3ynbratbl

OLieHKa NPOAOIKNTENbHOCTA KU3HN

R- n NR-ocob6eli D. virilis

JIJIs OLIEHKH TTPOOIDKUTENIEHOCTH KHU3HH ObLIa MPOBEe-
Ha cepust skcriepuMenToB Ha auHusAx 101 u 147 D. virilis.
[TpencTaBasIOCh HHTEPECHBIM BBIACHUTH, KaK Pa3iIMIacTCs
MIPOJIOJKUTENLHOCTD KHU3HU Y MYyX, CIIOCOOHBIX W HE CHO-
CO6HI)IX K CTpECC-p€aKIiui B HOpMaJIbHBIX YCJIOBUAX, U €CTh
JIM pa3HuLa 10 3TOM XapaKkTepUCTUKE Mexay Iojamu. Taxxke
MBI BBISICHSUIN, KaK U3MEHSICTCS TTPOJIOJKUTEIEHOCTD XKU3HU
MyX 00€HX JMHUH HpPU PETyIIpHOM CTPECCOPHOM BO3/CH-
CTBHH Pa3INIHON IEPUOJUIHOCTH U CHIIBL: [P €KEJHEBHOM
KparkoBpeMeHHOM cTpecce (38 °C, 1 1), IpH esKeHe1ebHOM
kpatkoBpeMeHHOM cTpecce (38 °C, 1 4) u exeHeqeNbHOM
6onee mmurensHOM cTpecce (38 °C, 4 u).

JlanHbIe IO cpeHel MPOJOIKUTENTBHOCTH KU3HA 0Co0ei
o0oux nonos nuHuH 101 1 147 npusenens! Ha puc. 1. Buano,
YTO NPOAOILKUTEIBHOCTD KU3HH B KOHTPOJIE TOCTOBEPHO HE
paznryaeTcs Kak y CaMoK, TaK My CaMIIOB H3Y9EHHBIX JIMHHUH.
Kak u crnenoBano oxuaarh, mpu CUILHOM cTpecce (4 1 pa3
B HEJIENI0) MPOJOJDKUTENBHOCTD KU3HN 00CHX JIMHUH Ia-
naet (p < 0.01 mns camok muanu 147 u p < 0.001 mns

O Control *p <0.05
Stress **p<0.01
M 1 hdaily *** p <0.001
1 h weekly
B 4 h weekly
80 1
*%¥
*%%
70 t I
*XK I
60 [ e I
2 507 I
©
g 40 % *%
f‘g ** *¥¥%
- 30T
*%¥%
*%¥
20 [ hd
10 [
0
Female Male Female Male
Strain 101 Strain 147

Fig. 1. Effects of stress of various intensity and frequency on lifespan in
D. virilis strain 101, capable of stress response, and not capable strain 147.

Each figure is a mean of 10 tests + SE. Asterisks indicate the significance of
differences from the control group.



CpaBHUTENbHbIN aHaNM3 NPUCNOCO6NEHHOCTN NHWUIA Drosophila virilis,
KOHTPACTHBIX M0 PeaKkLym Ha CTpeccrpyoLee BO3LencTme

OCTaJIbHBIX TpeX rpyii). HeoxuaaHHbIM OKa3aics TOT (PakT,
410 O0JIee CHIIEHOE COKPALIEHNE MPOIOJDKUTEIIBHOCTH KH3HH
IIPU CTPECCUPOBAHNH HAOMIOAETCS Y CIIOCOOHOM K cTpecc-
peaxumnu siuanu 101. Bonee cnadwiii ctpecc (1 4 pa3 B cyTkH)
OKa3bIBaeT HETaTUBHOE BIIMSHHE Ha MPONOJDKUTEIBHOCTD
xu3HN ocober muaun 101 (p < 0.05 s camok u p < 0.001
JUIA CaMI_[OB) U MPAaKTUYCCKU HC OKa3bIBACT BJIMAHWA HA MYX
mann 147. IHTepecHBIM 0Ka3aJioCh TO, UTO IIPH CAMOM CJia-
60oMm ctpecce (1 9 pa3 B HeAEI0) TPOAOIKUTEIBHOCTD )KU3HH
obOeux yuHUA pesko yenuumBaercs (p < 0.001 mms Bcex
rpym), npudeM y TuHuA 147 3ToT 3pexT 6oee BRIpakeH.
Taknm 00pa3oM, B YCIOBHSX cTpecca JIMHUS, HE CIIOCOOHas
K CTpEeCC-peaKLy, UMEET IIPEUMYILECTBO 110 IIPOJOJIKUTEIb-
HOCTH JKH3HHU.

AHanuns nnogosutoctu R- n NR-ocobein D. virilis

Opnnaxo Oosiee BaKHBIM B CO3MaHMM OajaHca ayuielied R
n NR B momynsimun gomkeH ObITh Bkiax R- n NR-ocobeit
B clenyolee mokojaeHue. YToObl OIEHUTh ATOT BKJIAJ, MbI
W3YYWIN TI0N0BUTOCTH uHMHA 101 1 147, onpenenys kak ee
MHTEHCHBHOCTB, TaK U CPOKH PA3MHOKEHHSI, XapaKTEPHBIE IS
00enX JIMHUI B HOPMAJIbHBIX YCIIOBHUSIX, & TAKKE BIUSHUE HA
HUX CTPECCOPHBIX BO3AECUCTBUM.

Pesynbrarhl Mo M3y4eHHIO CPOKOB Hadasa OTKJIAJKU SIHI]
y munuit 101 u 147 npeacrasnens! B Tabn. 1. Bunxo, uto B
HOPMAaJIFHBIX YCIOBUAX 0COOM THHUU 147 HaUMHAIOT OTKJIA-
IIBIBaTh SHIA JTOCTOBEPHO Mo31Hee, YeM ocodu muauu 101
(p<0.001). auubie Tab1. 1 CBUACTEIBCTBYIOT TAKIKE O TOM,
4yTO peryisipHoe ctpeccuposanue (38 °C, 1 4 pa3 B cyTKH)
BBI3BIBACT Y caMOK JJMHUM 101 10CcTOBEpHYIO 33I€pKKY B Ha-
yane oTkianku s (p < 0.001), aro Xoporro cornacyeTcs ¢
JAaHHBIMH, TIOyYCHHBIMH B JJaOopaTopuu panee. Y MyX JH-
HuM 147 10CTOBEPHBIX U3MEHEHUH ITOrO MapaMeTpa He Ha-
6monaercs. MccnenoBanus Mo M3y4YEHHUIO CPOKOB Hadana
OTKIAAKK sul y muHun 101 mpu cTpeccnpoBaHuy OOUH pas3
B HEJIENIO HE IPOBOAMINCH, HOCKOIBKY CTPECCOPHOE BO3AEH-
CTBHE OCYLIECTBIISIIOCH yXKE MOCIE Hayana OTKIAAKH SIUI U
HE MOIVIO Ha HETO HOBIIUSATb.

B Tabn. 2 npencrasieHs! JaHHBIE IT0 BPEMEHN OKOHYaHUS
OTKJIA/IKM SIMI B HOPME U B yCIOBUAX 4acToro (1 pa3 B cyTkH)
u penkoro (1 pa3 B Hememo) KPaTKOTO TEIJIOBOTO CTPECCH-
posanus (38 °C, 1 4). bornee ymTensHOE CTpeccupoBaHie B
ATHX IKCIIEPUMEHTAX HEBO3MOXKHO, TaK KaK IIPHBOJIHUT K CTe-
punm3arn camroB Drosophila (Rauschenbach et al., 1996).
B HOpManbHBIX YCIOBHSX Y 0COO€H HMcClIeqyeMbIX JTHHUH
PenpoayKTUBHBIN EpHOJ OMHAKOB (CM. Tabm. 2). Bmecre ¢
TEM €KETHEBHBIN CTPeCC BBI3BIBACT y 0co0ei muHmH 147 upes-
BBIYaHO CHJIHOE yMeHbIIeHHe perpoaykuun (p < 0.001),
HO He BIMAET Ha nepuon penpoaykiuu guauu 101. To ects
B YCIIOBHSX IIOCTOSTHHOTO CTpeccupoBanus ocoou mianu 101
MUMEIOT SIBHBIC MPEHMYIIECTBA B OCTABICHUH MOTOMCTBA.
Penkoe ctpeccupoBaHue, HAIIPOTHUB, 3aMETHO YBEIMYHBAET
Tepro] penponykun y ocobeit muanm 147 (p < 0.001), me
CKasbIBasch Ha nepuoae penpoaykuuu auaun 101. Takum
00pa3oM, B YCIOBHUSX CTpecca HEBBICOKOM MHTEHCHBHOCTHU
nuHAA 147 ompeneneHHO UMEET PElPONyKTHBHOE MPEUMY-
IIECTBO.

OTOT BBIBOJ MOATBEPKAaeTCs AaHHBIMU puc. 2. Ha Hem
TIPE/ICTABIICHBI PE3YIIBTATHI OLICHKH IUIOJOBUTOCTH JIMHUHN 101
n 147 B HOpMaJbHBIX YCIOBHUSX M B YCIOBHUSX cilaboro pen-

E.K. Kaprosa, M.10. PaywieH6ax 2018
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Table 1. Start of oviposition by females of D. virilis strain 101,
capable of stress response, and not capable strain 147 kept
under standard conditions and exposed to frequent short-term
heat shock (38 °C, 1 h daily)

Group Age, days after eclosion
5tram1015tram147 ...............
Contro| ...................................... 2 78i016***493i033 ..............
‘Heatshock Thdaily - 420£014 533030

Table 2. End of oviposition by females of D. virilis strain 101,
capable of stress response, and not capable strain 147 kept under
standard conditions, exposed to frequent short-term heat shock
(38 °C, 1 h daily), and exposed to rare short-term heat shock

(38 °C, 1 h weekly)

Group Age, days after eclosion

Stra,mm .................. 5 tram147 ...............
Contro| .................................... 3 2931,0 40 ............... 3 45011 7 8 ............
‘Heatshock1hdaily  2860£269  1157£062"
‘Heatshock1hweekly  3367+041  4217+044

koro crpecca (38 °C, | 1 pa3 B Henemo, HaunHast ¢ 10-ro 1Hs
MOCJIe BBIIETA). XOPOIIIO BUIHO, YTO B HOPMATEHBIX YCIOBHSIX
MPEUMYIIECCTBO B OCTABJICHHH MOTOMCTBA MMEIOT 0COOH,
cniocobHBIe K cTpecc-peakiud (101), — nX II0q0BUTOCTS 3a-
METHO BbIIIE (pUC. 2, @), YeM TIOI0OBUTOCTh MyX JInHUN 147
(puc. 2, 6), He cIOCOOHBIX K CTpecc-peakiuu. B ycioBusix cia-
60ro penKoro TEIIOBOTO CTPecca MIOAOBUTOCTS TMHUK 101
CYIIIECTBCHHO CHIIKACTCS, B OTIMYHE OT TuHUH 147. O6para-
eT Ha ce0st BHMMaHue ToT (aKT, 4yTo y ocobeit muanu 147 npu
cTpecce TUIOIOBUTOCTD B KOHIIE PETIPOAYKTHBHOTO ITEPHO/IA
(maumHas ¢ 31-ro IHS MOCIIE BRIICTA) MPEBHIIIACT HE TOIBKO
ypOBeHI) IIJIOOOBUTOCTHU 3T0171 JINHUU B HOpMaJ'I])HI)IX yCHOBI/IHX
(cMm. puc. 2, 6), HO 1 yposeHb uHUH 101 (cM. puc. 2, a).

O6cyxpeHue

MHoOro4ncIeHHbIE UCCIE0OBAaHNS MTO3BOJIMIIN HAWTH CBSI3b
MEXJIy CTPECC-yCTOMYMBOCTBIO M MPONOJKUTEIHLHOCTHIO
sxu3nu (Tower, 1996; Harshman et al., 1999; Sarup et al., 2014;
Moskalev et al., 2015). Dta 3aKOHOMEPHOCTH yCTaHOBJICHA
Ha OCHOBaHNH 3KCIIEPHMEHTOB I10 CEJIEKIIUH, My TalliOHHOTO
aHaIM3a U U3y4CHUs! TEHHOU dKCIIpecCUn. B celleKIIMOHHBIX
9KCTIEPUMEHTAX Yallle BCETO UCIONB3YIOTCA TUHUM D. me-
lanogaster. M. Poy3 (Rose, 1984) BbIBen MMHUM C TIPOAOI-
JKUTEJILHBIM TIEPUOJOM PA3MHOKEHHUSI, Y KOTOPBIX ITPU 3TOM
KaK KOPPEISIIMOHHBIN OTBET HA CENEKIMIO yBEINIHBAIACH
MPOIOIDKUTENIBHOCT KM3HU. OOHAPYKEHO, YTO MYXH U3 3THX
JIMHUH yCTOMYUBBI K Pa3iIMuHOTO BUIA cTpeccaM (Service et
al., 1985). Cam1ipl 1 caMK¥ W3 BBIBEICHHBIX JJMHHA 0COOCH-
HO YCTOIYUBEI K TOJIOAY, CYXOCTH U K napam 15 % sTanona
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Fig. 2. Fertility of (a) D. virilis strain 101, capable of stress response and (b) not capable strain 147 under standard conditions and

exposed to short-term heat shock (38 °C, 1 h weekly).

Each figure is a mean of 10 tests + SE. Asterisks indicate the significance of differences from the control group.

(Service et al., 1985). MHOrue JONroKUBYILIHE MyXH YCTOM-
YUBHI K OKHCIUTENbHOMY cTpeccy (Kenyon, 2005; Partridge
et al., 2005), BMecTe ¢ TeM OTMEUaJIOCh, YTO YBEJINYCHHUC
IJIOAOBUTOCTH Y MYX MOBBIIIAET BOCIPUUMYNBOCTDL K OKHUC-
nmuTensHOMY cTpeccy (Salmon et al., 2001). B sxcriepnmenTtax
TaK)Ke MOKa3aHo, YTO JOJITOXMBYIIME JUHUU Drosophila
OoJiee yCTOMYMBBI K Pa3JIMYHBIM CTPECCUPYIOLIMM (hakTopam,
gem kopotkoxkuBymue (Luckinbill, 1998). Onnako ects uc-
CJIe/IOBAHMSI, BOOOIE OTBEPraloline CyIIeCTBOBAaHUE TAKOH
cBs13u it 00oux 1mosioB Drosophila (Force et al., 1995; Zwaan
etal., 1995; Harshman et al., 1999). [Tony4uennbie HaMu TaH-
HBIC TOXXE HE TIOJITBEPKAAI0T HAJTWYHS KOPPEISIIUU CTpecc-
yCTOfI‘-IMBOCTPI U IPOAOJIKHUTCIIBHOCTU JKU3HU: B HOPMAJIbHBIX
ycnoBusax ocodu R- n NR-nmHWMIT He pa3nudaroTcs 1o cpeHei
MIPOJIOJKUTENLHOCTH JKU3HHM (CM. pHC. 1).

B Ouosorum cyniecTByer MOHSTHE «TOPME3UC», Xapak-
TEpU3YIOIIee CUTYaINI0, KOTAa cIa0blii cTpece MPUBOAUT K
MOCIIEAYIOIINM MOJIOKHUTEIBHBIM 3 dexram. bouti HaiiieHb
CBUJCTCIILCTBA B I10JIb3Y TOT'O, YTO 3TOT q)eHOMeH UMCCT MCCTO
U B CIy4yae C NPOJOJKUTEIbHOCTBIO XKU3HU. Tak, KpaTKui
TETIIIOBOM IIOK MOXKET YBEJIMUHTh ITPOIODKUTEIBHOCTD KH3HU
myx u uepseit (Lithgow et al., 1995; Hercus et al., 2003; Ap-
feld et al., 2004). IToka3zaHo, 9TO CBEpXIKCIpeccus paxropa
terutoBoro moka HSF-1 conpsikeHa ¢ yBenuueHneM npoaoi-
sKuTeabHOCTH ku3uu y Caenorhabditis elegans (Hsu et al.,
2003; Morley, Morimoto, 2004). Bo3M0kHO, 3TO HHTEpECHOE
SIBJICHUE OOBSICHSICTCS TeM, UTO cTpecc akTuBupyer HSF-1,
TEM CaMbIM aKTUBUPYA I'CHbI MaJIbIX GC.HKOB TCIIJIOBOT'O IIOKA
Ha MPOTSHKEHUH BCEH KU3HU U YBETIMUNBASI €€ TIPOIOIKUTENb-
Hocth (Hsu et al., 2003). Crnenyet Takke ymoMsHyTh paboTy
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(Krebs, Loeshke, 1999), aBropsl KOTOPOH, IIPOAHATH3UPOBAB
100 n3ocamousux uHUHA Drosophila buzzatii, 00HapyXWIH,
YTO OOJIBIIAS YacTh KOPPEISIIUN MEXIYy YCTOWIHBOCTBIO K
KPaTKOBPEMEHHOMY TEIUIOBOMY CTpPECCY M HMPHUCIIOCOOJIEH-
HOCTBIO (BBKMBAEMOCTBIO, BPEMEHEM JIMUMHOYHOTO Pa3BHU-
THSI, TUIOZIOBUTOCTBIO M ITPOIOIDKUTEIEHOCTBIO )KU3HH) HOCHT
TMIOJIOXKUTEJILHBII XapakTep. ITO XOPOIIO COIIacyeTcst ¢ Ha-
IIMMU JaHHBIMA (M. Tab1. 1, 2 u puc. 1, 2) o 6oee BEICOKOH
MIPUCTIOCOOIEHHOCTH YCTOHUMBOM K cTpeccy muaun 101 (R)
D. virilis (BBDKMBa€MOCTb, BpeMsl JTMYHMHOYHOTO PA3BUTHS,
TUTOIOBUTOCTD) IO CPAaBHEHHMIO C HE CIIOCOOHOH K CTpecc-pe-
akuuu muanei 147 (NR).

Bce BbIIIEH3I0)KEHHOE TI03BOJISIET MPE/IIOI0KUTD, YTO IIPH-
CHOCOOIEHHOCTH MIO3UTHBHO KOPPEITHPYET CO CITOCOOHOCTHIO
K Hecrenn(pruuecKoi HeHpOropMOHaIbHOM CTpecc-peaKity,
o0ecreunBalOUIMi CTPECC-YCTOWYMBOCTh KO BCEM BHJaM
pasmpaxkuteneil. Torma kak crnenuduyeckas yCTOHUYNBOCTD
K pa3nn4HbIM (aKkTopam (TOJI0AaHHI0, BRICBIXaHUIO, HATPEBY
U T.JI.) MOXKET 00€CIeurnBaThCsl ONTUMH3ALMEH KOHKPETHBIX
METa0O0INYECKUX MyTeH, OTBETCTBEHHBIX 32 aanTalHi0 K
OTIPEAEICHHOMY Pa3/IpaXkKUTEIII0, U HE KOPPEINpoBaTh ¢ 00-
MM YPOBHEM ITPUCTIOCOOIeHHOCTH. CXOHYIO TOUKY 3pEHUS
BbICKa3biBaroT M. [xaBanman ¢ coaBropamu (Djawadan et
al., 1998): onn mosjararot, 4TO yCTOWYNBOCTh K Pa3INIHBIM
dhopmam cTpecca 00yCIIOBIICHA Pa3HBIMH (PHU3HUOIOTUICCKH-
MH MEXaHH3MaMH M YTO OTBET MyX Ha CTPECC-CEIEKIIHIO
ABISIETCSl CeNM(UYHBIM. B CBsI3M ¢ 3THM OCOOCHHO Tep-
CIICKTUBHBIM B U3YyYCHHU POJIN CTPECC-PCAKIINHU B aJaliTallun
BUIWTCS MTOJIXOM, TPUMEHEHHBIH B HacTosAmIe! padore, — HE
CEJICKTHBHBIA 0TOOpP HEYCTOWYMBBIX K CTPECCOPHOMY BO3-



CpaBHUTENbHbIN aHaNM3 NPUCNOCO6NEHHOCTN NHWUIA Drosophila virilis,
KOHTPACTHBIX M0 PeaKkLym Ha CTpeccrpyoLee BO3LencTme

neiictButo uHui Drosophila, a MCTIONb30BaHUC JTUHHUU, HE
CIOCOOHO K cTpecc-peakiiy B pe3yiabrare MyTalWu, Ha-
pylIaroIei Bce ee 3BeHbsL.

Hawubornee MHTEpECHBI C 3TOM TOUKHU 3pEHHSI HAIIN PE3yJlb-
TaTHI 110 BIUSHAUIO HA IPUCTIOCOOIEHHOCTh R- 1 NR-ocobeit
CTPECCUPYIOIIMX BO3AEHCTBUI pa3nMyHON MHTEHCUBHOCTH.
Eciin B HOpMasbHBIX YCIOBHSX, KaK yKe ObLJIO CKa3zaHO
BBIIIE, R-MyXH NIMEIOT IBHOE aJaTHBHOE NPEHMYIIIECTBO 32
cuet 6oree BBICOKOH IIOJJOBUTOCTH, TO B YCIOBHSIX CTpecca
KapTHHa pe3ko MeHsiercsi. Caadblil mepuogndecKuil crpecc
3aMETHO yBEIWYUBACT Mepruo pempoxykiuun NR-ocobeid,
MIPUTOM YTO PENpOLYKTHBHBINA mepro R-ocobeit ocraercs
Ha TOM e ypoBHE (cM. Tabn. | u 2). Taxxke npu crabom
CTPECCHUPOBAHUH MMAJACT MHTCHCUBHOCTH IUIOJOBUTOCTH
R-ocobeii, Torna kak miaonoButocTh NR-MyX ocraercst Ha
MIPeXKHEM ypOBHE (CM. pUC. 2). DTO CBUACTENBCTBYET O TOM,
YTO B TaKuX ycioBusax NR-ocobu, HecMoTpst Ha cBOIO Ooiee
HU3KYIO TUIOJIOBUTOCTH, TOIYYalOT PEIpONyKTHBHOE TIpe-
MMYILECTBO 1epes R-oco0smu: yBeIndeHue mpoJI0yKUTEIb-
HOCTH ’KU3HU 1 00JIEe AIUTEIbHBIHN EPHO PEPOAYKIIUH IPH
PEIKOM CTPECCHPOBAHUM, a TAKXKE OTCYTCTBHE COKPAIICHUS
MPOJOJKUTEIILHOCTH KHU3HH (B 0TIM4YKe OT R-MyX) ripu Oosiee
YacTOM CTPECCHPOBAaHUH (CM. puc. 1 1 2).

B ycnoBusiX jKeCTKOro cTpecca SIBHOE PENnpOIyKTHBHOE
MPEeUMYIIECTBO MMEIOT R-0c00H, MOCKOJIBbKY NP OoJiee HU3-
KoM 11o10BUTOCTH NR-MyX CHIIBHOE CTPECCOPHOE BO3IEH-
CTBHE 3HAYUTEIILHO PEAYIUPYET UX PETPOTYKTHBHBIHA MEPHO]
(cm. Tabm. 1 u 2), 4To, MO-BHIUMOMY, aJAITUBHO OOJIee 3HA-
YMMO, Y€M MEHBIIIAs! TPOJOJKUTEIBHOCTD KU3HH B YCIIOBHAX
CHIIBHOTO cTpecca, HabmoaBmmasics y R-MyX 1o cpaBHEHHIO
¢ NR (cwm. puc. 1).

Takum 00pa3zom, MOKHO 3aKJIFOUUTh, YTO B HOPMAJIBHBIX
YCIIOBUSIX 1 B YCJIOBHSIX CHIIBHOTO CTpecca aJalTHBHOE TIpe-
MMYILECTBO UMEIOT R-0cobu, a B ycioBusix ciaboro crpec-
ca — NR-ocobu. DT0 CBHAETENBCTBYET B MOJB3Y THIIOTE3HL,
YTO JUISI TIOTYJISIUY B II€JIOM aIalITUBHBIM SIBIIIETCS Oaanc
ameneid R u NR, nmockosbKy mo3BounsieT eil npucrocadnu-
BaThCSI K JTIOOBIM yCIOBHSIM.
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