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Ba)kKaeMble KOJUIETH, JOPOTHE YNTa-

tenu! Ilpennaraem Bamemy BHUMA-

HUIO TIEPBBIM B 3TOM TOAY BBIMYCK
«BaBnoBckoro XypHana TeéHETHKH U Ce-
JIeKIMu». B Hero BonuIn mecTs paszienos,
COJePIKAIUX OPUTMHAJIBHBIE UCCIIE0BA-
HUSI 1 0030pHBIE CTATHU B 00JIaCTH T'€HETH-
KM PacTeHHH W KMBOTHBIX, MEIUIIMHCKON
IeHETUKH, KIIETOYHOH Ouosnoruu u Ouo-
WH(POPMATHKH.

B skcrnepnMeHTaNbHBIX CTAaThsIX pyoO-
puku «'eHOQOH U CeneKuusi pacTeHHI
MIPEACTaBICHBl PE3yIbTaThl U3yUeHHs Te-
HETHYECKOTO Pa3HOO0Opa3Hsl PaCTUTEIHHO-
ro Mupa Hameil crpanbl. OTIHYUTENBHON
0COOEHHOCTBIO paboT SBIAETCS TO, YTO OHU
BBITIOJTHEHBI C MPUBJICUCHUEM apceHaa
COBPEMEHHBIX OMOTEXHOJIOTHUECKUX IO
XOJI0OB M MOJIEKYISIPHO-IIUTOJIOTHIECKUX
METOJIOB aHAJIN3a PACTUTEIIFHOTO TeHOMA.

PyOpuka «AKTyasibHbIE TEXHOJIOTHH Te-
HETUKU PAcTEHMID BKIIOYAET JjBa 0030pa
1 OJJHO SKCIIEPUMEHTAIBHOE HCCIIEI0Ba-
Hue. B cratbe A.M. KopoTkoBoii ¢ coas-
TOpaMHu 00CYXJIArOTCs TTOCIEIHUE TOCTHU-
JKEHHUSI B 00JaCTH '€HOMHOTO PEIaKTH-
pPOBaHUSA T€HOMA CEIbCKOXO3SHCTBEHHBIX
BHUJIOB PACTEHUH C NCTIONB30BAHUEM CHCTE-
Mmbl CRISPR/Cas. O630p M.K. Bparunoii
C COAaBTOPAaMHU TOCBSIIEH COBPEMEHHBIM
METOJ[aM M TIO/IXO1aM, UCTIONb3YEMBIM IS
CEKBCHHNPOBAHUS TCHOMOB KaK MOJICIIEHBIX
BM/JIOB PACTEHUI, TaK U CEIIbCKOXO35HCTBEH-
HBIX KYJIBTyp. B opurnnamsHOM Hccneno-
BaHWU JaHHOW PYOPHMKH Ha TpHMeEpe 3ep-
HO000O0BOI! KYJIBTYpBI I'yapa OIHCHIBAKOTCS
pa3paboTka i MpUMEHEHHE METaO0IOMHOTO
aHaJM3a B Ka9€CTBE METOIMUECKOTO ITOX0-
Jla JUIs pellieHus Hay4dHbIX 3a/a4 U B IpH-
KJIaJHBIX CEJIECKIIMOHHBIX HCCIIEIOBAHMSAX.

Paznen «I'eHeTHka >KHBOTHBIX» COCTO-
UT U3 JBYX 3KCIIEPUMEHTAIbHBIX CTaTeH.
B mepBoit pabore ¢ HCMOIB30BaHUEM MO-

OT PEOAKTOPA / FROM THE EDITOR

JIETIM MBIIIN TIPEJCTABIEHBI PE3YIbTAThl BIUSHUAS MyTallUH
lethal yellow (4") Ha TpeBOXKHOCTB M APYrUe paccTporcTBa
JIETIPECCUBHOTO XapaKTepa, BO BTOPOW MPOBEIEHO H3yue-
HUE TIOJIOBBIX OCOOCHHOCTEH 3KCIPECCHH T'eHOB MeTabo-
JIM3Ma TITIOKO3BI M )KHPOB B CKEJIETHBIX MBIIIIAX B OTBET Ha
rOJION.

O0630pHast cTaThst U ABA OPUTHHAIBHBIX MCCIIEJOBAHUS
BOIIUIM B PyOpHKY «MenunuHcKas reHeTHka». B 0030pHoi
crarbe b.1. SlnaeBa ¢ coaBropaMu 0000IIEHBI M CUCTEMATH-
3MPOBAHBI JJAHHBIE O POJIM SMUTEHETHYECKUX MEXAHU3MOB,
takux kak JIHK-merunupoBanne, B KOCTHOM MeTabonm3me
B HOPME M IaTOJIOTUH TpU (OPMHUPOBAHUH OCTEONOPO3a.
B onHOI M3 OpurHHANBHBIX pabOT MPHUBEAEHBI PE3YIIBTAThI
M3y4YeHUS] TOIUMOP(HBIX YYaCTKOB T'€HOB IIUTOKHHOB JUIS
MOMCKA T'€HOB-KaHANIATOB PAa3BUTHS U KIIMHUYECKOTO Teue-
HUSI [ICOPUA3a 1 IICOPHATUIECKOTO apTpUTa.

Paznen «Knerounast 6Gnonorus» BKIIOYAET 1BE 0030pHBIC
crarbu. O030p JUTEPATyPHBIX JaHHBIX TTOCBSIIIECH BIUSHHIO
Pa3JIMYHBIX CTPECCOBBIX (PAaKTOPOB B MHAYKIIMH MHKPOCIIO-
poBoro sMOpuoreHesa y pacteHuil. PaccmarpuBarorcst mexa-
HHU3MBI BIIMSIHUSI CTPECCOB HA KJIETOYHOM M MOJIEKYJISIPHOM
YPOBHE U CHOCOOBI MOBBIMICHNS TOTEHIIAIA MHUKPOCIIOPO-
BOTO SMOpHOTeHe3a Ul MOJYyYeHHs JBOWHBIX TaIlUIOHJIOB
CeJIbCKOXO3SIICTBEHHBIX BUJIOB pacTeHUil. B apyroii crarbe
Ha MpUMEpE PeopraHu3alnuy XpOMAaTHHA B IPOIECCe 3PUT-
ponnHoit U HepeHIUPOBKN 00CYKIAIOTCS BOIIPOCH Op-
raHU3alMU U PEryJsiliui TeHOMa B IPOCTPAHCTBE, BKIIOUAs
B3aMMOJICIICTBHE PETYISATOPHBIX AJIEMEHTOB HA PA3INUHBIX
YPOBHSIX YIAaKOBKH XpOMaTHHa.

B 3axmountensHoM pasnene «buonnpopmaruka u cuc-
TeMHasi OMOJIOT U TIPECTABIECHBI 0030pHAs CTaThsl, B KOTO-
pOIi OnMCaHbl MaTEeMAaTHYECKUE MOJICIN PA3BUTHSI TPUOHBIX
uHpekuii Ha npuMepe OoJie3Hel pIKaBUMHBI Y IICHHLIBI, 1
OPHUTHHAIBHOE UCCIIEA0BAHUE, PACCMATPHBAIOIIEE BOIPOCHI
TTOBBIIICHUS SKOJIOTHYECKON a/IallTABHOCTH COPTOB STIMEHSI.
J1J151 OLIEHKHM KOJIOTMYECKOM TIACTUYHOCTH M a1alTHBHOCTH
MIpeIokeHo ncnoip3oBaTh Moaens GGE biplot, mo3soms-
IOLIYIO BU3yaIM3UPOBATh PACIpe/IeNIeHNe TeHOTHITOB U CPEe
UCIIBITAHUH B MPOCTPAHCTBE IIaBHBIX KOMIOHEHT. Couera-
HHUE CTaTHCTUYECKUX ITApaMEeTPOB M BU3YalIN3anus METOJOM
GGE biplot criocobcTBYIOT MaKCUMaIbHONH HH(OPMATHB-
HOCTH JUIsl OLIEHKH W BBISIBJICHUS IIGHHBIX T€HOTHIIOB CPEAN
CENEKIIMOHHBIX JIMHHH.

Axademux B.K. LLlymuwviii
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IRAP-aHanm3 ojis olleHKY reHeTn4ecKol cTaOM/IbHOCTI
SHJEeMMNYHBIX I 1ICUe3alollX BUI0B QJIOPHI
3anagHoro KaBKasa B KOJJJIEKLNN in VItro

VL.U. Cynpyu' @, B./. Maasposckas® @, I1.B. Crenanos!, A.C. Camapuna®

T Bcepoccnickmin HayYHO-CCNIEOBATENLCKII UHCTUTYT LIBETOBOACTBA 1 CyGTponuuecknx Kynstyp, Couu, Poccus
2 CeBepo-KaBKasckuii befiepasnbHblit HayuHbIl LIEHTP CafoBOACTBA, BUHOMPAAapCTBa 1 BUHoaenus, KpacHogap, Poccusa
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XapaKTeprcTuKa reHeTmyeckoro pasHoobpasua ABNAETCA OLHOM M3 MMaBHbIX COCTaBAALMNX CO3AAHNA KOM-
neKkuuii reHopecypcoB. MonekynsapHble MapKepbl — Hanbonee 3pGEKTUBHBIN UHCTPYMEHT XapaKTePUCTUKA 1
OLIeHKM reHeTuvyeckoro pasHoobpasus. IRAP (inter-retrotransposons amplified polymorphism) mapkepsbi 3a-
pekomeHpoBanu ceba Kak ofHN 13 Hanbonee 3GpHEKTVBHBIX ANA XapPaKTEPUCTUKM U OLEHKN FeHOPEeCYPCHbIX
KOMNEeKUUiA pacTeHW, NOATBEPKAEHNA FTeHETUYECKON CTabWIbHOCTU COXPaHAEMbIX in Vitro COPTOB 1 BULOB.
B cBA3M C 3TM Lenb HacToAwe paboTbl — nogobpats IRAP AHK-npaiimepbl Ans OLEHKN reHeTUYeCcKon CTa-
OGUNBbHOCTY TPEX PeaKMX U Mcyesalolmx BUAOB pacTeHuin 3anagHoro KaBkasa, COXpaHAeMbIX B KOSIEKLMM
in vitro. BbinonHeHa anpobauua 16 IRAP-npaiimepoB Ha nccefyembix BUax: CMUHErofloBHUK NPUMOPCKIIA (Eryn-
gium maritimum L.), noacHexxHNK BopoHoBa (Galanthus woronowii Losinsk.) 1 KONOKONbYMK TBEPAONNCTHBIN
(Campanula sclerophylla Kolak). PesynbtaTbl anpobauuy MmapkepoB No3BOAWAN BbIABUTb Havbonee nepcrek-
TUBHbIE ANA UCMOMIb30BaHWA B aHanmn3e reHeTNYeCcKon CcTabunbHOCTU pacTeHnsA-pereHepaHTbl. Y CUHEronos-
HMKa NPUMOPCKOro no 8 13 16 ncnonb3oBaHHbIX B paboTe IRAP-npaiiMepoB 6biiv nonyyeHsbl MLP-npoayKTbI.
B xope anpobauuu Ha obpasLax nogcHexHUKa BopoHoBa dparmeHTbl amnandurkaumm 6biam obHapyxeHbl y 8
13 16 IRAP-npaiimepoB, Npu 3TOM YNCI0 GpparMeHTOB BapbupoBasio oT 2 Ao 12. Y KooKobunKa TBEPAOSINCT-
HOro B BbIGOpKe 13 16 anpobrpoBaHHbix IRAP-npaiimepoB y 9 6bina ycTaHoBNEHa amnindrkauus. Konnyectso
¢dparmeHTOB Y 06pa3LIOB, B 3aBUCUMOCTY OT MapKepa, BapbrpoBsaso oT 1 Ao 11. Pe3ynbTaTbl reHOTUNNPOBaHUA
pereHepaHToOB COMOCTaBAANNCH C AaHHbIMM MO MaTOYHbIM PACTEHMAM, SKCMMAHTbI KOTOPbIX OblN BBEAEHDI B
CTEPUINIBbHYI0 KyNbTYPY U Pa3MHOXeEHDI in vitro. Bcero B pabote 6bi10 3aeiicTBOBaHO Nno 60 pereHepaHToB A/
Ka»kAoro 13 B1UgoB NpupoaHon dpnopbl 3anagHoro Kaskasa. MonyyeHHble B Xxofe reHOTMNMPOBaHNA CBeieHNsA
NO3BONAIOT NPEANONOKNTb OTCYTCTBME FeHETUYECKMX M3MEHEHMWIN B NpoLiecce KOHCepBauun in vitro y Bcex
M3yuYeHHbIX BUAOB. PaclumpeHHas BbIOOpKa pereHepaHToOB ANA KaxkAoro Buia 6bina npoaHanvvpoBaHa ans
onpeneneHnsa reHeTMYecKkor cTabubHOCTY C UCMONIb30OBaHMEM paHee anpobrpoBaHHbIX ISSR-MapkepoB. 3Tu
pe3ynbTaThl CBMAETENLCTBYIOT O HU3KOW BEPOATHOCTU BO3HUKHOBEHUA FeHETUYECKNX N3MEHEHNI B npoLecce
Pa3MHOXEHUNA 1 COXPaHeHWA in Vitro Tpex nccnepyembix BUAOB.

KnioueBble cnoBa: Eryngium; Galanthus; Campanula; IRAP; coxpaHeHve reHopecypcoB; reHeThYeckoe pasHo-
obpasue.

IOna yntnposanusa: CynpyH .., Manaposckas B.M., CrenaHos W.B., CamapwHa J1.C. IRAP-aHanu3 ans oueHkn
reHeTnYecKom CTabuibHOCTM SHAEMUYHbIX 1 UcYe3atowmx Bnaos ¢nopbl. 3anagHoro Kaskasa B Konnekumm
in vitro. BaBMNoOBCKNIA XKypHan reHeTnKkmn n cenekumnn. 2019;23(1):8-14. DOI 10.18699/VJ19.455

IRAP-analysis for evaluating the genetic stability
of endemic and endangered species
of the Western Caucasus flora in the collection in vitro

LL Suprun1 ®, VL Malyarovskaya2 ®,LV. Stepanovl, L.S. Samarina?

T Russian Research Institute of Floriculture and Subtropical Crops, Sochi, Russia
2 North Caucasian Federal Scientific Center of Horticulture, Viticulture, Wine-making, Krasnodar, Russia
® e-mail: supruni@mail.ru; malyarovskaya@yandex.ru

The characterization of genetic diversity is one of the main components of the genetic resources collection and
management. Molecular markers are the most effective tool for characterizing and assessing genetic diversity
in plant collections. IRAP (inter-retrotransposons amplified polymorphism) markers have proven to be some
of the most effective for characterizing and evaluating germplasm, confirming the genetic fidelity of in vitro
preserved cultivars and species. In this regard, the aim of this work is to test several IRAP primers to identify
genetic polymorphism and study the genetic fidelity of three rare and endemic flora species of the Western
Caucasus during in vitro conservation. Approbation of 16 IRAP-primers on the investigated species was carried
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IRAP-aHann3 sHAEMUYHbIX 1 CYE3atoLLMX BUOOB
¢dnopbl 3anagHoro Kaekasa B Konnekuuu in vitro

out for Eryngium maritimum L., Galanthus woronowii Losinsk. and Campanula sclerophylla Kolak. The results
made it possible to select the most efficient of them for genetic fidelity analysis of micropropagated plants. Out
of 16 IRAP primers 8 amplified PCR products in Eryngium maritimum. In Galanthus woronowii as well 8 of 16 IRAP
primers resulted in the amplification with the number of DNA fragments ranging from 2 to 12. In Campanula
sclerophylla 9 of 16 IRAP primers amplified 1 to 11 fragments, depending on the marker. The results of the ge-
notyping of regenerants were compared with data on stock in situ plants, which were the source of explants
for in vitro conservation. In total, 60 regenerants for each species of the natural flora of the Western Caucasus
were involved in the study. The results obtained demonstrated no genetic changes of the regenerants in all
the studied species. These results were confirmed using ISSR analysis of an extended sample set of microplants
for each species. The results obtained can serve as evidence of a low probability of genetic disorders during
in vitro propagation and conservation of the species Eryngium maritimum L., Galanthus woronowii Losinsk. and
Campanula sclerophylla Kolak.

Key words: Eryngium; Galanthus; Campanula; IRAP; germplasm conservation; biodiversity.
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BBepeHune

XapaKTepuCcTHKa PacTUTEIBHBIX TEHETHUECKHX PECYpPCOB —
Ba)KHAsS 3aJlaua COXpaHEeHHsI OMOPa3zHOOOpa3usi, MO3BOISIIO-
Ias IPUHIMAaTh TeXHHYECKH 000CHOBAaHHBIC PEIICHHUS TPH
BbIOOpE 00pa3oB JUISL TOITOCPOUYHBIX MPUPOTOOXPAHHBIX
MepornpusaTuid. [loHMMaHne TeHeTHYeCKOro pa3HooOpa3us
BUJIOB, TIPE/ICTaBICHHBIX B TCHO(OH IE, BAJKHO [T pa3padboT-
K1 HaJISKHBIX CTpaTeruii KoHcepBauy u st 3 (HeKTHBHOTO
HUCIIOJIb30BAaHUA FeHO(bOH}Ia B KOHKPCTHBIX CCJICKIIMOHHBIX
nporpammax (Ferreira, 2006). CoxpaHeHHe TeHETUIECKUX pe-
CYPCOB B IPUPOJJHON arpodKOCHCTEME, B KOTOPOI OHH IBOJTIO-
[IMOHUPOBAIH (i7 Situ), B HACTOSIIIEE BPEMS pacCMaTpUBAETCS
KakK JOTMOJHEHUE K CTPATETHsAM, OCHOBAHHBIM Ha CO3IaHHU
JyOITUPYIONUX TeHOAHKOB (ex situ), C eI MPEIOTBPaIIC-
HUSI TEHETUUECKOH 3PO3MHU pacTHTENbHBIX pecypcoB (Negri
et al., 2000; Lucchin et al., 2003). In vitro nenoHupoBaHHE
TePMOIUIa3MBI SIBIISIETCS YACTHIO KOHCEPBAIIMY TeHETHYECKUX
pecypcoB ex sifu M, Kak U3BECTHO, 00JIaJaeT PSJIOM Ipe-
umyniectB. OHAKO TPU TOITOBPEMEHHOM CYOKYIBTHBHPO-
BaHWU B T€UCHHE HECKOJIBKHX JIET HEOOXOANMBI TIPOBEPKA
MOATBEPK/ICHUE TeHETUYECKOW CTaOMIIBHOCTH JKCIIAHTOB
(Liu, Yang, 2012; Cynpyn u ap., 2014a). Kpome Toro, s
TPaMOTHOTO COXPaHEHUS OMOPa3HOOOPA3Hs IHJEMHUHBIX
BUJIOB PACTEHUH B ex Situ KOJUIEKIUSIX HEOOXOJUMBI MOy~
JSIIMOHHBIC WCCIICAOBAaHNUS BHYTPHBHIOBOTO Pa3HOOOPA3Hs
C WCIIOJIb30BAaHUEM MOJICKYIISIPHO-TEHETHYECKUX MapKepOB
(Ferreira, 2006). MosniekysipHast XapakTepucTika — 3(dek-
TUBHBII HHCTPYMEHT JIJIsI ONPE/ICITICHUS pa3HO0OPa3Hs Iy TeM
TEHOTHITMPOBAHUS OT/ICIbHBIX TEeHOMOB U FarIOTHITUPOBAHHUS
WHIUBUAYAJIbHBIX TCHOB, BBIABJIICHHUSA T€HETHYECKOM CTaOMIb-
HOCTH B Tiporiecce koHcepBanuu (Lanteri, Barcaccia, 2006).
M3BecTHO HECKOJIBKO THUIIOB MOJIEKYJISIPHBIX MapKepoB, HO
HanOosiee HHGOPMATHBHBIMH, TOJTUMOP(PHBIMU U BOCIIPOU3-
BOAMMBIMH 13 HUX nipu3HaHbl SSR 1 SNP (Borner et al., 2012).
Kpome HuX, BBICOKMM MOINMOP(U3MOM 1 HaISKHOCTBIO IS
XapaKTePUCTUKU BHYTPH- U MEKBHUIOBOTO OHOpa3HOO0pasus
ommmyarorest ISSR- u IRAP-mapkepsr.

IRAP (inter-retrotransposon amplified polymorphism) map-
KepbI — CPaBHUTEIILHO HOBBIM THII MapKepOB, pa3pabOTaHHBIN
Ha ocHoBe LTR-nocnenoBaTenbHOCTEN PETPOTPAHCIIO30B.
Hecwmotpst Ha TO, YTO pETPOTPAHCIIO30HBI PACCESIHBI 110 TEHO-
MY, OHH TaK)K€ MOTYT BCTPEYAThCs KJIACTEPHU30BAHHO. DTOT

(heHOMEH KJ1acTepr3alny JENaeT BO3MOXKHBIM HCIIOIb30BaHUE
IRAP-MeTona MapKUpOBaHUS, KOTOPBIN IETEKTUPYET HHCEP-
IUOHHBIA MOTUMOPGU3M MyTEeM aMIUIM(UKALUU ydacTKa
JIHK wmexny nByms perporpancnozonamu (Kalendar et al.,
2011). IRAP-nipaiimMepbI yCTIEITHO UCTIONB30BAUCH IS OTIPO-
JIeTICHNS] TEHETHYECKOTO pa3Hoo0pasust BHYTpH BHIOB Vicia
faba (Tomas et al., 2016), Moniliophthora perniciosa (Santana
etal., 2012), mexxBumoBOTO pazHo00pa3us KanmycTsl (Brassica
sp.) (Mahjoob et al., 2016), sumens (Horderum sp.) (Singh
etal.,2017), 17151 OLICHKU T€HETUYCCKOM CTAOMIIBHOCTH KYJIb-
TUBUPYEMBIX in Vitro paCTEHUI TIOJBIHU TOPBKOH (Artemisia
absinthium) (Kour et al., 2014), anp0HINN JTEHKOPAHCKOH
(Albizia julibrissin) (Rahmani et al., 2015), a Taxxe 11st 1M0-
MYJIAIUOHHBIX MCCIEJOBAHIH T€HOPECYPCHBIX KOJUIEKIIUH
(boponnukosa, 2009; boponnukosa, Kanengaps, 2010).

CoxpaHeHHe HIEMUYHBIX U HCUE3AIOUINX BUIOB 3anaj-
Horo KaBkasa ex sifu BemeTcst Ha 6aze Bcepoccuiickoro Ha-
YYHO-HCCIIEIOBATEIbCKOI0 HHCTUTYTA IIBETOBOJICTBA U CYO-
Tponmueckux KyineTyp (T. Coun) ¢ 2003 r. (Peiaus u ap.,
2015). B Teuenne moCIeqHNX TISTH JIET B KOJUICKITHH i Vitro
COXPAHSIOTCS BUBI: CHHETOJIOBHUK ITpUMOpCKuil (Eryngium
maritimum L.), noncuexxuuk Boponosa (Galanthus woronowii
Losinsk.) 1 konmokonsank TBeproaucTHEN (Campanula sclero-
phylla Kolak) (Mansiposckast u nip., 2013; Konomuen u ap.,
2014a, 6; Kolomiets et al., 2016). OgHako mo00p MOJICKY-
JSIPHBIX MApKEPOB, 3P (HEKTUBHBIX A1 TEHOTHITUPOBAHUS 3THX
BUJIOB, JIO CHX MOp HE OCYIIECTBJIEH. B HelaBHEM BpeMeHH
aBTOpaMu IposezieHa padora o noadopy ISSR-npaiimepos
JUTA YKa3aHHBIX BHJIOB MpHUpoaHOH ¢mopsl (CymnpyH U ap.,
2014a, 6, 2017). Llens HACTOSIIIUX HCCIICAOBAHUN — ITOIIO-
oparbs undopmarususie IRAP JIHK-npaiimeps! ist OLieHKH
TEHETUIECKON CTAOMIIBHOCTH PEAKHMX U UCUE3AIOUINX BUIOB
pacrenuii 3amanHoro KaBkasa, COXpaHSEMBIX B KOJJICKIIUH
in vitro.

MaTtepwuanbl n metogbl

PactutenbHbIl MaTepuan AJisi aHajdu3a — UCYE3ar0IUe DH-
neMuuHble BUABI 3amagHoro Kaskasza Galanthus woronowii
Losinsk. (moncuexxnuk Boponosa), Campanula sclerophyl-
la Kolak (KOJIOKOJBIMK TBEPIOIUCTHBIN) U Eryngium ma-
ritimum L. (CHHETOJIOBHUK MPUMOPCKHIA), 3aHECEHHEIE B
Kpacnyto kuury Poccuiickoit denepannm u BXoasuye B Ka-
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TETOPHUIO 2 — BUJIBI ¢ HEYKJIOHHO COKpAIaloIeCst YHCICHHO-
CTbhI0, KOTOPBIE TIPH ITPOJIOJKEHUH BO3/ICHCTBUSI CTPECCOBBIX
(haKTOpOB MOTYT B KOPOTKHE CPOKH TIOTIACTh B KAaTETOPHIO
HaXOJSIIIUXCS MOl YTPO30i McUe3HOBEHUS. [IJIst BBIICTICHUS
JIHK ucrnonb3oBajgu JUCThSI OT PACTEHHH W3 MPUPOTHON
(hyTopBI M M3 KOJUIEKLUH in Vitro, COXpaHsIEeMbIE B TCUCHHUE
sty et (10—13 cyOkynsTiBHpoBaHuil) Bo Beepoccuiickom
Hay4YHO-HMCCIIEI0BaTeIbCKOM HHCTUTYTE I[BETOBOJICTBA U CY0-
TPOMHUYECKUX KYIBTYP.

IRAP IHK-npaiimeps! annpoOupoBaiy a1t BUIOB Eryngium
maritimum L. (C yueToM paHee OImyOIMKOBAHHBIX PE3Y/IBTaTOB
(Jawdatetal., 2010), a Tarxoxe it BunoB Galanthus woronowii
Losinsk. u Campanula sclerophylla Kolak.

Boiaenenue JIHK npoBogunock no crannaptHoii LITAD (ue-
TUNITPUMETHIAMMOHUS Opomun) metoauke (Murray, Thomp-
son, 1980). Konmnuecto u pparmenraruo JJTHK nposepsian
anekrpodopesom B 1.5-2.5 % araposnom rene u Oydepe,
npuroToBieHHOM Ha ocHOBe 0.5 M Tpuc-6opar-I/ITA Gydepa
¢ nobasnenneM 7 Mk 1 % sTunmym OpomMuza, Ipy HaNpsHKEeH-
Hoctu nosist 10 B/em n Hanpsikenun 150 B B Teuenue 30 muH.

Crpykrypa 16 IRAP-mipaiimepoB, HCIIOTB30BaHHBIX B pa-
Gore, mpencrasnena B [punoxkenun 1. TIHP nposoxwiu
COIJIACHO CIIEAYIOIIEH MporpamMme: 3 MUH NPeIBapUTEIbHON
JIeHaTypanun mpu Temmneparype 95 °C; mocnenyromme 35 K-
noB: aeHarypauus 35 ¢ npu 95 °C, orxur npaiiMepos 1 MuH
npu 55 °C, snonranms 1.5 mun npu 72 °C v GpuHANBHBIN
KT cHHTE3a Ipu Temriepatype 72 °C B redenue 5 muH. Kon-
uentpauuu peareHtoB B [IIP cmecu: 2.5 mxn 10-kpatHoro
oydepa mas Taq JJHK-monumepassr (OO0 «CubDH3UMY,
Poccus), 0.5 nmm 2.5 mxir ANTP (2.5 MM), 1 ennHuIa aKTHB-
Hoctu Taq JIHK-nonmnmepassr, 2 Mxi npaiimepa (3.75 MM) u
40-50 ur Toransroii JIHK B 00111eM 00beMe 25 MKJI. DIIeKTpO-
(opes mpoxykros TP mpoBoanim B 2 % arapo3HoM reine ¢
nobaBiaeHrueM OpoMHCTOro STHAMS. JlJIsl TeHOTUIHPOBAHUS
perenepanToB IRAP-npaiimepamu npumeHsin 3eKTpodo-
pe3 npoxykros I1I[P B 3.5 % arapo3Hom reine, oKpameHHOM
OpOMHCTBIM TH/IHEM.

Pesynbratbl

Otoop IRAP-npaiiMepoB /11 NPOBe/IeHHS] TeHOTHITHPOBA-
HHS CHHETr0JIOBHUKA IpUMoOpckoro (Eryngium maritimum).
W3 ncrionp3oBanHEIX B padote 16 IRAP-mpaiimepoB y ciuraero-
JIOBHHMKA IIPIMOPCKOTO MTPOIYKTHI aMILTH(DHUKALINH TTOTYIEHBI
JUlsi BOCBMH MapkepoB. sl aMIUIM(pUIMPOBAHHBIX MapKe-
pOB ObuTa XapaKTepHA Pa3IMYHAs CTCIICHb BBIPAKEHHOCTH
[TLP-nponykros. KonndyecTBo pparMeHTOB BapbHUpOBAIIO
ot 12 (Cass2 u MET2R) no 1 (LTR3). OrcyTcTBOBana am-
mukanms y mapkepoB IRAP-TDK 1F; IRAP-TDK2R; IRAP-
TDKI12F; IRAP-TDK12R; IRAP-TDK13F; IRAP-TDK13R;
LTR2BAREI; LTR15 (cMm. pucyHoxk, a). Ilo xauecTBy u
napopmatuBHOCTH JIHK-QHUHTEPIIpHHTOB 1715 TIPOBEACHUS
TEHOTHUITMPOBAHUS paCTCHUI-PEreHePaHTOB OBUIO 0TOOPAHO
gyetelpe IRAP-mpaiimepa: IRAP-TDK1R, MET2F, MET2R
n Cass2 (tabm. 1).

Ot160p IRAP-npaiiMepoB A5l NpoBeieHNs T¢HOTUIIN-
poBanus nojacHe:kHuKa Boponosa (Galanthus woronowii).
B xonme anpobarin Ha 00pa3iax moacHeKHIKa BopoHoBa st
8 u3 16 IRAP-npaiimepos mponuia ammindukanus. Komue-

1 Mpunoxexna 1 1 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx1.pdf

IRAP-analysis of endemic and endangered species
of the Western Caucasus flora propagated in vitro

Table 1. Efficiency of 16 IRAP primers
for Eryngium maritimum genotyping

Number
of DNA fragments

IRAP primer Prioritization™

* Here and in Tables 2, 3:1, top priority; I, medium priority; lll, bottom priority;
IV, use is futile.

Table 2. Efficiency of 16 IRAP primers
for Galdnthus wéronowii genotyping

IRAP primer Number Prioritization
of DNA fragments
|RAPTDK1F .................... _ ..................................... | V ..................................
| R APTD K1R .................... 2 ...................................... | .I.I ...................................
|RAPTDK2F .................... _ ..................................... | V ..................................
|RAPTDK2R ................... _ ..................................... | V ..................................
|RAPTDK12F .................. _ ..................................... | V ..................................
|RAPTDK12R ................. _ ..................................... | V ..................................
|RAPTDK13F .................. _ ..................................... | V ..................................
|RAPTDK13R ................. _ ..................................... | V ..................................
MET2F4 ..................................... | .I ....................................
METZR ............................ 8 ..................................... e
LTR1BARE1 ..................... 8 ..................................... e
LTRZBARH ..................... _ ..................................... | V ..................................
|_-|-R34 ..................................... | .I.I ...................................
LTR1 5 .............................. 2 ...................................... | .I.I ...................................
Casﬂ ............................... ]2 .................................... e
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IRAP-aHann3 sHAEMUYHbIX 1 CYE3atoLLMX BUOOB
¢dnopbl 3anagHoro Kaekasa B Konnekuuu in vitro

Electrophoregram of Eryngium maritimum (a), of Galdnthus wéronowii (b) and Campanula sclerophylla (c) with 16 IRAP primers.

1, IRAP-TDK1F; 2, IRAP-TDK1R; 3, IRAP-TDK2F; 4, IRAP-TDK2R; 5, IRAP-TDK12F; 6, IRAP-TDK12R; 7, IRAP-TDK13F; 8, IRAP-TDK13R;
9, MET2F; 10, MET2R; 11, LTR1BARE1; 12, LTR2BARE1; 13, LTR3; 14, LTR15; 15, Cass1; 16, Cass2; M, DNA molecular weight ladder (100-

3000 bp).

crBo JIHK-¢parmentos mapkepoB BapsupoBao ot 2 o 12.
[To xauectBy u nnpopmaruHoctu JTHK-dunrepnpunron
JUIS TIPOBE/ICHUS] TEHOTHIINPOBAHUS PaCTEHUH-pEeTeHepaH-
ToB OblTO OoTOOpano uethipe IRAP-mpaiimepa: MET2R,
LTRIBAREI, Cass1, Cass2 (cM. pucyHOK, 6; Tab01. 2).
Ot16op IRAP-npaiiMepoB A5 NpoBeieHNs] T€HOTUTIH-
POBaHHUS KOJOKOJIBYHMKA TBepAoJucTHOrO (Campanula
sclerophylla). B BriOopke u3 anpobupoBanHbix 16 IRAP-
mpaiiMepoB aMIUIA(UKAIHS OblIa yCTaHOBJICHA Y 9 M3 HHUX
(cM. pUCyHOK, 6; Tabm. 3). KonnuecTBo (hparmMeHToB y oOpas-

II0B, B 3aBHCUMOCTH OT MapKepa, Bapbuposaio ot 1 go 11.
[To xauectBy u unpopmaruHoctu JTHK-dunrepnpunron
JUISl IPOBE/ICHNS] TEHOTUITUPOBAHNS PACTEHUH-PETEHEPAHTOB
65110 0ToOpano Tpu IRAP-nipaiimepa: MET2R, IRAP-TDKIR,
Cass2.

AHa/IN3 reHeTHYeCKOoil cTa0UJIbHOCTH pereHepaHToB
Tpex BUOB in vitro. 113 anpobupoBannsix 16 IRAP-npaii-
MEpOB JIsl TeHOTHITUPOBaHKS PEreHEPAHTOB CHHETOJIOBHUKA
TIPUMOPCKOTO OBLITO 0TOOPaHO 4, KOTOPBIE, TI0 JAHHBIM JIPYTHX
HCCIIe/IOBATENICH, TTOKa3bIBATH BBICOKHH BHYTPHBHIO0BOH
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Table 3. Efficiency of 16 IRAP markers
for Campanula sclerophylla genotyping

Prioritization

Number
of DNA fragments

IRAP primer

nomumopdusm — 10 82 % (Jawdat et al., 2010; Yuying et
al., 2011). B obmieit cmoxHOCTH OBLTO MPOAaHAIN3UPOBAHO
60 pacTeHHMI-pereHepaHTOB U MaTOYHOE PacTEHHE, U3 KOTO-
poro ObLIM MOJYyYeHbI pereHepanTsl. Y Bcex kioHoB JTHK-
(DMHTEpIPUHTHI HE OTIMYAINCh OT MATOYHOTO PACTCHHS
(ITpunoxenue 2).

Jy1sl reHOTUIIMPOBaHMsI PErE€HEPAHTOB KOJIOKOJIBYMKA TBEP-
JIOIUCTHOTO OBLT0 0ToOpano 4 u3 16 IRAP-mpaiimepos. ['eno-
tunupoBanue 60 pacTeHHH-PETeHEPAHTOB M UCXOHOTO Ma-
TOYHOTO PACTEHUsI HE BBISIBUIIO PA3JIMuMi MEX1y 00pa3Lamy.

OTcyTCTBHE pa3Nnuynil y pacTeHHI-pEereHepaHToB B CpaBHE-
HHH C HCXOTHBIM MaTOYHBIM PAaCTEHUEM OBIJIO TIOTBEPKICHO
¢ nomornbto ISSR-mapkepos X 10 (A1 cCHHET0JIOBHUKA MPH-
Mopckoro) 1 ASSR15 (1711 KOJTOKOTBYMKA TBEPAOIHCTHOTO),
B pe3yJbrare 4ero Obutd nomyueHsl unenrnansie JJHK-pun-
TEPIPUHTEI.

O6cyxpeHue

J1st o exTrBHOrO aHATIN3A PE3YNIBTATOB MYJIETHIOKYCHOTO
MapKHpoBaHUs, B yacTHOCTH IRAP-MapkepoB, HE0OX0muMO
BBICOKOE KadecTBO noiy4aembix JHK-GuHrepnpuHTOB.
Oco0eHHO Ba)KHOE 3HAYEHHE 3TO IIPHOOPETALT IIPU aHAIIN3e
UJICHTHYHOCTH UCCIIEIyeMbIX KIIOHOB, TaK KaK Ha pe3yJbTaT
MOTYT MOBJUSTH JI00as HETOYHOCTh U HEJIOCTOBEpHAs UX
HUHTEpIIpEeTaLus.

OmmOKu B MHTEPIIPETALMH MOTYT OBITh BEI3BaHBI HETIpa-
BUJIbHBIM onpefesneHueM koiandectsa JJHK-¢pparmentos Ha
aexTpodoperpamMme, a TAKXKE PH HEKOPPEKTHOMN OLIEHKE HX
pasmepa B mapax Hyki1eoTu10B. K npuanHaM, ciocoOHBIM BbI-
3BaTh NOJOOHBIC OIIHOKU, MOYXHO OTHECTH ()OHOBOE CBEYCHHUE

IRAP-analysis of endemic and endangered species
of the Western Caucasus flora propagated in vitro

JIOPO’KKU ¥ nHTeHcHBHOCTH cBeueHus IHK-¢pparmenra. Ha
OCHOBE N3JIOKEHHBIX BBIIIIE KPUTEPHEB ObLI IPOBE/IEH OTOOP
IR AP-npaiimepoB, apoOHpOBaHHBIX HA TPEX U3y4acMBbIX BH-
nax pacrenuil. [Ipu atom niis MakcMMallbHOM TOCTOBEPHOCTH
aMIIM()UKAINIO TT0 KaXIOMY M3 MapKepOB TECTHPOBAIU B
TPEXKPaTHOH MoBTOpHOCTH. [IpH mpoBepke reHeTHYeCKoi
CTaOMIIBHOCTHU PETEHEPAHTOB C HCIIOJIb30BaHUEM OTOOPAHHBIX
JIHK-MapkepoB aMIumiUKamio 1 3IeKTpodopes MpoayKTOB
[LIP mo kaxxoMy U3 npailMepoB IPOBOIUIN ABAX/bL. B pa-
6ote ObLTO 3azeiicTBoBaHO 16 IRAP-nocnenoBarenpHOCTEH
W3 pa3IMYHBIX ITyOINKAIUi 0 TEHOTUITHPOBAHHIO [IBETKOBBIX
pacrenuii (Jawdat et al., 2010; Yuying et al., 2011; Senkova et
al., 2013). Ipaiimepsr Cass1 u Cass2, ucrnosibzyemble paHee
B paboTe cioBakcKux nccienonareneit (Senkova et al., 2013)
st nupepeHInauy TeHOTUTIOB CITUBHI (Prunus domes-
tica L.), oxazanuchk 3 GeKTHBHBI B HAIlICH paboTe sl BCEX
TpeX U3ydaeMbIX BUJOB (u1opsl. [Ipy aHanu3e CIMBBI aBTOPbI
nomydasm 10-18 ¢parmenros JJTHK, Hamn ObuTO TOITydeHO
4-10, 6-12 u 8-12 ¢parmenToB y Tpex BuaoB. M3 ampo-
6mpoBanubX 16 IRAP-mpaiiMepoB IsI TEHOTUITHPOBAHUS
pereHepaHTOB CHHETOJIOBHUKA MPUMOPCKOTO H ITOACHEKHUKA
BopoHoBa 0b110 0T0OpaHo 110 4, KOTOpBIE, 10 IAHHBIM APY-
TUX MCCIIEe10BaTeNe, T0Ka3bIBaIN BBICOKUI BHYTPUBHIOBOH
nommmopdusm — o 82 % (Jawdat et al., 2010; Yuying et al.,
2011), a a5t KOJIOKOJIBUMKA TBEPAOIMCTHOTO — 3 Tpaiimepa.
B cpaBHeHnn ¢ pe3ynsraramu 3apy0eKHbBIX KOJIIET, KOTOPBIE
npumensi IRAP-ananu3 aist momymsMoHHbBIX HCCIIe0Ba-
Hui poza Eryngium c npaiimepamu cepun IRAP-TDK (Jawdat
et al., 2010), B Hameit padore y Buna E. maritimum Konude-
CTBO aMIUTM()UIIMPOBAHHBIX STUMHU ITpaiiMepamMu (pparMeHTOB
MOJIy4eHO B JIBA-TPU pa3a MeHble. MoJIeKyIspHbIe JaHHbIe
3THX aBTOPOB MOKAa3aJii, YTO CHHETOJOBHUK MPUMOPCKHUI,
MIPOMU3PACTAIONINH B TPUOPEKHBIX 3aCOICHHBIX IPyHTaX, re-
HETHYECKH JIMCTAHTEH OT IPYTMX BUJIOB CHHETOJIOBHUKA, TIPO-
U3PACTAIOUINX B TOPHBIX MECTHOCTSIX, 3TO MOXKET OOBSICHATD
paznuune 3(h(HeKTHBHOCTH YKa3aHHBIX IpaiiMepoB. B riemom
clIelyeT OTMETHTh HeOOJIbIIOe KOJIMYECTBO ()parMeHTOB
ammumidukanun oroOpanabiMu IRAP-mpalimepamu y Tpex
M3y4eHHbIX BUJI0B (utopsl 3amaanoro KaBkasa B cpaBHEHHH C
JTaHHBIMU IpyTux aBTopoB (boponHnukoBa, Kanengaps, 2010;
Jawdat et al., 2010; Senkova et al., 2013), xoTopbIe momy4a-
T B IBa-4eTHIpe pa3a OoJblee KOTMIESCTBO AMIUTUKOHOB B
pesynsrare IRAP-ananuza.

3aKnioyeHue

B Hacrosiieit padote nposezeHa anpodanus 16 IRAP-mpaii-
MEpOB Ha TeHOTHITAaX TpeX BUAOB ¢uiopsl 3amagaoro Kaska-
3a. JIyist kakaoro Bujia ObIT yCTaHOBJIEH CBOM Habop Mapke-
poB, naromux kadectBeHHble JJHK-GuHrepnpuHTH U BBI-
SBJISIIOIINX BHYTPUBUIOBOM MOIMMOP(U3M, UTO TO3BOIAET
UCHOIB30BaTh MX Ul MOUCKA F€HETUYECKUX OTKIOHEHUMH
MIPU MUKPOPA3MHOKEHUHU U KOHCEPBAIIMH U3y4aeMbIX BUJIOB.
Jlns kaxmoro Buaa ObII0 0TOOpaHO TpH-4YeThIpe Hambojee
MH()OPMATHBHBIX MAapKepa JUTs IPOBEACHNS TCHOTUITMPOBAHNUS
BBIOOPOK PEreHepaHTOB U MaToO4HbIX pacteHuid. [1o Bcem uc-
cienoBaHHBIM BuaaM JIHK-puHTeppHHTE OBUTH HACHTHYHBI
Y PET€HEPAaHTOB U HCXOJHBIX MATOUHBIX PACTEHH, U3 TKaHEH
KOTOPBIX OHH OBLIM Pa3MHOXKEHBL. MICXO/1s1 M3 IOy YeHHBIX pe-
3yJBTaTOB PAOOTHI, MOJKHO 3aK/IIOUUTh, UTO UCTIOIb30BAHHBIC
B pabote IRAP-npaiiMepsl 1a10T CTAOMIBHBIE U JOCTOBEPHBIE
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JaHHbIC, CBUACTCIILCTBYIOIIUE O reHeTHYECKOM UJICHTUYHO-
CTH PEreHEePaHTOB C MAaTOYHBIM pacTeHreM. OHaKo s 6omee
TIOJTHOM OIIEHKH TeHETHUYECKOH cTaOMIIBHOCTH PETEHEPAHTOB
B IIPOLIECCE MUKPOKJIOHAIBHOTO Pa3MHOKEHHUST HEOOXOJMMO
npoBenearne REMAP-ananm3a, coueraromero ISSR- n IRAP-
nonmmMopdu3M.
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[eHOTUIIMYECKAasI USMEHUIBOCTB Pinus sylvestris L.
10 MIPU3HAKY 3aCYXOYCTOMUYMBOCTI

E.JIO. Amunesa! @, A.IT. Typees?, T.M. Ta6ankas!, O.C. Mamkuual> 2, B.H. IToros?

! Bcepoccninckuii HayuHo-UccieoBaTeNbCKUI UHCTUTYT IECHON FreHeTUKY, cenekumum n buotexHonorum, BopoHex, Poccua
2 BOPOHEXCKMI FOCYAaPCTBEHHBIN YHUBEPCUTET, BopoHes, Poccusa
&) e-mail: elena.pardaeva@mail.ru

B cBA3U C rno6anbHbIM M3MEHEHNEM KNMMaTa B MOCNeAHME AeCATUNETMA OTMEYaEeTCA YyalleHNe 1 yCUNIeHne 3acyX.
He Bce pacTuTenbHble opraHn3Mbl COCOOHbI aAANTUPOBATLCA K U3MEHAIOLMMCA YCIIOBUAM OKpY»KatoLien cpefpbl.
MosTomy Bonpoc oT6opa CTPeCccoycToNUmBbIX (3aCyX0yCTONUMBbIX) FEHOTUMOB, MEPCNEKTUBHbIX ANA NPOBeAeH A
ceneKUMOHHbIX paboT, CTOMT AOCTaTOYHO OCTPO. [Ipobrnema KacaeTca 1 NIeCHbIX APEBECHbIX PacTeHNI, B TOM YMC-
ne COCHbl O6bIKHOBEHHOM, ABNAIOLLECA OAHUM 13 OCHOBHbIX Jlecoobpa3oBaTeneil Ha TeppuToprn BopoHexcKon
obnactu. B HacToAwem nccnefoBaHny NpuBeAeHbl pe3ynbTaTbl aHanu3a BereTaTMBHOW U reHepaTuBHOW chepbl
OTAEeNbHbIX AepeBbEB COCHbI 0ObIKHOBEHHOW C MOMOLLbIO GUOTEXHONOMMYECKOTO, MONEKYIAPHO-FEHETNYECKOTO 1
LITOreHeTNYEeCKOro MeTOA0B. BO3MOXKHOCTb MPUMEHeHNA MeToAa Ky/bTYpbl TKaHW in Vitro C Lienbio TeCTUPOBaHWSA
MNCXOAHbIX PACTEHUI Ha CTPECCOYCTONUYMNBOCTb, B TOM UMCIIE 1 3aCyXOYCTONUYNBOCTb, OO BACHAETCA B3aIMOCBA3bIO
CBOWCTB KNETOK, TKaHel 1 Lenoro pacteHus. MokasaHo, YTo y pasnmyatowmxca reHoTUNnoB LUMTOreHeTUYeCK e Xa-
paKTePUCTUKM CEMEHHOIO NOTOMCTBA U MOKa3aTeNn KaslyCoreHHbIX peakLuii He BCeraa cCoBnafatoT: y OAHMX SHep-
reTmyeckune pecypcbl TPaTATCA Ha 3alUMTy OHTOreHe3a, y ApYyrx — Ha NoaAepKaHme penpoayKTMBHOM GYHKLNUN.
BblgeneHbl fepeBba, COCTOAHME reHepaTUBHON chepbl KOTOPBIX B 3aCyLUMBbIE rOfbl HAXOAUTCA Ha YPOBHE ONTK-
MaJibHbIX NIeT U peakUma UX KannyCHbIX KylbTyp OCTaeTcA HEM3MEHHON [axe B MOAENIMPYEMbIX YCIIOBUAX 3aCyXU.
Ha ocHoBe nonyyeHHbIX pe3ynbTaToB ANnA 0TOOPa 3aCyXOyCTONUMBbBIX FEHOTUMOB COCHbI 0ObIKHOBEHHOI Npef ara-
€M UCMOoNb30BaTh CUCTEMY KPUTEPUEB, XapaKTEPU3YIOLWNX KaK CMOCOBHOCTb BEFreTaTUBHOMN Chepbl K BbIXMBAHMIO
B YC/IOBMAX 3aCyXM Ha OCHOBE MEeTOAA KyJSibTypbl TKaHW in Vvitro (CKopocTb GOPMUPOBaHMA Ka/lyCHOM TKaHu, ee
KM3HECNOCOOHOCTb, YacToTa KasinycoreHe3oB), Tak U COCTOAHME reHepaTNBHON cdepbl C MOMOLLbIO LIUTOreHeTU-
YeCKOro aHanm3a CEMeHHOro NOTOMCTBA (4acToTa NAaTONOrMIA MUTO3a, JONA KNETOK C MUKPOSAAPaMU, MUTOTMYECKaA
aKTMBHOCTD). LlenecoobpasHocTb NpumeHeHrsa 6roTexHonornyeckoro noaxona bbiia fJokasaHa C NOMOLLbIO aHa-
NN3a YPOBHA SKCNPECCUM FreHOB CTPECCOBbIX 6eNKOB: MeXXAy YPOBHeEM aKcnpeccun reHa AbaH v nokasaTenem xums-
HeCrnocobHOCTIN KayCHbIX KyNbTyp YCTaHOBJIEHa CUMbHAA KOPPENALMOHHasA CBA3b, B TOM YMC/Ie U Ha NUTaTesb-
HOW cpefie C gononHuTenbHbIM cTpeccoBbiM areHTom (NaCl). JepeBbs, KoTopble MO pe3ynbTaTtam aHann3a MOXKHO
OTHeCTU K 3aCyXOyCTONUMBbIM, ClieflyeT peKOMeH0BaTb [/19 UCMONb30BaHUA B paboTax Mo cenekuum.

KnioueBble crioBa: Pinus sylvestris L.; 3acyxa; 3aCyx0yCTONYMBOCTb; KanyCbl; SKCMPECCUA FEHOB; )KU3HECNOCOOHOCTb
KasNlyCHbIX KyNbTyp; MUTO3.

Onsauyntnposauus: AmuHesa E.lO,, Nypees A.l., Tabaukas T.M., MawkuHa O.C., Monos B.H. leHoTunuueckas namex-
umBOCTb Pinus sylvestris L. no Npu3Haky 3aCyXoyCTOMYMBOCTU. BaBUMNOBCKUIA XXypHan reHeTUkn n cenekumm. 2019;
23(1):15-23. DOI 10.18699/VJ19.456

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

E.Yu. Amineval @, A.P. Gureev?, T.M. Tabatskayal, 0.S. Mashkinal 2, V.N. Popov2

T All-Russian Research Institute of Forest Genetics, Breeding and Biotechnology, Voronezh, Russia
2Voronezh State University, Voronezh, Russia
® e-mail: elena.pardaeva@mail.ru

There was an increase and intensification of droughts in connection with global climate change in recent decades.
Not all plant organisms are able to adapt to changing environmental conditions. Therefore, the question of stress-
resistant (drought-resistant) genotypes selection for breeding is quite urgent. This problem also concerns forest
tree plants, including Scots pine, which is one of the main foresters in the Voronezh region. The results of vegetative
and generative sphere analysis of individual Scotch pine trees with the help of biotechnology, molecular-genetic
and cytogenetic method are given in this study. The possibility of applying the tissue culture method in vitro for
testing initial plants for stress resistance, including drought resistance, is explained by the interconnection of cells,
tissues and the whole plant properties. It is shown that the cytogenetic characteristics of the seed progeny and the
indicators of callusogenic reactions do not always coincide in different genotypes: in some cases energy resources
are spent on ontogeny protection, while, in other cases, to reproductive function maintain. There are trees, in which
the state the generative sphere in arid years is at the level of optimal years, and their callus cultures reaction remains
unchanged even under simulated conditions of drought. Based on the results obtained for the selection of Scots
pine drought-resistant genotypes we suggest applying a system of criteria characterizing both the ability of the
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vegetative sphere to survive in drought conditions on the basis of the tissue culture method in vitro (callus tissue
formation speed, its viability, frequency of callusogenesis), and the state of the generative sphere with the help of
cytogenetic analysis of seed progeny (frequency of mitosis pathologies, the proportion of cells with micronuclei,
mitotic activity). The expediency of applying the biotechnological approach was proved by analysis of the gene
expression level of stress proteins: the level of AbaH gene expression correlates greatly with the indicator of the
viability of callus cultures, including ones on a nutrient medium with an additional stress agent (NaCl). Trees that
can be assigned to drought-resistant ones, according to the results of the analysis, should be recommended for use

in breeding.

Key words: Pinus sylvestris L.; drought; drought-resistance; callus; gene expression; viability of callus cultures; mitosis.

For citation: Amineva E.Yu., Gureev A.P, Tabatskaya T.M., Mashkina O.S., Popov V.N. Genotypic variability of Pinus
sylvestris L. on the drought-resistance attribute. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of Genetics
and Breeding. 2019;23(1):15-23. DOI 10.18699/VJ19.456 (in Russian)

BBepeHune
3acyxoii Ha3BIBAIOT HEOIATONIPUATHOE COYETAHHE METEOPOIIO-
THYECKUX YCIIOBHH, XapaKTePHU3YIOMNXCS JIUTEIbHBIM U 3Ha-
YUTETBHBIM HEJIOCTATKOM 0Ca/IKOB, OBBIIICHHON TEMITEpary-
PO ¥ MTOHMKEHHOH BIaXKHOCTHIO Bo3ayxa (ITaxomosa, 1999).
Ha nomro 3acyx cpenym Bcex aHOMaJIbHBIX ITPUPOTHO-KINMa-
TUYECKHX SIBIICHUI MPUXOTUTCS 0KOJIo 26 % ciydaes (Tugce,
Yasemin, 2005). 3acyxoyCcTOHYUBBIMUA CUATAIOT PACTCHHS,
CIOCOOHBIE IEPEHOCHUTH JUTUTEIbHBIE 3aCyIUTHBbIE IEPHOIBI,
BOJIHBIN JIePUINT, 00€3BOKMBAHNE KIIETOK, TKAaHEH, OPraHoB
C HAUMEHBIIINM CHM)KEHUEM BEreTaTUBHOM U FeHepaTPIBHOﬁ
MIPOAYKTUBHOCTHU. B nepByto ouepepb, 3aCyX0yCTOMUYMBOCTh
00ycIoBiieHa TeHETHYECKUMH 0COOCHHOCTSIMU OpraHu3Ma 1
3aBUCHUT OT MecTooOuTanus pacrenus (I'enkens, 1982).

CocHna oObIkHOBeHHAS (Pinus sylvestris L.) OTHOCHTCS K T10-
poziaM BBICOKOH X03sICTBEHHOM IIEHHOCTH, 00J1a/1aeT reHEeTH-
YeCKOi reTepOreHHOCTHIO M AKOJIOTHUECKON TIIACTHYHOCTHIO,
MOXKET MPOU3PACTATh B Pa3HOOOPA3HBIX MPUPOJHO-KIMMA-
THYECKUX YCIIOBHSX, Ha ITOYBAX, BOSHUKIINX U3 PA3TMIHBIX
re0JIOTMYECKHUX TIOPOJI, KOTOPBIE OTIINYAIOTCS 110 XUMHYECKO-
My COCTaBy, yBlIaxkHeHHIO U Turogopoaunto ([Ipasaua, 1964;
Mupxkus u 1p., 2000; Kysnenosa, 2010, 2012). Ha teppu-
Topun BopoHexckoi 001acTu cocHa — OHAa U3 OCHOBHBIX
necoobpasyrommx mopox (Yeproay6os, CmoryHoBa, 1998).

Hecwmotpst Ha To, utOo P. sylvestris L. oTHOCAT K 3acyxo-
yCTOﬁ‘IHBBIM rnopoaamM, CTCCHb €€ TOJICPAHTHOCTH K 3TOMY
cTpeccoBoMy (hakTopy orpanudeHa. OHa ompenenseTcs Hop-
MOH peaklUy BH/Ia, KOTOPAsk B KAKJAOM DPErnoHE UMEET CBOU
BHYTpUNONYJSIIMOHHBIE TpaHuiibl (Tumodees-PecoBeckuii 1
Ip., 1973). CBUAETEIECTBOM TOMY CIYXKHT MacCOBOE€ yCHI-
XaHHUE COCCH Ha TeppuTOpruu BopoHeskckoii 00acTu BecHOM
2011 r., HacTynuBIIeE MOCIE CUIbHEHIICH JIETHEH 3acyXu
2010 r. (Ky3uemoBa, 2012). Hy»HO OTMETHTH, YTO YacTh
JIepeBbEB BEDKUIIA. B CBsI3M ¢ 9THM BO3HHMKaeT BOIpoc 00 0T-
00pe 3aCyX0yCTOMYMBBIX TEHOTUIIOB COCHBI OOBIKHOBCHHOH,
MEPCIIEKTUBHBIX B KAUECTBE HCTOYHUKOB CEMSH JIJIS JIECHOTO
X03siicTBa. YUMTBIBAsK TOT (DAKT, YTO 3aCyXOyCTOHYNBBIMHU
CYUTAIOT HC TOJBKO BBDKMBIIMEC B YCJIOBUAX 3aCyXH, HO U
CHOCOOHBIE K MOJIOBOI PENPOAYKIMH MPH JeHUINTE BIaru
pactutensHble oprannimsl (I'enkens, 1982; Tardieu, 2005),
B CBOUX HUCCJICAOBAHHUAX MbI UCIIOJIB30BAJIN OMOTEXHOJIOTH-
YECKUM, HTUTOr€HETUYECKUN U MOJIEKYJIIPHO-T€HETUYECKUI
METOJIBI /ISl OIIGHKH COCTOSTHHSI BETETATHBHOM U TeHEpaTHB-
HOM cepbl COCHBI OOBIKHOBEHHOM.

Lenb paboThI — BBISIBUTH FEHOTHITNYECKYIO H3MEHYUBOCTh
COCHBI OOBIKHOBEHHOMW I10 MPHU3HAKY 3aCyXOYCTOHYMBOCTH
Ha TeppuTopruu BopoHexkcKoil 00s1acTh ¢ UCTIOIb30BaHUEM

Pa3IMYHbIX MTOIX0/I0B, PEKOMEH/10BaTh KPUTEPHH AJIsI 0TOOpa
3aCyXOYCTOMYMBBIX (POPM COCHBI.

MaTepmanbl n metoabl

HccenenoBanus MpOBOJMIINCH Ha IIECTH OT/ICIBHBIX IEPEBBIX
cocHbI 00bIKHOBEeHHOH (1. 1, 3, 6, 8, 9, 12) u3 copra-nomy-
nsmm cocHa Octporokekas (Kysuenosa, Mamkuna, 2017)
Bo3pactoM 33-35 nert, Il kmacca 6onutera (Kysnemosa, 2010,
2012).

Jist osryyeHust HEpBUYHBIX KAJUTYCHBIX KYIBTYp in Vitro
COCHBI OOBIKHOBEHHOH B arpese-mMae coOMpaii BETBH € MO-
JIO/ILIMH 3€JIEHBIMH TI00ETraMH, CErMEHTBI KOTOPBIX CITY)KUIIN
sKCcIuIaHTamMu. Vcnonb30Bany nuTaTenbHylo cpery Mypacure
n Ckyra (Murashige, Skoog, 1962) ¢ monoBuHHBIM cojiepika-
HueM Makpocodeii (1/2 MS), 3 % caxapo3soii, peryisropamu
pocra: 6-6em3mnamuHonypuH (6-BAIT— 0.5 mr/m), HaTHITyK-
cycnas kucnora (HYK — 2 mr/m), 2.4-nuxnopdeHokcnykeyc-
Hast kucnota (2.4-11 — 1 mr/n). [lonydyeHue u BeIpaluBaHue
KaJITyCHBIX KYJIBTYP OCYIIECTBIISIIN B yCIIOBHAX KyJIbTYpPaJlb-
Ho#t komHaThl: 2000 mroke, 16-4acoBoit GpoTonepnon, Temrie-
parypa 25-26 °C. Kax1plil OTJENbHBIN ONBIT MPOBOIUIN B
TpexKpaTHoit moBTOpHOCTH (HEe MeHee 1020 acenTuyecKux
KyJIBTYp JUIS KaXaoro Jepesa). [IepBHUHYIO KaJUTyCHYIO
TKaHb U30JINPOBAJIM U IIEPSHOCUIIN Ha CBE)XKUE MTUTATEIbHbIC
cpexnsl gepes 20-25 cyT oT Hawanma KyasTUBHpoBaHusA. Kai-
JIyChl aHAJIM3UPOBAJIM MO TIPH3HAKAM: YACTOTa KAJTyCOTeHe3a
(UK, %); OTHOILICHHUE KOJIMYESCTBA IKCILIAHTOB CO CHOPMHU-
POBABIIMMCS KAJIITyCOM OTHOCHTENILHO OOIIEro KOJIM4YeCcTBa
9KCIUTAHTOB; CKOPOCTh (POPMHUPOBAHUS KaJUTyCHOW TKaHU
(CK, cyT) — Bpems 00pa3oBaHusl MEPBHIX CIEOB KaJlTyca Ha
skcmanTe; xuszHecnocodnocts (KK, cyT) — ckopocTth pac-
MIPOCTPAHEHUSI MEPTBOH KAJTyCHOM TKaHM, OKPALICHHOH B
TEMHO-KOPUYHEBBIH LIBET.

1 ycuneHus CTpeccoBOi Harpy3KH B IUTATEIbHYIO CPERY
mobasisur NaCl (1 %) (AmmueBa u ap., 2017), mo3Bossro-
LIMH MOAEJIUPOBAThH HE TOJIBKO COJIEBOM, HO U OCMOTUYECKUI
cTpecc, CXOKHN 1o MeXaHU3MYy neiicTBus ¢ 3acyxoit (MrHa-
ToBa, 2011).

Toransnyto PHK Beaensin u3 50 Mr TkaHU IEpBUYHOTO
KaJuTyca C HCIIOIb30BaHNEM KOMMepUeckoro Habopa ZR-Duet
DNA/RNA MiniPrep (Zymo Research, CIIIA), cornacuo
[pUJIaraeMoMy MpoTokoy. Peakiuio oOpaTHOW TpaHCKpHII-
IIUH TIPOBOIUIIN C TPUMEHEHHEM 00paTHOH TPaHCKPUITA3bI
M-MuLV (Evrogen, Poccus) (40 en.). AHaim3upoBaim 3Kc-
MIPECCHIO YEThIPEX T'€HOB MEPBUYHBIX KaJUIyCHBIX KYJIBTYD:
AbaH, LEA, ADC, GapCl. Vicnonp30Banu CIeAyIONINe
npaiimepsl: AbaH (abscisic acid and water-stress induced
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protein): F-5'-AGGACAACGTTAATTCTGGCTC-3’,
R-5"-AATCGGCCTTATAACCAGTGTCG-3" (Voronova
et al., 2011); LEA (late embryogenesis abundant pro-
tein): F-5-TCCGCAGAGGTTACAGACATCG-3', R-5'-
CTATTTGCGCTCAGGAGTCGAA-3' (Voronova et al.,
2011); ADC (arginine decarboxylase): F-5'-AGAAATTG
GGGATGCTGGAT-3', R-5'-GCCATCACGATTGTATT
CACC-3' (Vuosku et al., 2006). B kauectBe pedepeHCHOTO
rena paccmarpuBasin GapCl (glyceraldehyde-3-phosphate
dehydrogenase): F-5'-ACGGTTTTGGTCGAATTG-3', R-5'-
CCCACGAGCTCGATATCAT-3" (Voronova et al., 2011).
K nacrosimemy BpeMeHH I'eHOM COCHBI OOBIKHOBEHHOM MOJI-
HOCTBIO HE u3yueH. [list nccieioBaHust ObUIN B3sIThI HMEHHO
9TH TeHBI, TaK KaK U3BECTHO, YTO B YCIIOBHUSIX CTPECCa, B TOM
YHCIIe U TIPH 3aCyXe, 0OTMEYAETCSI M3MEHEHUE X AKTHBHOCTH
(Vuosku et al., 2006; Voronova et al., 2011).

B xone nuuroreHeTHUECKUX UCCIIEA0BAHUI aHAJIN3UPOBAIIU
CEMEHHOE MOTOMCTBO COCHBI OOBIKHOBEHHO OT CBOOOTHOTO
onbuieHus. CeMeHa 3aroTaBiInBaJIv B FOJbl, KOHTPACTHBIE 110
norogHeM yenoBusM: 2011, 2015 — 6maronpusitasie; 2010,
2012, 2014 — paznuyaromuecs N0 TUIAM 3aCyX U CTEEHU UX
BO3/ICHCTBHS Ha TeHEPaTHBHYIO c(hepy COCHBI OOBIKHOBEHHOM.
B 2010 . Ha TeppuTopun Bcero LlenTpansHO-UYepHO3eMHOTO
paiiona (LIYP) nabmonanmmce Becennsist u sietHsst 3acyxu (Lla-
kuHa, 2011), cABUHYBIIHE PENTPOIYKTUBHBIE TPOLIECCHI COCHBI
Ha 6onee pannue cpoku (Kysnerona, 2012). 3acyxa 2012 1.
(BeceHHsIsT) MpUBETa K ONa ly HIMIIEK BTOPOTO To/la Pa3BUTHS
Ha Bcell Tepputopun Boponexckoit oomactu. B 2014 r. Ha-
O1r0/1a11aCh MTO3/IHSIS OCEHHSS 3aCyXa, B OCHOBHOM OKa3aBIlIast
BO3/ICHCTBHE HA BEre€TaTHBHYIO Cepy COCHBI (IOKEITCHUE
M OmaJi XBOM), TaK)Ke CII0COOCTBOBABIIASI pPAHHEMY PacKpbl-
Banwmro mmmek (Kysuerosa, 2015).

IIpopoctku aiuHo# 0.5-1 cM QUKCHpPOBAIN B CIIMPTOBO-
yKcycHo# cMmecH (3:1) B yrpeHHuUe yachl. [laBieHble MUKpO-
npenaparsl u3rorasiusainu 1no meronuke JI.A. Tonunbckoin
¢ xomeramu (1975), B nameit momudukannu. Mx ananms
MPOBOJMIIM HAa MUKpPOCKONle MHKMEI-5 MpH yBEeIHUYECHUU
40%1.5%10. Mukpo(h0oTOCHEMKY OCYIIECTBISIIH C TOMOIIIBIO
mudpoBoit kameps! okymsipa DCM500. [urorenernueckuit
aHAJIN3 CEMEHHOTO ITOTOMCTBA MPOBOIMIICS JIsi KaXKI0TO
nepesa otaensHO. [IpocMarpuBanu He MeHee 10 KopemrkoB
MPOPOCTKOB C reHoTHMa. AHanu3uposanu He meHee 100 ne-
JISILIMXCS KIIETOK KOPHEBOM MEPHCTEMBI C Ka)KJI0TO Iperapara
IO CIIEAYIONIMM MapaMeTpaM: 4acToTa U CIIEKTP MaToJIoTui
muro3a (IIM, %), gacTora BCTpedaeMOCTH KIETOK C MUKPO-
snpamu (%), mutoTHdeckas aktuBHocTh (MA, %). MurtoTtu-
YEeCKYI0 aKTUBHOCTB ompenessiti B 9—10 1 yrpa (byropuna n
Ip., 2002). Inst cpenueii monockl Poccnu B HOpMe 3HAYCHHE
nokazarenss MA kone6inercst ot 6.0 no 8.7 % (Byropuna u
ap., 2001).

Craructnieckyto 00pabOTKy JaHHBIX ITPOBOAMIH C IO-
MolpIo mporpamm Statistica u Stadia. [yt cpaBHEHHS BbI-
OGOpOK 0 KaUTyCOTeHHOH 3(PPEKTUBHOCTH, IKCIIPECCHH Te-
HOB, a Takxke o MA ucnons3oBanu t-kputepuil CTbrOICH-
ta. CpaBHEeHHE BEIOOPOK 10 ATOJIOTUSIM MUTO32 OCYIIECTBIIS -
JIM ¢ IoMoUIbI0 Kputepust Ban-nep-Bapaena. Pasauiy mexnay
CPaBHMBACMbIMH TOKA3ATEISIMU CUMTAIN JJOCTOBEPHOI TpH
p <0.05; p<0.01; p <0.001. CBs13b MOKazaTeNeH KAIIYCO-
TEHHBIX PEaKINi U YPOBHS KCIIPECCUH T€HOB ONPENEISITH
Ha 0CHOBE Ko dumenta koppensuun Croupmena (7). Kop-
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PENAUI0 CYUTATN OTINYHON oT Hynda npu p < 0.05. Cuny
KOPPEJIALIMOHHOM CBSI3M BBISBILSUIH 110 CIIEIYIOIMM HHTEPBa-
JaM 3HadeHni koapunnenra koppemsiuuu: ot 0.6 no 1.0 —
BbIcokast, oT 0.3 10 0.59 — cpennss, ot 0 1o 0.29 — HU3Kas.

Pe3ynbtatbl

B xozme aHanmza peakiuy KaJUTyCHBIX KYJBTYP Ha yCJIOBUS
KyJIBTUBUPOBAHUSA IS OKCIUIAHTOB 1. 5, 7, 8, 11, 14 dhopmu-
pOBaHME KaJUTyCHOM TKaHM OTMEYaloCch Ha 4—7-e CyT, B TO
Bpems Kak y 1. 2, 6, 9, 10, 12 cpoku cmemens Ha 10—14-¢
cyT (tabn. 1). Pasamma mo mpusnaky CK mpommiroctpupo-
BaHa Ha puc. 1: kK 15-M cyT Ky/IbTHBUPOBAaHHS Ha SKCIUIAHTE

Table 1. Assessment of callus formation in Scots pine
stem tissue with regard to source tree genotypes

Callus forma-
tion frequency,

Tree Time of callus
No. formation,

Callus tissue life,
days

tree 6 tree 8

Fig. 1. Differences in the speed of in vitro callus tissue formation
on explants of various Scots pine genotypes (day 15 of cultivation).
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Table 2. Viability of callus cultures from various Scots pine
genotypes under additional stress load (1 % NaCl)

1% NadCl

Control

Genotype

3 16.4+2.3 159+1.8
6 ........................ 97111 ............................... O ..........................................
8 ...................... 2 25i31 ................................ 2 23i22 .............................
9 ...................... 107i13 ............................... 0 ..........................................

tree 9

tree 8

Fig. 2. Reaction of callus cultures of various Scots pine genotypes
to salination of the nutrient medium with 1 % NaCl (day 10 of cultivation).
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Fig. 3. Gene expression rates (AbaH, LEA, and ADC) in primary callus tissue
samples of Scots pine genotypes.

Difference from tree 6 significant at *p < 0.05.

JI. 6 OTMEUAIOTCS JIMIIIb CIIe/bl KAJTyCHOM TKaHH, B TO BPEMsI
KaK Ha DKCIUIAHTE [. 8§ KAJUTyCHBIC KJIIETKHA aKTUBHO IPOJIH-
(hepupytor.

Hocrosepras paszuuma (p < 0.05) Habiroganacs 1 1Mo Ipu-
3aaky UK (cm. Tadm. 1). Tak, x. 5, 8, 11, 12 umenu cambie

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

Beicokue 3Hauenus YUK, Gomee 80 %: 80.0+5.0; 91.8+3.1;
81.2+6.8; 86.3+4.5 % coorBercTtBenno. s a. 1, 6, 10,
13 yposens UK ne npessian 3HaueHus 50 %: 40.0+4.5;
33.3+2.8;33.3+5.6;41.6+£3.2 % COOTBETCTBEHHO.

Hdnan. 1,3,6,8,9, 12 npoBoxmim SKCIEPUMEHTHI B MOJIEIH-
PYEMBIX YCIIOBHSIX CTpECca, ONPEIEIISUTH YPOBEHB KCIIPECCHI
I'€HOB CTPECCOBBIX OEIIKOB, a TAK)KE aHAJIM3UPOBAIN COCTO-
STHE TeHePaTUBHON Cephl B AMHAMHKE JeT (cM. Tadm. 1).

Ha cieyromem srarie oCyIecTBIsUIMCh padOThI B MOJIEIIH-
PYEMBIX YCIIOBUSIX 3aCyXH, KOTOPbIE 00€CIICYMBAINCH 32 CUET
BBE/ICHHS B MHTATENBHYIO CPEly JNOMOIHUTENBHOTO CTpec-
cosoro arenra — NaCl (1 %). KamrycHble KynbTypsl Tpex
nepeBbeB (1. 3, 8, 12) He pearupoBaid Ha T00ABJICHUE COJIH,
UX KH3HECMIOCOOHOCTh OCTAaBAIACh HA TOM K€ YPOBHE, UTO U
B KOHTPOJILHOM Bapuante. s kanaycos 1. 1, 6, 9k 15-M cyT
KyJIbTUBUpOBaHUs oTMedanach 100 % Hekpotusarus (Tadi. 2).
Ha puc. 2 noka3zaHa pa3HHIA B PEaKIINU KAJITYCHBIX KyJIBTYp
1. 8 ¥ 1. 9 Mo mpU3HaKy )KU3HECTIOCOOHOCTH B OTBET Ha 3a-
COJICHHE MUTATEIbHOH cpepl: K 10-M CyT KyJIbTUBHPOBAHUS
KaJuTyc A. 8 ocTaeTcs KHU3HECTIOCOOHBIM, KaJTyCHas! TKaHb
1. 9 XapakTepu3yeTcst OOMIMPHBIMI OYaraMu MEpTBOH TKaHH.

AHa3 akTHBHOCTH I'€HOB [T0Ka3aJ: YPOBEHb 9KCIIPECCHU
reHa AbaH B KalyCHBIX KyJIbTypax JIEPEBLEB C HU3KHMHU
MIOKa3aTeNsIMI KaJUTyCOT€HHON aKTHBHOCTH OBLI HMXKE I10
CcpaBHEHHIO ¢ ocTanbHbIMU (puc. 3). Tak, ans x. 6 9To 3Ha-
gerne coctasmio 0.05, Torma xak uis 1. 9 ¢ BEICOKOH KaJuTy-
COTEHHOM aKTUBHOCTBIO — 1.0. Mex 1y ypoBHEM DKCIIpECCUU
JIAaHHOTO TeHa 1 [10Ka3aTesIeM )KU3HECIIOCOOHOCTH KaJUTyCHBIX
KyJIbTYp YCTaHOBJIEHA CHJIbHAsI KOPPEISAIHOHHAS CBA3b, B
TOM 4HcIie ¥ Ha muTarenbHoi cpene ¢ NaCl (7, = 0.75 1 0.65
COOTBETCTBCHHO).

Okcmpeccus reHa LEA TOBBIIIEHA Y KaJUTYCHBIX KYIBTYP
n.1,6,9:0.83+0.07; 1.13£0.06; 1.0£0.5 cooTBETCTBEHHO.
CHmxenue 3xcrpeccuu reHa ADC oTMedaeTcst Al KYJIbTyp
1.3u8:0.53+0.610.22+0.1 COOTBETCTBEHHO.

OnHaKo aHHBIE 110 YPOBHIO SKCIPECCHHU ITHX JIBYX TCHOB
HE COBIIA/IAIOT C OOIICH TeHACHIIUCH moKa3areiel Kautyco-
TEHHBIX PeaKnuil. Mex 1y ypoBHEM SKCIIPECCHH UCCITETyEeMbIX
TEHOB BBISBHIIM MOJOXHUTEIbHYIO CHIBHYIO KOPPEISIINIO
mexany LEA u ADC (r,= 0.7). Mexny renamu AbaH v LEA,
a taxoke AbaH n ADC cnabast oTpunaTeIbHas KOPPEIALns
(r,=—0.1 B 000OMX CITyJasx).

B Xozme nuTOreHeTHMYEeCKOro aHajaM3a CEMEHHOI'O MOTOM-
CTBa COCHBI OOBIKHOBEHHOM I10 4aCTOTE MATOJIOTUH MUTO3a
HU B OJIMH TOJ UCCJIECAOBAHUS 3HAUYUTEIBHBIX IPEBBIMICHNI
HOPMBI HE OTMEYEHO, ToJIbKo B 2012 . 11 moTomcTBa 1. 6 —
5.1+2.3 % (tabm. 3).

Muxkposiapa (puc. 4) B KJIeTKaX MOTYT HPUBOIUTH K IH-
TOTCHETUYECKOH HECTaOMIIBHOCTU KJIETOYHBIX MOIYJISIUI
(UneuaCcKux u ap., 1988; byropuna u ap., 2005). Tak, ans
1. 6, yactora IIM koroporo B 2012 1. cocraBuna 5.1+2.3 %,
JTOJISL KIIETOK C MUKpPOsiZipamMu B 3Tu ro/is! 0bu1a 0.1+0.07 %.
OpnHaKo JUIsl TIOTOMCTBA JIEPEBBEB, UbM ITOKA3aTEIH YaCTOThI
ITM 651t Menee 3 % Wi npeBBIIaNy 3Ty U Py HEe3HAYHU-
TEIIbHO, OTMEYAJICsl HU3KUI YPOBEHb COJIEPIKaHUSI MUKPOSIIIED:
n.3,8,12.

3a Bce TO/BI MCCIIeJOBAaHNUH OBIIIO OOHApYXEeHO 9 THIIOB
[IM: 1 — oTcTaBaHKe XpOMOCOM B METaknHe3e; 2 — 00ocobite-
HHE XPOMOCOM H TPYTIIT XpOMOCOM B MeTadase (puc. 5, a); 3 —
(parmenTs! XxpomMocoM B MeTadasze u anadasze (cM. puc. 5, 0);
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Table 3. Percentages of abnormal mitoses in the seed progeny of Ostrogozhskaya Scots pine population
in years contrasting in weather conditions
Tree 2010, 2011, 2012, 2014, 2015,
No. spring favorable spring autumn favorable
and summer drought drought
droughts
1 3.8+0.3 1.5+04 3.8+0.3 25+0.6 1.6+0.6
3 2.6+0.3 1.5+03 23+1.6 24+04 1.2+04
6 35+04 25+0.5 51+23 3.35+0.9 3.1+141
8 2.7+0.1 0.5+0.3 25+1.8 1.7+0.6 14+05
9 3.7+0.2 1.9+0.6 3.0+1.3 2.1+£0.6 24+0.8
12 22402 1.4+0.9 32+14 3.1+0.8 1.5+0.5
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Fig. 4. Frequency of cells with micronuclei in Scots pine progeny in weather-contrasting years.

Difference from tree 6 significant at *p < 0.05; **p < 0.001.

Fig. 5. Mitosis aberration types occurring in root meristem cells of Scots pine: a, separation of a chromosome group in metaphase;
b, fragments of chromosomes in metaphase; ¢, d, bridges in anaphase (c, broken bridge) and telophase (d, multiple bridges);
e, complex aberrations (chromosome fragment + ring chromosome).

4 — orcraBanue B aHagase; 5 — 3aberanue B aHagasze 1 Me-
Ta-aHadase; 6 — HepaBHOLIEHHOE PACXOXkKICHHE XPOMOCOM B
anagasze; 7 — MocThl B aHadase u tenodase (cM. puc. 5, 6 U
5, 2); 8 — ciioXHBIe HapyIIeHUs (CM. puc. 5, 0); 9 — KoJIbLIa B
MeTa-, aHa-, MeTa-aHadase.

Bce Tumbl HapyIeHnit MUTO3a OBUTH YCIIOBHO pa3lieIeHb
Ha TPYMIIBL: XpoMOocoMHbIe (THr 3, 7, 9), reHomHBIe (TH 1, 2,

4,5, 6), cnoxusle (tur 8). M3 muarpaMMel Ha puc. 6 CIIEayeT,
4TO mocje oceHHel 3acyxu 2014 . ypoBeHb XPOMOCOMHBIX
MaToJIOrnii mocTeneHHo cHuxkaercst. Ecim B motomctee 2010 T
YPOBEHb CTPYKTYPHBIX HapyLICHHH OBbLI caMblii HU3KHHA —
32.2 %, o B 2011 1. (onTUMaJbHBINA MO MOTOJHBIM YCJIOBHU-
sM) 3HaYCHHWE JAHHOTO TIOKasaTelns Bo3pactaeT a0 83.4 %.
B nocnenyronye roasl Taxke HaOmomaeTcs mpeodaianne
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Fig. 6. Ranges of mitosis aberrations in Scots pine seed progeny in years
contrasting in weather conditions.

XpOMOCOMHBIX abepparmii: 2012 . —70.5 %, 2014 1. — 72.3 %.
W mums ¢ 2015 1. oTMewaeTcss CHIKEHHE YPOBHS JaHHOTO
nokaszareis — 65.6 %.

B rox anomaneHOU sieTHe# 3acyxu (2010) HaOIHOIATOCH
MHOTOKPAaTHOE NPEBBILIEHHE MO MoKazareno MA, npuuem
JUISl TIOTOMCTBA HEKOTOPBIX JIEPEeBBEB OoJiee YeM B J1Ba pasza:
.1, 6,9 (tadn. 4). B 2012 r.,, oka3aBiieM cuibHelIee Bo3-
JIeficCTBHE Ha TEHEPaTHBHYIO c(hepy COCHBI OOBIKHOBEHHOM
no Bcemy LIUP, HaOmonanock He3HAYNTEIHLHOE YIHETEHHUE
MUTOTHYCCKON akTUBHOCTU st 1. 6 (5.8+1.5 %) u Taxxe
npebrmenue 4t 1. 9 (9.0 1.5 %). B emom B 3TOT U 110-
CJIeIyIOIINe TO/IbI TToKa3aTenb MA OblT B HOpME (CM. Tad. 4).

O6cyxpeHue

D¢ PEeKTUBHOCTH KaJUTyCOTeHE3a, B IEPBYIO OUCPE/lb, 3aBUCUT
OT FeHOTUITMYECKUX OCOOCHHOCTEH MCXOJHBIX PAaCTEHUH
(Murashige, 1962; JIyroBa, 2010; Kynax, 2011). B cBs3u ¢
9THM yXX€ Ha MPOTHKEHUH MHOTHX JIET BEILyTCsl UCCIIEA0BaA-
HUSI, CBU/IETEIIbCTBYIOIINE O LIEJIECO00Pa3HOCTH TPUMEHEHUS
METO/a KYJIBTYPbI TKaHH in Vitro At N3y9eHHs yCTOMIMBOCTH
pacTeHui K pa3InIHBIM CTPECCOBBIM (haKTOpaM, B TOM YHCIIC
n k 3acyxe (Tepnerkas u ap., 2008; PocceeB u ap., 2010,
2016; Eroposa, 2011).

[TokazaHo, 4TO pa3iIn4Ms MOXKHO HaONIIONATh yKe Ha Ha-
YaJIbHBIX dTanax GopMUpoBaHus KaurycHoi Tkanu (LLectu-
OparoB u np., 2008; Cobonesa, 2013). Jlanubri daxt moa-
TBEP>KIAEH M HAMH: CPOKH TOSIBJICHUSI IIEPBBIX CIIEJIOB KaJuTyca
B 3aBUCHMOCTH OT UCXOHOTO reHOTHMa pa3usaTcs ot 4.7 (1. 8)
10 13.6 (1. 13) cyT. YcranosneHo, uro Oonpmuii ypoBeHs UK
XapaKTepeH JUTsl KaJUTyCHBIX KYJIBTYD, TIepHoz (POPMUPOBAHNUS

Genotypic variability of Pinus sylvestris L.
on the drought-resistance attribute

KaJIJTyCHOM TKaHU KOTOPBIX CIBUHYT Ha 00JIee paHHUE CPOKH,
U HA000pOT — JIEPEBBsI, Y KOTOPBIX MPOIIECC KaJITyCoreHe3a
nies No3»Xe, XapakTepu30BaIich HU3kuM ypoBHeM UK. Mex-
1y KK u apyriuMu noka3aresiMH CyIeCTBYET B3aUMOCBS3b!
9KCIUIAHTBI, Ha KOTOPBIX (POPMHUPOBAHHE KAJITYCa MPOUCXOANT
paHbIle, XapaKTepU3YIOTCs M Oosiee BHICOKMMHU 3HAYCHUSIMHU
no napamerpam YK, KK 1 Ha000pOT — IKCIUIAHTBI, TTOKE
JIpyrux (popMHpPYIOIINE KaIyCHYIO TKaHb, HIMEIOT HU3KUI
yposenb UK 1 JKK, uTo 610 TOKa3aHO € TIOMOIIBIO KOPPEIs-
LIUOHHOI'0 aHAJIM3a II0JyYCHHbIX 3HaUeHul. BbIsiBiIeHa OTpU-
HaTesbHast KOPPEIsIIus CpeJHEH CHITbI MEXK Ty MOKa3aTeJIsIMH
CKu XK (r,=-0.57), cunbHas oTpHLaTeIbHas CBA3b — MEXKILY
CKu YK (r,=-0.64). CunbHas I0JI0KUTENbHAS KOPPEIALHs
ormedanack Mexay YK — KK (r, = 0.79).

OnHUM U3 HHAUKAaTOPOB CTPECCOBOTO COCTOSHUS PaCTEHHI
SIBJISIETCSI OBBILIIEHUE YPOBHs adciu30Boil kucaoTsl (ABK),
KOTOpasi, B CBOIO OY€pElb, U3MEHSIET SKCIIPECCHIO TeHEeTHYe-
CKHX ITporpamM B KireTkax (Skoser, 2009). M3BectHO, UTO HKC-
npeccusi reHa AbaH B TKaHSIX COCHBI OOBIKHOBEHHOH MOBBIIIIA-
eTcsl B pe3ylibTare BO3/1eHCTBHS Ha OPraHU3M 00€3BOKUBAHUS
6o Beicoknx KoHneHTpaunii ABK (Voronova et al., 2011).
bruta ycTaHOBJIEHA CHIIBHAS KOPPENSILUOHHAS CBSI3b MEXKIY
YPOBHEM 3KCHPECCUH JaHHOTO T'€Ha M TOKa3aTelleM >KN3-
HECMOCOOHOCTH KaJLTYCHBIX KyJIbTyp (7, = 0.75 m r, = 0.65
B YCJIOBHUSIX JOMOJHUTENBHOI CTpeccOBON Harpys3ku), 4To
CBHUJICTENIBCTBYET O 11€7I€CO00PA3ZHOCTH MPUMEHEHHUS METOA
KyJIbTYPBI TKAHU AJIS1 MHIUKALIUK CTPECCOYCTONYUBOCTH Jie-
PEBbEB COCHBI OOBIKHOBEHHOH.

Benku-nernapuns! cemeiictea LEA mpu HopMaibHOM BO-
JIOCHA0XXEHUH PACTCHUI OOBIYHO CHHTE3UPYIOTCS B 3apO-
JIBIIIAX Ha CTaAUSX MO3JHEro smOpuoreHesa. B nucThsix B
HOPMaJIBHBIX YCIIOBUSIX 3TH OCNKM HE OOHApYy’>KEHBI, X Ha-
xomneHue nHaynupyer ABK, cuHTe3npytomascs B OTBET Ha
BozeiicTue 3acyxu. [en ADC orBeyaet 3a paboTy apriuHUH
JIeKapOOKCHIIa3bl, OIPEACIIAIONIEH POLECC MEePEXoa apru-
HuHa B noimaMunsel (Yang et al., 2010). YposeHs skcnipeccuu
9TUX JBYX reHoB (LEA nu ADC) He coBnaiaer ¢ oduiel TeH-
JICHITMEH 110 ITOKa3aTelIsIM KaJTyCOTeHHBIX PEaKINH HCCIIeLy-
€MBIX JIepeBbEB, TpuueM Mexay AbaH v LEA, a taxoxe AbaH
u ADC ormeuaercs cnabas koppensauus (7, = —0.1 B o6oux
CITydasx).

Hacrora IIM 10CcTOBEPHO OTpaKaeT ypOBEHb NOBPEXKICHUI
JIHK u creneHb BO3IEHCTBUS CTPECCOBOrO (pakropa Ha Co-
CTOstHHE TeHepaTuBHOH cdepsl cocHsl ([Tapnaesa u mp., 2013).
Psinom nccnenosarenel ycTaHOBIEHO, UTO B CpeHEN OJ0CE

Table 4. Mitotic activity (%) in the seed progeny of Scots pine trees in years contrasting in weather conditions

Tree No. 2010, 2011, 2012, 2014, 2015,
spring and summer favorable spring drought autumn drought favorable
droughts
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Poccun aiist cocHbl 0OBIKHOBEHHOMH ypoBeHb YacToThl [IM B
HOpME He J0JbKeH npessimars 5 % (Byropuna u ap., 2005).
Hwu B omH Toz1 MiccnienoBaHMs MPEBBIIIEHIH HOPMBI HE OTME-
4eHo. YTo KacaeTcst 4aCTOThI BCTPEYaeMOCTH KJIETOK C MUKPO-
SApaMH, TO UX MOBBIIIEHHOE COJepKaHNne OBbLIO XapaKTePHO
JUIS| TOTOMCTBA JIEPEBbEB C HAHOOJIBIIIM 3HAYEHHEM YaCTOTHI
IIM: 1. 1, 6, 9. [Ipeobnaanre XpOMOCOMHBIX HapyIICHUH B
moroMcTBe 2014 . MOXXHO OOBSICHUTH JAEWCTBHEM OCEHHEH
3acyxu. C 2015 . oTMedaeTcst NOCTENEHHOE CHUYKEHUE YPOBHS
CTPYKTYPHBIX aOeppaliuii B IOTOMCTBE UCCIICIYEMbIX JICPCBb-
€B BBU/Y OTCYTCTBHS 3aCyXH.

MuroTHyeckast akTHBHOCTh 00y CIIOBIICHA TEHETHUCCKIMU
ocoOeHHOCTsIMH oprann3ma. Kpome Toro, Ha ee nposiBjieHue
MOT'YT OKa3bIBaTh 3HAYUTEIHHOE BINSHUE U (PaKTOPHI BHEIII-
Hel cpeJibl, TPUYEM He BCer/ia MPOUCXOIUT CHIDKCHNE YPOBHS
KJIETOYHOTO JieJieHnsl. B HEeKOTOpBIX ciydasx HaOloaaercs
ero aktuBanus (Mutpodanos, 1969). Tak, B rox aHoMansHON
3acyxu (2010 r.) HabmI0aI0Ch MHOTOKPATHOE MPEBLIIIICHUE
[0 JaHHOMY [10Ka3aTesto, IPUYeM JUIsi TIOTOMCTBa HEKOTO-
PBIX JnepeBbeB Oonee yem B ABa paza — 18.9+9.8 % (m. 1),
20.2+4.5 % (n. 6), 18.7£5.3 % (un. 9). B ocranbHbIe TOIBI
HCCIICA0OBAaHUS 3HAYUTCIIbHBIX HapymeHMﬁ OTMCYCHO HC 6]:1.]'[0.

YacTo crpecc MPUBOIUT K MEPEPaCIIPEAEICHHIO SHEpTe-
THYECKHX 3aTPaT MEKIy BETeTaTUBHOM 1 TeHEPaTUBHOM ce-
pamu pactenuit (Spiess, 1989; Yemanos u ap., 2001), T.e. B
MIEPBOM CITydae OOJIbIIIast 9aCTh PECYPCOB TPATUTCS Ha 3aIIUTY
OHTOTEHE3a, @ BO BTOPOM — Ha MTOAJIEPyKaHUe PENPOyKTHBHOH
(yHKLIMM pacTeHus. Pe3ynbrarhl IpoBeIeHHbIX HCCIIEI0BAHUH
MOATBEPKIAIOT ATOT (HaKT.

YacTp ucciIeayeMbIX IePEBbEB NMeEIIa BHICOKHE TIOKa3are-
JIM, COIVIACHO PE3yJIbTaTaM, HOJIy4YeHHBIM Ha OCHOBE HCIIOJb-
30BaHHBIX MeTonuK (4. 3, 8, 12). Tak, Hampumep, ceMeHHOe
MIOTOMCTBO JI. 8 B roj1 aHOMasIbHOM 3acyxu (2010 .) xapaxre-
pu3syeTcst HU3KuM ypoBHeM yacToTsl [IM (2.7+0.1 %). Hons
KJIETOK C MUKpOsiipaMu Takxke HeBbicoka —0.05+0.01 %. Uto
KacaeTcs KaJllTyCOreHHON CITOCOOHOCTH SKCIIIAHTOB JTAHHOTO
JIepeBa 1 peaKify KaJJIyCOB Ha yCIIOBUS KyJIbTUBUPOBAHUSL, TO
JUISl HETO TaK)Ke OTMEUaroTCs BBICOKHME MoKazarenu. [TepBbie
CJIe/IbI KAJUTyCHOM TKaHU CTAJIH TOSIBISTHCS YoKE K 4—5-M CyT
KyJIbTHBUPOBaHMs, [10Ka3aTelb YaCTOThl KaJIycOreHe3a co-
craBui 91.8+3.1 %. )KnuzHecrnocoOHOCTh KayuTycoB A. 8 OblIa
BBICOKOM HE TOJIBKO Ha cpejie 0e3 yCHIIEHHOH cTpeccoBOi
Harpysku (22.5+3.1 cyT), HO ¥ B MOAEIUPYEMBIX YCIOBHSIX
3acyxu Ha cpezie ¢ nodasnennem NaCl (1 %) —22.3+2.2 cyt.

Junst npyrux nepesbeB (1. 1, 6) Obutn XapakTepHbI HU3KHE
MOKA3aTeNId IUTOTEHETHYECKUX [TapaMeTPOB M KaJUIyCOTeH-
HBIX peaknuid. Tak, mast 1. 6 B 2012 1. (BeceHH:S 3acyxa)
oTMedvascs BBICOKHIT ypoBeHb 1IM, HEe3HAYNTEIBHO MPEBHI-
maronmii Hopmy B 5 %, — 5.1+2.3 %, 105151 KIIETOK ¢ MHUKPO-
anpamu Obu1a Takxke 3aBbireHHOI: 0.1+0.07 %. ®opmupo-
BaHME KaJIyca NPHUIUIOCHh HA 13-e CyT KyJIbTHBUPOBAHUS,
gacToTa KajrycoreHesa — 33.3+2.8 %, >Ku3HeCcrocoOHOCTh
KyasTyp — 11.0£1.0 cyT, 9uTo B 1Ba pa3a MEHBIIIE, 4eM y 1. 8.
B ycnoBusix Moznenmpyemoii 3acyxu, Ha MUTATEIbHON cpejie
¢ no6asnennem NaCl (1 %), pocT kayuTyCHOI TKaHu 1. 6 TI0JI-
HOCTBIO TIpekpamancs, u K 10—15-M cyT KyasTHBHPOBAHUS
HabOnromanack ee 100 % HekpoTH3aIHs.

IIpucyTcTBYIOT AEpEBbSl U C BBICOKMMU [10KAa3aTEIIMU
KaJUTyCOT€HHBIX PEaKLUii, HO ¢ MOBbIILIEHHOW yacToTol [IM
1 KJIETOK C MUKposiipamMu. Harpumep, B ceMeHHOM OTOMCTBE
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[eHOTUNMUYECKan U3MeHUNBOCTD Pinus sylvestris L.
Mo NMPU3HaKy 3aCyxoyCTONUYNBOCTN

I. 9 mpu yacTtoTe Kajutycorenesa 68.9+6.9 % ormevanach
BBICOKAsI 4aCTOTa BCTPEUAEMOCTH KIETOK C MHKPOSPaAMH
(2010 ) — 0.10+0.01 %.

3aknioyeHune

Hcxoas m3 BbINIECKA3aHHOTO, MOXKHO CHIENATh BBIBOA, YTO
0TOOp 3aCyXOYyCTOMUYMBBIX PACTCHHI HEOOXOIMMO BECTH HE
TOJIBKO TI0 TTOKA3aTeIsIM, XapaKTEePU3YIOIIIM COCTOSHHE BETe-
TaTUBHOH C(ephl B YCIOBHAX 3aCyXH, HO U YUUTHIBAsI COCTO-
ssHUe reHepatuBHON. C 3TOH 1eTbI0 MpeiaraeM IpUMeHsTh
CHCTEMY KPUTEPHEB, XapaKTEPU3YIOIINX KaK CIOCOOHOCTD
€aMoro JepeBa K BbDKHBAHUIO B 3aCYLUINBBIX YCIOBHAX Ha
OCHOBE METOJIa KYJBTYpPbI TKaHH i1 Vitro (CKOpocTh (hopMH-
pOBaHUS M KU3HECHOCOOHOCTh KAIITyCHOM TKaHM, 4acTOTa
KaJUTyCOT€He3a), TaK U COCTOSHHE €ro penpoAyKTHBHOM
CHCTEMBI C TIOMOIIbIO IUTOTEHETHYECKOTO aHAIN3a CEMEH-
HOTO TIOTOMCTBA (4acTOTa MaTOJIOTHIl MUTO3a, OIS KIETOK C
MHKPOSIAPAMU, MUTOTHYECKAst aKTHBHOCT).
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Challenges of in vitro conservation of Citrus germplasm resources

V.M. Gorshkovl!, L.S. Samarinal! &, R.V. Kulyanl, V.I. Malyarovskayal, AV. Ryndinl, R.S. Rakhmangulovl, Y.L. Orlov?
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The main problems of establishment a slow growth in vitro collection of citrus and other tree crops cultivars are
high degree of fungal contamination of bud explants and low growth potential of shoots. In this regard, the aim of
current research is to assess the efficiency of decontamination procedure and the possibility of tissue culture initia-
tion and slow growth conservation of valuable lemon cultivars. The best results of surface sterilization were ob-
tained using immersion solutions of 0.3 % Veltolen — 25 minutes or 10 % Domestos — 25-30 minutes. In these treat-
ments, 27.7-33.0 % of aseptic explants were obtained, respectively. However, after the third subculture, the yield of
aseptic viable explants decreased till 10 % as a result of secondary contamination by endophytic fungi. The addition
of biocide (“Gavrish”) in a nutrient medium at a concentration of 1 ml/I helped to increase the yield of aseptic vi-
able explants till 50 %. However, after the third subculture the photosynthetic activity and the pigments content
as well as growth rate decreased. Plants dropped yellowish leaves and eventually died. Thus, 37.35 % of plantlets
survived after 8 months of conservation, and only 14.6 % survived after 10 months. Even after the third month of
conservation significant decrease in the viability index and the coefficient of photosynthetic activity occurred in
plants. Chlorophyll a in leaves decreased from 1.59 to 1.14 mg/g during 12 months in vitro conservation. The similar
tendency observed on clorophyll b and carotenoids content. The experiments were carried out for 5 years using
different lemon cultivars and other citrus varieties and cultivars. Thus, micropropagation and slow growth in vitro
conservation of valuable lemon cultivars are still problematic and requires new technical solutions due to the low
growth potential of plantlets raised from the mature buds that is consistent with the data of other researchers.
Key words: Citrus; nodal explant; contamination; micropropagation; slow growth conservation; culture media; true-
to-type; endophytes.
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HpO6JIeMbI COXpaHEHUA in vitro repmMoIljia3Mbl DNTPYCOBbIX

B.M. FOPLHKOBl, A.C. CaMapI/IHa1 ®, PB. KyAﬂHl, B.I. MaAHpOBCKaHl, A.B. Poinpnnl, PC. PaXMaHI‘YAOBl, I0.A. OpAOB2

! Bcepoccrinckuin HayuyHO-UCCIeAoBaTENbCKUIA MHCTUTYT LIBETOBOACTBA U CybTponunyeckux Kynetyp, Coun, Poccusa

2 DepepanbHblii NCCNeRoBaTENbCKUIA LeHTP VIHCTUTYT umtonorum u reHetnkn Cnbrpckoro otaeneHna Poccninckor akageMmnm Hayk,
HoBocnburpck, Poccus

&) e-mail: samarinalidia@gmail.com

MnaBHble Npobnembl CO3AaHNA AENOHNPOBAHHON KOMEKLMIN COPTOB LIUTPYCOBbIX in Vitro, Kak 1 HeKOTOPbIX APYTnX
LPEBECHbIX PacTEHUIA, — BbICOKasi CTEMEHb FPUOHON KOHTAMUHALIMMN BEreTaTUBHBIX MOYEK U MOCEYoLee CHUXKe-
HMe POCTOBOro NoTeHUMana BBeAeHHbIX B KynbTypy in vitro Mukponoberos. B cBA3M ¢ 3TiM Lienb Halen paboTbl —
BbIABUTb 3GPEKTUBHOCTb Pa3fIMYHbIX MyTeN AeKOHTaMUHaL UM BEFeTaTUBHbIX SKCMIAHTOB U OLLEHNTb BO3MOXKHOCTb
BBEeAEHNA B KY/IbTYPY in Vitro n cOXpaHeHNA B MeASIeHHOPACTYLeN KOMTeKUMM LeHHbIX COPTOB NMMOHa. Hannyu-
lMe pe3ynbTaTbl MOBEPXHOCTHON CTepunm3aumy Obin MOSTlyYeHbl B BapraHTax C MCMOMb30BaHWEM PacTBOPOB
BentoneHa 0.3 % - 25 muHyT 1 lomectoc 10 % — 25-30 MrHYT. B 3Tnx BapuaHTax 6bi10 nonyyeHo 27.7-33.0 %
CTEPUIIBbHBIX KM3HECMOCOOHbBIX SKCMAaHTOB COOTBETCTBEHHO. OHAKO NOC/e TPETbEro Naccaa BbIXO CTEPUIIbHbBIX
3KCNIAHTOB CHU3MCA Jo 10 % m3-3a BTOPUYHOIO MHOULMPOBAHMA NO6EroB SHAOPUTHLIMM MUKPOOPraH3MaMU.
Ncnonb3oBaHue 6roumaa («faBpuiw») B NuTaTeNbHOM cpefe B KOHLEHTpauum 1 Mi/n NoOMOr/o NOBbICUTb BbIXOA,
CTePUIIbHBIX XKN3HECMOCOOHbIX SKCMNAHTOB Ao 50 %. HecmoTpA Ha monyyeHve acenTuyeckomn KynbTypbl 1 Haua-
no mopdoreHesa, C TeUEHNEM BPEMEHV MPOUCXOJUIIO CHIKEHUE GOTOCUHTETUYECKON aKTUBHOCTY U COAepKaHus
NUIMEHTOB B JINCTbAX MUKPOMNo6eroB. POCTOBOI NoTeHUMan MUKPOMNOOeroB CHUXKaNCa C KaKAbIM NocneyoLmm
naccaxkem. lMNocne TpeTbero naccaxa MUKponobern copacbiBany NOXKENTEBLUNE INCTbSA, U POCT KX NPeKpaLLancs.
Tak, uepes 8 mecALeB KOHcepBaL MK Bblxuno 37.35 % Mukponoberos Ha cpepe 1/2 Mypacure—Ckyra, ux npupoct
cocTanisan 0.33 cm, a uepes 10 mecsALeB 0cTanochb b 14.6 % Mukponoberos. To ecTb cnycTa 10 MecALEB KOHCep-
Bauum 6onbLIan YacTb MUKPOMNo6eroB normbna. Yxke uepes Tpyn MecaLa KOHCepBaLMK y pacTeHniA Habnhanocb cy-
LWECTBEHHOE CHUXXEHVE NHAEKCA XKM3HEeCnoCcoOHOCTU 1 KoadduumneHTa GoTocMHTETUYECKON akTuBHOCTY. Copep-
»KaHue xnopodusna d B IMCTbAX CHMXKaNocb ¢ 1.59 go 1.14 mr/r 3a 12 mecALeB KOHCepBaLuK in vitro. AHanornyHas
TEHJEHUMA OTMeUYEHa Mo coaepKaHuto Xnopodunna b 1 KapoTVHOMAOB. IKCNEPVMEHTbI NPOBOAWNCH B TEUEHUNE
NATV NeT C UCMONb30BAHMEM Pa3HbIX COPTOB JIMMOHA W APYIUX LUTPYCOBBIX. TaKM 06pa3oM, MUKPOPa3MHOXeHME
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Mpobnembl coxpaHeHua in vitro
repmonnasmbl LIUTPYCOBbIX

n cosfaHne reH6aHKa in vitro LL€HHbIX COPTOB JINMOHa BCe eLle OCTaeTCA I'IpOGJ'IeMaTVILIHbIM n Tpe6yeT HOBDbIX TeX-
HUYeCcKnx peu.lean7| no NprynHe HU3KOro POCTOBOro NoTeHuMana 3KCrIaHToOB Na3yLWHbIX MOYeK, YTO cornacyeTca

C AJaHHbIMW O PYyTrmx nccnepgoBaTenen.

Kniouesble cnoBa: LNTPYCOBbI€ KyNbTypPbl; Na3ylWHble MOYKN; KOHTaMUHaUNA; MUKPOPa3MHOXEHWUE; in vitro KOHCep-
BalUWA; nUTaTelibHaA Cpefa; reHeTnyeckada OqHOPOAHOCTb; 3H,D,O¢!VITbI.

Introduction

Reliable true-to-type in vitro conservation of valuable cultivars
of tree crops requires using vegetative buds and meristems
as explants which are genetically identical to the maternal
plant. However, tissue culture initiation of woody explants
is associated with difficulties such as a high percentage of
in vitro contamination, low bud growth potential, and occur-
ring of secondarily contaminated plantlets (Niedz, Bausher,
2002; Colgegen et al., 2009; Kolomiets et al., 2014). The life
of woody plants, in particular Citrus crops, goes in close co-
habitation with fungal microorganisms (Kloepper et al., 2013;
Kulyan, 2015; Ryndin, Kulyan, 2016). Surface sterilization of
explants does not relieve tissue from internal infection, and
on the nutrient medium the hyphae of the fungus proliferate
through plant tissues, and prevents in vitro development of
explants.

Several approaches are known in order to solve contamina-
tion problem: (1) fractional sterilization of explants, (2) com-
binations of sterilizing agents, (3) the creation of an isolated
plant nursery — the source of explants, (4) pre-treatment of
plants and shoots before tissue culture initiation and others
(Gogoi, Borua, 2014; Kolomiets et al., 2014). However, heavy
decontamination procedure can be a trigger of induction of
genetic variability in tissue culture (Krishna et al., 2016), in
this case true-to-type genotype conservation is again impos-
sible. The aim of our work is to identify the efficiency of
various decontamination procedures to establish slow growth
collection and assess the possibility of in vitro conservation
of valuable lemon cultivars.

Materials and methods

Plant material used in the experiments — young shoots, ob-
tained from 5-8 year old plants grown in container culture
under the greenhouse conditions from collection of the Rus-
sian Research Institute of Floriculture and Subtropical Crops
(Sochi).

Nodal explants of Citrus limon (L.) Osbeck cultivars ‘No-
voafonskii’, ‘Beskoluchii’, ‘Jubilee’, ‘Villa Franka’, ‘Frost
Eureka’, and Citrus x meyeri Meyer were used for tissue
culture initiation and conservation. The efficiency of shoots
pre-treatment with the fungicide Fundazol was evaluated as
follows: shoots without leaves with 57 buds were placed in
aseptic wet vermiculite, treated with a solution of Fundazol
prepared according to manufacturer’s instructions and incu-
bated for three days under the temperature of +25 °C.

The efficiency of eight surface sterilizing solutions in dif-
ferent concentrations was evaluated (0.2 % Mercuric chloride,
10-20 % Domestos, 0.2—0.3 % Veltolen, 0.2-0.3 % Novodez,
0.2 % Diacid, 15-20 % Hypochlorite Ca, 3—15 % Hydrogen
peroxide), the incubation time was 10-30 min (Table 1).
The effects of antibiotics (tetracycline hydrochloride of
200-500 mg/1) and the 0.5-1.0 ml/1 Biocide (“Gavrish”’) added
into the culture medium before autoclaving were assessed.

Culture medium 1/2 MS (Murashige, Scoog, 1962) supple-
mented with growth regulators BAP 1 mg/l, NAA 0.1 mg/l,
casein hydrolyzate 500 mg/1, Phytagel 2.5 g/, pH 5.7. Explants
were cultured at standard lighting conditions 5 000 lux with
periodicity 16/8 hours and temperature +22 °C. Plant growth
observations were carried out every 2 weeks.

Physiological analysis were conducted on three lemon geno-
types: ‘Novoafonskii’, ‘Beskoluchii’ and Citrus x meyeri. The
coefficient of photosynthetic activity and the viability index
were measured by the chlorophyll-fluorescent method (Buda-
govskaya et al., 2016). Chlorophyll and carotenoids contents
were measured by taking 85 mg of leaf sample (mg/g fresh
leaf weight). Pigments were extracted using acetone to a final
volume of 50 ml. The absorbance of the extracts was measured
spectrophotometrically at 662 and 644 nm for chlorophyll a
(ch a) and chlorophyll b (ch b), respectively and at 440.5 nm
for carotenoids. The concentration of chlorophyll a, b and
total carotenoids were calculated according to Shlyk (1971).

The data were analyzed by one-way analysis of variance
(ANOVA), and differences between treatments were consid-
ered as statistically significant at p < 0.05. The results were
calculated as the mean value of at least 10 replicates in 3 re-
peats, mean+ SD were counted.

Results
The best results of surface sterilization were obtained using
immersion in 0.3 % Veltolen for 25 minutes (variant IVb)
and 10 % Domestos for 25-30 minutes (variants VIIa and
VIIb); 27.7-33.0 % of aseptic viable explants were obtained,
respectively, using these treatments (Fig. 1). However, subse-
quent subculturing, secondary shoots infection by endophytic
microorganisms occurred, and resulted decrease in the yield
of aseptic explants till 10 % after the third subculture.

Shoots pre-treatment with fungicide prior to tissue culture
initiation have not affected significantly the yield of aseptic
explants: during the shoots incubation with Fundazol fungal
mycelium of endophytes released around the cut edges of
shoot as heavy visible contamination on the surface of sub-
strate. The addition of tetracycline to the nutrient medium at
a concentration of 200-500 mg/1 also have not affected the
yield of aseptic viable explants. However, addition of 1 mg/1
biocide in a culture medium showed positive effect and the
yield of aseptic viable explants increased to 50 % (average
data for cultivars), while the working concentration recom-
mended by the manufacturer of 0.5 ml/l had no significant
effect. The percentage of aseptic explants did not decrease
during following subculture, this drug prevented the develop-
ment of fungal infection on the surface and inside the nutri-
ent medium, however, at the apical end of the explants, the
output and proliferation of fungal endophytes were observed
(Fig. 2, a).

The viability of lemon shoots was reduced during further
in vitro conservation. After 4 months, 85.63 % of viable
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Table 1. Variants surface sterilization of lemon shoot

Variant  Sterilizing solution ~Concentration, Treatment time,
% min

|Hypoch|or,teca720 ...........................
W Mercuricchlorte 02 - 0o
|||Dyac,de ....................... 02 .......................... 1 0 ...........................
IVa Veltolen™ 0.2 25

|Vb ............. 0325 ...........................
|Vc ............. 0525 ...........................
Va Novodez™ 0.2 25

Vb .............. 0325 ...........................
Vc .............. 0525 ...........................
V|aDomestos .................... 1 0 ........................... 1 5 ...........................
V|b ............. 20 ........................... 1 5 ...........................
V”a 1025 ...........................
V”b 1030 ...........................

Table 2. Effect of conservation period on the growth
and viability of the lemon cv.’Novoafonsky’ in vitro

Conservation period, Shoot length gain, Survival rate,
months mm %

plants were obtained (Table 2). The shoot length increased
by 4.65 mm. During further conservation leaves of plants
became yellowish and dropped. Thus, only 37.35 % of plants
survived after 8 months of conservation, and their shoot
length increased by 0.33 mm, and 14.6 % of plants survived
after 10 months. Other lemon genotypes showed similar
tendency: cv. ‘Beskoluchii’ and Citrus x meyeri survival rate
was 10-15 % after 10 months of conservation. Three other
cultivars (‘Jubilee’, ‘Villa Franka’, ‘Frost Eureka’) are not
survived after the 10 months of conservation in vitro.
Significant effect of roots on the viability of plantlets during
conservation was observed. The coefficients of photosynthetic
activity and the viability index showed better rooted plant
performance during the conservation of three lemon cultivars
‘Novoafonskii’, ‘Beskoluchii’ and ‘Meyer’ (Fig. 3). After
4 months of conservation, these physiological indicators
were higher for rooted plants. The viability index (the ratio
of the chlorophyll fluorescence maximum to the steady-state
fluorescence level of the Kautsky curve) varied from 1.50
(‘Meyer’ lemon) to 1.94 (‘Beskoluchii’) in rooted plantlets
(see Fig. 3). ‘Novoafonskii’ cultivar showed average viability
index, and in rooted plantlets it was 1.75. In plantlets without a

Challenges of in vitro conservation
of Citrus germplasm resources
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Fig. 1. Effect of sterilization treatments on sterile viable lemon buds, %
(average for all cultivars).

Fig. 2. Tissue culture initiation of lemon (cv. ‘Frost Eureka’): a - growth
of fungal endophytes in the medium with 0.5 ml of biocide (10 days in
culture); b - aseptic explants in the medium with 1 ml/I biocide (20 days
in culture); c — shoot growth initiation (35 days in culture).

root system, viability index ranged from 1.26 (‘Meyer’ lemon)
to 1.38 (‘Beskoluchii’). The coefficient of photosynthetic
activity which reflects the effectiveness of the use of light
during photosynthesis, was 0.21-0.31 in rooted plantlets,
and 0.12-0.16 in non-rooted plantlets. Positive correlation
was observed between Viability index and Photosynthetic
coefficient, and in rooted plantlets it was 0.99, in non-rooted
plantlets was 0.98.

Chlorophyll @ and b (Ch a and Ch D) in the leaves gradually
decreased during in vitro conservation (Fig. 4). The content of
Ch a decreased from 1.59 to 1.14 mg/g. A sharp decrease in
Ch b was observed from the st to the 3rd months of plantlets
conservation, when its content decreased by 0.16 mg, after
which it did not change until the 6th month of conservation
and amounted to 0.75 mg/g of fresh leaf weight. However,
from the 6th to the 12th month of conservation, the content
of this pigment again sharply decreased to 0.58 mg/g. Dur-
ing 12 months of conservation, the concentration of Ch b in
leaves decreased by 0.33 mg. Gradual decrease in the level
of carotenoids from 1.14 to 0.82 mg/g was also observed dur-
ing conservation, so its concentration decreased by 0.32 mg
in 12 months.
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Photosynthetic coefficient (Kf_n)

04r1
1.94
20 Tg F OT31 Rooted plantlets
ol 1.75
H Non-rooted plantlets
T 03r 026 P
1.50 T
150 134 138 =126 -
I 0.16 0.21
02+ 0.16 =
1.0F | 0.12
0.1
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0 0
Novoafonskii Beskoluchii Meyer Novoafonskii Beskoluchii Meyer

Fig. 3. Photosynthetic indices of rooted and non-rooted lemon plantlets after 4 months of conservation.

mg/g Chlorophyll a mg/g Chlorophyll b mg/g Carotenoids
1.75 1.0 1.2
1.14
1.59 0.9 W091 1.1
1.55
1.04
1.50 08 075 1.0
: 075 093
15 0.7 09}
257 1.18 082
1.14 0.6 058 0.8}
‘I.OO 1 1 1 1 0'5 1 1 1 1 0'7 1 1 1 1
1 3 6 12 month 1 3 6 12 month 1 3 6 12 month

Fig. 4. Effect of conservation period on the content of chlorophylls g, b and carotenoids (mg/g of fresh leaf weight) in lemon ‘Novoafonskii’ cultivar

in vitro.

Discussion

In the Black Sea coast of the Caucasus in conditions of humid
subtropical climate, the endophytic fungal microorganisms
inhabit woody plants abundantly (Samarina et al., 2012).
During Citrus shoots decontamination surface of explants
is cleaned of microorganisms, but inside the shoot, in the
vascular tissue, the fungal mycelium is still alive. When the
nodal explants or buds are placed on the nutrient medium, the
hyphae of the fungus proliferates and prevents regeneration.
In the most publications on the citrus in vitro culture, atten-
tion is not focused on the problem of contamination. Many
of these articles describe simple standard decontamination
protocols using 1-2 sterilizing agents (Rathore et al., 2007;
Perez-Tornero et al., 2009; Samanhudi, Muji, 2010). In our
work, the problem of contamination was acute, that is why we
studied various ways of overcoming it. Addition of new ge-
neration of biocide, provided by the company “Gavrish”, into
a culture media showed a high efficiency of decontamination
of explants of all lemon cultivars. However, further micro-
propagation and conservation in vitro of valuable cultivars
were still problematic because of the low growth potential of
regenerating plants from axillary buds.

Our results showed low values of photosynthetic coeffi-
cient of 0.2—-0.3, in contrast normally in plants it has to be
no lower than 0.6 units. Consequently, our plantlets showed
low efficiency of using light in photosynthesis during con-
servation, which indicates a decrease in the growth potential.
Reduction of chlorophylls and carotenoids also indicates a
general low functional state of the photosynthetic apparatus,

FEHO®OH/, U CENEKLNA PACTEHUI / PLANT GENE POOL AND BREEDING

and the growth potential as a whole. The pigment content is
an indicator that reflects the physiological adaptation of plants
to various environmental factors (Belous et al., 2011). It can
depend on many factors: humidity, temperature, lighting and
others. In our work, we found a decrease in the pigment content
in the leaves during slow growth conservation which may be a
result of a decrease in nutrient concentrations in the medium
and a change in the pH level. After 10 months of conservation
only 14.6 % of lemon plantlets were survived in vitro. We
tested different cultivars of lemon C. limon and other Citrus
species such as C. unshiu, C. sinensis, C. grandis, C. paradisi
etc., however the efficient micropropagation and conservation
protocols for mature explants of valuable genotypes has not
developed by us yet. Thus, despite the large body of successful
protocols for slow growth conservation and micropropagation
for many plant species, including elite genotypes (Pence,
2010), reliable micropropagation and in vitro conservation
for citrus cultivars is still a problem.

Our conclusions are consistent with the findings of other re-
searchers (Krueger, Navarro, 2007). They concluded that some
species of plants easily growth in vitro using low temperatures
and reducing the intensity of lighting and modification of the
nutrient medium. In these protocols frequency of subculture
occurs once a year. This procedure allows for the reliable
conservation of many species germplasm in vitro (Engelmann,
1997). Attempts to replicate this approach on Citrus have
not been successful in the world practice, since the protocols
developed on juvenile material (Citrus seedlings), include a
complex cycle of shoots from nodal segments, rooting and
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recultivation (Marin, Duran-Vila, 1991), and these protocols
are not applicable to adult plant explants (Krueger, Navarro,
2007). In addition, the citrus fruit has a low efficiency of
rooting and micropropagation from bud explants, so the ap-
plication of this procedure to adult genotypes is not effective
(Krueger, Navarro, 2007). Thus, reliable in vitro conservation
of valuable citrus genotypes is currently problematic and
requires new technical solutions.
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Current achievements in modifying
crop genes using CRISPR/Cas system
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With the advent of the new genome editing tool of target-specifically customizable endonucleases, a huge variety
of novel opportunities have become feasible. The crop improvement is one of the main applications of genome
editing in plant science and plant biotechnology. The amount of publications referring to genome editing and
CRISPR/Cas system based molecular tools application in crops is permanently growing. The aim of this study is the
systematization and cataloging of these data. Earlier we published the first catalog of targeted crop genome modi-
fications as of February 10, 2017. The current review is an update of the catalog; it covers research papers on crop
genome modifications from February 10,2017 to August 17,2018, found by searching 47 crop names in the Scopus
database. Over one year and a half, 377 articles mentioning CRISPR/Cas and crop names have been published, of
which 131 articles describe an experimental application of this tool for editing 193 genes in 19 crops, including rice
with the largest number of genes modified (109 genes). Editing 50 of 193 genes was aimed at crop improvement.
The catalog presented here includes these 50 genes, specifying the cultivars, each gene and gene product function,
modification type and delivery method used. The current full list of genes modified with CRISPR/Cas with the aim of
crop improvement is 81 in 16 crops (for 5 years from August 2013 to August 2018). In this paper, we also summarize
data on different modifications types in different crops and provide a brief review of some novel methods and ap-
proaches that have appeared in crop genome editing research over the reviewed period. Taken together, these data
provide a clear view on current progress in crop genome modifications and traits improvement using CRISPR/Cas
based genome editing technology.

Key words: biotechnology; CRISPR/Cas; crop plants; genome editing; next-generation breeding; site-directed mu-
tagenesis; target genes.
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C nosiBNeHMeM TEXHONOTMMN FEHOMHOFO PeAaKTUPOBaHNA, OCHOBAHHOW Ha MPUMEHeHUW canT-cneundruyecknx
SHAOHYKNeas, OTKPbITOCb OFPOMHOE KOJIMYECTBO HOBbIX BO3MOXHOCTeNn. OfHONM 13 KNtoYeBbIX 3afiay reHOMHOro
pepakTMpoBaHuA B 6ronorny 1 GMOTEXHONOMUY PacTeHWIN ABNAETCA YrydleHne KynbTypHbIX pacTteHui. Yuc-
no nNy6nmMKaumnii, ONUCbIBAOWMX PefaKTVPOBaHNE FrEHOMA CeSIbCKOXO3AMCTBEHHbBIX BUAOB C MOMOLLbIO CUCTEMbI
CRISPR/Cas, HeyknoHHO Bo3pacTaeT. Llenb paboTtbl — cuctematv3auma U Katanornsauma 3tux gaHHbIX. PaHee mbl
NpOoBOAWAN aHaNN3 NHAEKCMPYEMbIX B 6a3e JaHHbIX Scopus My6nmnKaumia, onmcbiBaoWwnx MogMrKaLuum reHoma
pacTeHwuii, B Katanore, BKoJaowem cBegeHna Ha 10.02.2017. Tekywmin 0630p — 3To 06HOBIEHME KaTanora; OH
OXBaTbIBaET NCC/IEAOBATENbCKINE PaboThl 0 MoAVbUKALMAX FEHOMA CENIbCKOX03ANCTBEHHbIX KynbTyp ¢ 10 deBpans
2017 r.no 17 aBrycta 2018 r., HageHHble NyTem noucka no 47 Ha3BaHMAM KynbTyp B 6a3e faHHbIX Scopus. B Teye-
Hue noslyTopa neT 66110 ony6MKoBaHO 377 cTaTel, B KOTOPbIX HA3BaHWUA KYJbTYPHbIX PacTEHMI YNOMUHANUCD B
coyeTaHum ¢ «CRISPR», n3 H1x 131 cTaTbsl ONUCbIBaeT SKCNepUMeHTaNnbHOe NPYIMEHEHVE fIdAHHOTO MeToAa And pe-
LaKTpoBaHuA 193 reHoB B 19 Ky/bTypax, BK/ItOYas pUC C HAMOOMbLIVIM KOJIMYECTBOM MOANGULMPOBAHHBIX FEHOB
(109 reHoB). PegakTtrpoBaHue 50 13 193 reHOB 6bIN10 HaMPaBEHO Ha YyylleHe CBONCTB pacTeHnit. lpencTasneH-
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HbIA KaTaslor onucbiBaeT 3T 50 reHoB C yKa3aHnem copToB, GYyHKLMIA MPOLAYKTOB FreHOB, T!Ma MOANPUKaLIMN U UC-
Nnonb3yeMoro MeTofa AoCTaBKM. TekyLiee obLlee KONMYeCTBO reHoB, MoanduLrpoBaHHbIX ¢ momolybto CRISPR/Cas
C Lienblo ynyylleHmns npusHaka, coctasnsaeT 81 B 16 KynbTypax (3a nAaTb neT c aBrycta 2013 no aBryct 2018 r.). B aTon
cTaTbe Mbl TakXke 0606LaeM AaHHble O PA3NIMYHbIX TMMaxX MOANOUKALMIA B KyNIbTypax pacTeHUI 1 Aaem KpaTKui
0630p HEKOTOPbIX HOBbIX METOLOB 1 MOAXOM0B, KOTOPbIE MNOABWUINCH B UCCNIEfOBAHUAX PeAaKTMPOBaHNA reHoMa
pacTeHnin 3a paccmaTpmBaeMblii nepuog. B COBOKYMHOCTM 3TV flaHHble AaloT YeTKoe MpefCcTaBfieHre O TeKyLem
nporpecce B 06nact MmoandmMKaLmmn 1 ynyyleHna reHoma pacteHui ¢ ucnonbsosaHuem texHonoruy CRISPR/Cas.
Kniouesble cnosa: CRISPR/Cas; 610TEXHONOINSA; reHbl-MULWEHW; reHOMHOE peAaKkTUPOBaHUE; KyNnbTypHble pacTe-
HWA; HaNpPaB/IEHHbIN MyTareHes; cefleKLma HOBOrO MOKOMEHNA.

Introduction

The rapidly developing complex of genome editing meth-
ods provides opportunities for the permanent expansion of
technique utilization in different fields. Breeding and crop
improvement is a broad field with endless possible applications
of targeted genome modifications. However, the progress in its
application is unpredictably affected by different factors. There
are different limitations. Many methods are still genotype-
dependent, and there are crops with only few certain model
cultivars amenable for genome editing. The overview of a field
and comparative analysis of different types of modifications
in different crops is necessary to reveal the “hot points” and
“problem zones” of this technology. Such analysis can help
predict the success of each modification in each crop and
set goals for further research. We published the first catalog
of targeted crop genome modifications performed from the
date of method emergence until February 10, 2017. Careful
registration of all successful events in trait improvement by
CRISPR/Cas-based modification after that date (from Febru-
ary 2017 until August 2018) is the aim of the present research.

Genome editing in different crops

The search was carried out using 47 crop names in the
Scopus database (www.scopus.com). A total of 377 articles
were mined by using the keyword CRISPR with a crop name
within article titles, abstracts and keywords. Each article was
analyzed, and the data about editing genes with the help of
CRISPR/Cas9 were recorded. The number of publications
describing experimental applications of CRISPR/Cas-based
genome modifications was 131 (=35 %). These articles de-
scribe the editing of the genomes of 19 crops with 193 target
genes, including rice with the largest number of genes modi-
fied (109 genes). Compared to the previous period (Korotkova
et al., 2017), data for the genome editing of the following
9 crops have been added: alfalfa, cassava, cotton, coffee, ba-
nana, carrot, switchgrass, oilseed rape and Brassica carinata
(Ethiopian mustard). Thus, the current total number of edited
crops is 24 including cereal and corn crops (barley, maize, rice,
switchgrass, wheat), vegetables and melons (cabbage, carrot,
cassava, cucumber, potato, rape, tomato, watermelon), fruits
(apple, banana, grape, grapefruit, orange), legumes (alfalfa,
soybean), technical crops (Ethiopian mustard, cotton, flax)
and coffee.

The 131 articles describing the experimental application of
CRISPR/Cas-based genome modifications (published from
February 10, 2017 until August 17, 2018) were analyzed to
distinguish studies aimed at crop improvement from func-
tional genetics investigations or methodological research.
A total of 38 papers were identified as describing gene editing
aimed at crop improvement. The number of genes related to

trait improvement without obvious severe pleiotropic effects
on other plant properties was 50 for 11 crops. These genes
were included in the catalogue (see the Table). Four crops
(cotton, oilseed rape, orange, and switchgrass) were new in
comparison with the Catalogue-2017 (Korotkova et al., 2017).
Thus, from 24 crops on which CRISPR/Cas was successfully
tested, 16 were used in the studies aimed at their improve-
ment (apple, barley, cotton, cucumber, flax, grape, grapeftuit,
maize, orange, potato, oilseed rape, rice, soybean, switchgrass,
tomato, wheat). The previous (Korotkova et al., 2017) and
current (see the Table) catalogues include a total of 81 genes
(Fig. 1), with the largest gene numbers in rice (34 genes),
tomato (14 genes) and wheat (7 genes).

Among the novel genes modified, negative regulators are
most frequent, such as negative regulators of rice grain fra-
grance (Luetal., 2017) and earliness (Li et al., 2017), negative
regulators of powdery mildew resistance in wheat (Zhang et
al., 2017) and resistance to fungal pathogens in barley (Ku-
mar et al., 2018), negative regulators of lateral roots growth
in cotton (Wang Y. et al., 2017) and parthenocarpy in tomato
(Ueta et al., 2017), etc. (see the Table). Knockout of negative
regulators by NHEJ (non-homologous ends joining) results
in crop improvement or obtaining genotypes with desired
properties. For example, knockout of the Waxy gene in rice
resulted in the development of new transgene-free rice lines
with lower amylose content (Zhang et al., 2018). Based on
amylose content values, rice is commercially classified into
five groups: waxy (0-5 %), very low (5—12 %), low (12-20 %),
intermediate (20-25 %), and high (25-33 %) AC. Waxy rice,
also called glutinous rice, is especially sticky when cooked.
The resulting rice phenotype has special properties that are
important for use in the food industry. The further example
is the low-gluten transgene-free wheat. It was obtained by
multiplex knockout of a-gliadin genes (Sanchez-Leon et al.,
2017). Wheat grain contains gluten proteins. Amongst these,
the a-gliadin family is the main protein group associated with
the development of coeliac disease and noncoeliac gluten
sensitivity. Traditional mutagenesis and plant breeding have
failed to obtain low immunogenic wheat varieties for patients
with coeliac. It was shown that CRISPR/Cas9 technology
can be used to precisely and efficiently reduce the amount of
a-gliadins. It could be used to produce low-gluten foodstuff
and serve as a source material to introgress this trait into elite
wheat varieties.

In some cases, NHEJ was used not for knockout of the
target gene but for a finer change in the gene. For example,
in tomato, the GAD2 and GAD3 genes encoding a key en-
zyme in y-aminobutyric acid biosynthesis, deletion of the
autoinhibitory domain by introducing a stop codon was
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achieved, resulting in an increased level of y-aminobutyric
acid (non-proteinogenic amino acid that has hypotensive
effects) in tomato fruits (Nonaka et al., 2017). Tomato fruits
with an increased level of y-aminobutyric acid, GABA (a non-
proteinogenic amino acid that has hypotensive effects), were
obtained. Such tomatoes can be useful for patients’ treatment
with mild high blood pressure or high-normal blood pressure.

In 5 of the 50 genes modified (see the Table), amino acid
substitutions or allelic replacements were made using the
homologous recombination (HR) approach or chimeric single-
guide RNA (cgRNA) repair method. The exact replacement
of the existing NRT!.1B allele in commercial varieties with
the elite allele in rice was produced (Li et al., 2018). Without
additional selection pressure, the Japonica NRT1.IB allele
was successfully replaced with an elite allele in just one
generation at a frequency of 6.72 %. This work demonstrates
the feasibility of replacing any genes with elite alleles within
one generation, greatly expanding our ability to improve
agriculturally important traits.

For the ALS gene (related to resistance to herbicides),
besides the HR approach, the target-AID (target-activation
induced cytidine deaminase) method was used to make amino
acid substitution (Shimatani et al., 2017, 2018a, b). Adenine
and cytidine deaminases convert their respective nucleotides
into other DNA bases, thereby offering many possibilities
for DNA editing.

In addition to target-AID, some other novel methods and
approaches appeared in crop genome editing research during
the reviewed period. Besides Cas9 nuclease, Cpfl nuclease
has been used. Cpfl enzymes are a family of type V CRISPR
nucleases that includes both endoribonuclease and endode-
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Fig. 1. Number of genes modified using CRISPR/Cas system with the aim
of crops improvement, summarized from (Korotkova et al., 2017) and the
Table for the period from August 2013 till August 2018.

oxyribonuclease activities. AsCpf1 recognizes the 5'-TTTN-3’
protospacer adjacent motif, thus it can be used for targeting
AT-rich genomes (Yamano et al., 2016). In addition, Cpfl
nucleases were shown to have lower rates of off-target edits
relative to Cas9 nucleases (Begemann et al., 2017). Further
qualification and broad introduction of the Cpfl genome edit-
ing technology have the potential to make a vast impact on
plant biotechnology.

DNA-free genome editing in crops develops further. Previ-
ously, efficient delivery of both Cas9 (Svitashev et al., 2016)
and Cpfl (Kim et al., 2017) as ribonucleoprotein complexes
(RNPs) with guide RNAs was reported for maize embryos
and soybean protoplasts, respectively. The detailed protocol is
now available for wheat (Liang et al., 2018); RNP delivery to
protoplast with subsequent regeneration of plants is reported
for potato (Andersson et al., 2018).

The combination of double-haploid technology and genome
editing enables one to efficiently produce homozygous plants
with modified genomes. The utilization of double haploid
plants regeneration from pollen of primary transformants
was demonstrated in barley (Hensel et al., 2018). Targeted
mutagenesis in pollen grains with subsequent regeneration
of double haploid plants in one generation was proposed in
wheat (Bhowmik et al., 2018).

New PAMs (for example, NAG PAM) for CRISPR/Cas9
gene editing were tested and showed good activity (Meng et
al., 2018). It was revealed that the most widely used wild type
SpCas9 is robust in recognizing both NAG and NGG PAMs in
rice. The NAG PAM could be chosen alone or together with

Grapefruit

111 17— Cotton

Fig. 2. Number of genotypes modified using CRISPR/Cas system with the
aim of crops improvement, summarized from (Korotkova et al., 2017) and
the Table for the period from August 2013 till August 2018.
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NGG PAM for efficient genome editing, and have a relatively
low off-target effect.

To assess possibility for a widespread practical application
of genome editing in breeding programs, we summarized data
on a number of improved genotypes for each crop (Fig. 2). The
biggest progress was achieved on rice (45 genotypes), tomato
(10 genotypes) and wheat (7 genotypes). In most crops, only
one (apple, barley, cotton, flax, grapefruit, orange) or two
(cucumber, grapes, maize, soybean, switchgrass) genotypes
were modified (see Fig. 2). The genotype-dependent efficacy
of in vitro cultivation is a frequent problem for most species.
Furthermore, in some species, like barley, finding transforma-
tion-efficient genotypes is a rare case. Hisano et al. (2017) per-
formed a high-resolution mapping of the TFA (transformation
amenability) loci and proposed a marker-assisted approach
for selection of transformation-efficient barley genotypes.
The use of this approach in barley marker-assisted breeding
may increase the possibility for wider application of genome
editing for improvement of future barley cultivars. Thus,
considering genome editing in tight association with classi-
cal and marker-assisted breeding tools can provide the most
efficient and most realistic way for next-generation breeding.

Conclusion

Targeted knockout via indels introduction and subsequent
frameshift mutation induction has been successfully applied in
many crops and is now being routinely used for agriculturally
valuable traits improvement. Base editing shows rapid deve-
lopment and seems to be a promising tool for many applica-
tions in crops. Precise genome editing via HR remains chal-
lenging. The majority of genome modifications have been
performed for rice and tomato, involving many different
cultivars and all types of modifications. The technology is
currently applied for many important crops including main
cereal crops, oilseed, cotton, vegetables and fruits.
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ITporpecc B CeKBEeHMIPOBAaHN I'eHOMOB pPacTeHU —
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[eHOMHble TEXHONOII MPeTepPneny 3HaunTeNbHbIE U3MEHEHNA C MOMEHTa Ny6AMKaLMmn NepBoi NocneaoBaTenb-
HOCTV reHoMa pacteHusa Arabidopsis thaliana. iccnepoBateny NPUHANN Ha BOOPYXKEHMWE HOBbIE anropUTMbl U TeX-
HONOTUWN CEKBEHNPOBaHUA U 6UONHGOPMaLMOHHbBIE NOAXOAbI ANIA NOSlyYEeHUA FeHOMHOWN NoCeoBaTeNIbHOCTY,
TPaHCKPUMNTOMA 1 3K30Ma AJ1A MOAENbHbIX U KYNIbTYPHbIX BULOB PacTEHWNIA, UTO MO3BOMIUIO CAeNaTh rnyboKme Bbl-
BOJbl O 6V10STOrUY PacTEHNIA. B pe3ynbTaTe CHUXKEHWS 3aTpaT Ha CEKBEHMPOBaHYe 6rarogaps ynyylleHnio MeTOA0B
CcOOPKUN 1 aHanM3a reHoOMOB, KOSIMYECTBO M KauyeCTBO CEKBEHUPOBaAHHbIX TEHOMOB PACTeHUI MOCTOAHHO PacTeT.
B TeueHve nocnepHyx ABagLATY NeT onyonnkoBaHo 6onee 300 reHOMHbIX MOC/IEA0BATENIbHOCTEN pacTeHnIA. XoTs
MHOrUe 13 ony6/IMKOBaHHbIX FEHOMOB CYMTAIOTCA HEMOJTHBIMY, OHU, TEM HE MEHEE, OKa3a/IUChb LIEHHbIM UHCTPYMEH-
TOM ANA MAEHTUOUKALUN reHOB-KaHAMAATOB, YYacTBYIOWMX B GOPMUPOBaHNM XO3ANCTBEHHO LIEHHbIX MPU3HAKOB
pacTeHniA, Ana NPoBeAeHUs paboT MO MAapKep-OPUEHTMPOBAHHOWN Y FTEHOMHOWN CENEKLMN 1 CPaBHUTENbHOTO aHa-
NM3a reHOMOB PACTeHUI C Liefiblo YCTaHOBMIEHNA OCHOBHbIX 3aKOHOMEPHOCTEN MPOUCXOXAEHMA Pa3fIMYHbIX BU-
[lOB pacTeHUii. B cBA3M € TeM, UTO BbICOKOTFO YPOBHA MOKPLITUA 1 pa3peLleHns NOTHOFreHOMHOFO CEKBEHMPOBaHWsA
He XBaTaeT Ans OOHAPYXKEHUA BCEX M3MEHEHUI B CJTIOXKHbIX 06pasLax, CTaio Pas3BuUBaTbCA LieieBoe (TapreTHoe)
CEKBEHUPOBaHMNE, KOTOPOE 3aK/oYaeTCA B BbIAENEHUN 1 CEKBEHMPOBAHMM onpepenieHHon obnactn reHoma. Oc-
HOBHbIM MPENMYLLECTBOM LIENIEBOIO CEKBEHUPOBAHMS ABMAIOTCA €ro BbICOKas MOLWHOCTb OOHapYKeHUs (cnocob-
HOCTb MAEHTUPULMPOBATL HOBbIE BapuaHTbl) 1 6osiee BbiCOKOe paspelleHne. Kpome Toro, akTMBHO pa3BuUBaeTCcA
SK30MHOE CEKBEHMPOBaHME (METOL CEKBEHNPOBAHUSA TONBbKO GETOK-KOAMPYIOLMX YYACTKOB reHOB), M03BosIALLEee
CEKBEHMPOBATb YYaCTKN reHoMa, KOTopble o6oralleHbl GYHKLMOHaNbHbIMK BapraHTaMu U AeMOHCTPUPYIOT HU3-
KWiA ypOBEHb CoflepKaHUs MOBTOPSAOLLMXCA obnacTeil. B HacToswem 0630pe NpoBefeH aHany3 pa3suTus paboT no
CEKBEHNPOBAHUIO 1 MOCTPOEHMIO «pedepeHCHbIX» FreHOMOB pacTeHUn. CpaBHMBAOTCA METOAbI LIeNeBOro CeKBEeH-
poBaHuA, 6asnpyroLMecs Ha MCMONb30BaHMKN pedepeHcHol nocneaoBatenbHocTy JHK.

KntoueBble CloBa: pacTeHus; MOAXOAbl K CEKBEHUPOBaHMIO; FeHOM; 3K30MHO€e CEKBEHVPOBaHE; LiefieBOe CEKBEHM-
poBaHue.

Ana untuposaHua: bparnHa MK, AdoHHukos [.A., CanvHa E.A. Mporpecc B CEKBEHNPOBaHUN FeHOMOB pac-
TEHUIN — HanpaBfeHWA UccnefoBaHUA. BaBUNOBCKMI »KypHan reHeTuku m cenekuymmn. 2019;23(1):38-48. DOI
10.18699/VJ19.459

Progress in plant genome sequencing: research directions

M.K. Bragina! @, D.A. Afonnikov!’ 2, E.A. Salinal

T nstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
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Since the first plant genome of Arabidopsis thaliana has been sequenced and published, genome sequencing
technologies have undergone significant changes. New algorithms, sequencing technologies and bioinformatic
approaches were adopted to obtain genome, transcriptome and exome sequences for model and crop species,
which have permitted deep inferences into plant biology. As a result of an improved genome assembly and analysis
methods, genome sequencing costs plummeted and the number of high-quality plant genome sequences is con-
stantly growing. Consequently, more than 300 plant genome sequences have been published over the past twenty
years. Although many of the published genomes are considered incomplete, they proved to be a valuable tool for
identifying genes involved in the formation of economically valuable plant traits, for marker-assisted and genomic
selection and for comparative analysis of plant genomes in order to determine the basic patterns of origin of vari-
ous plant species. Since a high coverage and resolution of a genome sequence is not enough to detect all changes
in complex samples, targeted sequencing, which consists in the isolation and sequencing of a specific region of the
genome, has begun to develop. Targeted sequencing has a higher detection power (the ability to identify new dif-
ferences/variants) and resolution (up to one basis). In addition, exome sequencing (the method of sequencing only
protein-coding genes regions) is actively developed, which allows for the sequencing of non-expressed alleles and
genes that cannot be found with RNA-seq. In this review, an analysis of sequencing technologies development and
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the construction of “reference” genomes of plants is performed. A comparison of the methods of targeted sequenc-
ing based on the use of the reference DNA sequence is accomplished.
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BBepeHune

B nacrosmiee BpeMs 3 PeKTHBHBIC TCHETHIECKHE UCCIISIO-
BaHMs PACTEHHH YK€ HEBO3MOXKHO TPEJCTAaBUTH Oe3 dTama
pacuudposku renoma (Barabaschi et al., 2016). [eHoMHBbIe
HOCIIEZIOBATEIILHOCTH SIBIISFOTCS (DYHIAMEHTAIBHOMH OCHOBOM
JUISL PEIICHUST TAKMX BAXKHBIX 3a/a4, KaK HACHTU(DUKALHS
I€HOB M TeHHBIX CeTeil, 00ecneYnBaroInX pa3BUTHE, a/all-
TaIIIO PACTEHUH K yCIOBUAM cTpecca. OnpeneneHne Habopa
TEHOB — OTIpaBHAs TOYKA JUISI AETAILHON XapaKTePUCTUKH
(hyHKIMH TeHOB, OMOXUMHYECKHX U PETYIATOPHBIX ITyTEH Hin
KOJIMYECTBEHHBIX JIOKYCOB IpU3HaKoB. [locienoBarenbHOCTH
TEHOB IPEAOCTABISIOT IIEHHYI0 MH(OPMAIHIO O OCIKOBBIX
KOMIUIEKCAX, PETYISATOPHBIX B3aUMOJICHCTBUAX 1 METa0OIH-
YeCKHX IIpoLeccax, KOTOPhIE OMPeNelsIoT (GU3HOIOrHYeCKUe
1 OMOXMMHUYECKUE CBOMCTBA KIIETKH, OpraHa WM OpraHu3Ma
(Bassel et al., 2012).

HoBble TexHOIOTHM CENIEKLMHM PAaCTEHUN OMUPAIOTCs Ha
nH(OpMAIHIO 0 MapKepax 1 acCOIMMPOBAHHBIX C HUMH KOJIH-
YECTBCHHBIX IIPU3HAKAX, [P 3TOM HAJINYNE TaHHBIX O TCHOME
HI03BOJISIET MCIIONB30BATH CAMBIH LIIMPOKHUIA CIIEKTP MapKePOB,
BKJIIO4ast Kak 1mosropsl (Bai et al., 2017), tak u SNP (Crain
et al., 2018; Li et al., 2018). CtpykTypHO-(hYyHKIIMOHATbHAs
pa3MeTKa FeHOMOB [IOMOTaeT CyIIeCTBEHHO 00JIEIYHTh OIIpe-
JICJIEHUE MOJICKYJISIPHBIX MEXaHH3MOB, 00€CIEUNBAIOIINX
(hopMHpOBaHNE IETEBBIX TPU3HAKOB pacTeHnil. Uupopmarms
0 ITOJIHOM MTOCIIE0BATENILHOCTH F€HOMA SIBIIAETCS KIIFOYEBOM 1
B ClTy4ae o100pa y4acTKOB JJIsi TCHOMHOTO PEAaKTHPOBAHUS
W TIOMCKa CATOB, HMEIOLIMX HanOoJiee BHICOKYIO CTENEHb
s dexruBHOCTH pazpesanus JJHK u cnemudpuanoctu mo
oTHOIIeHHIO K octambHoi reHomuoi JIHK (Scheben et al.,
2017; Zhu et al., 2017). Eme oxHo# 3amaucii, perieHne Ko-
TOPOM 3aBHCHUT OT 3HAHUS FTEHOMHBIX I10CIIC/IOBATEIBHOCTEH,
SIBIISICTCS] CPABHUTEIIbHBII aHAJIN3 TEHOMOB PACTEHUH C IIENBI0
YCTaHOBUTBH OCHOBHbBIE 3aKOHOMEPHOCTH IPOUCXOK/ICHHUS pa3-
JIMYHBIX BUJIOB PACTCHHUH U CEIICKOXO3SHCTBEHHBIX KYJIBTYP
(Avni et al., 2017).

Co BpeMeHHU OINpejelieH s TIepBOT0 TeHOMa PacTeHUs,
Arabidopsis thaliana (The Arabidopsis Genome Initiative,
2000), Omaromapsi pa3BUTHIO TCXHOJIOTHH CEKBEHUPOBAHHUS
U YIy4IICHHUIO aJITOPUTMOB COOPKH M aHaJIn3a TeHOMOB KO-
JIMYECTBO ¥ KaYeCTBO CEKBEHUPOBAHHBIX TEHOMOB PACTCHUH
MOCTOSIHHO pacTeT. B uyeasne reHoMHas cOOpKa IpeacTaBisieT
co0boii Habop nocaenoparensHOCTel Mosiekyn JJIHK Beex ero
XPOMOCOM € CyMMapHOH JUIMHOM, paBHOU pa3Mepy rariou-
HOTO reHoMa. Takue MOJIeNN TeHOMOB CITy»KaT OCHOBOM JUIst
peLICHUs O'POMHOTI'0 YKCJIa 3314, KAK CBSI3aHHBIX C TOUCKOM
TeHOB, MJICHTU(HKAIMEH MapKepoB, TaK M OMHUPAIOIIUXCS
Ha 3HaHHE JACTAILHON CTPYKTYphl TEHOMAa — CPAaBHUTEIILHOM
T'CHOMMKH, I/I)ICHTI/I(i)I/IKaHI/II/I CHUHTCHHBIX I'PYIII XPOMOCOM.
HyxureoTuiabie mocienoBareIbHOCTH, COOpaHHbBIEe Ha YPOBHE
XPOMOCOM, BKJTIOYAIOT, [TOMUMO KOJMPYIOIIUX, y4acTKH, CO-
JIeprKalye MOBTOPEHHbIE MTOCIIEI0BATEIbHOCTH N MOOMIIbHBIE

aneMeHThl. IHpopMaIist 0 HUX O3BOJISICT 0XapaKTepPU30BaTh
Ppa3JI4HbI€ KJIACChl MMOBTOPAIOMIUXCA 3JIEMEHTOB, UJCHTU-
(unupoBaTh KpyImHOMacIITaOHY O KOJUIMHEAPHOCTh T€HOB Y
POICTBEHHBIX BUJIOB M BOCCTAHOBHUTH OPraHH3AIMIO U JBO-
JIOLMI0 MOOWIIBHBIX s1eMeHToB (Bennetzen, Wang, 2014).

Mopenu reHoMOB Ha ypOBHE XpOMOCOM COZIEPKAT MOIHBII
Ha0Oop TeHOB, HEOOXOIMMBI JIsl MPOBEPKH TOTO, MOXKET JIH
AYIIUKALA WA OTEPsL 6I/IOXI/IMI/I‘{€CKI/IX WJIN CUT'HAJIbHBIX
NyTeld y KOHKPETHBIX BHJOB PACTCHUH OOBSCHHUTH CTPYK-
TypHbIC U (U3HOJIOTHUESCKUE AIANTALUH, HEOOXOTUMBIC IS
BbDKMBAaHUSA B OKCTPEMAJIBHBIX YCJIOBUAX. ITonuble XpOMOCOM-
HbIE TT0CIIEIOBATENILHOCTH CITyKaT OCHOBOI («pedepeHCHBIMY
TEHOMOM) JUISl M3y4YEHHs APYTUX TCHOMOB TOTO K€ BHJA C
UCIIOJIb30BAHMEM TOpa3/io MEHBIIMX PECYpCcoB, 4eM ObLIO
3aTpavyeHo Ha IMoJydeHHe pedepeHCHOH MociienoBaTeIbHO-
cti. OJHAaKO TaKue MOJEIH FeHOMOB B HACTOSIICE BPEMs
JOCTYIHBI JIMIIb JJId He60HI)IJlOFO qyucia paCTeHHﬂ, TaKux
Kak A. thaliana (The Arabidopsis Genome Initiative, 2000),
Brachypodium distachyon (The International Brachypodium
Initiative, 2010), puc (Goff et al., 2002; Yu et al., 2002),
samesb (The International Barley Genome Sequencing Con-
sortium, 2012), kykypy3a (Schnable et al., 2009), kaprodens
(The Potato Genome Sequencing Consortium, 2011), mox
Physcomitrella patens (Rensing et al., 2008), mmennna 7. di-
coccoides (Anvietal.,2017; Akpinar et al., 2018), T aestivum
(International Wheat Genome Sequencing Consortium, 2018),
n HexoTopsIX Apyrux (http://plants.ensembl.org).

HecMoTpsi Ha TO 4TO MOCIEOBATEIBHOCTH OOJBIINHCTBA
us3 OHY6J'II/IKOB8.HH}JIX T€HOMOB IPEACTABJICHBI ITOKa JIMIIb
¢parmentamu [IHK, a napopmanns 06 ux mopsiike B Xpo-
MOCOMaX OTCYTCTBYET, IaXKe TaKasi MOJIeIb TCHOMHOI rocie-
JIOBaTeJIbHOCTH COAEPIKUT B cede T0CTaTOYHO MH(POPMAIUU
JUTS AACHTH(UKALINY y9aCTKOB, KOXUPYIOLINX TeHBI, T000pa
MapKepoB ISl 3a]1a4 FeHOMHOM CEJIEKIHHU, CPAaBHUTEIBHOTO
aHaJin3a reHoB, KOAUPYOMUX 6em<1/1 C 'OMOJIOTUYHBIMH I10-
CIIEJOBATEILHOCTSAMH M3 APYTHX BUJIOB.

CTpaTervm CeKBeHnpoBaHnAa reHomoB

Crparernu CeKBEHHPOBAHUS PACTUTEIBHBIX TEHOMOB pa3-
BHBAJINCh B 3aBHCHMOCTH OT METOJOB CEKBEHHPOBAaHUS U
MeTonoB (hpakiuonuposanus reaomuoi JJHK. K ocHOBHBIM
METOZaM CEKBEHHPOBAHUS B TOPSIIKE UX Pa3paOOTKH OTHOCST-
csl cekBeHHpoBaHue 110 CoHTepy, BBICOKOIPOU3BOIUTEIFHOE
MUPOCEKBEHUPOBAHUE, CEKBEHUPOBAHUE HA MOJIEKYJISIPHBIX
KJIacTepax ¢ HCIOIb30BaHNEM (DITyOpECIIEHTHO MEYEHBIX HyK-
JICOTHJIOB, ITUKIMYCCKOE JINTA3HOC CEKBCHUPOBAHHE, ITOITY-
MIPOBOIHUKOBOE CEKBEHUPOBAHUE, OJJHOMOJIEKYJISIPHOE CEK-
BEHHUPOBAHUE, CEKBEHUPOBAHNE 4Yepe3 HaHONOphl. Kaxabii
U3 THX METOMOB MIMEJ FUTH MMEET CBOW MPEUMYIICCTBA U
OTpaHUYCHUS, 3aKITIOUAIOIIUECS B JIIMHE, KAYECTBE U CTOU-
MOCTH ITPOYTEHHUH, KOTOPHIE HEOTHOKPATHO OBLTH U3IOKEHBI
B pa3nmmyHbIXx 003opax (Krasnov et al., 2014; Mardis, 2017;

AKTYANbHbIE TEXHONOT UMW FEHETUKN PACTEHUIA / MAINSTREAM TECHNOLOGIES IN PLANT GENETICS 39



M.K. Bragina, D.A. Afonnikov
E.A. Salina

Shendure et al., 2017). K HacrosiiiieMmy BpeMeHH 4acTh IO/~
XOIIOB (CeKkBeHUpOBaHNUE 0 CIHTEPY, MNPOCECKBEHHPOBAHHUE)
yKe yTpaTwiia CBOIO aKTyaJbHOCTH B CBSI3H C IOSIBICHHEM
HOBBIX, 60.]'166 COBCPULICHHBIX U ACTEBLIX Texnonorui. K me-
Tony ¢pakunonnpoBanus renoMHoi JIHK mMokHO oTHecTH
IIpe/IBapUTEIEHOE KIIOHNPOBAaHHE KPYITHBIX reHoMOB B BAC-
BekTopax (bacterial artificial chromosome) ¢ nocnenyromum
cexBeHUpoBaHNeM BAC-KIIOHOB, B TOM YHCIIe COOpaHHBIX B
Ooree IPOTSHKEHHBIC KOHTHTY METO/IaMH (PU3HUECKOTO KapTH-
poBanusi, — Tak Ha3biBaeMoe BAC-by-BAC cekBeHupoBaHue
(Bolger et al., 2014). Crparerueii, 3aKirogaronieiics B OTkaze
oT npeBapuTenbHoro Aenenus renomuoi JIHK na dpakunm
(oTnenbHBIE XpoMocoMbl Ui BAC-KIIOHBI) U CEKBEHUPOBa-
Hu# cyMMapHoi renomHoM JIHK, sBisteTcst meTox npoOoBrka
(whole genome shotgun — WGS). B nanHom ciryuae ¢ momo-
IIBIO CallT-HeCcTIeM(UYHBIX HyKJIea3 TPOBOJUTCS CIydaiiHast
tdparmernranus reaomuoit JTHK ¢ cozmanmem Omubmnorex
Juisl cekBeHMpoBaHHst. CTOMT OTMETHTbh, YTO CEKBEHHPOBA-
HHUE MEPBBIX PACTCHUHN TaBaJIO YACTUYHYIO HH(OPMALIUIO O
TEHOMAax U HE TO3BOJISJIO MOIYYUTh MOITHYI0 pedepeHCHYIO
MOCIIEA0BATEIBHOCTb.

BaskHbIM 3TanoM He TOJIBKO JJIL UCCIICAOBAHUA paCTeHMﬁ,
HO U ]Il TEHOMHOTO CEKBEHHPOBAHUS, CTAI0 CEKBEHHPO-
BaHNE T'€HOMa MoAeIbHOTO pacteHus 4. thaliana 8 2000 T.
(The Arabidopsis Genome Initiative, 2000). D10 ObUT OHMH
U3 MEPBBIX TONyYCHHBIX TEHOMOB MHOTOKJIETOYHBIX OpTa-
HU3MOB. BriOpanHsbnii momxonq BAC-by-BAC ocHoBbeIBacs
Ha cekBeHHMpoBaHuu 1o CoHrepy, cOOpKe M BbIPABHUBAHUH
nocnenosarensHocTeil BAC-kmonos ((100-150)- 103 m.1.) B
COOTBETCTBUH C (PM3NIECKOM KapTOH TakK, YTOObI HACHTUYHBIE
MOCJIEIOBATEIbHOCTH EPEKPHIBAIHUCE, & CMEKHBIE (KOHTHUTH)
cOOMpaINCh B TEHOMHYIO TTOCIIEIOBATEIbHOCTD BBICOKOTO Ka-
gectBa (Feuillet et al., 2011). OxHako TPYIOEMKOCTH 3TOTO
noaxoaa orpaHnyrBajia €ro NpuMEHCHUC IJId APYTrUuX reHo-
MOB, M TOJIBKO /IBA TO/Ia CITyCTSI C €0 MOMOIIBIO OBILIT CeK-
BeHupoBaH reaoM puca (Goff et al., 2002; Yu et al., 2002),
pa3Mep KOTOpOro NPUMEPHO B TPH pasa MPEBbIIIAET IEHOM
A. thaliana. Kpome ToT0, B Ka4eCTBE aIbTEPHATUBHOTO TIO/I-
X0Jla K CeKBEHUPOBAHHIO OOJBIINX M ITOIHUITIIONIHBIX T€HO-
MOB, TAKHX KaK I'eKCaruIon IHasl MIICHHUIIa, ObLIO pa3paboTaHo
BBIJICJICHUE M CEKBEHHpOBaHMEe XxpomocoM 1 rured (Dolezel et
al., 2007; Paux et al., 2008; Hernandez et al., 2012; Mayer
et al., 2014). Jlo HexaBHEro BpeMeHH CEKBEHUPOBAaHHE MU-
HUMAJIBHOTO TIEPEKPBIBAIOIIECTOCS ITyTH BBITOIHSAIOCH C HC-
MOJTb30BaHNEM aBTOMATH3MPOBAHHOTO CEKBEHHUPOBAHUS 110
Conrepy (Groenen et al., 2012; Howe et al., 2013), xors
1aT(OpMbI CEKBEHUPOBAHUS cieayromiero nokoneHus (NGS)
OBUTH ITPUMEHEHBI JUIsl KPYITHOMACIITaOHOTO CEeKBEHUPOBa-
Hust BAC-kiioHoB (Zhang et al., 2012; Choulet et al., 2014;
Lietal., 2015).

CrenyrommiM ceKBEHIPOBaHHBIM KYJIBTYpPHBIM PaCTCHHEM
craut Tonoib (Tuskan al., 2006). C moMoIipio ceKBEeHUPOBa-
Hus MetogoM apodosuka (WGS) ero IHK Obuta ammmudu-
[IUPOBaHa, CIIy4alHbBIM 00pazoM (parMeHTHpOBaHa CaWT-
Hecreuu(pUUHBIME HYKJI€a3aMH JUIsl MOJIY4EHHsI IePEeKpbI-
BalOMIMXCA (PParMeHToB, KOTOPHIE 3aTeM OBLIH CEKBEHUPO-
BaHbI ¥ cOOpaHbI. XOTS 3Ta CTPATEr sl 3HAYUTEILHO CHHKACT
BpPEMEHHBIE 3aTPAaThl, KaK [IPABUJIO, B PE3YJIbTaTe MOIYYaeTCs
Ooree pparMeHTHpOBAaHHAS MOCIEAOBATEIFHOCTh TEHOMA.
[TonmHOreHOMHOE CEKBEHUPOBAHHUE METOJIOM JIPOOOBHKA TaK-

Progress in plant genome sequencing:
research directions

K€ OBLIO YCIICIIHO IPUMEHEHO JUISl IPYTUX PACTEHHUH, B TOM
4qucle g BUHOTpama Vitis vinifera (Jaillon et al., 2007),
nanaitn Carica papaya (Ming et al., 2008), orypua Cucu-
mis sativus (Huang et al., 2009), s6nouu Malus x domestica
Borkh. (Velasco et al., 2010), B. distachyon (The International
Brachypodium Initiative, 2010), cou Glycine max (Schmutz
et al., 2010) u xaprodens Solanum tuberosum (The Potato
Genome Sequencing Consortium, 2011).

W3BecTHO, 4TO OOJBIIMHCTBO TEHOMOB PACTCHUH Xapak-
TEPU3YIOTCS TOBBILICHHBIM CO/IEPYKaHUEM TOBTOPSIOLIEHCS
JIHK n HammaueMm AyIUTMKAIA TeéHOMa M3-3a COOBITHH ITo-
JUIUTONIM3alnuH. Ba)KHO OTMETHTB, 9TO BCE TEHOMHBIE IIPO-
€KTbI, OCHOBAaHHBIE TOJIBKO Ha CEKBEHUpOBaHUH 110 CaHTEpY,
ObUTH peaTn30BaHBbI AT PACTEHHH, TeHOMBI KOTOPBIX 3HAYHU-
TeapHo Menbiie 5.8 - 10 m. 1. Xors nogxonst BAC-by-BAC
MOTYT CHHU3HUTh CJIOKHOCTh 'eHOMa Oosiee ueM B 10 ThICSY
pa3, cbopka OOIBIINX TEHOMOB OCTaBajach TPYAOEMKOW U
noporocrosiiei. CeKkBeHnpoBaHUE METOJOM JPOOOBHKA CO-
KpaiiaeT HeoOXOIMMBbIe BpeMs M YCHIINSI, OIHAKO TIOJIyYeHHUE
MOCJIEIOBATENFHOCTH FeHOMa OBLIO 3aTPAaTHBIM M3-3a BHICOKOI
CTOMMOCTH CEKBEeHNpOoBaHMs 0 CaHTepy 1 TpeOOBaIO MHOTO
BpemeHHu. KpoMe Toro, ocraBajinch HeCEKBEHHUPOBAHHBIE
o0nacty, 94T0 00YCIIOBICHO HU3KUM ITOKPBITHEM TIPH CEKBe-
HupoBaHun 1o Courepy (x4—7) U TEXHUYSCKUMHU IpoolIre-
MaMH, CBSI3aHHBIMH cO BropuuHOU cTpykTypoit IHK u ro-
MOTIOINMEPaMHU.

CrpaTerusi CeKBEHUPOBAHUS METOJIOM JpOOOBHKa ObliIa
OCHOBaHa Ha CEKBEHHPOBaHUU N0 CIHTEpYy M IPUMEHSIETCS
IO CUX TI0p, ogHako HauuHast ¢ 2005 1. Bce 6obIme 000pOTHI
CTaJI0 HAOMpPaTh TaK Ha3bIBAEMOE CEKBEHMPOBAHHE CIIEYIO-
miero mokosieHust (next-generation sequencing — NGS). Ero
MPUMEHEHHE YITyUIIIHII0 COOTHOMIEHHE MEXY TTOTy4aeMbIMU
JTAaHHBIMH U CTOMMOCTBIO CeKBEHUPOBAHNUS TeHOMa. TexHoII0-
rust NGS oxBaTbIBaeT HIMPOKUN KPYT MOAXOJOB, B KOTOPBIX
UJIeT MapajieIbHOE CEKBEHNPOBAHHUE MTOCIIEA0BATENLHOCTEH
Heckonbkux GparmentoB JJHK ¢ momxydeHnem 3HaYNTEIHHO
OOJIBIIIETO YKCIIa CEKBEHUPOBAHHBIX TOCIIE0BATEILHOCTEH,
HO, KaK MpaBmiIo, Oojee KOpoTKoi mmmHE (25-500 m.H.) 1
Ooylee HU3KOTO KauyecTBa, Y€M B CIydae CEKBCHHPOBAHMS
no CoHrepy. DTH MOIXObI pean3yloTCs Ha CEKBEHATOPax
HOBOTO MTOKOJIEHHSI IIPON3BOACTBA KOMMEPYECKNX KOMIaHUH
Illumina, Thermo Fisher Scientific, Pacific Biosciences u
Oxford Nanopore Technologies. Hactb pa3paboTaHHbIX ru1ar-
thopm yxe ynumn ¢ peraka (Hanpumep, GS FLX, 454/Roche,
HeliScope/Helicos Bioscience).

NGS npuUMeHSIOT Kak JUIsl peCeKBEHHUPOBaHUs (aHaNIHU3a
TEeHOMOB OPTaHU3MOB C TOCTYITHBIM pe(epEHCHBIM TCHOMOM),
TaK ¥ JUIsl CEKBEHUPOBaHMUs de novo. J{nis ynpomienust coop-
KU B ciydae OOJBUIMX MO pa3Mepy M CIOXKHO YCTPOSHHBIX
TEHOMOB HCTIONIB3YIOT KOMOMHUPOBAHHBIM MOAXOM, B KOTO-
POM COYETAIOT MIAT(GOPMBI, TEHEPHPYIOIINE KAaK KOPOTKHE,
Tak u [uHHBIC nocnenoBarenbHocTH (The Potato Genome
Sequencing Consortium, 2011; Brenchley et al., 2012; The
Tomato Genome Consortium, 2012), nim codyeTaHue HECKOIb-
KHX CTpaTeruii CeKBEHNPOBaHUsI (CM. PUCYHOK).

leHOMHble NpoeKTbl

B pesynbrare pe3koro CHUKEHHsI 3aTPaT Ha CEKBEHUPOBAaHUE
TeHOMa B TE€UCHHE IMOCICTHUX JBAJIATH JIET OBUIO OIyO-
JIMKOBAaHO 322 reHOMHBIX MOCJIEA0BATEIbHOCTH PACTEHUN
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olm - . . , B I.
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Year
Rice Grapevine Maize Cocoa Pear Pineapple Sugarcane
Cucumber |[Potato Kiwifruit Bog blueberr
Sorghum |Strawberry Chickpea | Clover
Cannabis Peach Bilberry
Papaya Turnip | Beet Yam
Fodder turnip Pomegranate
Date palm o Fig
Soybean Apricot Eggplant eanut
Ap)‘/:ﬂe tree Orange Cabbage Artichoke Eg;:\c;nnut
Watermelon Clementine  Mustard Sunflower
Banana Cranberry Buckwheat Pomelo
Melon Coffea Walnut Rye
Pigeon pea Sesame Quinoa Cﬁcurbita
Flax Lettuce Raspberry Tea plant
Cassava Mung bean Mandarin Swegt cherr
Wheat Pepper Carrot Dog rose Y
Plum Rapeseed Mint Spinach
Tomato Radish Olive P
Cotton Common bean
Barley Hop
Persimmon
Eucalypt

Transition from the formerly applied Sanger method to genome sequencing only by NGS (blue)

Purple: combined sequencing by BAC and WGS; green: shotgun sequencing (WGS); red: Sanger sequencing of BAC clones. Below: examples of sequenced crops.

(o cocrostnto Ha utonb 2018 ., www.plabipd.de), u3 HuX
TEeHOMOB JBYIOJIBHBIX pacTeHui — 207, OMHONONBHEIX — 68,
BOZIOpOCIIeH — 35, HeTTOKpbITOCeMEHHBIX pacTeHuii — 12 (ITpu-
noxenue 1)!. Jlo HemaBHEr0 BPEMEHU BBINONHEHUEM 3THX
MPOEKTOB 3aHUMAIIUCh KPYITHBIE KOHCOPLIIYMBI 110 CEKBEHH-
POBAHHIO TeHOMa, O0BEANHSIS ONBIT BO MHOTHX o0OnacTsx. bra-
roJapst 9BOJIIOLUH CEKBEHUPOBAHHUS CIIE/TYIOLIETO ITOKOJICHUSI
HOCTEIEHHO CTAJI0 BO3MOXKHBIM IIPOBOJIHTH LIEIIBIC IIPOSKTHI
cOOpKH TeHOMa PAacTeHUI CHJIaMU OTAEIBHBIX JIabopaTo-
puii wi HeOonbimX kKoHcopryMoB (Pucker et al., 2016; Jiao
et al., 2017). JlanpHeiimee ycoBepIICHCTBOBAHNE TEXHOIIO-
THH C JUIMHHBIM IPOYTEHNUEM MO3BOJIUT OXBATHIBATh IIOBTOPS-
IOIINECS PaiOHBI, YTO paHee ObLJIO CEPbE3HBIM IPETSTCTBU-
eM Ui 3aBepIIeHHs CeKBeHHpoBaHMsA reHoma (Jiao et al.,
2017).

B 2008 . craproBan npoekt «1001 Genomes Project» st
MOTYYEHNS TOYHON TeHOMHOH MOCTIeI0BaTeNbHOCTH A. tha-
liana na ocHoBe cexBenuposanus 1 001 obpasua (http://1001
genomes.org). [TepBbiii 3Tan npoekTa HeIaBHO ObLT 3aBEPIIICH

1 Mpunoxexna 11 2 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx2.pdf

nyonuKkaiuei noapoOHoro aHanu3a resomMoB 1135 uHOpen-
HBIX JIMHUH, KOTOPBIH as nH(OpMaIuo 00 NCTOPUN BUIOB
U pacrpesieNieHnH reHeTndeckoro paznoodpasust (The 1001
Genomes Consortium, 2016).

B 2012 r. 6b11a co3mana MeXTyHapOaHAS MHUIIHATHBA IS
cekBeHHnpoBaHus TpaHckpunroma 1000 pa3auuHBIX BUAOB
pacrenuii — «1KP» (https://sites.google.com/a/ualberta.ca/
onekp/). CexBeHnpoBanue mpoBoAuTcs Ha mardopme Illu-
mina (GA2 nim HiSeq). Pacrenns orOupanu Takum o6pasom,
4TOOBI NMPEAOCTABUTH 00PA3Lbl Ul BCEX OCHOBHBIX JIMHUM
3€JICHBIX PACTCHNUH, BKIFOUAsl XBOMHBIC AE€PEBBSI, TATIOPOTHH-
K1, MXH, 3€JICHbIC BOAOPOCIH M LIBETKOBBIC pacteHus. Cie-
JIyeT OTMETHTb, YTO OOJILIIMHCTBO 3TUX BHJOB HUKOIZA HE
MO/IBEPTraJICh KPYITHOMACIITAOHOMY CEKBeHMpoBaHuio. Ha-
npuMep, ObUIN CEKBEHUPOBAHBI PEICTABUTEIH ITOUYTH BCEX
415 n3BeCTHBIX CEMENUCTB MOKPHITOCEMEHHBIX, a TIPUMEPHO
ISITYIO YaCTh CEKBEHUPOBAHHBIX BUJIOB ITPEACTABIISIIOT BOJIO-
pocim. [TomyueHHbIC TaHHBIE SBISIOTCS TPAHCKPUIITOMHBIMU
cOOpKamH, MpeAIoIaraeMbIMi KOJUPYIOIIMMH TOCIIEeI0Ba-
TENILHOCTAMH, OPTOTPYIIIAMH, & TAKKE (PUIOTCHETHIECKUMHU
nepeBbsiMu (Matasci et al., 2014).
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B 2014 r. ony6aukoBaHa paboTa 0 peCeKBEHUPOBAHUU
3000 obpasrios puca u3 89 ctpan (http://iric.irri.org/resources/
3000-genomes-project). Bce reHOMBI HMEH CPEHIONO TITYy-
OuHy cekBeHHpOBaHuUs X 14, co cpeqHUMH KoadduieHTamu
MOKPBITHS pedepeHCcHOro reHoMa U KaptupoBauus 94.0 u
92.5 % cootBeTcTBeHHO. [l0C€e BEIpaBHUBAHUS OTyUYEHHBIX
IaHHBIX ¢ pedepeHcHbiM coptoM O. japonica Nipponbare
65UT0 0OHApYX)eHO puoM3uTeNsHO 18.9 MummronoB SNP.
DUIOreHeTHYECKHUE aHAINU3bI, OCHOBAaHHBIE HA JaHHBIX SNP,
noarsepauin auddepenunanuio renoponaa O. sativa Ha
MISATh COPTOBBIX TpymN — indica, aus/boro, basmati/sadri, Tpo-
MIUYECKYI0 japonica 1 ymepenuyto japonica (The 3,000 rice
genomes project, 2014).

O6mas rens [Ipoexra reHOMa Mapa3uTHIECKUX PACTCHHHA
(PPGP) (Westwood et al., 2012) 3akiodaercst B IpOBEICHUN
CPaBHHUTEIBHOTO (PYHKIHOHAJIBHOTO TEHOMHOTO aHaiu3a
MMapa3sUTUYECKUX PACTEHHUH JUIA BBISBICHHUS M3MEHEHUH re-
HOMa, KOTOPbIE TIPUBEJH K YCTAaHOBJICHUIO NTAPA3UTHIECKOTO
o0pa3za u3Hu. B 9TOM npoekre ObUIM CEKBEHUPOBAHbI Lin-
denbergia philippensis, Orobancheae n Mimulus — TpaHc-
KPHIITHI Tapa3uTHIecKux poaos oT Orobanchaceae (7riphy-
saria, Striga u Orobanche) v IByX TECHO CBSI3aHHBIX He-
nmapasuToBs. B HacTosIee BpeMsi OHM CEKBEHUPOBAHBI B He-
3aBucuMoM TpoekTe (http://www.mimulusevolution.org).
OTH BUBI PACTCHUI JBOJIIOIIMOHHO CBSI3aHBI MEXK/Y COOOH,
HO OXBAaTBIBAIOT IMAINA30H Mapa3uTapHBIX CIOCOOHOCTEH OT
CBOOO/THOTO CYIIIECTBOBAHUSI /IO TIOTHOCTBIO TETEPOTPOPHOTO
napasmra.

B mrone 2017 1. kuTaiickuii ruranT cexBeHnpoBaHus BGI
(Beijing Genomics Institute) 1 HanmonaneHsrit 6ank Kuras
(CNGB) 00bsiBHIIM 0 TTaHAX 110 CEKBEHUPOBAHUIO HE MEHEE
10000 reHOMOB, IPEACTABIAIONINX KOYKAYI0 OCHOBHYIO BETBh
(Tpymiy, KJ1aay) pacTeHHH M 9yKapHOTHYECKUX MHKPOOOB.
[Tnan 10KP cTaHeT kiroueBOi 4acThiO MIPOEKTA IO MOoJTyye-
uuto 6morenoma 3emiu (Earth BioGenome Project — EBP),
aMOMIIMO3HOM 1 BCE €IIe PAa3BUBAIOLICHCS CXEMBI, TO3BOJISI-
IOIIEH IOy YUTh JAHHBIE O TEHOMHBIX MOCIIEI0BATEIEHOCTSX
1.5 MIJITTMOHOB 3yKapHOTHYECKUX BUJIOB, BKIIOYAs JAETaNb-
HBIE TTOCJIEJOBATEIBHOCTH OJHOTO WIEHA M3 KaXJOro W3
9000 sykapuotuueckux cemeicts. [Tman 10KP ocHOBbIBaeTCs
Ha npeasiayem npoekre 1KP; npeanonaraercs, 4to nenu
ucciuenoBanus OyayT BKIFOYATh POJIb JYTUIMKALIMNA TEHOMA,
KOPPEJSILUI0 MEXKAY FeHOMHBIMU U MOP(OIOrHYEeCKUMHU
W3MEHEHHUSIMH W U3MEHEHHS TEMIIOB BOJIONNH C TEUCHHEM
BPEMEHH.

I'Ip06neMb| NOJIHOreHOMHOIro CeKBeHNpPOoBaHUA

Hawnbosee mmpokoe npuMeHEHNE HOBBIX MTOJX0/I0B K CEKBe-
HUPOBAHUIO PACTCHUN 3aKJIFOYaeTCs B IOJTHOTEHOMHOM CEK-
BEHHPOBAHUH JIJIs TIOIyIeHHS pehepeHCHOH TOCIIe10BaTelb-
HOCTH ¥ TEHETHYIECKOH CTPYKTYpbI TeHOMOB. borb11oit pazmep
réHomMa, qyrJjimKamnus u HOBTOpH}OHJ,I/II‘/IICSI KOHTCHT SBJISAOTCSA
(hakTOpamMu, KOTOpBIE 3aTPYAHSAIOT ITOTyIEHHUE TOTHOIIEHHOH
nH(pOPMALIUK O CTPYKType TeHOMa PacTeHNH M MOCTPOCHUH
«30JI0TOTO CTaHAAPTa» peePEHCHON OCIEA0BATEIILHOCTH.
Ot poOIeMBl aKTHBHO TPEOA0IEBAIOTCS KaK pa3padoTKOH
HOBBIX OMOMH(OPMATHIECKUX PECYPCOB U UCTIONB30BAHUEM
IIPU CEKBEHUPOBAHUH PA3JIMYHBIX IJ1aTGOPM, TaK U IpUBIIE-
yenneM qanasIx PHK-Seq 1 110 5K30MHOMY CEKBEHHPOBAHHIO,
a TaK)Ke IIPUBJICUCHUEM JIAHHBIX 0 (PH3UIECKOMY KapTHPOBa-

Progress in plant genome sequencing:
research directions

Huto xpomocoM (The International Wheat Genome Sequencing
Consortium, 2018).

B 2013 . 6pu1a onmy6nmukoBaHa pedepeHcHas MociIea0Ba-
TEJIBHOCTh TCHOMA CaxapHOU CBEKIIbI (Beta vulgaris). B atom
HCCIIENOBAaHNH HCIOJIB30BaAJIOCH coueranue 454, Illumina u
Sanger rutatdopmM Ui ceKBeHHpoBaHHs. B obmieit cimox-
HOcTH ObUT HaeHTUGUIMpPOoBaH 27421 GenoK-KOAUPYIOINii
reH, 4to noxarBepxkmaercs manHsiMH PHK-Seq. Ha ocHoBe
BHYTPUBHU/IOBOTO TEHOMHOTO aHAJIM3a IIATH Pa3IMYHbIX BHU-
JIOB CaxapHOH CBEKJIbI MJIEHTU(UIIMPOBAHO 7 MHJUIMOHOB
TEHOMHBIX BapHAHTOB, a TaKkkKe OOJbBIINE KOHCEPBATHBHBIC
obnactu. [lomy4eHHbIH reHOM caxapHOH CBEKJIbI TIO3BOJISIET
00OHapYXUTh arpOHOMHUYECKH Ba)KHbBIC MPHU3HAKH, KOTOPHIE
MOTYT ITOBBICUTB Ka4€CTBO ¥ MPOAYKTUBHOCTH pactenust. [To-
CJIE/IOBATEIHHOCTH TEHOMOB BHECIIH TAK)KE BKJIAJ] B CPABHU-
TeJIbHbIE HcclienoBanus ¢ Buaamu Caryophyllales u npyrumu
IBETKOBBIMHU pacTeHusMu (Dohm et al., 2014).

B nenasueit pabore (Nystedt et al., 2013) mpoBeneno
de novo cekBeHHpOBaHNE HOPBEKCKOIT enut (Picea abies) me-
TOZIOM IpOOOBHKA C HUCHOIB30BaHNEM TexHoioruu Illumina.
Hepapxudeckas crparerusi cOopku reHoma Obiia pazpaboTana
JUlsl OOBEIMHEHUsI TAITIOUIHBIX U JAMIUIOMIHBIX T€HOMHBIX
nmauabix U gaHHeIX PHK-Seq. Pasmep renoma P. abies ore-
HuBaetrcs B 19.6-10° n.H. Ognako Toabko 28354 nocne-
JIOBaTEJIbHOCTH, KOJUPYIOIINE OEJIOK C BBICOKOW CTENEHBIO
JIOCTOBEPHOCTH, OBLIN Tpeacka3anbl mo qaHHeM EST u
TpaHckpuntomaM. Kpome Toro, mpeaiokeHa MOJIENb 3BO-
JIFOIIMY T€HOMAa XBOWHBIX ITOPOJI, KOTOPAs PEIIIONaraeT, 4To
yAaneHre MOOWIBHBIX 3JIEMEHTOB Y HHX IIJI0 MEHEE aKTHBHO,
4yeM y OOJIBIIMHCTBA JPYTUX BUAOB pacteHnit (Bennetzen et
al., 2005), mpuyeM BCTaBKH MOOMJIBHBIX 3JICMEHTOB B T'€HBI
MIPUBOJAT K MOSBICHHUIO OOJIBIINX HHTPOHOB U IICEBIOTEHOB.
JlonosnHuTeNbHOE CEKBEHMPOBAHNE TEHOMA XBOWHBIX TIOPO]
MIO3BOJIMT IIPOBECTH CPABHUTEIBbHBIN aHAIIN3 U TPEAOCTABUT
JIOTIOTHUTENBHBIE PECYPCHI ISl TIOHUMAHHSI 3BOJTIOIINN BaX-
HBIX IPU3HAKOB Yy CEMEHHBIX PacTCHUH.

B 2014 r. Obut cobpan pedepencHblii reHoM Eucalyptus
grandis (Myburg et al., 2014), st 9ero npoBeaeHO MOTHO-
TEHOMHOE CEKBEHHpOBaHKE 110 CaHTepy M MapHOe CEKBEHH-
poBanne BAC-koHIIOB. DTO mepBblii pe)epeHCHBIN TeHOM,
OITyOJIMKOBAHHBIHN /TS 9BIUKOTOB MUPTOLBETHBIX, 00€CTIEUH-
BAIOIMH pecypc sl NoTydeHus: HH(OpMaIluK O TeHeTnYe-
CKO¥1 IpUpo/ie OOJIBIIUX IPEBECHBIX MHOTOJIETHUKOB.

C ucnonp3oBanneM moaxozaa Illumina WGS Obiimn cexse-
HHUPOBAHbI TPH HHOPEAHBIX copTa Nicotiana tabacum (Zhang
etal.,2011). Pa3mepsl 11oJy4eHHBIX TCHOMOB OBLIU OIICHEHBI
B 4.41-10° m.u. g N. tabacum TN9O, 4.60 - 10° m. 1. s
N. tabacum K326 u4.57 - 10° . u. st N. tabacum BX (¢ no-
KkpbiTHeM x49, X38 u x29 coOTBETCTBEHHO). ABTOPHI Mpel-
TIOJTarajy, 9TO JAaHHBIN MPOEKT BHECET 3HAUNTENIbHBIN BKIIA]]
B (D)YHKIMOHAJIbHBIC TCHOMHBIC MCCIICIOBAHHS MOJICIBEHOTO
opranusma N. tabacum (Sierro et al., 2014).

IToMHMO MTOTHOTEHOMHOTO CEKBEHUPOBAHUSI, IPOBOSTCS
UCCIIEZIOBAHUS TI0 PECEKBEHUPOBAHHIO, KOTOPOE HCIIONB3Y-
€TCs B OCHOBHOM JUIsl IPO(MIIMPOBAHUSI TPAHCKPUIITOMOB U
obuapyxenust SNP mis pazpabotiku mapkepos (Deschamps et
al., 2012). Takum 0Opa3oM ObUI ITOTy4YeH BHICOKOKAYECTBEH-
HBII pedepeHcHbIi reHoM KapTodes 1 nAeHTHOUIMPOBAHO
3.67 mumnona SNP nipu cpaBHEHHH TOMO3HTOTHOM TBOWHOMN
TaIIOWIHON JTMHUW C TeTEPO3UTOTHOU autuionnHoi (Xu et
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al., 2011). Kpome TOro, peceKBeHUPOBAHbBI M COTIOCTABJICHBI
JIPYT C IPYTOM HECKOJIBKO 00pa3moB apOy3a. B obmieit crox-
HOCTH HneHTHuIIpoBano 6784 860 SNP, mpencrasisronix
TeHETHYECKOe Pa3HO00pa3re BUIOB CEIbCKOX03SHCTBEHHBIX
kynsTyp (Guo et al., 2013).

B 2016 r. 6p11a co3nana komnanust NRGene, pazpadarsiBa-
I0111asi HOBelIIee NporpaMMHOE 00ECIICUSHNE U aJITOPUTMBI
JUISl CEKBEHHPOBAHMUS CIIOKHBIX OOJIBIINX TEHOMOB CEIICKO-
XO3SICTBEHHBIX KYJBTYD, )KHBOTHBIX U BOAHBIX OPTaHU3MOB.
NRGene nosponuna cekBeHupoBarh de novo 10.5-10° m. u.
(98.4 %) renom TeTparuonaHON mreHUI (Avni et al., 2017),
4.09-10° m. 1. (98.6 %) renom gumnonaHol muenuis (Luo
et al., 2017), 2.18-10° m.u. (98.2 %) pedepeHcHbIi TeHOM
KyKypy3bl (Springer et al., 2018) u 0.82 - 10° m. 1. (98.4 %)
renom Tomara (Kol, 2016) ¢ ncronp3oBannem miaTdopmbl
[llumina u nporpammuoro ob6ecreuenuss DeNovoMAGIC.
Takxe ObUTa CEKBEHNPOBAHA MsITKasl MIICHUIIA, U JaHHbIC 110
cOopke OynyT 0ObeANHEHBI C JaHHBIMU (PU3NYECKOTO KapTH-
pOBaHus ISl IOJTyYEHHs] BBICOKOKaYE€CTBEHHOMN MOCIIen0Ba-
TEJIILHOCTH Ka’KA0H XPOMOCOMBI ¢ TOYHO JTOKAJIN30BAaHHBIMU
TeHaMH, PEryISITOPHBIMU diieMeHTaMu 1 Mapkepamu (https://
www.wheatgenome.org).

LlEHEBOe CeKBeHpoBaHmne

Ilepexon ot cexBenuposanus mo Crurepy k NGS npusen
CHIDKEHHIO 3aTpaT ¥ YBEIMUEHHIO YNCIIa CEKBEHHMPOBAHHBIX
reHoMoB. O/IHaKO MOJIHOTEHOMHOE CEKBEHUPOBAHHE HE MOJI-
XOAMT JJIsl OOJIBLIMHCTBA UCCIIEA0BaHUIi. BbICOKOro ypoBHSI
MOKPBITHS ¥ pa3peIIeHNUS TTOTHOTEHOMHOTO CEKBEHUPOBAHUS
HE XBaracT JuIsl 0OOHapyKEHHs BCEX M3MEHEHHH B CIIO’KHBIX 00-
pasuax. B cBsi3u ¢ 3TUM cTasno pa3BUBATHCS U IIPOJOJDKAET Ha-
O6mparb 000POTHI IIETeBOE (TapreTHOE) CEKBEHNPOBAHHE, KO-
TOpOE 3aKJIIOYACTCs B BBIJICIICHUN M CEKBEHUPOBAHUH OTIpE-
JIeTICHHOW 00JIacTH TeHOMa MJIM MIOJIMHO)KECTBA TEHOB.

s pacTeHni, KOTOpBIE 001aTar0T OONBITAM WK TIOJTH-
TUTOMIHBIM T€HOMOM, CYIIECTBYET CTPATErusl yMEHBIICHHS
CJIOKHOCTH T€HOMA C UCIIOJIb30BaHUEM CTPATETnil LIeJIeBOTo
oboramienus. LeneBoe cekBeHUPOBaHME BKITIOYALT B ce0s TPH
aTamna: oroop nHrepecyromeit ¢ppakuun JJHK (oboramenne
00pa3IoB), CCKBEHHUPOBAHNE OTOOPAHHOTO MaTepuasia u
aHaJIN3 TIOJyYeHHBIX pe3ynbraToB. LleneBoe oborameHue
3aKJTI0YACTCS B BBIICIICHHUH CTICH(PUUECKUX JIOKYCOB TeHOMA
(HarmpuMep, TeHOB, MOJIEKYISPHBIX MapKepoB, OOJIBIINX Te-
HOMHBIX 0071aCTe, TeHOMOB OPTaHEIT) B COUSTAHNH C CEKBE-
HUPOBAHHEM BTOPOTO MoKojIeHust. OoramieHre MOoXeT Ipo-
BoauThCs ¢ nomoiubto 1P, meTona MonexynsipHOi MHBEp-
CHUHM, THOPUAN3AIMOHHOTO OOOTAICHUSI U €T0 YIy4qIIeHHOH
BepcHH — oboramieHus B pactsope (tadum. 1, [Ipunoxenne 2).

B Hacrosiee Bpemsi AJ1sl paCTeHHI UCTIONB3YIOT THOPHIH-
3aIIMOHHBIE METO/IBI 00OTAIIEHHS — HA TBEPIOH OCHOBE (T. €.
MOKPOBHOE CTEKJIO, MUKPOYHIT) WK B pacTBope. Hanbonee
pacrpoCTpaHEeHHbIE U HAJIS)KHBIE B UCCIIEOBAHUIX PACTEHUIN
METOJIBI TIpefocTaBiIeHsl komnanusaMu Agilent Technologies
(SureSelect), Roche NimbleGen (SeqCap EZ), MY croarray
(MYbaits) u Ion Torrent (TargetSeq) (Terracciano et al.,
2016). ITnomaHoOCTH, pa3smep reHoMa u ocodernoctn JHK
(GC-cocraB) n3yyaeMbIX BHJIOB BMECTE C OCOOCHHOCTSIMH
30HJIOB (JUIMHA 30H/a, TeMIeparypa ruOpuan3alin) MOryT
MOBIHATH Ha 3(phekTuBHOCTH 0boTamenus. beuto mokazamo,
YTO YpOBEHb 00OTaNICHUS 3HAYUTEITHHO CHHKACTCS B TPOMO-
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lMporpecc B ceKBEHNPOBAHUVI FTEHOMOB PACTEHNN —
HanpaB/eHVs NCCNIeA0BaHNI

TopHoii obnactu, 5S'UTR obnactu u B mepBoM 9K30HE T€HOB
n3-3a BeIcOoKoTO cozeprkanust GC B atux obmacTsax (Dohm et
al., 2008). Bricokoe mimm Hu3Koe conepxanue GC cHmxaeT
s¢dexruBrocTh [P ammmudukanuu u ruOpuan3anuu
3oH71a (Aird et al., 2011). DddexTrnBHOCT 0OOTaNICHAS 3a-
BHCHT TaK)kKe OT BEIOPAHHOTO MTPOTOKOJIA U OT UCTIOJIB3YEeMO
TEXHOJIOTMH CEKBEHUPOBaHUs (TabI. 2).

3a mociegHIe HeCKOIBKO JIeT OblTa ToKa3aHa 3(h(heKkTuB-
HOCTB IEJICBOTO OOOTANICHUs Il NCCIIEIOBAHUS HYKJIEO-
THJIHOTO Pa3HOOOPa3usl MOJUIUIOWJHBIX BUJIOB C OOJIBIIHM,
MOBTOPSIOIIUMCS ¥ T€TEPO3UTOTHBIM T€HOMOM U JTUIIIIOH/I-
HBIX BHJIOB C TEHOMHOM T'€TepOreHHOCTHIO BHYTPH TPYIIIIBI
(cm. [punoxenue 2). Tak, Harpumep, ObUT peCEKBEHUPOBAH
y9acTOK 5k30Ha 3.5 - 100 I1. H. aJUI0Te TPaIuION IHOM MIITEHHTBT
Juist xapakrepuctuku SNP, Bapuanuu yucna KOomuil reHOB
W M3YYEHHs JMBEPreHLUH FOMOJIOTHYHBIX MOCIEA0BATEIb-
HOCTeH B KOOUPYIOINX ydacTkax (Saintenac et al., 2011).
B 2012 r. pa3paboran mpoTOKOJI peceKBEHHPOBaHUsS U 000-
ramieHus s u3ydenus 56.5 - 10 . v. reromuoii JJHK BocsMu
COPTOB MSTKOH TIIEHUIIBI, B PE3YIBTATE YETO UACHTU(HUIN-
posano oxoso 500000 noBeix SNP (Winfield et al., 2012).

[leneBoe cekBEHHPOBAHUE TO3BOJIMIO YMEHBIIUTh CIIOXK-
HOCTh T€HOMa sUMeHs Oonee weM B 50 pas, It 9ero ObIIo
MPOBEICHO oboramieHne KOIUpyIomuX o0nacTel, KoTopble
BKJIFOYAJIH B ce0sl IpeIcKa3aHHbIe TeHbl N3 TCHOMHON COOPKH
copra Morex, HaXOASAIIYIOCS B OTKPBITOM JOCTYIIE TTOTHO-
pasmepnyto k/IHK u de novo coOpanHyl0 KOHCEHCYCHYIO
nocnenoBaresibHocTh RNA-Seq (Mascher et al., 2013).

Pa3paboTaHbl METOIUKH aHATIN3a IIETIEBBIX TEHOMHBIX 00-
JacTel, CBI3aHHBIX C arPOHOMUYECKH BayKHBIMH ITPU3HAKAMH,
Julsl BeIsIBIIeHUs! pazHooOpasust JJHK-nocienosarensHocTei
KyKypy3bl (Muraya et al., 2015), parca (Clarke et al., 2013;
Schiessl et al., 2014), xmonka (Salmon et et al., 2012) u ma-
nuoku (Pootakham et al., 2014). Kpome Toro, 1iesieBoe obora-
ITIEHNE TIOCJIEI0BATEIbHOCTEH 1 TOBTOPHOE CEKBEHHPOBAHUE
MIPOBEICHBI JUISI HECKOJIBKHUX BHIOB JICPEBBEB, @ NMEHHO JIa-
JIAHHOW COCHBI, YEPHOTO TOIOJISI U 3BKAJIMITA, C LIEJIbIO BbI-
SBJICHUS TIONUMOP(U3MOB ISl IOCTPOEHUSI TEHETHYECKOM
kaptsl (Neves et al., 2013, 2014), rerorunuposanus (Zhou et
al., 2012), a raxxe pazpabOTKH MapKepOB, aCCOLMUPOBAHHBIX
¢ xcunorenezoM (Dasgupta et al., 2015).

KaprtupoBanue ¢ moMompio0 CEKBEHUPOBAHUS, KOTOPOE
codeTaeT B ce0e reHeTHYeCKOe KapTHPOBAHMUE C LIEJIEBBIM pe-
CEKBEHHPOBAaHNEM, OBIIIO CIIOIB30BAHO JUIS OTIPEIEIICHUSI MTO-
JTMMOP(H3MOB ITOTEHINAIBHBIX reHOB staMeHst (Pankin et al.,
2014), semnsinuku (Tennessen et al., 2013) u 7" monococcum
(Gardiner et al., 2014).

Jlaxxe TeHOMBI XJIOPOIIIACTOB OBIIM MOJBEPTHYTHI IIeie-
BOMY 00OTallleHUI0 1 MacCOBOMY IapaljieJIbHOMY CEKBEHH-
posanuro (Stull et al., 2013). Brut ckoHCTpyHpOBaH HabOP
PHK-30H10B Ha OCHOBE MOJIHBIX MOCJEI0BATENbHOCTEN
JIHK 22 paHee ceKBEeHUPOBAHHBIX XJIOPOIIACTOB 3BUKOTOB.
C momomibio 3Toro Habopa 30HI0B MPOBEACHO 00OTAIICHHE
24 MOKPBITOCEMECHHBIX PacTeHHUI (22 ABAUKOTA, 2 OHOIO0b-
HBIX) C MX [TOCIIEYIOIIMM CEKBEHUPOBAHUEM JIJISI TIOJTyYSHUS
MOJIHBIX TEHOMOB IIJIACTH]I C UCKITIOUMTEILHO BBICOKHM yPOB-
HeM nokpbITus (717 B cpennem).

B 2013 1. BpInuIa padboTa 1o uacHTU(GUKAIIMA BAPHAHTOB
TEHOMHBIX ITOCJIEIOBATENIEHOCTEH ¥ 84 COpPTOB KapToders
(Uitdewilligen et al., 2013). I muist Tomara, 1 a7t KapTodenst
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Table 1. The most important features of the commercially available target enrichment kits (according to Terracciano et al., 2016)

Parameter Enrichment by hybridization
on a solid support (microarray)  in-solution
NimbleGen Agilent NimbleGen Agilent MYcroarray lonTorrent
Sequence Microarray SeqCap EZ SureSelect MYbait Target Seq
Capture Array

Bait type DNA DNA DNA RNA RNA DNA

Bait length, bp 60 60 55-105 114-126 80-120 50-120

Target size 0o 30 Mb ? Up to 200 Mb 1 kb to 24 Mb Up to 200000 baits 100 kb to 10 Mb

Table 2. Comparison of target-enrichment methods

Parameter PCR MIP Enrichment by hybridization
on a solid support in-solution
(microarray)
Cost High High (<10 samples) Medium Medium (<10 samples)
Low (>100 samples) Low (>10 samples)
Ease of use Low High Medium High
DNA mass ~8 ug for 1 Mb 200 ngg 10-15 pg for up 30 Mb 3 ug forup to 30 Mb
Sensitivity' >99.5 % >98 %, with stringent 98.6 % of CTR® >99.5 % of CTR®
design constraints
Specificity? 93 % for HapMap >98 % Up to 70 % mapping to Up to 80 % mapping to CTR
DNA samples, 72% CTR for exons; higher for for exons; higher for contiguous
for whole genome- contiguous regions regions
amplified samples
Uniformity3 80 % of bases 58 % of CTR within tenfold 60 % of CTR within 0.5-1.5- 61 % of CTR within 0.5-1.5-fold
within twofold coverage range; 88 % fold of mean coverage of mean coverage (mapping
range of median within 100-fold coverage  (mapping quality 30)® quality 30)°
range
Reproducibility* Up to 100 % Up to 92 % >95 % >96 %

T Sensitivity: the percentage of the target bases that are represented by one or more sequence reads; 2 Specificity: the percentage of sequences that map to
the intended targets; > Uniformity: the variability in sequence coverage across target regions; * Reproducibility: how closely the results obtained from replicate
experiments correlate; > CTR, capture target region; ® Mapping qualities were calculated with MAQ mapping software (http://mag.sourceforge.net). They indicate
the probability that the mapping location is correct. A score of 30 or greater indicates that the quality of a read was good, and that it mapped unambiguously to

that location with few mismatches.

HCIIOJIb30BaJIOCh 00OTANIEHNE U CEKBEHUPOBAHNUE T€HOB
ycroitunBocti NB-LRR, HanpaBieHHoe Ha oOHapykeHHe U
aHHOTUpOBaHKE HOBBIX TeHoB (Jupe et al., 2013; Andolfo et
al., 2014).

[IpenMy1IecTBO ENEBOr0 CEKBEHUPOBAHMUS 3aKIII0YACTCS
B BO3MOJKHOCTH OIPEENCHHsI MOCIeI0BATEIbHOCTH B KOH-
KpeTHOM 00J1acTH C TOpa3no 0oJee BEICOKIM YPOBHEM ITOKPbI-
THSI TIO CPAaBHEHMIO C ITOJHOTCHOMHBIM CEKBEHHUPOBAHHUEM
M cekBeHupoBaHueM 1o Canrepy. [loqHOreHOMHOE cexBe-
HUpPOBaHNE 00BIYHO AaeT MOKpeITHE X30—75 pa3, B TO BpeMs
Kak [1€JIeBO€ MO3BOJIIET CEKBEHHPOBATH C NOKPbITHEM %5000
win Bbile. llereBoe cekBeHUpPOBaHUE — ATO OBICTPBIH U
SKOHOMHYHBIA CcrIoco0 0OHApYKEHHs M3BECTHBIX M HOBBIX
BAapHaHTOB B BBIOPAHHBIX HaOOpax reHOB MM T€HOMHBIX
o0nacTsx.

JK30MHoOe CeKBeHnpoBaHmne

DK30MHOE CEKBCHHPOBAHUE — 3TO METOJ CCKBCHHPOBAHUS
TOJIbKO OEJOK-KOAMPYIOMIUX YYaCTKOB I€HOB C MOMOIILIO
OIHOW W3 TuIaThopM cienyromero nokoineHus — [llumina,

SOLID, IonTorrent, PacBio (cm. Ilpunoxenne 2). Dx30M
coctaBisieT 1-2 % reHoMa B 3aBUCHMOCTH OT BHJa B MOXKET
OBITh PACIIUPEH 10 IEJEBBIX (PYHKIIMOHAIBHBIX HEKOIUPY-
TOIIHX 3JIeMEHTOB (Hampumep, MukpoPHK, nimHHON HeKomu-
pytomeit PHK u 1p.) u onpenieneHHbIX JTOKYCOB-KaHANIATOB
(Warr et al., 2015). CekBeHHpOBaHHE dK30Ma BKIIOYACT B
cebs nIeHTH(DUKAITIIO TeHOB (ISR IK30M, OTIpEIeIeHHBIN
KJIacC TEHOB), TU3aifH MpaiiMEpoB FIIU YHIA JJIs 00OTraIie-
HYsI 00pa31oB U CEKBEHUPOBAHUE TTOJIyYSHHON OMOIHOTEKH.
DK30MHOE CEKBEHHPOBAHHE MTO3BOIISIET CEKBEHUPOBAThH HEIK-
CIIPECCUPYIOIINECS aJUICIN U TeHBI, KOTOPBIC HE MOTYT OBITh
Haiensl ¢ nomotisio PHK-seq. OnHako moaxo/si 9K30MHOTO
CEeKBEHHPOBAHNS OCHOBAHBI HA CYIIECTBOBAHWU BBICOKOKA-
YECTBEHHBIX pe(h)ePECHCHBIX TCHOMHBIX ITOCIICOBATEIIEHOCTEH
¢ TOUHOU aHHOTaruen. HekauecTBeHHast aHHOTAIUsI TEHOMOB
MOXXET TIPUBECTH K MTOTEPE JaHHBIX.

DK30MHOE CEKBCHUPOBAHUC OOBIYHO MPUMCHSICTCS IS
UICHTU(PHUKAIMK MyTaluil B OCIOK-KOIUPYIOIIHUX TeHaX
(Schneeberger, 2014). B nenaBuem nccrenoBarnu (Henry et
al., 2014) mis BRIABICHUS MyTAaIlUi B MOMYJSAIHISIX MyTaHTOB
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puca (O. sativa) n muenuust (7. aestivum) ObUIO HCIIONb-
30BaHO CEKBEHHMpPOBaHHE 3k30Ma (42100 m 107 10° mw. m.
COOTBETCTBEHHO). DTOT MeTO/1 oOecrednst oOHapyKeHHE My-
TaIMH, T03BOJIMII OBICTPO U HEJOPOTO CO31aTh 0a3y NaHHBIX
nonnmopdmusmoB. ObHapyxkerne SNP u SNV ¢ momorsio
YIIOMSIHYTOT'O MeTO/1a OBIIO MPOBEJECHO U B APYToi padorTe,
nocBsieHHo# npocy P. virgatum (Evans et al., 2014), rue
BBISIBIIEHO B 00111ei croxxaocTr 1395501 SNP u 8173 mpen-
nosaraeMbix SNV. B aHanornuHoM sKCriepuMeHTe Ha rekca-
TUIOUHOM mineHune obut pazpadoran 10251 SNP-mapkep ¢
MIPUMEHEHUEM IIEJIEBOTO PECEKBEHUPOBAHUS MIICHUYHOTO
9K30Ma JIsl TIOJTYYEHHUsS! OOJBIIOTO KOJMYECTBA TEHOMHBIX
JAHHBIX 7151 BocbMH copToB. Ilomyuyennsie SNP-mapkepsl
o0ecreyrTi 3HAYMMbI NCTOYHUK MH(POPMAIHH, 0COOEHHO
JUTS CENEKITMOHHBIX uccnenoanuii (Allen et al., 2013). Cek-
BEHHPOBAHUE SK30Ma STYMEHS HCIIOJIb30BAJIOCH JUIS UICHTHU-
¢ukarm mMapkepoB H. vulgare L. w H. bulbosum L. — nu-
KOTO BHJIa, KOTOPBIH 00JanaeT Jydmield yCTOWIMBOCTBIO K
MaToreHaM Io cpaBHeHuIo ¢ jpoMamrHumMu Bugamu (Wendler
et al., 2014). Takum oOpa3om, 3K30MHOE CEKBEHHPOBAHNE
MOXKET IPUMEHSATHCS JUIsl U3yUeHUS] TeHOMHBIX Bapualni y
MOJIMIUIOUHBIX BUJOB C OOJIBIINMH, MOBTOPSIIOUIMMUCS H
TeTEePO3UTOTHBIMH T€HOMAMHU.

DK30MHOE CEKBEHHPOBAHUE COM ITO3BOJIMIIO OOHAPYKHUTH
JIeJIeIIMY B TeHAX U IPOBECTU FE€HETHYECKOE CKPUHUPOBAHNE
Ha OCHOBE (heHOMa Ha MOJHOTCHOMHOM ypoBHe (Bolon et
al., 2011).

CekBeHMPOBAHUE K30Ma 0KA3aJI0Ch BYKHBIM HHCTPYMEH-
TOM JIJIsl OLICHKU €CTECTBEHHOM 3BOJIIOLUM PACTEHUH, U3Y-
YEeHUS! B3aUMOJICHCTBUS MAaTOTCHOB XO3SMHA WM YIy4IICHUS
MIPOM3BOJICTBA CEIILCKOXO3SIMCTBEHHBIX KYJBTYD, MOCKOJIBKY
9K30HBI TIOMOTAI0T HHTEPIIPETUPOBATH AJJIEIbHbIE BapHALUT
TCHOB U WX BIHMSIHUE Ha (peHoTHIT. MeToa MOXKHO HCIIONB30-
Barh JUIsl pa3paboTku crpareruii OOpbOBI C ITATOreHOM, YTO
OBUIO peann3oBaHO A MICHTU(UKAIUK T'€HOB, Y4acTBY-
IOMINX B PaCTUTEILHO-TPUOHBIX B3aumosercTeusax (O’Brien
etal., 2011; Venu et al., 2011).

Kpome Toro, CeKkBeHHMpOBaHNE 3K30Ma MOXKET OBITH HC-
TOJIB30BAHO JJIsl BOCCTAHOBIICHHUS TAKCOHOMHYECKHX CBSI3CH 1
WJICHTU(UKALIMY TeHOB, yYaCTBYIOIIMX B 9BOJIIOLIMHU CEIIbCKO-
XO3STCTBEHHBIX KybTYp. Tak, B 2016 T. ObIIIH CEeKBEHUPOBAHBI
9K30MBI 267 COPTOB SIUMEHSI C LIEIbI0 U3YyUCHHs] U3MEHEHHUN
I€HOB /IaNlTallMM PACTEHHs K Pa3HbIM reorpaguueckuM yc-
nosusiM (Russell et al., 2016).

3aknioyeHune
B nocnenaue roas! 6bUH CEKBEHUPOBAHBI MHOTHE M3 OCHOB-
HBIX KYJIBTYPHBIX PACTEHHH, XOTSI ¥ C Pa3HBIM Ka4eCTBOM U
MMOJIHOTOM MMpOYTCHUA. DTU TeHOMHEIC IIOCJICA0OBATCIIBHOCTHU
obecrnieunBaroT OECTIpeIeICHTHRIA pPecypc, KOTOPBIH MOXKET
OBITh HCIONIB30BAH PA3IMYHBIMU crioco0amu. OJJHO U3 OCHOB-
HbIX HaHpaBHeHl/Iﬁ MMPUMEHCHUA CCKBCHUPOBAHHBIX TCHOMOB
KyJIbTYPHBIX PACTEHUH 3aKJII0YAETCS B HACHIIIEHUH BCEX
YYacTKOB F'eHOMa MOJICKYJISIPHBIMH MapKepaMH C ITOCIIeTy 0-
UM HX BOBJICHCHHUEM B KapTHUPOBAHUEC, I/I}IeHTI/I(bI/IKaLII/IIO u
aHAJIM3 TCHOB-KaH/IU/1aTOB, OTIPEACIISIONINX arPOHOMUUECKH
Ba)KHBIC TIPU3HAKH, B POBEJICHNE paboT MO0 MapKep-OpHeH-
TUPOBAHHON U FEHOMHOMU CEIEKLUU.

CekBeHMpOBAaHHUE TIOCIIEIOBATENBHOCTH TEHOMA, 1aXe Ha
TEKYIINX YPOBHSX TOKPBITHS, CIOCOOCTBOBAIIO CYIIIECTBECH-
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lMporpecc B ceKBEHNPOBAHUVI FTEHOMOB PACTEHNN —
HanpaB/eHVs NCCNIeA0BaHNI

HOMY yBEJIMYEHHIO paOOT, HaIPaBJICHHBIX Ha HCHTU(HKALIUIO
TEHOB-KaH/M/AaTOB, y4aCTBYIOIINX B (POPMUPOBAHUN MOP(HO-
JIOTHYECKUX M XO3SIMCTBEHHO IIEHHBIX MIPU3HAKOB PAaCTCHUH;
3HAYUTENILHO PACIIUPUIIO YT MapKepOB, BOBJICYCHHBIX B
TEHOMHYIO M MapKep-OpUEHTHPOBAHHYIO ceneknnto. [Toaxompt
IO IIEJIEBOMY W 9K30MHOMY CEKBEHHPOBAHHUIO CYIIECTBEHHO
paciiupuii BOBMOKHOCTHU I/I}IGHTI/I(I)I/IKaIJ,I/II/I T'CHOB, OLICHKH X
nonauMop(hu3Ma 1 BKIIaga B popMupoBanue penotumna. Tpya-
HOCTH, C KOTOPBIMH CTOJIKHYJIFCB HCCIICIOBATEIIH TIPH COOpKE
0OJIBIINX T€HOMOB paCTeHHﬁ, MOJIUIIJIOUIHBIX TCHOMOB,
paiioHOB ¢ BBICOKHM conepkanneM GC 1 TOMOIIONMMEpOB,
palioOHOB, HACHIIIECHHBIX TPAHCIIO3UIIMOHHBIMHU JJIEMEHTaMHU
u apyrumu ¢paxnusimu nosropsitorueiicss JJHK, ycnenno
MIPEOI0JIEBATNCEH OJaromapsi akTHBHOMY Pa3BUTHIO OMO-
MH()OPMAIIMOHHBIX MTOJX0/I0B M METOJI0B CEKBEHHPOBAHNSI.
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ITpocToii 1 3pPEeKTUBHBIN METO, SKCTPAKIIUN ITOJISIPHBIX
MeTaboJINTOB 13 JINCTbeB ryapa (Cyamopsis tetragonoloba (L.) Taub.)
niss GC-MS MeTab0/JIOMHOIO aHajIn3a
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Tyap Cyamopsis tetragonoloba (L.) Taub. — HoBaA ana Poccmmn cenbcKoxo3anCcTBEHHAA KynbTypa, BOCTpeboBaHHas B raso-,
HedTefo6bIBaIOLLEN 1 MULLEBOV MPOMbBILLIEHHOCTW. B CBA3YM C pa3BUTHEM KOMUKCHBIX» TEXHOMOT NI 1 ANA BbiSBAEHNA LiEH-
HbIX 419 CENeKLMN reHOB NPefCTaBAAET MHTEPEC CPaBHUTENIbHOE M3yUYeHMEe Pa3fIMYHbIX COPTOB U IMHWI F'yapa C MOMOLLbI0
MeTaboNOMUKM 1 GYHKLMOHANIbHON reHOMMKM. [11A MacCoBOro CKPUHMHIA MeTabonoMHbIX Npoduneit 06pa3sLoB ryapa 13
Konnekumm Bcepoccnmnckoro MHCTUTYTa reHeTUYeCKX pecypcoB pacteHmi um. H.W. BaBunoBa ¢ ncnonb3osaHnem GC-MS
(Gas Chromatography-Mass Spectrometry) MeTabonOMHOro aHanu3a Ha NepBbIX 3Tanax BaXxHO NogobpaTtb Hanbonee on-
TUMasbHbIN METOA SKCTPAKLMU MeTabonnToB 13 aHanM3npyembix 06pasLoB. Pe3ynibTaTom MeTaboNIOMHOMO aHanu3a valle
BCEro ABNAETCA CTaTUCTMYECKasa MOAESb Pa3fiMumnii B KOPPENALMOHHON CTPYKTYpe MeTaboNNTHOW CETU M3yyaeMblX OObekK-
ToB. HapgexxHoe KBaHTMpOBaHVe MeTaboNUTHBIX NPobUNen KPUTUYHO ANA pasfnyeHns COPTOB OAHOW KYNbTypbl, TaK Kak
npodunn MeTaboNNToB B TKAHAX NCTA Y PACTEHU OLHOTO BUAA, KYSIbTUBUPYEMbIX B PaBHbIX YC/IOBUAX, MPaKTUUECKUN He
OT/IMYAlOTCA MO Habopy MeTaboNNTOB. B MeTabonoMHOI NpaKTKe Npu NoarotoBke obpasyos K GC-MS-aHanusy pacnpo-
CTpaHeHo ABa crnocoba SKCTPaKLUM NONAPHbIX coefuHeHnin. OfUH 13 LWMPOKO UCTOJb3yeMbIX METOLOB NPOGOMNOAroToB-
K OCHOBAH Ha ANNTENbHOW SKCTPAKLMN METaboNNTOB U3 LieNIbHbIX HE3aMOPOXKEHHbIX TKaHel C MOMOLLbIO PacTBOPUTENSA
MeTaHoNa, a APYron — Ha KPaTKOCPOYHOI MEeTaHOSIbHOM SKCTPaKLM MeTabonMToB 13 3aMOPOXKEHHOTO 1 NMOABEPrHYTOro
romoreHv3aumm matepuana. MpeumylecTsa U HeJOCTaTKM STUX ABYX METOAOB NOGYAUNUN Hac K pa3paboTke HOBOro Noj-
X0[a, NO3BONALEro U3bexaTtb 3aTPyAHEHWI NPY aHanM3e MeTabonoMHbIX Mpodunel IMCTbEB Pa3fINYHbIX COPTOB ryapa.
MpennoXeHHbIi HaMU MeTof OObeANHAET MPEVMYLLECTBA ABYX BblILLE YKa3aHHbIX CMOCO60B NPO60NOAroTOBKM, @ IMEHHO:
WCKIIOYaeT notepto MeTaboNnTOB Ha 3Tane LeHTPUYrMpoBaH/A U CNOCOOCTBYET MOMHON AECTPYKUMMN BCEX KNETOUHbIX
CTEHOK, 06ecrneyriBasa MakCMMarnbHbI YPOBEHb SKCTPAKLMMN MONSPHbIX MeTabonnmToB. MeTog COCTOUT B TOM, YTO NINCT Obl-
CTPO 3aMOpPaX}MBAETCA B XKUAKOM a30Te C Moc/ieAyoLwM pa3MopakMBaHNeM B XONOAHOM MeTaHose. [1pn 5ToM TKaHW nncTa
COXpaHAT MOPONTOTMUYECKYIO LIeNOCTHOCTb, 1 nocneaytoliee LeHTpudyrnposaHme, Heo6XoANMOe NMPU roMOreHn3aLuy,
ncknoyaetca. Hamum 6bina nokasaHa agpdeKTVBHOCTb MCMOJIb30BaHMA 3TOMO YCOBEPLLEHCTBOBAaHHOIO MeTofa Ha obpasuax
NUCTbEB TPEX JIMHWI ryapa. YCTaHOBMIEHO, YTO KONIMYECTBO SKCTParmpyemMbix MetabonmToB yBenuumnsaetca 6onee yem B
NATb pa3 No CPaBHEHWIO C METAHOJIbHOW SKCTPaKLUMEN 13 CBeXero nmucta 6e3 3amopaxmBaHua 1 6onee uem B Ba pasa B
CpaBHEHWM C SKCTPAKLMEN METAaHOIOM MOCSIE 3aMOpPaKMBaHKA 1 FOMOreHMn3aLmm. SKCTpakLna MeTabonnmTos HOBbIM MeTO-
nom no3sonseT nposoanTb GC-MS-aHanm3 06pasLoB ryapa ¢ HaMMEHbLUMMM NMOTEPAMU U BbICOKOW TOYHOCTbIO, HEObX0aU-
MOV MPW BbIABNEHNM COPTOBbIX Pa3NUNIA.

KnioueBble cnosa: Cyamopsis tetragonoloba (L.) Taub.; ryap; rasoBas xpomMatorpadusi; Macc-CnekTpoMeTpus; MeTabonomm-
Ka; IKCTpaKLma MeTabonmnTos.
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METOA IKCTPAKLMM NONAPHbIX MeTabonnToB 13 nucTbeB ryapa (Cyamopsis tetragonoloba (L.) Taub.) pna GC-MS meTabonom-
HOro aHanu3a. BaBMnoBCKUIA XypHan reHeTrKm 1 cenekuun. 2019;23(1):49-54. DOI 10.18699/VJ19.460

A simple and efficient method to extract polar metabolites
from guar leaves (Cyamopsis tetragonoloba (L.) Taub.)
for GC-MS metabolome analysis
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Guar (Cyamopsis tetragonoloba (L.) Taub.) is an agricultural crop species new to Russia and is in demand by the gas, oil and

food industries. Due to the progress of “omics” technologies and the marker-assisted selection, there is a huge interest in
the studies that compare the metabolites of various guar varieties, employing metabolomics as a method of functional ge-

© Tennskosa C.b., Waeapga AJl., Wenenra T.B., A3to06eHko E.A., MoTokuHa E.K.,, 2019
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E.A. Dzyubenko, E.K. Potokina

A simple and efficient method to extract polar
metabolites from guar leaves for GC-MS analysis

nomics. For a large-scale screening of guar germplasm from the VIR collection, it is important to choose an efficient method
to extract metabolites from samples. The accuracy of the assessment of the content of metabolites in samples is crucial for
distinguishing varieties within the crop, since the metabolome profiles of plants within the same species differ mainly in
the quantitative ratio of metabolites, and not in their qualitative composition. In metabolome practice, two methods of
extracting polar compounds are usually employed in the preparation of samples for GC-MS analysis. One of the widely used
methods of sample preparation is the long-term extraction of metabolites from whole tissues with the aid of a methanol
solvent. Another method of sample preparation is based on the short-term methanol extraction of metabolites from frozen
and homogenized material. The advantages and disadvantages of these two methods revealed in the course of our work
have prompted us to develop a new approach that avoids some difficulties in analyzing the metabolic profiles of leaves of
various guar varieties. The method we suggested combines the advantages of the two above-mentioned approaches of
sample preparation, namely eliminates the loss of metabolites due to centrifugation and ensures the complete destruction
of all cell walls, ensuring the maximum extraction level of polar metabolites. The essence of the new method is that the
leaf is rapidly frozen in liquid nitrogen with subsequent thawing in cold methanol. Thus, leaf tissues retain morphological
integrity, and subsequent centrifugation, necessary for homogenization, is skipped. We have checked the effectiveness of
this improved method by experiments with leaf samples of three guar genotypes. It has been shown that the amount of
extracted metabolites increases more than 5-fold compared to extraction with methanol from fresh unfrozen leaf tissues
and more than 2-fold compared to extraction with methanol after freezing and homogenization. Extraction of metabolites
using the new method allows the GC-MS analysis of guar samples to be conducted with the least loss and high accuracy
required to distinguish varieties.

Key words: Cyamopsis tetragonoloba (L.) Taub; guar; gas chromatography; mass spectrometry; metabolomics; metabolite
extraction.
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BBepeHune

MeTa00I0MHBIH MOAXO0] TTO3BOJISIET TTOJTYYUTh HH()OPMAIHIO
0 (HU3HOTIOTMYECKOM COCTOSTHUHU HCCeayeMoro oobekTa. Pac-
THUTEIbHBIIl OPraHU3M CHHTE3UPYeT OOJIBIIOE KOIUYECTBO Be-
IIECTB, HEOOXOUMBIX JUISl TTO//ICPXKaHUS )KU3HE IS TeIIbHO-
ctu. Onucano He meHee 200000 BeriecTB, OTHOCSIIUXCS
K HU3KOMOJICKYJISIDHBIM METa0OJHTaM U HE SBIISIOIIMXCS
npupoausiMu monuMepamu (Hall et al., 2002; Wishart, 2011).
C npyroii CTOpOHBI, TI0 Pa3HBIM OLIEHKaM, pa3Ho00pasue Mo-
JIEKYJ B OJJHOM KOHKPETHOM OPraHU3Me CYIIECTBEHHO HUKE
n He npesbimaer 10000 pazmmunsix crpykryp (Fiehn, 2001;
Wishart, 2011). K coxanenuto, HuKakasi pa3paboTaHHas J10
HACTOSIIETO BpEMEHN aHATUTHYECKAs TCXHUKA HE IT03BOJISCT
MOJTHOCTBIO NMPOAHAIM3UPOBATh TAKYIO CIOXKHYIO CHCTEMY
MEeTabOJIMTOB, COCTOSIIIYIO U3 COSAMHEHUH, 00JIaIar0IINX CO-
BEPIICHHO PAa3INYHON MPUPONOH M (PU3UKO-XUMUIECKIMU
CBOMCTBaMH.

Onun n3 Hanbonee BOCTPEOOBAHHBIX CIIOCOOOB aHAJIN3a
KOJINYECTBEHHOI'0 ¥ KaueCTBEHHOIO COCTaBOB METabOIUTOB
B HICCIIETyeMOM 00BEKTE — HellelieBoi (non-targeted) ananus
TNICPBUYHBIX MeTa6OJ'II/ITOB, OCyH_IeCTBJ'IﬂeMI:Jﬁ C IPUMECHCHUEM
ra30BO-XHAKOCTHOW xpomarorpaduu (GC), compspkeHHON
¢ macc-criekrpomerpueit (MC) (Fiehn et al., 2000; Lisec et
al., 2006; Kanani, Klapa, 2007; Alonso et al., 2015). Hadop
COCTUHECHNN, MACHTUPHUIIPYEMBIX C TIOMOIIBIO JTH000H U3
UCTIOJIb3YEMBIX aHAIUTUYCCKUX TUIATPOPM, ONpEesieTCs
TJIaBHBIM O6p330M BO3MOXHOCTAMHU IPUMEHACMOT'0 METO1A.
B gactHocth, cuctema GC-MS orpanudeHa TOJIBKO COeTUHE-
HUSMH, 00J1a1aI0IIMMH JIOCTAaTOYHOH JIETy4ecTbi0. bonmbmH-
CTBO 3TUX COCAMHEHHUI MMEIOT HeOOJBIION MONEKYIIPHBINA
BEC U OTHOCSTCS K IIEPBUYHBIM METa0OJUTaM.

MeTabo0MHBIE TaHHBIE MOTYT OBITH COTIPSIKEHBI C ITOCT-
renomHubiM aHanu3oM (Fiehn et al., 2000; Fichn, 2002). Tak,
COBEPLICHCTBOBAaHUE METOJIOB U IIPOTOKOJIOB METa00JIOMHOT'O
aHaJIM3a MO3BOJISIET BCe ¢ OOJbIICH TOYHOCTBIO YIIABIUBATh
MexBHI0BbIC pasimuyust (Bundy et al., 2002; Shinbo et al.,

20006; Farag et al., 2014; JlockyTtoB u np., 2016) win oT/IH-
YaTh OpPraHU3Mbl, IMEIOIINe TeHeTHYeCKUEe MOTU(UKALINH, OT
oprann3MoB «aukoro tuma» (Roessner et al., 2001; Catchpole
et al., 2005).

B nocnenaee Bpems NOsIBUIACH TIEPCIIEKTHBA Pa3InyaTh
10 MeTa0OJIOMHBIM MPOQHISIM COPTa CENbCKOXO3SHCTBEH-
HBIX KynbTyp (CMonukoBa u ap., 2015). OnucaHsl HOMBITKU
cpaBHEeHHs copToB parca (CMoimkoBa  1ip., 2015), KyKypy3sl
(Rohlig et al., 2009) Ha ocHOBe pa3nUUUi B KOHIIEHTPAUH
caxapoB M caxapOCIHUPTOB, aMUHOKHUCIIOT, )KUPHBIX KUCIIOT.
KiroueByro poib B TakHX HCCIEJOBAHHUIX UTPAaeT BHIOOD
METOAMKH DKCTPAKIHH METa0OIUTOB H MPOOOIOATOTOBKH
(Lisec et al., 2006; Kanani et al., 2008). B 3aBucumoctu ot
1eseil MeTaboIOMHOTO aHaIM3a IPUMEHSIOT Pa3InYHbIe 110
MOJISIPHOCTH BTl PACTBOPUTEIICH — METaHOIT, METaHOJ/BOJIA,
METaHOJI/XJI0po(OpM/BOJIa — B Pa3HBIX COOTHOIIEHUX (Mar-
tineau et al., 2011; Puzanskiy et al., 2018). HeneireBoit ananms
NPOQUIIS OTAPHBIX COSTMHEHHUHN TPOBOMSAT NPEUMYICCTBEH-
Ho Ha ocHoBe MetanoJa (Fiehn et al., 2000; Lisec et al., 2006;
Kanani Klapa, 2007).

Cy1ecTByeT HECKOIIBKO CIIOCOO0B METAHOIBHOM SKCTPaK-
LMM: U3 TOMOIeHaTa TKaHel oOpaslia U U3 LEeJbHOTO JICTA.
OpmHUM U3 CaMBIX PacIpOCTPAHEHHBIX CIIOCOOOB MPOOOTIOA-
TOTOBKH SIBJISICTCS] TOMOTCHHU3ALHS 3aMOPOKEHHOMH B XKUIKOM
a30Te TKaHU C DKCTPAKIMEH NPU BBICOKUX TeMIeparypax H
nocneaytomuM neHTpudyruposannem (Fiehn et al., 2000;
Fiehn, 2002; Lisec et al., 2006). I1pu 3ToM Hanuaue Tepmude-
CKOif 00pabOTKH MO3BOJISIET TOOUTHCS MAKCUMAIBHO BEICOKHX
pesynbraros (Lisec et al., 2006), a roMmoreHH3ans rapaHTH-
pyeT pa3pyLieHHe KJICTOYHBIX CTEHOK M, COOTBETCTBEHHO,
HKCTPAKIUIO METaDOJIMTOB M3 BCEX Pa3pyLICHHBIX KIIETOK.
Hapsiny ¢ 5THM MIMPOKO HCIIONB3YeTCss METOX MPOOOIIOATro-
TOBKH, HCKJTFOYAOIINI arpeccHBHbIe Bo3aeiicTus (Maharjan,
Ferenci, 2003). DToT MeTOA 3aKIIOYaETCs B METAHOJIbHOM
HKCTPAKIIMHN BELIECTB U3 LEJIBHOTO JIUCTA 03 TOMOTeHU3aUH
Marepuala U TepMHYECKOi 00paboTKH, a TakKe 0e3 CTaauu
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LHEHTPUPYTUPOBAHUSI, HA KOTOPOU HEM30EKHA MTOTEPs YacTh
BeIrIecTB. MUHUMU3AIHS (PU3UKO-XHMUYIECKIX BO3IEHCTBUN
Ha aHaJM3UpyeMble 00pa3Ibl HA CTAJANHU MTPOOOIIOATOTOBKH
MO3BOJISIET MOJIYYHTh HAaMMEHEe HCKKEHHY0 HH(OpMaIIo
00 HCXOIHOI PEACTAaBICHHOCTH METaOOIUTOB B HETTOBPEK-
neHHbIx TKansax (Kanani et al., 2007).

Bri0op criocoba akcTpakiuym MeTaboIMTOB 3aBUCHT OT 1ie-
JIell MccileIoBaHus, a TAKKe OT OMOIOTHYECKOTO MaTepHaa.
[Ipenmer Harrero uccieOBaHuUs — cOpTa ryapa, st U3y4eHUs
KOTOPBIX JIO HACTOSIIIEr0 BPEMEHH HE MCII0JIb30BAJICS MeTa-
OonoMHBII moxxox. B nuTeparype oTCyTCTBYIOT JaHHBIE O
HanOosee pe3yabTaTUBHOM METO/IE TIPOOOTIOITOTOBKU 3TOTO
pactenust st GC-MS-ananusa.

Ha HaganpHBIX 3Tamax MeTaboJIOMHOTO aHai3a TpedyeTcs
no100p Hanbosee 3(PeKTUBHOTO METO/IA SKCTPAKIINI METa-
0OJIUTOB JJ1s1 3TOU KYJIBTYphl. TakuM 00pa3oM, 1ejib HaCTOsI-
IIIeTO MCCIIeIOBaHMUS 3aKIIIoYaiach B Iogdope MeToaa Goiee
TIOJTHOM AKCTPAKIIK METa0OIMTOB JUIsl XpoMaTorpaduaeckoro
aHaJM3a, CONPSHKEHHOTO C MacC-CIIEKTPOMETPUEH, U3 JINCTHEB
pacTeHuii ryapa.

MaTtepwuanbl n metogbl
HccnenoBanne MpoBeeHO Ha TPEX JTMHUSX Tyapa (THur Ne 1,
21 3), OTHOCSIIMXCSI K TPEM pa3iiuaHbIM oOpasuam (K-52572,
K-52569, K-52580) u3 xomnekunu Beepoccuiickoro MHCTH-
TyTa FeHETUYECKUX pecypcoB pacteHuil um. H.M. BaBuiosa
(BUP). Kaxxnast miHMS IpeCcTaBIsiia COO0H MOTOMCTBO OHO-
r'0 pacTeHHUsI, PEIPOIYIIUPOBAaHHOTO Ha KyOaHCKO OMBITHON
craanuu BUP B 2017 1. Pactenus mist SkCiepuMeHTa BeIpa-
IIMBAJIUCH B TPYHTE B YCIOBHAX TEIUUIBI Ha [lymkuHckoM
¢unmane BUP B 2018 1. Bo Bpemst skcriepMeHTa pacTeHus!
HE TIO/IBePraJIiCh arpoduosornaecknM odpadorkam. [lonms
MIPOM3BOJIMIICS €KETHEBHO BpyUHY0. [l aHanm3a y Bcex
pacTeHuil eqMHOBPEMEHHO ObLIT 0TOOpaH BEpXHHUI MOJIOION
JUCT (BTOpOH HacTosImIui MCT). BeicoTa pacTeHmii cocTaB-
nsima okos10 10 cM, pacTeHus! HaXOMIINCh Ha PaBHOW CTanu
pas3sBUTHSA.

OKCTPaKINI0 METaOOIMTOB MMPOBOIIIN TPEMS CITOCOOaMHU
(A, B, O):

A B C
JIunus 1 20.9* 36.1 22.5
Jlunus 2 26.1 30.4 22.7
Jlunwus 3 323 24.3 32.6

* Macca JIMCTa, ML

Cnocob sxcmpaxyuu A. JINCT nomernany B HeHTpHYKHbIE
npobupku (Eppendorf, I'epmanus) oobemom 2 mi. Pukca-
IO Marepuana U MOCIEAYIONIYI0 SKCTPAKIUIO MeTabonu-
TOB nipousBoauau B 1.5 mia xonognoro 100 % meranona B
TeueHue | cyt npu remneparype +4 °C, nepemMenInBaHme Ha
BOpTekce (meiikepe) He MPOBOAMIOCE. [loydeHHBIH 3KC-
TPAKT MEPESHOCHIIN B YHCThIE TPOOMPKH 00beMOM 1.5 M 1
BBINIAPUBAJIN B LIEHTPH(]YKHOM BakyyMHOM rcnapurene Lab-
conco (CIIIA).

Cnocob sxkcmpaxyuu B. JIuct u 1Ba CTEKISTHHBIX IIapUKa
MOMeEIIANH B IIeHTpHU (DY KHBIE TPOOUPKH 00beMoM 2 Mit. Duk-
CalMIO MaTepHasa IIPOBOJIIN, TIOMEIIast IPOOUPKY B XKUAKUH
a30T. [oMOreHn3npoBali C MOMOIIBIO IAPOBOM BHOpaIH-
oHHoW MmenpHHIBI Retsch MM 400 B TeyeHne 2 MUH mpH
30 xonebanusx/c (30 I'r). DxeTpakunio MeTabOIUTOB IPOU3-
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MpocToit 1 3PpEKTUBHbIN METOL, IKCTPAKLMN MONAPHbIX
MeTabonmToB 13 nucTbeB ryapa ansa GC-MS aHanu3sa

Boamiu B 1.5 Mt xomognoro 100 % metanona B TedeHue 1 u
npu Temmneparype +4 °C, mepronndecku (OuH pa3 B 15 MuH)
nepemenuBas Ha Boprekce Multi-Vortex V-32 10 paBHo-
MEpHOTI'0 paclpe/ielieHnsi TOMOTeHM3UPOBAHHOTO Marepuaa
B pactBopurene. [loaydeHHbI SKCTPaKT NMepeMEInBaiu ¢
MOMOIIBIO BopTekca 1 neHTpudyruposamm (12000 g 5 mun
npu +4 °C). CynepHarant oTOMpasiu B IpoOUpKH 00beMOM
1.5 M1 u BeImapuBaau B LEHTPU(YKHOM BaKyyMHOM HCTIa-
purenie Labconco.

Cnocob sxemparxyuu C. JTuct nmomemanu B HeHTpUDYKHbIE
npoOupkn 00beMoM 2 mit. Dukcanuio MaTepuaa IMpOBOIFIIH,
roMeniast MPOOUPKH B KHUIKUH a30T. DKCTPAKINIO METa0o-
JuTOB npousBoawin B 1.5 mi xononnoro 100 % meraHona
B TeueHne | 4 mpu tremneparype +4 °C, nmepeMermnBaHue Ha
BOpTeKce (1eikepe) He TpoBOIMIOCK. [ToydeHHBIi SKCTpaKT
MEPEHOCHIN B IPOOUPKH 00beMOM 1.5 MII U BBITIApUBAIIH B
HEeHTPUQYKHOM BaKyyMHOM ucmapureie Labconco.

Janee mo equHOM cxeMe, BHE 3aBHCHMOCTH OT BBIOOpA
METO/Ia SKCTPAKILIMH, K BBINAPEHHOMY CyXOMY OCTaTKy I0-
6asmsmm 50 mxsr BSTFA (N,O-Bis (trimethylsilyl)trifluoro-
acetamide, Sigma), 50 mxn nupuanHa (Pyridine) u 20 Mk
BHYTpEHHETO cTaH/apra. B kadecTBe BHyTpEeHHET0 cTaHaapTa
ncnonb3oBany Tpuko3aH (Tricosane, Sigma), paCTBOPEHHBIN
B iupuauHe (1 MKr/MKi).

Xpomarorpaduyeckuil aHaau3 ObUT MPOU3BEIECH Ha ra30-
*kunkoctHoM xpomarorpade Agilent (CIHA) 6850 ¢ macc-
CEeJIeKTUBHBIM JeTekTopoM 5975B. Pa3nenenue ananura npo-
M3BOAWIOCH HA KAlIMJUISIPHOM KOJIOHKE YMEPEHHOM IOJIsIp-
HoctH Agilent DB-5HT (5 % ¢enunmernncunokcan, 1inuHa
30 M, BHyTpeHHHH auameTp 250 MKM, TOJNIIUHA MICHKU
0.25 MxM). AHaIU3 TPOBOJIUIICS B YCIOBUSIX IIPOrPaMMHUPO-
BaHUs Temmeparypsl Tepmoctata 70-320 °C mpu ckopocTi
HarpeBaHus 6° B MUH; ra3-HOCUTEIb — TCJIUA B PeKUME TI0-
CTOSIHHOW ckopocTH notoka (1 mu/mun). Mcnonb3oBaHHas
WHKEKIUs 0e3 JIeTIeHUs TI0TOKa, TeMIIepaTypa HCIapUTeNs
250 °C. CxopocTb CKaHUPOBaHUS MacC-CEIEKTHUBHOIO Je-
TekTopa 2 ckaHa/c B quarnazone ot 50 1o 800 m/z. Xpomaro-
rpaMMbl PETHCTPUPOBAINCH 110 CUTHAITY MOJHOTO HOHHOTO
TOKa ¢ momoInsio nporpammsl Agilent ChemStation.

Pa3zmMeTKy NMKOB U pacueT OTHOCUTEIbHBIX KOHLIEHTPALUI
COEIMHEHUH B IP0o0Oe MPOU3BOAMIN € HCHOIB30BAHUEM TIPO-
rpammHoro obecniedennss UniChrome 5.0.19.1162 (www.
unichrom.com). MeToamMu MOJIyKOJIMYECTBEHHOTO (semi-
quantitative) aHam3a MPON3BOIMIN PACUET OTHOCHTEIBHBIX
KOHIICHTPAIMH COCJMHECHUH MO OTHOMICHHIO K KOHIICH-
TpaLUK UCIOJIb3YEMOr0 BHYTPEHHETO craHnapra TpukozaH
(1 mxr/Mki). UneHTH(UKAIIIO BEIIECTB MPOBOANIH B TIPO-
rpamme AMDIS 32 (https://chemdata.nist.gov/) ¢ momomso
oubmoreku NIST/EPA/NIH 08 Mass Spectral Library (http://
www.nist.gov/srd). CraTucTuueckyio o0paboTKy Merabo-
JIOMHBIX JIAHHBIX IIPOBOJIMIIN C HCTIOJIB30BAHUEM TTPOTPAMMBI
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) MeTomamu
MHoromepHoi ctatiuctuku (Chong et al., 2018). B wactrHOCTH,
OBUT MCIIOJIB30BAaH JUCKPUMUHAHTHBIN aHAJIN3 MPOCKIUI
Ha nareHTHbIe cTpykTyphl (PLSDA, Partial Least Squares
Regression).

Pesynbtatbl
B momydeHHBIX XpoMaToTpaMMax Ui KaKIoH poOs! OBII0
JeTekTupoBaHo 71 BemecTBo, 41 U3 KOTOPBIX OBLTO UICHTH-
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Fig. 1. Metabolites extracted from guar leaves of genotype 2 (method C). The predominant peaks are marked by gray arrows.

Designation: amu, arbitrary machine units.

0r1
8t
- L
c
2
c 6
o
S L
v
2 4t
=
i I
2.
r I
0
A B C

Extraction method

Fig. 2. Comparison of the mean bulk content of
metabolites in leaves of three guar genotypes
extracted by methods A, B, and C.

¢urmmposano. Ha puc. 1 moka3zana xpo-
MarorpaMma npoQuisi METaboINTOB ¢
0003HaueHUEM [TUKOB, Hauboee mpes-
CTaBJIEHHBIX IO COZIEPKAHHIO COENHE-
HUIl B nAMcTe ryapa nuHuu 2. B uuncne
UICHTU(GUIUPOBAHHBIX COEIMHEHUN
npeo0I1aia aMIHOKHICIIOTHI 1 OpTaHH-
YEeCKHE KHCIOTEHI.

Conocrasiienue pe3ynsraroB nposeaeHHoro GC-MS-aHanu3a nokasalo, uTo,
HE3aBUCUMO OT criocoba skctpakiuu (A, B win C) u npuHaAIe)KHOCTH K OIpe-
JIETICHHON JTMHMH, KaYECTBEHHBIH COCTaB META0OIUTOB OCTABAJICSI HEM3MEHHBIM
(71 coennnenne). OHAKO MO KOJINYECTBEHHOMY COJICPKAHHIO aHAJIUTOB HAOIIO-
JIaJIoch CyIIECTBEHHOE pasiuyue. [1o pesynbrataM MOJyKOJMYECTBEHHOIO aHa-
JM3a, MaKCUMAaIIbHOE CoflepyKaHue OO0IIero Imysa MeTaboNInuTOB OBIIIO JOCTUTHYTO
MIPY UCTIONIB30BaHUU criocoda skeTpakiun C. DPPEeKTHBHOCTh SKCTPAKINH CIIO-
cobom C roBbImanack B JBa pasa 110 CPaBHEHUIO € 3PPEKTUBHOCTBIO SKCTPAKIIUU
ciocobom B, 1 Gornee gem B IATH pa3 B cpaBHEHUH co criocodoMm A (puc. 2). ITpn
9TOM TEHAEHIIMS MAKCUMAJIbHON BBITSIKKH COeMHEHUH criocooom C HabmonaeT-
Ci IIPpH 3KCTPpaKIUuH MeTaGOHHTOB 13 BCEX TPEX UCCICAYCMBIX JIUHUUN ryapa, 4to
roBOpUT 00 3(p(PEeKTUBHOCTH METOAMKHN BHE 3aBHCHMOCTH OT OHMOJIOTHYECKOTO
oOpa3ia.

[pu sxcrpakimu crnocooom C OMHAKOBO XOPOIIO BBIICISFOTCS METa0OIUTHI,
TIPUHAAISKAIINE K Pa3HBIM KilaccaM coequHeHuit (puc. 3). CpaBHeHHE coepika-
HUSI META0OJITOB M3 KJIacca BEIIECTB CaXapH/I0B M CaXapoCIUPTOB (CM. pHC. 3, a)
MOKa3aJI0 HauOOoJIbIlIee COJCPIKAHUE COCANHEHUI TIPH DKCTPAKIIMH METaOOINTOB
criocobom C. DKCTpaKmys aMUHOKHCIIOT TIPH BBIJIEICHUH MeTa00IUTOB criocobom C
MIPOMCXO/INT B CPETHEM B TPH pa3a Ooiiee pe3ylnbTaTuBHO, B OTIINYHNE OT criocoda B
U B CPEJIHEM B JIECSTh pa3, B OWIMYKE OT criocoda A (cM. puc. 3, 6). Y Bcex JIMHUA
ryapa mpu npo0omoaroroBke mo crnocody C HaOmonaeTcst BBICOKOE COAep KaHue
aJlaHWHA, POJIMHA, CEPHHA, ACTIaparMHOBOW KUCIIOTHI, 4yTh MEHBILEE COflepXkKa-
HHE BajJMHA, TPEOHMHA, acraparnHa. Hambosee BbICOKOe colep)KaHUe JaHHBIX
aMHMHOKHCJIOT HaOII0AaeTes y TMHAH 2. MakCcHMalbHOE Cofep kaHue acraparmaa
Habmonanock y muaun 1. ComepkaHne 3THX aMHHOKHUCIIOT B TEX YK€ MTPOTIOPIIHSX,
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Fig. 3. Comparison of the contents of metabolites of different classes (a, sugars and sugar alcohols; b, amino acids; ¢, organic acids). The metabolites

were extracted by methods A, B, and C from leaves of three guar genotypes.

OJTHAKO B MCHBIIMX KOHIIEHTPAIUAX, HAONIOMACTCS U MPH
IKCTPAKIUU METaOOIUTOB criocobom B.

Okcrpaxmys MeTadboauToB crtocoboM C MO3BOISET TOCTHIB
MaKCHMaJIbHO 3((EKTHBHOMN 3KCTPAKIINKA OPTaHNIECKHIX KHC-
JIOT, HapsAIy C caxapuJaMy U aMUHOKHCIIOTaMH (CM. PUC. 3, 8).
IIpu Be1nenennn MeTaboauToB criocoboM C MmpociieknBaeTcs
BBICOKOE COJIepXKaHWE OPraHWYECKUX KHCIIOT: MOJIOYHOM,
SIHTAPHOM, S0JI0YHOM, a TAK)KE TaMMa-aMHUHOMACIIsTHOM. Hawu-
GorbIIee conepKaHne OPraHNIECKUX KUCIIOT MPH IKCTPAKIUH
criocobom C ObUTO OTMEUEHO Yy JIMHUHM 2 (sS10109Hast, TaMMa-
AMUHOMACJISIHAS ), & TAKKE Y JIMHUA 3 (MOJIOYHAS, SHTapHAs ).
Ipu sxcTpakium ciocobom B pakTiyaeckn He HabmomaeTcs
PasINImrii B COZlepyKaHUH MOJIOYHOM, SIHTAPHON OPraHUIECKHX
KHUCJOT y JTUHUNA 2 U 3, OAHAKO 3aMETHO MX OTHOCUTEIBHO
BBICOKOE COJIEpKaHHE TI0 CPABHEHMIO C JTMHUEH 1.

Pesynbrar JUCKpUMHUHAHTHOTO aHAIN3a MPOSKIMH Ha Ja-
TeHTHbIe CTPYKTYphl (PLSDA) nmoka3zan, 4To MeTos 3KCTpak-
IIM CYIIECTBEHHO BIMSET HA PE3Y/IbTaThl AaHAIN3a MTPOPUIIS
MeTa0oINTOB, COAEPKAIIMXCS B INCTHSX JIMHUH ryapa (puc. 4,
kommoneHTa 1, 13.2 % o0bsicHeHHO! nucnepcun). Mexcop-
TOBBIE PA3JINYUS 110 KOHIICHTPAINU META00IUTOB OOBSCHSIOT
10 18.5 % nabmromaemoii nucriepcu (cM. puc. 4, KOMIOHEH-
Ta 2). OAHAKO 3TH Pa3IHUUs IPOSBIISIOTCS TOJIBKO MIPH YCIIO-
BUH HCTIOJIF30BAHMS B TIpOIecce MPoOONOAr0TOBKH criocoba B
w C, HO He crocoba A. PazgennuTs JIMHAM Tyapa npH 3Kc-
TPaKLUK METabOJIUTOB CLIOCOOOM A HE IPE/ICTABIISIETCS BO3-
MO>KHBIM.

O6cyxpeHue

Huzkyio koHIIEHTpannio MeTabOIUTOB, IKCTPATHPOBAHHBIX
CrIoco00M A, MO’KHO OOBSICHUTB OTCYTCTBUEM PAaBHOMEPHOTO
MEXaHUYCCKOT'O BOS}IeﬁCTBHH Ha KJICTOYHBbIC CTCHKHU. O[lHO
JIUIITH XUMITYECKOE BO3AEHCTBHE METaHOIA, TO-BUIUMOMY, HE
MOXKET 00€CIEYHTH TOJIHOIEHHOTO Pa3pyIIeHNUs KIETOYHOTO
«bapbepay ¥ MOJHYIO BBITSHKKY CIIMPTOPACTBOPUMBIX COE/IU-
HEHWHA W3 BCEW MAacChl PacCTUTENFHOU MPOOBI. DKCTpaKIus
MIPOUCXOIUT JIMIIb YACTUYHO U cIy4aifHo. OIMOKY B OIIEHKE
KOJIMYECTBA METa0OJIMTOB, CBSI3aHHBIC C 3TOW CIIy4ailHO-
YaCTHYHON IKCTPAKIHEH, MOTYT OBITh MPEMATCTBUEM TIPU
OLICHKE JIOCTOBEPHBIX pa3INuuii MeTabOIOMHBIX TpodIeit
ryapa. Panee cunranock, 4To MeTO/| SKCTpakuuu B mo3sosser
n30eKaTh TAKOTO «BEPOSATHOCTHOTOY TPOIIecca IKCTParupo-
BaHUS METaOOJINTOB, TAK KK Pa3pylIeHHE KIETOUHBIX CTCHOK
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Fig. 4. The PLSDA plot of the distribution of three guar genotypes based
on different concentrations of 71 detected metabolites extracted by
three methods A (1D), B (2D), and C (3D).

MPOUCXOANT B PABHOMH CTETICHN /T BCero Marepuaia. OgHaKo
9TOT METOJ MMEET €IIe O/INH HEIOCTATOK, CBSI3aHHBIN € BO3-
MOXKHOU TOTEPEi YacTH IKCTParupOBaHHBIX META0OJINTOB B
nporecce NeHTPUGYTUPOBAHUS, YTO TAKKE MOXKET SBIATHCS
MIOMEXOW ISl TOYHOM OIIEHKH KOHIICHTPALUH METa0O0INTOB,
COZIEpIKALIMXCS B JIUCThSIX JIMHUI r'yapa.

o pe3ynbTaram NpoOBEJEHHOTO aHAIN3a META00JIOMHOTO
npoduiIst TMHUH ryapa, yCTaHOBJIEHO, YTO CIOCO0 3KCTpakK-
i C siBisiercst Hanbouee 3 dexTuBHbIM. Ero pesynsrarus-
HOCTb OCHOBaHa Ha (PU3NKO-MEXaHUUECKOM Pa3pyIICHUH BCEX
KJICTOYHBIX CTCHOK IPH PE3KOM BO3JCHCTBUHU TEMIIEPaTyphI
—196 °C ¢ nocieayronM ObICTPBIM Pa3MOPaKMBaHUEM MIPU
+4 °C. IIpu TakoM IIOKOBOM TEMIIEPaTYpPHOM BO3IEHCTBHU
MPAKTHYECKH BCE PACTUTEIBHBIC KICTKU MOBPEKAAIOTCS
KPUCTaJIJIaMH BOJIbI, KOTOPbIE Pa3pyIIAOT KIETOYHbIE CTCHKH,
TpensTcTByronme kcTpakmu. Criocod C He pexycMarpuBa-
T TaK’Ke NPOIEeAypbl TOMOTEHHU3AIMN U IEHTPH(YTrrpoBaHus,
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YTO MO3BOJISAET M30€XKAaTh MOTEPU METAbONUTOB B MPOIIECCEe
pOOOTIOATOTOBKH. B MTOTE KOHEYHAsT KOHIICHTPAIMS METa-
OOJIUTOB CYNICCTBEHHO MOBBIIIACTCS, B CBSA3U C YE€M MBI HC-
ClIeZlyeM CUCTeMy, OoJiee MPUOIMKEHHYIO K CBOEMY HATHB-
HOMY COCTOSIHHIO.

3aknioyeHune

TaxwumM 06pa3om, IPH IKCTPAKIINN METAOOTHTOB U3 PACTCHUN
ryapa npuMeHuMbI MeTonuku B u C. Haubonee momHbIM 1
00BEKTHBHO OTPAKAIOUIUM METa0OJOMHBIA MPOdUiIbh aHa-
JTU3UPYEMOTO 0Opa3iia MOXKHO CUATATh IpeIIaraeMblil HaMH
HOBEIH crmoco0 C, 3aKIIF0YAIONIUiics B MPOOOMOITOTOBKE
marepuaja 663 HCIOJb30BaHUA TOMOTCHU3allU U HEHTPU-
(hyrupoBaHNs, OCHOBAHHBIM Ha BO3ICHCTBUH PE3KOTO Tepe-
ajia TEMIIEpaTyp, YTO MO3BOJISIET CHU3UTH MOTEPH BEIIECTB
U 100UThCs OoJiee MOJHON IKCTPAKIMKU META0OIUTOB U3
JUCTHEB Tyapa.
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Effect of lethal yellow (AY) mutation
and photoperiod alterations on mouse behavior

E.Y. Bazhenova, D.V. Fursenko, N.V. Khotskin, L.E. Sorokin, A.V. Kulikov®

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia
® e-mail: v_kulikov@bionet.nsc.ru

Decrease in natural illumination in fall/winter months causes depressive-like seasonal affective disorders in vul-
nerable individuals. Obesity is another risk factor of depression. The lethal yellow (AY) mutation causes ectopic
expression of agouti protein in the brain. Mice heterozygous for A" mutation (A"/a) are obese compared to their
wild-type littermates (a/a). The main aims of the study were to investigate the effects of A¥ mutation, photoperiod
and the interaction between these factors on daily activity dynamics, feeding, locomotor and exploratory activi-
ties, anxiety-related and depressive-like behaviors in mild stress condition. Six weeks old mouse males of A"/a and
a/a lines were divided into four groups eight animals each and exposed to long- (14 h light and 10 h darkness) or
short- (4 h light and 20 h darkness) day conditions for 28 days. Then the behavior of these mice was successively in-
vestigated in the home cage, open field, elevated plus-maze and forced swim tests. We did not observed any effect
of AY mutation on the general activity, water and food consumption in the home cage; locomotion and exploration
in the open field test; anxiety-related behavior in the open field and elevated plus-maze tests. At the same time,
AY mutation increased depressive-like immobility time in the forced swim test (F, 53 = 20.03, p = 0.00012). Short-
day conditions decreased nocturnal activity in the home cage, as well as locomotion (F, ,3 = 16.33, p = 0.0004) and
exploration (F, ,5 = 16.24, p < 0.0004) in the open field test. Moreover, short-day exposition decreased time spent
in the center of the open field (F, ,3 =6.57, p = 0.016) and in the open arms of the elevated plus-maze (F; ,3 = 12.08,
p =0.0017) tests and increased immobility time in the forced swim test (F; ,5 = 9.95, p = 0.0038). However, no effect
of the interaction between A mutation and photoperiod on immobility time in the forced swim test was observed.
Therefore, short-day photoperiod and A" mutation increased depressive-like behavior in the forced swim test by
means of different mechanisms.

Key words: lethal yellow; photoperiod; activity; anxiety; depressive-like behavior; mice.
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Bansune myTtannum lethal yellow (AY)
1 ISMeHeHni (poToIeproa Ha IoBeIeHe MbIIIN

E.IO. baxxeHosa, A.B. ®ypcenko, H.B. Xouxun, V1.E. CopokuH, A.B. KyAMKOB@

MepepanbHblii NCCNEROBATENBCKUI LeHTP MHCTUTYT yutonorum n reHetrkn Cbrpckoro otaeneHns POCCUMINCKON akafeMmnm Hayk,
HoBocmnbupck, Poccusa
® e-mail: v_kulikov@bionet.nsc.ru

CHWXKeHVe eCcTeCTBEHHOrO OCBeLLeHNA B OCEHHee/3IMHee BpeMsA Bbi3blBaeT AenpecCcMBHO-MOJOOHbIE Ce30HHble
abdeKTMBHbIE PacCTPOCTBA Y NPeApacrnoNioKeHHbIX MHAMBMAOB. OXMpeHVe ABNAETCA APYrUM GakToOpoMm purcKa
nenpeccun. MyTauus lethal yellow (AY) BbisbiBaeT akTonuueckyto sKkcnpeccuio 6enka aryTi B mosre. Mbilu, retepo-
3uroTHble no mytauum AY (A¥/a), cTpapaloT OXMpeHrem No CPaBHEHUIO C UX OAHOMOMETHMKaMIM AMKOro Tvna (a/a).
OcHOBHaA Lenb paboTbl — UcciefoBaHMe BAUAHUA MyTauumn A, poTonepmoaa 1 B3anMofencTBusa Mexay STUMA
baKkTopamy Ha CYyTOYHYIO AVHAMIUKY akKTUBHOCTY, NOTpebrieHre NuLm, TOKOMOTOPHYIO U NCCNeAoBaTeNbCKYO aK-
TUBHOCTb, TPEBOXKHOCTb 1 IEMPECCMBHO-NOA0BHOE NOBEAEHME B YC/IOBUAX yMepeHHoro cTpecca. Camupl A'/av ala
BO3pacToM 6 Hefienb OblM pa3feNieHbl Ha YeTblipe Fpynbl 1 CoAepKanunchb 28 aHel npu AnuHHOM (14 4 feHb:10 4
HOUb) 1 KOPOTKOM (4 4 ieHb:20 4 Houb) poTonepuoae. 3aTem NoBefeHne STUX MbiLLel MoCneAoBaTeNIbHO NCCNeAo-
Banv B AOMALLHEN KNeTKe, TECTaX «OTKPbITOE MOSE», <NPUMNOAHATDLIN KPecToobpasHbI NabVPUHT» U «NPUHYAUTENb-
HOe nnaBaHue». Mbl He 06HapyKunm BAraHUA MyTaunmn AY Ha 06Uy aKTUBHOCTb, NOTPe6AEHVE NULLM 1 BOAbI B
[lOMaLLHeNn KneTKe; ABUraTesibHyt0 akTUBHOCTb, UCCNeAoBaTeNbCKOe NOBeAeHMe B TECTE KOTKPbITOE Mose»; TPEBOX-
HOCTb B TECTaX «OTKPbITOE MOJE» 1 «NPUMNOAHATHIN KPECTOO6Pa3HbIit NabuprHT». B To e Bpema myTauma A" ycnnn-
BaeT AenpeccuBHO-Nofo6HOe NoBeAeHne B TeCTe «NpUHyAuTeNnbHoe nnasaHue» (F; 55 =20.03, p = 0.00012). KopoT-
KNI fieHb CHMKaJT HOYHYI0 aKTUBHOCTb MblLLeli B JOMALLHE KNeTKe, Kak U JIOKOMOTOpPHYIo (F; 5g = 16.33, p = 0.0004)
n nccneposatenbckyto (F; 55 = 16.24, p < 0.0004) akTVBHOCTb B TeCTe «OTKpbITOe nose». bonee Toro, KOPOTKMI AeHb
CHVXXan BpemaA B LieHTpe B TecTe «OTKpbIToe nose» (F;,5 = 6.57, p = 0.016) 1 B OTKPbITbIX PyKaBax B TecTe «Mpu-
NMOAHATbIN KPecToobpasHbI N1abupnHT (F; 5g = 12.08, p = 0.0017), a Takxe yBennumBas BpeMa HEMOABMKHOCTY B
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TecTe «npuHyanTenbHoe nnasaHue» (Fy 53 = 9.95, p = 0.0038). MNpy 3TOM He BbIABIEHO BINAHUA B3aUMOAENCTBIA
reHOTMM X GOTOMEPUOZ Ha BbIPAXKEHHOCTb 3TVX Npr3HaKoB. CliefoBaTesnbHo, MyTaums A' n kopoTkuit doToneproa
ycnnmealot ,EI,EI'IpECCVIBHO'rIO,U,O6HOG nosefeHne B TeCTe «NPUHyaAUTENIbHOE NlaBaHME» NOCPeACTBOM pPas/INYyHbIX

MexXaHN3MOB.

Kniouesble cnoBa: lethal yellow; ¢poTonepron; akTMBHOCTb; TPEBOXHOCTb; AeNPECCUBHO-NOAOOHOE NOBeAeHME;

MbILIN.

Introduction

Seasonal alterations of natural illumination in high or moderate
latitudes trigger numerous adaptive changes in the nervous
system and behavior of all wild animals. Although humans
mainly live at constant illumination, its decrease during fall/
winter months can cause seasonal affective disorders (SAD)
or subsyndromal SAD characterized by carbohydrate crav-
ing, overeating, weight gain, decreased libido, hypersomnia
and prominent fatigue (Levitan, 2007) in some vulnerable
individuals. SAD and subsyndromal SAD are observed in
11-21 % of individuals and are a considerable social and eco-
nomic problem due to high risk of disability (Miller, 2005).

Laboratory mice have been proposed as an animal model
of SAD (Otsuka et al., 2014). However, the reported data
about effect of photoperiod alteration on mouse behavior are
contradictory (Otsuka et al., 2014; Young et al., 2018).

Obesity and concomitant type 2 diabetes increase risk of
depressive disorders (Stunkard et al., 2003; Simon et al., 20006;
Luppino et al., 2010; Lojko et al., 2015). Mice lacking leptin
receptor are obese and show depressive-like features (Sharma
etal., 2010). Another model of hereditary obesity is 4¥/a mice,
heterozygous for lethal yellow (4¥) mutation (Boston et al.,
1997; Bazhan et al., 2013).

The main aims of the study were the following: to inves-
tigate the effects of (1) 4Y mutation, (2) short/long photope-
riod and (3) these factors interaction on brain monoamines
and behavior. Here we compared: the effect of the long- and
short-day conditions on the daily activity in the home cage, the
locomotor, exploratory activities, anxiety-related, depressive-
like behavior in heterozygous AY/a mice and their wild-type
littermates (a/a).

Materials and methods

Animals and experiments. The study was conducted at the
Center for Genetic Resources of Laboratory Animals at the
Institute of Cytology and Genetics Siberian Branch, Russian
Academy of Sciences (Novosibirsk, Russia) using equipment
supported by the Russian Ministry of Education and Science
(project No. RFMEF162117X0015). Experiments were carried
out on SPF-state mouse males C57BL/6-4Y (4¥/a, n = 16)
and their wild type littermates C57BL/6 (a/a, n = 16). These
mouse genotypes were bred by crossing a/a females and
A¥/a males. Such breeding results only in obtaining 4%/a and
al/a mice (50:50) which have similar genetic background,
are born and nurtured by the mothers of the a/a genotype.
The genotype of mice is assayed by the fur color which is
yellow in A¥/a mice (Boston et al., 1997) and black in a/a
mice. At the beginning of the experiment the 4Y/a and a/a
mice were 6 weeks old, weighed 20.9+0.3 gand 20.0+0.3 g
(F, 50=5.03, p =0.032), respectively. The males of the same
genotype (4%/a or ala) were kept for 28 days in groups of
four in individually ventilated cages (Optimice, Animal
Care Systems, Inc.) in rooms with 20-fold air exchange at
temperature 24+2 °C, humidity 45-50 %, and at long (14 h

of light: 10 h of darkness, 14L:10D, 40 1x) or short (4 h of
light:20 h of darkness, 4L:20D, 40 Ix) photoperiods with
daybreak at 01:00 (14L:10D) or 11:00 (4L:20D) and sunset
at 15:00 (14L:10D and 4L:20D). The 14L: 10D photoperiod
is the standard photoperiod in our SPF-vivarium. Food and
litter were autoclaved at 121 °C before use. Animals were pro-
vided with deionized water (produced in a Millipore device)
with Severyanka (Eko-proekt, St. Petersburg, Russia) mineral
supplement and feed ad libitum. There were four experimental
groups of eight animals: (1) a/a kept at 14L: 10D, (2) a/a kept
at 4L:20D, (3) AY/a kept at 14L:10D and (4) A%/a kept at
4L :20D. Two days before the tests, the animals were isolated
in the same cages to reduce group effect. The animals were kept
at the same photoperiods during the tests. First, the dynamics
of locomotion, sleep, water and food consumption in the home
cage was tested using PhenoMaster (TSE, Germany). Then,
the mice were tested for three successive days in open field
(OF), elevated plus-maze (EPM) and forced swim (FS) tests.

The maintenance of mice was supported by the basic re-
search project No. 0324-2018-0016. All procedures comply
with the Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes and were approved by
the Committee on the Ethics of Animal Experiments of the
Russian National Center of Genetic Resources of Laboratory
Animals based in SPF-vivarium of Institute of Cytology and
Genetics SB RAS, Novosibirsk, Russia (protocol No. 32 of
March 18, 2016).

Home cage activity. Daily dynamics of locomotor activity,
sleep duration, water and food consumption were investigated
in PhenoMaster (TSE, Germany) according to the manufac-
turer’s instruction. The device consists of eight individual
cages equipped with infrared sensors those tracing the animal
movements. Drinking bowls and feeders were also equipped
with sensors, allowing the accurate measurement of water
and food consumption. The data from the sensors were re-
corded each minute and processed by the software from the
manufacturer. The animals learned to use drinking bowls and
feeders for two successive days and then they were isolated
in PhenoMaster cages and their locomotion, sleep duration,
water and food consumed were recorded for 48 h. The first
24-hour period (1-24 h) was considered as an adaptive one
and was not taken into account. Therefore, the baseline animal
activity was assessed only on the basis of data recorded for
the second 24-hour period (25-48 h) (Khotskin et al., 2017).
According to the manufacturer’s instructions, the software
determined the state of sleep as lack of mobility for 40 s or
more. This sleep estimation correlates with the EEG estimation
of the sleep state (Pack et al., 2007; Fisher et al., 2012; Bais
et al., 2015). The dynamics of locomotor activity and sleep
duration were respectively evaluated by the distance travelled
(m) and accumulated sleep time (min) during one hour, while
the water and food consumption were measured as water (ml)
and food (g) quantity consumed during 24 h.
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Other behavioral tests were held between 15:00 and 18:00
in the dark time. The EthoStudio software was applied for
automatic tracking of mouse behavior in OF, EPM and FS tests
(Kulikov et al., 2008, 2010, 2014). In OF and FS tests we used
the transmitted (inverted) light for automatic tracking of mouse
behavior when the light was transmitted through the arena to a
WEB camera placed at 80 cm above the arena and connected
to a computer via a USB 3.0 port. Since a mouse regardless
of'its color (white, agouti or black) is opaque, it contrasts with
background in the transmitted light (Kulikov et al., 2008).

Open field test (OF). The OF test was carried out on a
brightly illuminated white plastic arena of 55 cm in diameter
with the wall of 30 cm in height. The 25 % zone in the center
of the arena was selected as the center. The arena was made
of opaque polyvinyl chloride and placed on a semitransparent
platform. The arena was brightly illuminated (300 Ix) with
two halogen lamps (35 W) placed 40 cm below the platform.
A mouse was place at the wall of the arena and its movement
was automatically tracked for 5 min. The EthoStudio software
automatically calculates two behavioral traits: the time spent
in the center (%) is calculated as the ratio of mouse-associated
pixels in the center to the total number of mouse-associated
pixels and the distance travelled during the test (m), while the
number of vertical postures were recorded by an experienced
rater blind to experiment (Kulikov et al., 2008). The time in
the OF center is negatively associated with fear (Carol et al.,
2002; Prut, Belzung, 2003), while the numbers of vertical
postures are associated with exploration (Crusio, 2001; Alves
et al., 2012). The apparatus was cleaned with wet and dry
napkins after each test.

Elevated plus-maze test (EPM). The EPM test was car-
ried out in the apparatus made of gray plastic including two
closed and two open arms (30 cm in length x5 cm in width).
The close arms were framed by plastic walls of 30 ¢cm in
height. The apparatus was elevated at 60 cm above the floor
and dimly illuminated with diffuse light (=100 Ix) of a halo-
gen lamp (25 W) placed a meter above. Newly developed
Microsoft Kinect 1 3-D sensor was applied for the first time
for automatic tracking of mouse behavior in the EPM. This
sensor was earlier successfully applied to track pig behavior
(Kulikov et al., 2014). Microsoft Kinect 1 3-D sensor was
placed 60 cm above the surface of the EPM and connected to a
computer via a USB port. In contrast to standard digital video
tracking systems based only on color or brightness of pixels,
the present version of the EthoStudio software uses also the
depth data provided by the 3-D sensor. Depth data contains
the distance (m) from each pixel of the animal and arena to
the sensor. The height threshold algorithm marks pixels higher
or lower the threshold (1.5 cm in height) as associated with
animal (1) or background (0), respectively (Kulikov et al.,
2014). The main advantage of the 3-D sensor over standard
digital video is that the former can track animal of any color
in open and closed arms of the EPM.

A mouse was placed in the center of the EPM with the
head targeted to a closed arm and its movement was auto-
matically tracked for 5 min. Since the 3-D sensor can track
animal both in open and closed arms the EthoStudio software
can evaluate the following traits: the times (%) spent in the
center, closed and open arms based on the ratio of the number
of mouse-associated pixels in these parts of the maze to the
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total number of mouse-associated pixels. The time spent in
the center and in the closed arms is, respectively, negatively
and positively associated with fear (Carol et al., 2002; Prut,
Belzung, 2003). The apparatus was cleaned with wet and dry
napkins after each test.

Forced swim test (FS). Mice were placed for 6 min into a
clear plastic tank (18 cm in diameter and 30 cm in height) filled
with water at temperature 25 °C for 2/3 of the volume (20 cm).
The water tank was placed on a semitransparent platform and
illuminated (150 1x) with one halogen lamp (35 W) placed
40 cm below the platform (Kulikov et al., 2010). Behavior
in the FS test was automatically evaluated for the last four
minutes of the test using EthoStudio software by immobility
time (s) and rate of alteration of the animal silhouette (%). The
last parameter is the ratio of the number of mouse-associated
pixels that have changed their position between two adjacent
frames to the mean number of mouse-associated pixels in
these frames (%). We used the mean rate calculated for the
last four minutes of the test as the index of active resistance.
The immobility time was calculated as the time (s) when the
rate of the animal silhouette alteration was less than 17 %.

Statistics. The data were presented as the mean+SEM.
The mean values were compared using two way ANOVA
(“genotype” and “photoperiod” factors). Daily dynamics of
the locomotor activity and sleep in the home cage was com-
pared using repeated measure ANOVA with “genotype” and
“photoperiod” as the between and the “day time” as the within
variables. The differences between groups were determined
using the Fisher LSD post hoc multiple pairwise comparisons.
Statistical significance was set at p < 0.05.

Results
Photoperiodic changes in weight of a/a and 4¥/a mice. The
effect of the “genotype” factor on weight was observed: at the
end of experiment mice of A¥/a genotype (32.4+0.4 g) were
heavier than of a/a genotype (26.7+0.4 g; F, ,, = 110.81,
p<0.0001). At the same time, no effect of the “photoperiod”
factor (F, ,¢ = 2.03, n.s.) or the “genotype” x “photoperiod”
interaction (F, ,¢<1, n.s.) on animals’ weight was found.
Photoperiodic changes in home cage behavior in a/a and
AY¥/a mice. No effect of the factors “genotype” (locomotion,
F,,,<1,n.s.;sleep duration, F, ,,= 1.2,n.s.), “photoperiod”
(locomotion, F, ,, = 2.7, n.s.; sleep duration, F,,, <1, n.s.)
and the “genotype” X “photoperiod” interaction (F, ,,<1,n.s.,
for both traits) on locomotion and sleep duration was observ-
ed. At the same time, the effects of the “day time” factor on
locomotion (F,; 55, = 8.05, p < 0.00001) and sleep duration
(Fy5 55, = 14.83, p < 0.00001) were observed: in mice of both
genotypes. The effects of “photoperiod” x “day time” inter-
action on the daily dynamics of locomotion (F,; 55, = 3.42,
p <0.00001) and sleep duration (F; 55, = 6.65, p <0.00001)
were also observed. This indicates an influence of photoperiod
on the daily dynamics of mouse activity. Mice exposed to
long-day conditions were more active (199.54+36.27 m/h in
darkness vs 96.69+21.01 m/h in light, p = 0.000018) in the
dark-time period, while activity mice exposed to short-day
conditions did not differ in the dark- and light-time periods
(81.98+36.27 m/h in darkness vs 33.89+21.01 m/h in light,
n.s.) (Fig. 1, a). At the same time, mice exposed to long-day
(9.05+1.44 min/h in darkness vs 26.20+3.04 min/h in light,

FEHETUKA YXMBOTHDbIX / ANIMAL GENETICS 57



E.Y. Bazhenova, D.V. Fursenko
N.V. Khotskin, I.E. Sorokin, A.V. Kulikov

3501

—— 14L:10D
4L:20D

300
2501
200 -
150
100

50

Travelled distance, m

401
35F
30F
251
201
151
101

*%

Sleep duration, min/h

0 2 4 6 8

10 12 14 16 18 20 22 24
Day time, h

Effect of lethal yellow (A") mutation
and photoperiod alterations on mouse behavior

14L:10D
T m 4L:20D

45r
40

Daily water consumption, ml

Daily food consumption, g

ala A'la
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*p < 0.05; **p < 0.01 vs mice of the same genotype exposed to long-day conditions.

p < 1079 and short-day (18.16+1.44 min/h in darkness vs
31.87+3.04 min/h in light, p = 0.000018) conditions slept
more time in the light phase than in the dark phase (see
Fig. 1, ). So, the observed difference in daily dynamics of
sleep between mice exposed to long- and short-day conditions
results from the shift of light phase (long-day, between 01:00
and 15:00; short-day, between 11:00 and 15:00).

We did not observed any effect of “genotype” (water, food,
F,,, <1, n.s.), “photoperiod” (water, F, ,, = 1.16, p = 0.29,
n.s.; food, F, ,, = 1.41, p=0.25,n.s.) factors and their inter-
action (water, F, ,, =2.11, p = 0.16, n.s.; food, F, ,, = 2.66,
p=0.12, n.s.) on water and food consumption (see Fig. 1, ¢
and d).

58

Photoperiodic changes in locomotor activity, anxiety-
related and depression-like behavior in a/a and AY/a mice.
In the OF test we revealed effects of the “photoperiod” factor
on the traveled distance (F, ,, = 16.33, p = 0.0004), time spent
in the center (F, ,4=6.57,p =0.016) and the numbers of verti-
cal postures (F, , = 16.24, p < 0.0004). However, no effect
of the “genotype” factor (F, ,; < 1, n.s.) or the interaction
“genotype” x “photoperiod” (F, , <1, n.s.) on these traits was
observed. Short-day conditions decreased horizontal (travel-
ed distance) (a/a, p = 0.0016; A¥/a, p = 0.035) and vertical
(vertical postures) (a/a, p=0.0053; A¥/a, p=0.012) activities,
while anxiety-related time in the center was decreased only in
a/a mice (p=0.035), but not in A¥/a ones (p = 0.17) (Fig. 2).
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Fig. 3. Time spent (%) in the center, open and closed arms in the EPM test in a/a and A"/a mice exposed to long- and short-day

conditions.

*p <0.05; **p < 0.01; ***p < 0.001 vs mice of the same genotype exposed to long-day conditions.

In the EPM test we did not observed any effect of the “geno-
type” factor (F, ,; < 1, n.s.) and the interaction “genotype” <
x“photoperiod” (F, ,¢ <1, n.s.) on time spent in the center,
open and closed arms. At the same time, significant effects
of the “photoperiod” factor on the time spent in the center
(F, ,4=27.04,p=0.000016), open (F, , =12.08, p=0.0017)
and closed (F, , = 25.02, p = 0.000026) arms were revealed.
Mice of both genotypes exposed to short-day spent less time
in the center (4¥/a, p = 0.0006; a/a, p = 0.0016) and open arms
(4%a, p=10.001; a/a, p = 0.21, n.s.), but spent more time in
the closed arms (4%/a, p=0.0001; a/a, p = 0.014) of the EPM
compared to mice exposed to long-day (Fig. 3).

In the FS test the influences of factors “genotype” (rate of
silhouette alteration, F, ,¢ = 21.54, p = 0.00007; immobility
time, F, ,, = 20.03, p = 0.00012) and “photoperiod” (rate of
silhouette alteration, F, ,; = 13.36, p = 0.0011; immobility
time, F, ,¢ =9.95, p =0.0038), but not the factors’ interaction
(F, 55 < 1, n.s. for both traits) on the rate of silhouette altera-
tion and immobility time were revealed. The rate of silhouette
alteration was lower (p = 0.0005) and immobility time was
higher (p = 0.0004) in A¥/a mice exposed to the long-day
conditions compared to a/a animals exposed to the same
photoperiod (Fig. 4). Short photoperiod decreased the rate
of silhouette alteration (p = 0.003) and increased immobility
time (p = 0.0045) in a/a, but not in A¥/a mice (see Fig. 4).

Discussion

In the present study, new information about the effects of the
“genotype” (4' mutation), “photoperiod” and “genotype” x
x “photoperiod” interaction was obtained.

The AY mutation results from large deletion in the promo-
tor of the mouse agouti gene that puts the agouti gene under
control of the promotor of an ubiquitously expressed Raly
gene (Perry et al., 1994). Although, normally, agouty protein
is expressed only in hair follicles, this deletion causes ectopic
expression of agouti protein in many tissues including the
brain, adipose and other tissues (Boston et al., 1997). Agouti
protein inhibits melanocortin-4 receptors (Lu et al., 1994) in-
volved in the regulation of total metabolism, feeding, anxiety
and depressive-like behavior (Caruso et al., 2014; Gragnoli,
2014). However, since its creation, 4¥/a mice are mainly
used to study the effect of obesity and type 2 diabetes on the
peripheral control of metabolism, immunity, reproduction etc.
This is the first systematic study of the effect of the 4¥ muta-

14L:10D
m 4L:20D

200

160 |

S

<

S "

=

s o

£ E

o > 120}

3 8t 3 I

] ] -

£ o : 80

5 4r — 40}t

[

§ 2 i
0 0

A'la

ala A'/a ala

Fig 4. Rate of mouse silhouette alteration (%) and immobility time (s) for
the last 4 min in the FS test in a/a and A"/a mice exposed to long- and
short-day conditions.

**p < 0.01 vs mice of the same genotype exposed to long-day conditions;
###p < 0.001 vs a/a mice exposed to long-day conditions.

tion on the mouse behavior as well as on the vulnerability to
altered photoperiod.

In the present study we did not find any effect of the
“genotype” factor (4¥ mutation) on the general activity, sleep
duration and feeding in the home cage; locomotor and explora-
tory activity in the OF test, anxiety-related behavior at mild
stress conditions in the OF and EPM tests. At the same time,
the AY mutation dramatically reduced active escape behavior
(evaluated by the rate of silhouette alteration) and increased
depressive-like immobility in the FS test. There are two pos-
sible mechanisms of the depressant-like effect of A¥ mutation:
a direct via blockade of melanocortin mechanism of mood
regulation or an indirect via obesity. The first hypothesis does
not seem to be true, since melanocortin-4 receptor inhibitors
show antidepressant effect (Chaki, Okuyama, 2005; Chaki et
al., 2005; Chaki, Okubo, 2007). The second hypothesis seems
to be more correct, since the leptin receptor deficiency results
in obesity and increased depressive-like behavior in the FS
test in Lepr@®/Lepr® mice (Sharma et al., 2010).

We first showed marked effect of photoperiod on daily
dynamics of mouse activity in the home cage. Mice are noc-
turnal animals and under “normal”, long-day conditions, they
showed “normal” daily dynamics: they were more active in
the darkness. At the same time, no such daily dynamics was
observed in mice exposed to short-day condition: they did not
increase their locomotor activity in the darkness.
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There are contradictory data about the effect of photoperiod
alterations on anxiety-related and depressive-like behavior.
Some authors reported that exposition of C57BL/6 mice for
21 days to short-day condition (8L: 16D) increased anxiety-re-
lated and depressive-like immobility in the EPM and FS tests,
respectively (Otsuka et al., 2014). Other authors reported that
exposition of C57BL/6 mice for 14 days to long-day conditions
(19L:5D) increased anxiety-related and depressive-like immo-
bility in the EPM and FS tests, respectively (Young etal., 2018).

Here we first showed that exposition to short-day conditions
reduced locomotion (travelled distance), exploration (numbers
of vertical postures), time spent in the center in the OF test,
time spent in the center and open arms in the EPM test, as well
as increased time spent in the closed arms in the EPM test.
These findings can be interpreted as increase of anxiety-related
behavior. We also found that the prolonged exposition to short
photoperiod increased depressive-like behavior evaluated by
decrease in the rate of silhouette alteration and increase in
immobility time in the FS test in mice exposed to short-day
conditions. Therefore, our results indicate that prolonged
exposition to short-day condition increased anxiety-related
and depressive-like behavior in mice. This results and con-
clusion agree with those of T. Otsuka with coauthors (2014),
but contradict to those of J.W. Young and coauthors (2018).
We think that these discrepancies result from the difference
in experimental protocols. We and T. Otsuka with coworkers
(2014) used a mild lighting conditions for long-day exposi-
tion 14 h, 40 Ix and 16 h, 50 Ix, respectively. At the same
time, J.W. Young and coauthors (2018) used more intensive
lighting, 19 h, 130 lum (=150 Ix) which is stressful for mice
and frequently used as a stressor in the chronic unpredict-
able stress model (Monteiro et al., 2015) and in the OF test.
Therefore, the protocol of J.W. Young and coauthors (2018)
is amodel for study the effect of intensive lighting rather than
photoperiod alteration.

Akey problem of the present study was to study the effect of
genetic obesity on the vulnerability to short-day photoperiod.
We did not find any effect of the “genotype” x “photoperiod”
interaction on the studied behavioral traits in the home cage,
OF, EPM and FS tests. Therefore, genetic obesity cause by 4
mutation does not seem to increase vulnerability to short-day
photoperiod. Although exposition to short day conditions and
AY mutation separately increase immobility time in the FS
test, they increase this depressive-like behavior by means of
different mechanisms.

Conclusions

One practical conclusion can be based on the results. Obese
A¥/a and Lepra/Lepr mice show similar elevated depres-
sive-like behavior in the FS test. At the same time, breeding
of 4¥/a mice is more simple than that of Lepr/Leprd mice.
Moreover, being a dominant mutation that can be easily de-
termined by the fur color of its carriers, 4¥ mutation is a very
useful tool for studying the interaction between hereditary
obesity and other neurological mutations.
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Sex differences in the expression of lipid oxidation
and glucose uptake genes in muscles of fasted mice
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Fasting has become increasingly popular for treatment and prevention of obesity. Sex differences in the mecha-
nisms of adaptation to fasting may contribute to choosing a therapeutic strategy for correction of metabolic disor-
ders. Hepatokine fibroblast growth factor 21 (FGF21) is involved in the adaptation to fasting. Muscles are assumed
to be the main energy-consuming tissue in the body, as muscle metabolism plays an important role in the adapta-
tion to nutritional deficit. However, there is still little information on sex differences in muscle and FGF21 physio-
logical response to fasting. Our aim was to find out whether there were sex differences in hormonal regulation and
the expression of genes controlling glucose and lipid metabolism in skeletal muscles in response to fasting. We
estimated the effect of 24-hour fasting on the expression of genes involved in lipid (Ucp3, CptT) and carbohydrate
(Slc2a4) metabolism in muscles and evaluated changes in body weight and blood plasma levels of glucose, insulin,
free fatty acids (FFA), adiponectin, and FGF21 in male and female C57BL/6J mice. None of the genes studied (Ucp3,
Cpt1 and Slc2a4) showed sex-related changes at mRNA levels in control groups, but females exposed to fasting
demonstrated a significant increase in the expression of all genes as compared to control. Fasting significantly de-
creased body weight and glucose blood plasma levels in animals of both sexes but exerted no effect on the levels
of insulin or FFA. The adiponectin and FGF21 levels were increased in response to fasting, the increase in females
being significant. We were first to show sex dimorphism in muscle gene expression and FGF21 blood level in re-
sponse to fasting. In females, the greater increase in FGF21 and adiponectin blood levels was positively associated
with the greater upregulation of lipid oxidation and glucose uptake gene expression.

Key words: muscle; gene expression; fasting; metabolism; sex difference; mice; C57BL/6J strain.
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[Io/s10BBbIE pas3aANUMsS B SKCIIPEeCCUN MbIIIIEYHbIX T€HOB,
BOBJIEUEHHBIX B OKMC/JIeHNe JUIINO0B U 3aXBaT IJIFOKO3bI,
Yy TOJIOOABIINVX MBbIIIE
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fonopaHne cTaHOBUTCA BCe H6onee NonynApHbIM CPEACTBOM ANA NeyeHUn 1 NpodunakTukmn oxnpeHuns. laHHble o
NMOMOBbIX PA3NYMAX MEXAHU3MOB ajanTauun K ronofaHunio MoryT 6biTb akTyanbHbIMU NPpK Bbibope TepaneBTuye-
CKOW CTpaTerum afif Koppekummn HapyLueHnii obmeHa BellecTs. lfenaToknH GpakTop pocTta dpubpobnactos 21 (FGF21)
BOBJIEUEH B perynaumio agantaumm K ronogaHuto. OCHOBHbIM NOTpebuTeniemM SHEPrMN B OPraHU3Me ABMAETCA Mbl-
LeYyHas TKaHb, MNO3TOMY perynaumsa metabonvama MbilL UFPaeT BaXKHYIO POJib B OTBETE OpraHr3Ma Ha NuLeBoi
fedunumnt. OgHako nonoBble 0CO6eHHOCTM B pursnonornyeckom oteete FGF21 1 MbllueYHOW TKaHM Ha ronog noka
eLle HelOCTaTOYHO M3yYeHbl. Lienblo AaHHOro nccneaoBaHma 6bi10 13yUeHne NoIOBbIX 0CO6EHHOCTEN FOPMOHaSTb-
HbIX U3MEHEHUIA B KPOBU 1 SKCMPECCUMU FeHOB MeTabosiM3Ma roKO3bl U XKMPOB B CKENETHbIX MbILULAX B OTBET Ha
ronog. Mbl oueHVBany BINAHME 24-4acoOBOro NIMLIEHMA NULLM Ha SKCNPECCUIO FeHOB, yYacTBYOLWMX B MeTabonnsme
nunupos (Ucp3, Cpt1) n yrneBopos (Slc2a4) B MbllLax, M U3MEHEHWA MacCbl TeNa, yPOBHSA MIOKO3bl, MHCYNMHA, CBO-
6OLHBIX XKUPHbIX KNCIOT, afunoHeKTHa 1 FGF21 B KpoBM y camLiOB 1 camoK Mbiwein C57BL/6J. Y camLioB 11 caMOK
KOHTPOJIbHbIX IPYMM He BbIABNEHO NOMOBbIX pa3nuunii B yposHe MPHK reHos Ucp3, Cpt1 n Slc2a4 B mbiwax, nog
BIMAHNEM ronofa caMKu NPOAEMOHCTPMPOBANN 3HaUMUTENIbHOE YBeNMUYeHMe SKCMPeccMmn Bcex reHoB No CpaBHe-
HUIO C KOHTponeMm. fonofaHre AOCTOBEPHO CHMKANO MAcCy Tefa U YPOBEHb FIOKO3bl B KPOBU Y MBOTHbIX 0601X
TMOJIOB W He BAVANO Ha YPOBHU UHCYNVIHA U CBOOOAHBIX XMPHBIX KUC/IOT B KPOBU. YPOBHM aAnmnoHeKkTHa n FGF21
NOBbILANMCL B OTBET Ha rONI0AaHNE, y CAaMOK 3TO MOBbILLEHKE ObIIO CTaTUCTUYECKM AOCTOBEPHBbIM. Mbl BNepBble
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NPOAEMOHCTPUPOBAN NOSIOBOI AUMOPPU3M B SKCNPECCUN FeHOB, BOBIIEYEHHDbIX B MeTaboNM3M NMNuaoB 1 yrie-
BofoB (Ucp3, Cpt1 n Slc2a4) B mbiwax, n ypoBHe FGF21 B KpOBM B OTBET Ha FONIOA: Y CAMOK NMPOUCXOAMT Gonee Bbl-
pa)keHHOEe MOoBbILLIEHME SKCMPECCUM FEHOB, aCCOLMMPOBaAHHOE C POCTOM YpoBHA FGF21 1 agnnoHeKTuHa.
KntoueBble Cl10Ba: MblLLLbl; SKCNPECCUA FTeHOB; FoNog; MeTabonn3M; NosIoBble Pasnuuna; Mblwm; nuHua C57BL/6J.

Introduction

Nowadays, starvation is less challenging for the world popu-
lation than hundreds of years ago; however, voluntary food
deprivation is becoming increasingly popular, sometimes
saving individuals from life-threatening obesity, sometimes
being a symptom of mental disorders. Women are approxi-
mately threefold more vulnerable than men to psychiatric
eating disorders and approximately twofold more vulnerable
to severe and morbid obesity. They also appear to suffer more
from these disorders in terms of physical and psychological
functioning (Asarian, Geary, 2013). However, most animal
studies have been made on males, whereas sex differences
in the predisposition to metabolic disorders and mechanisms
of physiological adaptation to fasting, in particular, are not
understood.

Muscles are considered to be the main energy-consuming
tissue in the body, and sex difference in muscle metabolism
plays an important role in the adaptation to the shortage
of energy substrates available during fasting (Thiebaud et
al., 1982). Fasting increases the concentration of free fatty
acids (FFA) in blood plasma and forces adaptive changes
in the whole body and in skeletal muscle metabolism that
enhance fat oxidation and reduce carbohydrate oxidation
(Lundsgaard, Kiens, 2014). It is known that fasting increases
the expression of genes implicated in the regulation of lipids
as fuel substrate in skeletal muscles, such as the genes for
uncoupling protein-3 (Ucp3), lipoprotein lipase, and muscle
carnitine palmitoyltransferase I (Cpt/) (Hildebrandt, Neufer,
2000). There is an increasing body of evidence for a distinct
sex dimorphism in the intrinsic properties of skeletal muscle,
i.e., fiber type composition and capillarization, which is likely
to affect the capacity for oxidative versus glycolytic energy
turnover. Microarray data suggests that gender has a stronger
influence on gene expression than age and training status in
the human vastus lateralis muscle (Roth et al., 2002). There-
fore, molecular mechanisms controlling muscle metabolism
adaptation to fasting can be different in males and females.

Fibroblast growth factor 21 (FGF21) is one of the recently
discovered factors induced in multiple organs in response to
diverse nutrition stressors, such as fasting and amino acid
deprivation, and it is assumed as a factor of adaptation to
disturbances in energy homeostasis (Zhang et al., 2015).
FGF21 can stimulate beta oxidation, induce thermogenesis,
and enhance insulin sensitivity (Kharitonenkov, Adams,
2013). There is evidence from animal models (Zhang et al.,
2012) and human studies (Foo et al., 2013) that physiologic
effects of FGF21 in males and females differ. Interestingly,
higher FGF21 expression and serum levels are observed in
response to cafeteria diet in males than in females (Gasparin
etal., 2018). However, there is still little data on sex difference
in FGF21 involvement in the regulation of muscle metabolic
response to fasting.

In this study, we consider changes of metabolic genes
expression in muscle after 24-hour food deprivation in male

and female C57BL/6J mice. The goal of this study was to in-
vestigate the sex-dependent regulation of genes related to fatty
acid and carbohydrate metabolism (Ucp3, Cpt! and Slc2a4) in
muscle and its relationship with blood plasma levels of FGF21,
free fatty acids, adiponectin, and insulin in response to fasting.
Fasting-induced increase in expression of genes involved in
FFA oxidation (Cpt! and Ucp3) and glucose uptake (Slc2a4)
was more pronounced in females than in males. In females,
the predominant upregulation of genes related to glucose and
lipid metabolism was positively associated with the predomi-
nant increase in FGF21 and adiponectin blood plasma levels.

Materials and methods

Ethical approval. All experiments were performed according
to the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Purposes
(Council of Europe No. 123, Strasbourg 1985) and Russian
national instructions for the care and use of laboratory ani-
mals. The protocols were approved by the Independent Ethics
Committee of the Institute of Cytology and Genetics (Siberian
Branch of the Russian Academy of Sciences).

Animals. C57BL/6J mice were kept in the vivarium of the
Institute of Cytology and Genetics. The mice were housed
under a 12:12-h light-dark regime at an ambient temperature
of 22 °C. The mice were provided ad libitum access to com-
mercial mouse chow (Assortiment Agro, Turakovo Village,
Moscow oblast, Russia) and water.

To investigate the effects of food deprivation, 15-week
old female and male mice were deprived of food at 9.00 am.
Animals were killed by decapitation through 24 h of food
deprivation. The mice from control groups were decapitated
simultaneously with food-deprived mice. All mice were hosed
individually during 3 weeks before experiment. Each experi-
mental group included 7-10 animals.

Trunk blood samples were taken to measure FGF21, glu-
cose, insulin, adiponectin, and free fatty acids concentrations,
and samples of muscle tissue were taken to measure gene
expression.

Plasma assays. Concentrations of FGF21 were measured
with Rat/Mouse Fibroblast Growth Factor ELISA Kit, con-
centrations of insulin were measured with Rat/Mouse Insulin
ELISAKit, concentrations of adiponectin were measured with
Mouse Adiponectin ELISA Kit (EMD Millipore Corpora-
tion, Billerica, MA, USA). Concentrations of glucose were
measured with Fluitest GLU (Analyticon Biotechnologies
AG, Germany). Concentrations of free fatty acids were mea-
sured with NEFA FS DiaSys (Diagnostic Systems GmbH,
Germany).

Relative quantitation real-time PCR. Total RNA was
isolated from tissue samples with ExtractRNA (Evrogen,
Moscow, Russia) according to manufacturer’s instructions.
First-strand cDNA was synthesized with Moloney murine
leukemia virus (MMLYV) reverse transcriptase (Evrogen, Mos-
cow, Russia) and oligo(dT) as a primer. Applied Biosystems
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TagMan gene expression assays (Ucp3, Cptl, Slc2a4) with
B-actin as endogenous control (TagMan endogenous controls
with FAM dye label and MGB mouse B-actin (ACTB)) and
gqPCRmix-HS LowROX Master Mix (Evrogen, Moscow,
Russia) were used for relative quantitation real-time PCR.
Sequence amplification and fluorescence detection were done
with the Applied Biosystems ViiA™ 7 Real-Time PCR Sys-
tem. Relative quantitation was performed by the comparative
CT method, where CT is the threshold cycle.

Statistical analysis. The results are presented as means+SE
from the indicated number of mice. Two-way ANOVA was
used with factors “sex” (male, female) and “experimental
group” (control, food deprivation) with multiple comparisons
using the post hoc Fisher LSD test. Significance was deter-
mined as p < 0.05. The STATISTICA 6 software package
(StatSoft) was used for analysis.

Results

Body weight and blood parameters

Sex significantly affected body weight (F =208.8, p <0.001).
Fasting induced a significant decrease in body weight
(F =442, p <0.001). After 24-hour fasting, both males and
females lost about 7 % of body weight (p <0.05) (Fig. 1, a).

Plasma glucose concentrations in fed mice did not differ
between males and females from control groups. Fasting
significantly decreased blood plasma glucose (F = 21.7,
p < 0.01). Compared to the control group, plasma glucose
levels significantly decreased in fasted animals of both sexes
(p<0.01) (see Fig. 1, b).

Sex and fasting did not affect plasma FFA or insulin con-
centrations (see Fig. 1, ¢, d). Both sex and fasting affected adi-
ponectin blood plasma concentrations: they were significantly
higher in females than in males (F = 14.3, p < 0.01), and in
fasted mice higher than in control mice (F =4.96, p < 0.05).
In females, the fasting-induced increase in adiponectin levels
was more pronounced than in males (p <0.05) (see Fig. 1, e).

Fasting significantly increased FGF21 blood plasma con-
centrations (F =4.5, p <0.05). In females, there was a signifi-
cant difference between control and fasted groups (p < 0.05)

(see Fig. 1, f).

Expression of skeletal muscle energy metabolism genes

For all genes (Ucp3, Cptl and Sic2a4) there were no sex-
related changes in basal muscle mRNA levels (Fig. 2). Fast-
ing increased Ucp3 mRNA levels (F = 4.64, p = 0.04). The

Ucp3 Cpt1

Male Male

Female

*

Female

Sex differences in the expression of lipid oxidation
and glucose uptake genes in muscles of fasted mice

Glucose

Body weight

T
*%

*%

gramm
mmol/L

Male Female Male Female

FFA Insulin

mmol/L
ng/ml

Male Female Male Female

Adiponectin FGF21

*

ng/ml

Male Female

Female

Male

Fig. 1. Body weight, plasma glucose, free fatty acid, insulin, adiponectin,
and FGF21 concentrations in control (white bars) and fasted (gray bars)
C57BL/6J male and female mice.

Data are expressed as means +SEM. * p < 0.05, ** p < 0.01 versus control. Post-
hoc LSD Fisher.

fasting-induced increase of muscle Ucp3 mRNA was more
pronounced in females (p <0.01), while in males changes were
not statistically significant (see Fig. 2, a). Cptl and Slc2a4
gene expression changed in females after fasting. Both Cpt/
and Slc2a4 mRNA levels in fasted females were higher than
in control females (p < 0.05) (see Fig. 2, b, ¢). In males Cpt!
and Slc2a4 mRNA level changes in response to 24-hour food
deprivation were statistically insignificant.

Slc2a4 *

Male Female

Fig. 2. Thigh muscle Ucp3, Cpt1, and Slc2a4 mRNA expression in control (white bars) and fasted (gray bars) male and female

C57BL/6J mice.

Data are expressed as means+SEM. * p < 0.05, ** p < 0.01 versus control. Post-hoc LSD Fisher.
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Discussion

Our results regarding the expression of genes involved in the
regulation of FFA oxidation (Ucp3, Cptl) and glucose uptake
(Slc2a4) in muscles demonstrate that the upregulation of these
genes at the mRNA level in response to 24-h fasting is much
more pronounced in females than in males.

Fasting glucose levels in plasma reflect the interplay be-
tween basal whole-body glucose disposal and endogenous
glucose production. Blood plasma glucose responses to fasting
in males and females were similar; they decreased significantly
in both sexes. However, females demonstrated almost 3-fold
higher increase in the muscle expression of glucose transporter
Slc2a4, whereas the increase in males was not statistically sig-
nificant. This finding suggests more intense glucose turnover
in fasted females compared to fasted males.

Ucp3 expression level is assumed to be one of the main sen-
sors of FFA in muscles, and it can be regulated by hormonal
and dietary manipulations. Starvation increases muscle Ucp3
expression when fat stores are being rapidly mobilized (Samec
et al., 1998a). FFAs act as an interorgan signal between fat
stores and skeletal muscle tissue. It is of interest that circulat-
ing FFAs upregulate Ucp3 mRNA expression during starvation
in slow-twitch (oxidative) muscles, such as the soleus muscle,
but not in fast-twitch fibers (glycolytic/oxidative-glycolytic)
muscles, which constitute the major fiber type of the total
skeletal muscle mass (Samec et al., 1998b). We found no sig-
nificant changes in the blood plasma FFA level in response to
fasting in either males or females. There is evidence that Ucp3
expression changes are not always correlated with the blood
FFA level. Some studies point to unchanged FFA levels and
expression of key genes responsible for the uptake, transport,
oxidation, and re-esterification of fatty acids during 10 to 40-h
fasting accompanied by a dramatic increase in Ucp3 gene
expression in human skeletal muscles (Tunstall et al., 2002).
A signal other than circulating FFAs must be implicated in
the induction of Ucp3 expression. FGF21 is known to induce
Ucp3 expression in cardiomyocytes in vitro (Planavila et al.,
2015). As we found that blood plasma FGF21 levels were
positively associated with the Ucp3 expression level, we
suggest that FGF21 is involved in the upregulation of Ucp3
expression in skeletal muscles.

Several research teams have shown that the expression
levels of genes related to the transport of fatty acids into the
muscle are greater in women than in men. Skeletal muscles
from women show higher expression levels of fatty acid
transporter CD36, hormone-sensitive lipase and lipoprotein
lipase (Lundsgaard, Kiens, 2014). Glycolytic capacity ap-
pears to be greater in men. Higher activities of glycogen
phosphorylase, pyruvate kinase, phosphofructokinase, and
lactate dehydrogenase have been demonstrated in muscles of
young untrained men compared with women (Green et al.,
1984). A greater capillary supply and a greater area percentage
of type I fibers in women are likely to enhance nutritive flow
and increase oxidative glucose and fatty acid metabolism,
thereby contributing to gender differences in skeletal muscle
metabolism and insulin sensitivity (Lundsgaard, Kiens, 2014).
Our data are in good agreement with these facts. They suggest
that the increased potential for beta-oxidation rather than for
glycolysis is realized in female muscles under fasting condi-
tions. It could be of adaptive significance, as females normally
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have a lesser skeletal muscle mass and greater adipose mass
than men.

Blood plasma concentrations of adiponectin are positively
associated with whole-body insulin sensitivity (Furler et al.,
2006; Hojlund et al., 2006). In our study, adiponectin levels
in both the control and fasted groups were significantly higher
in females than in males, and they increased in females but
not in males in response to fasting. This result is consistent
with human studies (Lundsgaard, Kiens, 2014). Adiponectin
promotes insulin sensitivity in skeletal muscles, increasing
Glut4 (Slc2a4 product) translocation to plasma membrane
and glucose uptake, and enhances fatty acid oxidation via
AMPK-dependent mechanisms (Nicholson et al., 2018).
FGF21 is known to directly stimulate adiponectin secretion
in rodents, and adiponectin is required for FGF21 effects, as
adiponectin-knockout mice are refractory to changes in energy
expenditure evoked by FGF21 administration (Holland et al.,
2013). We suggest that FGF21 is involved in the regulation of
lipid metabolism gene expression in muscle via adiponectin
stimulation.

In this study, we were first to show sex dimorphism in
muscle gene expression and FGF21 blood levels in response
to fasting. In females, more pronounced increase of FGF21
and adiponectin blood levels was positively associated with
more pronounced upregulation of lipid oxidation and glucose
intake gene expression.
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Posib meTunmupoBaHusa [ITHK
B HApVIIIEHM KOCTHOT'O MeTabo3Ma
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Octeonopos (Ol) ABnseTcA ofHUM 13 MHOrOMaKTOPHbIX 3a60NeBaHNi U Pa3BMBAETCA HAa OCHOBE B3aVMOAEN-
CTBUA reHETUYECKON KOMMOHEHTbI C OKpyXatoLel cpefon. OfHako, HECMOTPA Ha CYLeCTBEHHble AOCTUXKEHUA B
NMOHUMAHUN MOMEKYNAPHO-FEHETNYECKMX acneKTOB 3TOro 3aboneBaHUA 1 pa3BUTME METOAOB AMArHOCTUKK, ANA
0CTEONopo3a He perfiaMeHTUPOBaHbl SNMUreHeTNYeCKe MapKepbl, MPOrHO3MpyYloLmne pUcKk 3aboneBaHnA Ha [o-
KIMHUYeCKo CTaanm 1 No3BONAIOLLME NPeAcKas3aTb ero TeUeHre 1 TAXKECTb C LieNiblo NpoBefeHna npodunaktmye-
CKUX MepONPUATUIA ANS CHUXKEHWSA PUCKA NepesioMoB. PaclurpeHmne 3HaHWi B 06nacTyi 61onorny KOCTHOW TKaHU,
0COGEHHO B HanpaB/ieHN reHeTUKY OCTEONoPO3a U OCTEOUMMYHONIOTUM, MO3BOJIAMO MOKa3aTb, YTO OCTEOMNOPO3
BO3HMKAET He TOJIbKO Ha OCHOBE FOPMOHaJIbHbIX MM MeXaHNYECKUX HapyLIeHWIA, a NpeCcTaBaAeT COOO0M CNOXKHbI
npoLecc AeCTPYKLMM KOCTHOW TKaH MHOrodaKTopranbHOM NPUpPOoAbl. YMeHbLUeHe KOCTHOM MacChl, HapyLUeHne
MUHepanu3aLmm MaTprKca 1 N3MeHeHe MUKPOaPXUTEKTYPbl KOCTV MOTYT MMEeTb pa3Hble NaToreHeTnyeckne cxe-
Mbl Pa3BUTKA, 1, KPOME TOrO, BCE elle OCTaloTCA Hen3BecTHble 3BeHbA natoreHesa Ofl. OgHMM U3 TaKnX 3BEHbEB,
BepoATHO, ABnAetca [HK-meTunupoBaHue, KoTopoe npeactaBffeT coboil MexaHV3M SMNUreHeTuYecKon peryns-
LMK 3KCNpeccun reHoB. PAg AaHHbIX yKa3biBaeT Ha TO, YUTO 3TOT MeXaHW3M, HapAay C PerynatopHbiMyu MUKpoPHK
1 MNOCTTPAHCNALMOHHBIMU MOAN(UKALMAMY, BHOCUT CYLLECTBEHHDBIN BKNaA B LleHTPasbHble MpoLecchl KOCTHOMO
pemMopenvpoBaHMA 1 POCTa KOCTHOW TKaHW. HecMOTpA Ha 3To, pe3ynbTaTbl COBPEMEHHbIX MCCIIeoBaHNI 3Hauu-
TeNIbHO pasnuyaloTca, npodunb meTunuposaHua [JHK y naLuneHToB C 0CTeONOpPO30M He BCeraa BOCNPON3BOANTCA
B MOJIHOreHOMHbIX UCCNeOBaHMAX, A0 CMX MOP He onpefeneHbl 6ruomapkepbl nepBryHoro Ol Ha OCHOBe 3nure-
HeTnyecknx abeppaumii, BOCMPOV3BOAMMbBIE B Pa3fINuHbIX nonynaumax. [osTomy akTyanbHol 3aaayeii ABndeTca
BbIACHEHVIE 3HAUMMOCTI HAKOMNEHHbIX AaHHbIX. Llenb faHHOro 063opa — 0606LeHMe 1 ccTeMaT3aL s AaHHbIX O
ponu JHK-meTnnnpoBaHna B KOCTHOM MeTabosv3me B HOpMe 1 NaTonoruu, GopMmpoBaHum 0CTeONopo3a, OLeHKa
LOCTVXKEHWI 1 TeHLEHLMI B 3TO 0611acTN NCCNefoBaHUN 1 TexHonorui nsyderHusa JHK-meTunnposanus.
KnioueBble cfioBa: 0CTEONOpPO3; anureHeTrKa; metunuposaHne [HK; MuHepanbHaa MAOTHOCTb KOCTHOW TKaHW;
nepenombl.

Ana untuposanua: Anaes b.U., TiopuH A.B., Mupranuesa PA., XycanHosa PW. Ponb meTnnuposanua [IHK B HapyLue-
HWW KOCTHOTO MeTabonm3ma. BaBnnoBcKuii xxypHan reHeTuku n cenekumm. 2019;23(1):67-74. DOI 10.18699/VJ19.463

The role of DNA methylation
in the disorders of bone metabolism
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Osteoporosis is one of multifactorial diseases, it develops from interactions between the genetic component and
the environment. However, the universal epigenetic markers of osteoporosis are not yet defined. Finding the risk
factors will predict the risk of osteoporosis at the preclinical stage, help define the course and severity of the dis-
ease, and develop preventive measures based on them to reduce the risk of fractures. Expanding knowledge in the
field of bone biology, especially in the genetics of osteoporosis and osteoimmunology, showed that osteoporosis
is a disease that occurs not only due to hormonal or mechanical disorders, but also as a clinically and genetically
heterogeneous disease, and there are still unknown pathogenetic links in its structure. Decreases in bone mass
and matrix mineralization as well as changes in bone microarchitecture can have different pathogenetic patterns
of development and, moreover, there are unknown links of the pathogenesis of osteoporosis. It is possible that
DNA methylation is one of these links and a mechanism for epigenetic regulation of gene expression. Evidence
exists that this mechanism alongside regulatory miRNAs and post-translational modifications makes a significant
contribution to the central processes of bone remodeling; however, the results of various studies vary greatly, and,
therefore, there is a need to understand the significance of the accumulated data and to make them consistent.
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The purpose of this review is to compile and systematize data on the role of DNA methylation in bone metabolism
in normal and pathological conditions, in the formation of osteoporosis, and to assess achievements and trends in
this field of research and technologies for studying DNA methylation.
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BBepeHune

MetunupoBanue JIHK — onuH M3 KIIOYEBBIX MEXaHU3MOB
PEryIslny TPAHCKPUITIIMOHHOW aKTUBHOCTH T€HOB, YMOpHO-
HAJIbHOTO Pa3BHUTHS, CTPYKTYPhl XpOMAaTHHA, WHAKTUBALIUH
X-XpOMOCOMBI, XPOMOCOMHOW CTa0MIBHOCTH M TEHOMHOTO
umnpuntuHra. IIpencrasiser co0oit GpopMy KOBaJICHTHON
momuukarmu JJHK 6e3 nm3MeHeHus ee mociaenoBaTeIbHOCTH,
IPU KOTOPOH MPOUCXOMUT HEPEHOC METHIIbHOM rpymmbl (CH,)
¢ S-a/IecHO3MJIMETHOHNHA B TIO3UIUIO 5 MUPUMHUAMHOBOTO
KOJIbIIa IUTO3MHA. MeTIINpOBaHNE IPOMOTOPHBIX PETHOHOB
TEHOB YacTO MPUBOAWT K TOJNABICHHUIO TPAHCKPHUIILINY, 3a-
TPYAHSISI CBA3bIBAHUE TPAHCKPHUITIMOHHBIX (paKTOPOB, JHOO
k nx moomnu3anun Ha CpG-caiitax. [TogaBneHne mporecco
TPAHCKPHITIMN ¥ TPAHCISIIAK IPUBOJIUT K KOHJICHCAIINH XPO-
MaTHHa U BbI3bIBACT 3aTyXaHHE IKCIIPECCUH I'eHa B OIIPE/IeIICH-
HOM ydacTke reHoma (Ounmaa u ap., 2012). [Tomumo Bcero
npouero, crierruka metmwmposanus JJHK recHpiv o6pazom
CBsI3aHa C POLIECCAMH MTOCTTPAHCIISIIIMOHHBIX MO (pUKaIii
THCTOHOB, HyKJICOCOMHBIM ITO3UIIHOHUPOBAHNEM U HEPABHO-
MEpHBIM paclpe/ieJIeHueM reHOB. Pyt TaHHBIX yKa3bIBaeT Ha
TO, YTO KOH(UTYpanys HyKJI€OCOM U UX MO3ULIMOHNPOBAHHE
YACTUYHO peryiaupyrorcs uepes merunuposanue JIHK, koro-
poe CrocoOCTBYeT IporeccaM KOMIAaKTU3AIMd XPOMaTHHA
(Reppe et al., 2015).

IIpouecc metmuposanust JHK urpaer BaxHyio ponb B
BO3PACT-aCCOIMMPOBAHHBIX 3a00JIEBaHUMX, TAKUX KaK OC-
teonopos (OIl) — meTabonudeckoe 3a00jieBaHHE KOCTHOM
TKaHHU, BO3HHUKAIOIIEE B pE3yiabTaTe HapymeHUs OanmaHca
METabOJIMUECKUX MPOIIECCOB U PEMOACINPOBAHUS KOCTHOM
tkanu (Tarantino et al., 2017). Kak nokaspiBaeT CTaTHCTHKA,
3aboJieBaHIe MPUBOIUT K OoIree YeM 9 MIIITHOHAM ITEPEIOMOB
B TOJ1, KayK/1asi TPEThsI KSHIIMHA M KXK/IBIH MATHIH My>K4nHa
crapie 50 JIeT MoJBEpPIKEHbI PE3KOMY YBEIMUYCHUIO PUCKA
MIEPEIOMOB C BBICOKOH /10JI€H CMEPTHOCTH ¥ MHBAIIMIN3ALINT
(Sozen et al., 2017). Kak crencTBue, 0CTEOMOPO3 CUUTACTCS
OJIHOI1 M3 Hanbosee OCTPHIX MPoOIIeM B cepe 3apaBooXpaHe-
HUSL M IPEJICTABIISACT CEPhE3HBII CONNAIbHO-9KOHOMUYECKUH
BBI30B COBPEMEHHOMY OOIIIECTBY.

B xmuanueckoit npaxktuke st gedenns OIl mpumensror
(hapmakosoruueckre mpenaparsl, HalpaBJIeHHbIE JTHOO Ha
MHruOMpOBaHKE Tporecca pe3opOIyn (aHTUPE30pPOTHBHEIE
npenaparsl), 100 Ha CTUMYISIHIO KOCTHO(OPMHUPYIOLIHNX
MIPOIIECCOB (aHAOOIMYECKHE TPenapaThl), OJHAKO BMECTE C
HMMH YacTO Ha3HAYaI0T BUTAMHHHBIE KOMITIEKCHI C KAJIBIIEM
1 BUTaMHUHOM D JJIA TIOAACPIKAHUA U YBECIIWMYCHU TTPOY-
HOCTH KOCTei. B mepBoM ciydae Hambosee pacipocTpaHeH-
HBIMH MEMKaMEHTaMH SIBJISIOTCS Ondocdanarsl, a st CTU-
MyJIAIUA GOPMUPOBAHNSA KOCTHON TKAHU IPUMEHSIOT Ipemna-
paThl Ha OCHOBE MPOU3BOIHBIX (Topa u ap. (Tu et al., 2018).
OpnHako, HECMOTPSI Ha HAJIMYHME IIMPOKOTO CIEKTpa Iperia-
paroB U METOZOB COBPEMEHHOM JIMarHOCTUKH, YacToTa 3a00-

JICBAHHUS TOJIBKO yBeJ’Il/I'-II/IBaeTCSI, UuB 6OJ1])1HI/IHCTBC cnyqaeB
neperoMbl HacTuratoT 6omsHBIX OI1 10 0OpamieHns B KITMHH-
Ky, 9TO BEIET K BBICOKOW CTETeH! HHBamuau3anuu. [1o aToi
HpI/ILII/lHe HeO6XOZ[MMbI HE€ TOJIBKO ITOUCK yHl/IBepcaHI)HI)IX
OmoMapKepoB BBICOKOTO PHCKa, HO W pa3paboTKa METOHOB
TEpAaIuy U, ECIIH YYUTHIBATH TETEPOTCHHYIO TIPHUPOY OCTEO-
MOPO3a ¥ HU3KYFO MPOrHOCTUYECKYFO 3HAUUMOCTbD OTCIBHBIX
TEHOB, TIOMCK U HCCIIEIOBAHNE B3aUMOCBSI3H OJJHOBPEMEHHO
OOJIBIIIOTO YHCJIa TEHOB, BOBJICYCHHBIX B KOCTHBIA METa00-
JIU3M B CBS3KE C UX DIIUTCHCTUYCCKUMU perﬂﬂTOpaMM. 3T0
MO3BOJIMIIO ObI MACHTH(UIMPOBATH MATTEPH TeHETHYESCKUX
JIOKYCOB, Ha KOTOPBIC MOYKHO BITUSTH YepPE3 AMUTCHETHICCKIC
MEXaHU3MBbI, ¥ pa3paboTarh aIrOpUTM paHHEH JHarHOCTUKH
MEPBUYHOTO OCTEONOPO3a U €ro TapreTHOM Teparnuu.

Ponb snureHeTnyecknx ¢pakTtopos

B roMeocTa3e KOCTHOWN TKaHU

Hawnbosnee panHue ucciieoBaHus SIUTCHETHIECKNX (pakTo-
POB KacaTelbHO KOCTHOM TKaHM HAYaJIHCh C UCCIEAOBAaHUN
JHK-meTunpoBaHus KaHAWJATHBIX T€HOB, allETUIIMPOBAHHUS
THCTOHOB W n3y4enus npodune MmukpoPHK, mist koTopsix
yke ObLIa IOKa3aHa BBICOKasi POJIb B PETYISIIMUA KOCTHOTO
PEMOJIETTMPOBAHNUS U, YACTHYHO, B TIATOTCHE3€ OCTE0NOpo3a
(I'pebennukoBa u nip., 2015).

Ha naHHBI MOMEHT HayKe U3BECTHBI HECKOJIBKO MEXaHU3-
MOB HOCTTPAHCIIAMOHHBIX MOM(DUKALINIA: alleTUINPOBaHHUE,
(hocopunupoBanne, METHINPOBAHHUE, CyMOMINPOBAHUE,
nonu(ADP)(AJ1®)-pubosnnnpoBanue, HEKOBaJIEHTHAS H30-
MepH3anus NpoiIrHa U Jie3aMUHUpoBaHue. PesynsraTtoM ak-
TUBHOCTH 3TUX MOIU(PHUKATOPOB SABISECTCS N3MECHEHHE CTPYK-
Typbl XpOMaTHHA, NIPU KOTOPOM OIpEJeNeHHbIE YYacCTKU
1100 NEKOHJICHCUPYIOTCS, aKTUBU3UPYS TPAHCKPHUIIUIIUIO
JHK, 1160 KOHICHCUPYIOTCSI, 3HAYUTEILHO CHUXKAsI TPAHC-
KPHUIILUOHHYIO aKTMBHOCTh WJIM TIOJIHOCTBIO OJIOKUpYS ee.
[TatTepH TX MomuduKanuid oOpasyeT Tak Ha3bIBaeMBIN
TUCTOHOBBIN KOJ, KOTOPBIH (hOopMHUpPYyeT 001y KapTHHY
TPAHCKPUIIIMOHHON aKTUBHOCTH reHOMa 0e3 3MEHEHHs ee
nocnenosarensHOCTH (Rojas et al., 2015).

Y4auThIBask CIIOKHBIA COCTaB KOCTHOM TKaHW M Pa3HO00-
pa3ue MpoTeKaroIuX B HEl MPOLecCOoB, HAUMHAsL OT OMOp-
HOM (YHKIMHU W 3aKkaH4YMBas (QpyHKIHEH pe3epBHpPOBAHUS
MOHOB, TaKMX KakK KalbLUi u (ocdar, OueBUIHO, YTO ITa
TKaHb J0JDKHA 00eCIeunBaTh ObICTPBIE PEAKLIUKM HA OpTraHH-
YeCKHE N3MEHEHHS ¥ BHEIITHNE CTUMYJIBI, ¥ STIUT€HETHYECKUE
(haKTOpBI, BEPOATHO, UTPAIOT HE MOCIEIHIOI POJIb B ITOH
cucreMe. DIUreHeTHYeckrue Mo (uKalnm, B CBOIO O4epe/ib,
00paTUMBbI U YyBCTBUTEJBHBI K 9HJIOTEHHBIM M 9K30TCHHBIM
CTHUMYJIMPYIOIIUM CHTHAJaM, 4TO OKa3bIBaCT BIMSHHUE KaK
Ha (pU3HOIOTHYECKHE, TAK M HA MATOPU3UOIOTUICCKHIE TIPO-
neccobl B opranusMme. [1o 3Toil npuunHe M3MEHEHUs! OAHOIO
VTN HECKOJIBKUX ATIUTEHETHUECKIX MEXaHU3MOB MOT'YT OBITh
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CBSI3aHBI, B TOM YHCII€, U C HApyIIEHUEM PETYNISILINUU TOMeo-
CTa3a KOCTH C MOCIEAYIOINM U3MEHEHNEM peryisinuu ¢op-
MHUPOBAHHS U Pe30pOIMN KOCTHOM TKaHU M MPOLECCAMH €e
muHepanuzanuu (Marini et al., 2016).

Hecmotpst Ha TO 9TO POSb PA3IMYHBIX AMUTEHETHUECKUX
MexaHn3MoB B natoreHese OI1 00bIMHO HCCITe Ty 0T MO OTACb-
HOCTH, HE UCKIIIOUEH U Pa3HbIH yPOBEHb UX CHHEPrU3Ma. Y Un-
TBhIBasi IPUYACTHOCTH peryisiTopHbIX MUKpOoPHK miu noct-
TPAHCISIIIMOHHBIX MOAU(UKAINK K OOJIBIIOMY KOJINYECTBY
OGHOJIOTHYECKHX MPOLECCOB, OUEBUAHO, YTO B3aUMOBIIHSHUS
9THX (akTopoB U ux u3Menenus c¢ JJHK-mernnmupoBanmem
MOTYT UTPaTh 3HAYUTEIBHYIO POJIb B (DOPMUPOBAHUH OCTEO-
noposa (Moskalev, Vaiserman, 2018).

K HacrosimeMy BpeMeHH yke JOCTOBEPHO M3BECTHO O Cy-
IIECTBOBAHNM HECKOJIBKHUX AIUTEHETHUECKUX MOAN(DHUKATO-
POB, Y4YacTBYIOLIMX B PEryJsiLlMd KOCTHOW TkaHU. Tak, Ha-
TIpUMep, YCTaHOBWIIH, UTO AeareTniassl ructoHoB (HDACS),
KOTOpBIE OTBEYAIOT 32 PEryJIALHUIO CTaTyca aleTUINPOBAHUS
THUCTOHOB, UI'PAlOT OIPOMHYIO POJIb B TMOAJEPKAHUU Ipa-
BWJIBHOTO Pa3BUTHUS CKEJIETa, IMKA €r0 KOCTHOI Macchl, Ha-
KOIUICHHS 1 TTOAJICP>)KAHHSI KOCTHOM MacChl B TCUCHNE )KU3HH
u nipu crapenuu (Marini et al., 2016).

ITomMuMO ponu aneTUITMPOBAHHS THCTOHOB B KOCTHOM METa-
6or3Me, JOCTaTOYHO XOPOIIO N3y4eHa CHCTEMa THCTOHOBOTO
METWIMPOBAHUS — TOHKO HACTPOEHHOM aHTarOHUCTUYECKON
CHCTEMBI aKTUBHOCTH METHIITPaHC(EPa3bl TU3NHOB THCTOHOB
W JIM3WH-IEMETUIIa3bl THCTOHOB. Peub MAET 0 pasnuumsax
MoayIsUK AU GepeHIMay ME3EeHXUMAIbHBIX CTBOJIOBBIX
kietok (MCK) B ocTeoreHHBIH Wi aIUTIOTeHHBIN Ty Th, TaK
Kak oOHapysxeHo, uTo Meruntpancdepazsl SETDB1 u EZH2
HHTUOUpPYIOT ocTeoreHnyro nuddepeniporky MCK gepes
nomasnerne RUNX2, TpanckpuruonHsix (akropo TCF7
n Osterix (OSX) 1 crtocoOCTBYIOT TEM CaMbIM aIUTIOTCHE3Y
MCK. U, nanporus, metunrpanchepazst KDM4B, KDM6A
1 KDM6B ycunmBaioT ocTeoreHnes, HHIyIupyst TPAaHCKPHII-
uuro RUNX2, BMP, OCN, DLX5 u cBsa3anabix HOX-reHos.
OJHaKo, HECMOTPS Ha BAYKHOCTB 3THX ITPOLIECCOB B (POPMHPO-
BaHWHU KOCTHOI TKaHM, OOJIbIlIce BHUMAaHNE NCCIIEJOBaTEeH
npusnekaer MetuaupoBanne JIHK (Ghayor, Weber, 2016).

Ponb AHK-meTnnupoBaHuna

B anddepeHUnpoBKe KOCTHbIX KNETOK

1 pemMmoaennpoBaHNn KOCTHON TKaHU

M3BectHO, uTo narrepus! JJHK-meTnnpoBanus MoryT pasiu-
4aThCs KaK B CIICNNAIIM3UPOBAHHBIX KIIETKax (ocTeodacrax,
OCTEOKJIACTaxX), TaK U B IPOT€HUTOPHBIX (CTBOJIOBBIX KJIETKAX,
JIETEPMUHUPOBAHHBIX Ha AN PEPEHIIPOBKY B ONPEICTECHHBII
THII KJIETOK). B TO e Bpemst JaHHBIX 00 U3MEHEHNH YPOBHS
METUJIIMPOBAHUS B TEX UJIU MHBIX I'CHAX, BOBJICYCHHBIX B (bOp-
MHUPOBaHHE KOCTHOM TKaHM WJIN TIATOTE€HE3 OCTE0II0PO3a, BCE
eI1e HeJOCTaTOvYHO, YTOOB! C(HOPMUPOBATH TIOJTHYIO KAPTHHY
o ponu JJHK-MeTunupoBanusi B romeoctase KOCTHON TKaHU
(Moore et al., 2013).

YcraHOoBICHO, UTO B ocTeodmactax MeTmuposanue JJHK
MapajulebHO PETYIUPYET SKCIPECCUI0 HECKOJIBKHX T€HOB,
y9acTBYIOMHKX B (PyHKIMAX KOCTHBIX KieTok (Reppe et al.,
2015). B wactHOCTH, OOHApYKEHO, UTO T€H MIEIOYHOHN (oc-
(ataser (ALPL) (Cho et al., 2014), ckinepoctuna (SOST),
OSX (Osterix), DLX5 (romeo6oxkcubii reH) (Lee et al., 2006;
Zhang D. et al., 2015), scTporeHoBoro peuenTtopa aiabdha
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(ESRI), octeonontuna (OPN), nuranna RANK RANKL, oc-
teonporerepuna (OPG), ceKpeTHpOBaHHOTO (hePMEHTHPO-
BaHHOTO Oenka 1 (SFRPI) n nentuna (LEP) perynmupyrorcst
JIHK-metunupoBanueM. MetunupoBanue npomotopa ALPL
CBSI3aHO 0OpaTHOW 3aBHCHMOCTBIO C TPAHCKPHUIIIIHEH U IKC-
npeccuel psijia reHoB n U QepeHIHatbHO PEryIupyeTcs B
Pa3HbIX (YHKIMOHAIBHBIX TPYIIaxX KIETOK KOCTHOH TKaHH.
Tak, B ocTeobnactax reH ALPL THIIOMETHINPOBAH, y OCTE0-
IIUTOB METHJINPOBAHKE TTOBBIIICHO, & Y OCTEOKIIACTOB BBIPa-
JKCHO THIepMeTmiinpoBanue 3toro rena (Reppe et al., 2015).
CxiiepocTrH, Kogupyemblii reHoM SOST, IpenMyIecTBEHHO
akcnpeccupyercs B octeormrax (Li et al., 2005). [TepBona-
YaJIbHO ATOT OEJIOK CYMTAJICS AHTAarOHHUCTOM HEKJIACCHYECKO-
ro KocTHOrO Mop¢orenernueckoro 6enka (BMP). ITozaree
CKJIEPOCTHH OBUT MJICHTH()HUIIMPOBAH Kak OEJOK, B3aMMO-
neiictByromuii ¢ perieniropamu LRPS/6 u ciocoOcTByroImii
MHTHOMPOBAHHIO CHUTHAIBHOTO MyTH Wnt, 4TO NPUBOAUT K
YMEHBIIEHNIO 00pa3oBaHus KocTu. MaenTudunupoBanHbe
CpG-caiitbl B reHe SOST pacrnonoxeHbl 1100 OJMU3KO K KO-
JMPYIOIIEH MOCIe0BaTeIbHOCTH, INOO0 B IPEIIOIaracMbIxX
y4acTKaxX CBS3BIBAHHS C TPAHCKPHITIHOHHBIMHU (DaKTOPaMH.
BeusieiieHo, uro metunupoBanue JTHK moxet adpdhexrusHO
MPETIATCTBOBATH CBA3BIBAHHIO TPAHCKPHUIIIMOHHBIX (DAKTOPOB,
MPUBOJS K MHIMOMPOBAaHUIO dKcrpeccun rena SOST, 4ro
KOPPEJHMpOBAIO C BapuadelbHOCTbI0O MUHEPAIBHOM TLIOT-
Hoctu koctHOU TKaHu (MIIKT) (Li et al., 2005). Bsio 06-
Hapy>k€HO, 4TO y >KEHIIMH, BHE 3aBHUCHMOCTH OT BO3pacTa,
ypoBerb MPHK rena SOST u conepxaHue CHIBOPOTOYHOTO
CKJIEPOCTHHA ACCOIIMUPOBAHBI C BO3PACTOM, HHIEKCOM MaCChI
tena u MIIKT Genpennoii koctu (p < 0.0005). Beickazano
MPEIONIOKEHHUE, YTO Y )KEHIIMH C 0CTEOII0OPO30M, BEPOSITHO,
BKJIFOYAETCS TOMEOCTaTHUECKUH MEXAHU3M, YMEHBIIIAIOIINH
MOTEPIO KOCTHOM MACCHI TOCPEACTBOM yCHIICHHS TIPOIIECCOB
(hopMHUpPOBaHUS KOCTHOHN TKaHU uepe3 Wnt-CUTHAIBHYIO CH-
cremy (Delgado-Calle et al., 2012).

OHUM U3 MAJION3YYEHHBIX, HO TIPEICTABIISIONINX HHTEPEC
C TOYKH 3PEHHSI PEMOJICITMPOBAHHSI KOCTHON TKaHHU SIBJISICT-
¢Sl TUPO3WH-KUHA3HBIN pernentop ROR2. Oto cnennduye-
ckuif perenitop wim kopenenrtop it WNTSA (wien cemei-
CTBa CTPYKTYPHO CBSI3aHHBIX T€HOB, KOTOPBIE KOAUPYIOT CEK-
peTupyemMble CUTHAJIBHBIE JIUMNUA-MOAN(GHUINPOBAHHbIE TTIH-
KonpoTenHsl). [IpoMoTop rena 3Toro perenTopa 3HaUHTEIBHO
JIEMETHJIMPOBAH B X0/ MHAYKINHU AUPPEPSHIIUPOBKU TPO-
TEHUTOPHBIX KJIETOK KOCTHOH TKaHH B 0cTeo01acThl. bito mo-
Ka3aHo, YTO B ITPOTEHUTOPHBIX KIIETKaX, KOTOpbIE An(hepeH-
LUPYIOTCS B OCTEOOIACTBI, B OTIIMYHE OT 3PEIIbIX OCTEOIUTOB,
skcpeccus reHa ROR?2 yenndena B 300 pa3. B Hactosmii
MOMEHT pOJb U (D)YHKIMH ATOTO T€Ha, a TaKkke abeppaiuu
€ro METHJIMPOBAHUS B KOCTHOI TKaHH BCE €IlIe OCTAIOTCS He-
n3ydeHHbIMHU. Takum obpaszom, [IHK-MeTnmmpoBanme Hampsi-
MYIO CBSI3aHO ¢ paOOTOH TaHHOTO TeHa, 1 HEOOXOANMO Olle-
HHUTBH €ro BKJIAJl B Pa3IM4YHbIC 3BEHbs MMaTOreHe3a KOCTHOM
tkanu (Tarfiei et al., 2011).

B pabote (Cho et al., 2014) mokazaHo, YTO OJMH U3 YICHOB
cemeiictBa 6enkoB WNT — Wnt3a — criocoOeH akTHBHPOBATh
SKCIPECCHIO BYX TeHOB: BMP2 (MopdoreHeTndeckmii Oe-
70K 2-ro thmna) u ALPL (menounas ¢ocdaraza). It Oenxu
UIPArOT OOJIBIIYIO POIb B TU(PPEPEHIIPOBKE OCTEOOIACTOB.
ABTOpBI YCTAaHOBHIIH, YTO B KJIETKaX HEOCTEOT€HHOTO ITyTH
MIPOMOTOPHBIE peruoHbl reHoB BMP2 u ALPL BbICOKOMETH-
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JIMpOBaHbl. PackpbiTe MEXaHU3MOB 3TON CHUCTEMBI MOYKET
OBITH MPUMEHEHO B TEPAIU OCTEONIOPO3a, HAPUMED, C HC-
nonb3oBanueM SAzadC (a3alMTHUANH, MPEICTABISLCT COOOM
aHaJIOT MUPUMHUIMHOBOTO HYKJI€03H/ 1A [IUTUINHA, KITFOYEBOTO
xomnonenta PHK u JIHK) s nemetnnupoBaHust IpoMOTOp-
HBIX PETHOHOB I€HOB, KOHTPOJINPYOLIUX HIIH yCHITNBAIOITHX
octeoreHe3 (Cho et al., 2014).

IToxokue pe3ynbTarsel OBIIM OMUCAHBI MIPHU MCCIIEI0BA-
HUM METWJINPOBAHMS MIPOMOTOPHBIX PETHOHOB I'eHA TPaHC-
KpumiuoHHoro ¢akropa DLX5 (romeoOOKc-comepxKaiiuii
reH 5) u rera OSX, nim Osterix (KoaupyeT ocTeobmacT-cre-
U(pHUIECKNH TPAHCKPUIIIIMOHHBIA (haKTOp), KOTOPHIE OBLTH
JIEMETUIMPOBAaHbl B OCTEOI€HHOU JIMHUM KJIETOK. lcrosb-
30BaHME JIeMeTmnpyomero areura SAzadC npuBommino K
YBEIMUYCHHUIO SKCIIPECCHN ITHX TeHOB. Takue 5xe pe3ysbTaThl
MOJTyY€Hbl IPU UCCIENOBAHUN MYJIBTUIIOTEHTHBIX KJIETOK
mynbITel 3y0oB. [Tocite 06paboTku KyIbTYphI JAHHBIX KIETOK
5AzadC B HUX MOBBICWIIACH aKTHBHOCTH INEIOYHOU (poc-
(daTtaspl U yBeNMYWIACh dKcrpeccus: reHoB DLXS, OSX u
RUNX?2. DKCIeprIMEHT C NCTIOIb30BaHUEM ME3EHXUMAITbHBIX
CTBOJIOBBIX KJIETOK U IEMETIIINPYIOLIUX areHTOB, IIOJOOHBIX
5-a3alUTUIMHY, TOXKE IPUBOJIMI K YCUJIEHUIO OCTEOT€HHOMN
muddepenmmpoku (Zhang D. et al., 2015).

Taknum obpazom, JITHK-MeTnnnpoBanne MMeeT BBICOKHI
YPOBEHB BOBJIEYEHHOCTH B IIPOLIECCHI KOCTHOTO PEMOJIEITUPO-
BaHMS Yepe3 CHCTEMY PEryISITOPHBIX TEHOB U TECHO CBSI3aHO
C TeHaMHU-PETYIATOpaMH pocTa 1 JuddepeHInpoBKH 0CTeO-
0J1aCTOB M OCTEOKJIACTOB, @ TAKXKE YCHJIMTEISIMA U WHTHU-
OUTOpaMH CUTHAJBHBIX MyTeH, KOOPIUHNPYIOIINX MPOLECC
KOCTHOTO PEMOJICITUPOBAHMS.

COBPEMEHHbIe [DOCTUNXKEeHNA

B n3yuyeHuun metunuposaHusa JHK

npun octeonopose

TexHONMOTuM CEKBEHUPOBAHNS HOBOTO TTOKOJICHUS TTO3BOJIS-
10T CHCTEMHO HCCIIE/IOBATh BIMSIHUE SIIMT€HETHICCKUX MeXa-
HU3MOB Ha PETYJIALHUI0 SKCIIPECCU TeHOB. B uacTHOCTH, OHU
MO3BOJISIOT OMpeAensaTh npodras MeTmaupoBanus JJHK u
o6mmit mpodmie PHK omHIX 1 Tex ske 00pa3nos, Onarogaps
4eMy MOYKHO C OOJIBILION TOYHOCTBIO OIPEACIUTH 3)PEKTHI
metmmupoBanus JJHK (nmm muxpoPHK) Ha sxcnipeccnto of-
HOBPEMEHHO OOJIBIIOTO KOJIMYECTBA I'EHOB.

B uccnenoanuu (Zhang J.G. et al., 2015) a1t BbISIBICHHSI
STIUTEHETUYECKUX N3MEHEHHH y TTAIIEHTOB C OCTEOIOPO30M
MIPOBEJH N3MEPEHUE YPOBHS TPaHCKpUNTOMBI 1 MUKpOPHK
Ha MUKPOYHIIAX, a TAK)KE UCCIIEe0BaHUE METUIIOMA B HOPME U
narosoruu (¢ Hu3kuM ypoaeM MIIKT mmm Hamuamem ocTeo-
MOPOTHYECKHX TIeperoMoB). COIOCTaBUB JaHHBIC, aBTOPEI
oToOpasi HauboJsee 3HaYUMbIE ITyTH U B3aUMOACHCTBYIOIINE
TEHBI, KOTOPBIE OBIIIM ACCOLMUPOBAHBI C OCTEOIIOPO30M HITH
BapuabenbHocThI0 MITKT, mocite yero 6pu1a HOCTpOEHA CETh
u3 12 B3aumopeiictyromux resos u 11 mukpoPHK. Kak oka-
3aJ10Ch, HEKOTOPBIE TEHBI U3 9TOTO MOy, Takue Kak PIK3RS
(perymsaTopHast cyosenuanIa 5 Gocdano3uTuaa 3-KUHA3H),
STAT5A (curnaibHbli 1peoOpazoBaTesb U aKTHBATOP TPaHC-
kpunnu SA) u AKT1 (mporenHkuHa3a B), accormmmpoBaHbl
¢ BapuabenpHocThi0 MITKT 1 B3aMMOCBSI3aHBI € JIOKycaMHu
konuuecTBeHHbIX npuszHakoB MIIKT. MHTepecHO, 4TO 3KC-
MPECCHsSI ITUX T€HOB 3aKOHOMEPHO CHUYKAJIACh C TOBBIIICHHEM
YPOBHS METHJINPOBAHHMS TIPH TIEPEXOIE OT TPYIIIHI C BLICOKUM

The role of DNA methylation
in the disorders of bone metabolism

ypoBaem MIIKT k rpymnme ¢ Huszkum ypoBHeM (Zhang J.G.
etal., 2015).

Komanpoii J.A. Morris et al. (2017) 65110 IpOBEICHO KPYTI-
Homacmtabnoe EWAS uccrienoBanue (rcciaeqoBaHue acco-
IIUALUH STTUTEHOMa) ¢ U3MEPEHNEM YPOBHS METUIINPOBAHUS
110 473 882 CpG-caiitos u ero cpaBHeHHeM ¢ yposHeM MITKT
B HIDKHEH YacTH IeHKH Oe/ipa 1 IOSICHUYHOTO OT/IelIa MT03BO-
HOYHHKA C BBIOOPKOi 00BeMoM 10 4614 genmoBek 3 EBpomst
n CesepHoit AMepukn. OJHaKo Mccie0BaTeN He 00Hapy-
JKWJIN 3HAYMMOTO U3MEHEHUS METHJIMPOBAHHUSA, IOCTOBEPHO
csazanHoro ¢ yposHeM MIIKT (Morris et al., 2017).

[TpumepHO B 3TO ke BpPEeMsI aCCOIMAIMN OBUTH TTOIYYEHBI
rpynmoit Cheishvili et al. (2018). OcHOBHOI1 1e/bIO UX HC-
CJIeI0BaHMsI OBUIO HAWTH TaKUE yJacTKU B TEHOME, METHIIN-
poBaHHME KOTOPBIX HambOoJiee 3HAYNTEIBHO aCCOLUMPOBAHO
C TIEPBUYHBIM OCTEONOPO30M Y JKEHIIHMH M KOTOPBIE MOITIH
OBI OBITH TOTEHIIMATBHBIMHA OHMOMapKepaMy PAaHHETO TEPHO-
na storo 3abonesanus (Cheishvili et al., 2018). [Tepuunbrit
aQHAJIN3 TEHOMA Y HOPMAJIbHBIX JKEHIIUH U y KEHIIUH C paH-
HHUM OCTEOITIOPO30M TIO3BOJMI BBIABUTH 4454 muddepen-
uanbHO MeTmiupoBaHHbIX CpG-caiiTa, a aHAIU3 METH-
muposanus JIHK nBeHanmatu ygacTHHKOB C IpOTpeccupy-
OIINM OCTEOMIOPO30M IIPU CPABHEHUH C KOHTPOIBHOHU IpyTI-
not BersiBHA 13293 nuddepeHnnanbHO METHINPOBAHHBIX
CpG-caiira.

Bckope mociie aHanm3a JaHHBIX MCCIIEN0BATENIMU ObUIN
BbiieneHsl 13 CpG-caliToB, ypOBEHb METHIUPOBAHUS KO-
TOPBIX CTAaTUCTUYECKU HanboJiee HaZeKHO KOPPEIUPOBAIl C
octeoniopo3oM (Cheishvili et al., 2018). Hexotopsie u3 HIX
0Ka3aJuCh JIOKAJIM30BAHbI B CIEAYIOIIMX TeHax: ZNF267
(6enok 1uHKOBOTO Manbua 267), ABLIM?2 (akTUH-CBS3bIBA-
ot 6emok 2-ro tuma), RHO.J (anen cemericTBa OenkoB Ras,
romoror J), CDKLS5 (unknuH3aBUCcHMas KMHa3a 5-To THIIA),
PDCD] (6enoxk 3amporpaMMHUPOBAHHON KJICTOYHON CMEPTH
1-ro Tumna). ZNF267 y4acTBYeT B PETYISALUN TPAHCKPHUIIIINN
MHOTHX T€HOB M OKAa3aJICSl THITOMETHINPOBAH Y MAIIMEHTOB
¢ ocreonopo3om, ABLIM?2 neiictByeT kak ckaddoa-6enox,
CTUMYJIUPYIOIIUNA TPaHCKPUILIMOHHYIO aKTUBHOCTb ABRA
(KommpyeT aKTHH-CBSI3BIBAtOIIHI Oenok), RHO.J — dineH ceMeii-
ctBa 6enxoB RHO, yuacTByeT B mporiecce pocTa 1 BBIKUBaHUS
kieTok PI3K/AKT/mTOR nyTH, ero Genmok cBsi3aH Takxke ¢
anruoreHezoM. CDKL5, xoaupyoumil HUKIMH3aBUCUMYIO
KHMHa3y, OblI TUIIEPMETHIUPOBAH Y BCEX UCCIEAYEMBIX C
OCTEOMOpPO30M. J[pyrumM runepMeTHINPOBAaHHBIM T€HOM
okaszasicss PDCD1, y4acTBYIOIUI B PEryIsSMH aKTUBHOCTU
T- 1 B-kJ1€TOK ¥ 1€UCTBY IO B POJIM MHIYKTOpA KJIETOUHOM
cmeptu. MccnenoBarenu yctanoBwid, uto CDKLS, uieHTH-
(urpoBanHbIil B JaHHOM EWA S-anamnise, MOXeT BBI3BIBATh
nocrrpancisionsbie Moaupukanuu MeCP2 — metnin-CpG-
CBSI3BIBAIONIHNH OENOK 2, KOTOPBIH UTPaeT OJHY W3 ITIABHBIX
pouneii npu pazButnu cuHapoma Perra. Kpome Toro, m3ecTHo,
yro RHOJ umMeer CBOHCTBO MOHMKAaTh aKTUBHOCTH OEJIKOB
muo3nHa [X kimacca Myo9a u Myo9b, u 5To mpeacrasisercs
MHTEPECHBIM, TaK Kak ObLIO MoKa3aHo, yTo Myo9b — kiroue-
BOU PEryJssiTop nojjiepxanust GyHKIHHA OCTEOKIACTOB U OT-
KJTFOUEHHE 3TOr0 OesKa yBEIMUNBAET aKTUBHOCTH OenkoB Rho
(Rho I'T®a3k1 — ceMeicTBO KIIETOUYHBIX CHTHABHBIX OCITKOB,
«mMaibix» G-0enkoB). BaxkHO Takxke ¥ TO, 4TO ONOCPEIOBaH-
HbII Oenkamu Rho myTh cHTHANMHra MMEET 3HAYUTEIHHOE
BIIMSTHHE Ha UG PEPESHINALIIIO OCTEOKIACTOB. UTO KacaeTcst
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reHa ZNF267, KOTOPBIN Yy )KEHIIUH ¢ 0CTEOTIOPO30M TUIIOMe-
THJIUPOBAH, TO TPETIOIATaCTCsl, YTO OH MOXKET OJIOKMPOBATh
AKTMBHOCTb MAaTPUKCHON MeTasutonporentassl 10 (MMP-10),
ydacTBytomeil B nuddepeHnupoBke MUOOIACTOB B OCTEO-
OmacThl, ¥ IOCKOIBKY ZNF267 HEeTraTHBHO PETYIHUPYET 3TOT
(hepMeHT, BEpOSITHO, OH UTPAET POJIb B CHIDKEHHN aKTUBHOCTH
(hopmupoBanus koctei. bbuto mokazano, uto 6enox PDCD1
B3aMMOZICHCTBYET C Pa3IWIHBIMA KOMIIOHEHTAMHU WMMYH-
HOM CHCTEMBI M UTPAET KIIIOUEBYIO POJIb B IIepU(epruIecKoil
UMMYHHOH TOJIEpaHTHOCTH. 3BeCTHO, YTO IE(UIUT 3TOTO
0eJKa CHIDKAeT OCTEOKIIACTOIeHE3, MPEIATCTBYS TAKUM 00-
pa3oM pasBuTHIO ocTeonoporuueckoro penoruna (Cheishvili
etal., 2018).

Hecmorps Ha naHHBIE ITIOOATBHBIX HCCIIEAOBaHWUN, BCE
ele He OOHapy)KMBAETCsl YSTKOW B3aUMOCBSI3U MEK 1y OIIpe-
JICIIEHHBIMH TIATTepHAMH METHJINPOBAHMS M OCTEOIIOPO30M.
[TosToMy Bce 4ale BO3SHHMKAIOT MPOCKTHI, HAlpaBICHHBIC
Ha uccienoBanue narrepHoB J{HK-mernnupoBanus Heno-
CPEACTBEHHO B KOCTHOM OMOIICHITHOM Marepuaie. IlombiTka
0XapaKTepH30BaTh TaTTEPHBI METHIIMPOBAHNS TEHOB, KOTOPHIE
3HAUUTENIHEHO ACCOLMUPOBAHBI C BapHaOebHOCTBIO YPOBHS
MIIKT y 84 mocTMeHomay3aabHbIX )KEHIINH, ObIIa MTPEpH-
HiTa B padote (Reppe et al., 2017). [Ipoananmsuposano Ooiee
480 TbIc. MeTHHpOBaHHBIX CpG-caliToOB, 11 UCCIIE0BAHUS
otobpano 100 reHOB, KOTOPBIE HEMTOCPECTBEHHO BOBJICUECHBI
B Metaboam3m MIIKT. BeIssCHHIOCH, YTO aKTUBHOCTE T€HOB
MEPE, SOST, WIFI u DKKI — MeTa00oI1ueCcKiuX UHIHOH-
TOPOB KOCTHOW TKaHM, CHIIBHO KOpPEeTupoBaia ¢ METHINPO-
BaHMEM B OonbnioM konmdectBe CpG-calTOB B Pa3IMIHBIX
reHax. ABTOpPbI MICHTU(QHUINPOBAIN 64 METHINPOBAHHBIX
CpG-caiita, ypoBeHb KOTOPBIX JIOCTOBEPHO pazinyajcs y
OCTEONOPOTHYECKUX MAIIMEHTOB M Y KOHTPOIBHOW IPYIIIHI.
HawnGosee BbICOKHMI YpOBEHb 3HAUMMOCTH OBbLII 0OHApYKeH
nst reHa RAD23 — romonora B (eg14919562), nepokcuco-
ManpHOTO (pakTopa O6morenesa 14 (egl4170597), TeHacku-
Ha XB (cg03822479, TNXB), nepeHOCYMKa PaCTBOPEHHBIX
BEIIECTB 25 (MUTOXOHAPHATHHBIN TEPEHOCUHK KeJe3a), ie-
Ha Trma 37 (cg26617611, SLC25A437) 1 KHCIIOTHOTO KJIaCTep-
HOro coprupymomero oeika 2 dhochodypuna (cg08105005,
PACS?2). OTmMedeHa peayKIHs ypOBHS METHIMPOBAHHS B TCHE
RAD23 y >k€HIIMH ¢ OCTEOIIOPO30M, XOTSI Y UEThIPEX JKEH-
IIMH YPOBEHb METWIMPOBAHUS ObLI MOBBIIIEH. [lIsi OLleHKH
BiusHUA MeTunupoBanua CpG-caiitos Ha ypoens MIIKT B
mreiike Oexpa OBLT MPUMEHEH METOJ JIMHEHHON perpeccuu;
00OHapYKEHO, YTO METHIMPOBaHUE 00bsiCHSET 0koi0 19 %
Bapuanuu yposHst MIIKT (Reppe et al., 2017).

ITomumo u3mepenus u accounaunu narrepaoB JJHK-me-
TUJIMPOBAHUS C HaJW4MeM IepeaoMoB U ypoBHeM MIIKT,
MPEANPUHUMAIOTCS TIONBITKH COOTHECTH JIaHHbIC MTPOQUIIS
METWINPOBAHMS BO B3aMMOCBSI3H C PETyIATOPHBIMH TOCIIE-
nosaresibHOCTsIMU JTHK. Tak, Del Real et al. (2017) pewmin
MPOBECTH MOJO00HYI0 paboTy, U3yYUB POJIb ME3EHXHMAb-
HBIX cTBOJIOBBIX KiteTok (MCK) B matorenese ocreonoposa.
Pesynbrarsl nmoxaszanu, 4yro Hauboinee auddepeHnnanbHO
METHIMPOBAHHBIE JIOKYCHI PACTIONIOKEHBI B 00JIACTSIX C SHXAH-
CEpPHON aKTHBHOCTHIO, YIAIICHHBIX OT TEHOB M MX IPOMOTOPOB.
Otu obnactu ObutH cBsizaHbl ¢ poctoM MCK u nuddepen-
nuarueit octeodmacto. MCK y manueHToB ¢ meperoMamMu
MOKA3aJIM TIOBBIIICHHYIO MPONN(Eepannio U MOBBIIICHUE aK-
THUBHOCTH OCTEOTe€He3a uepe3 akTUBHOCTh reHoB RUNX2/OSX.
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ABTOpBI YTBEPIKAAIOT, YTO CBSI3b MEXKJy METHIIMPOBAHUEM U
skcpeccuei nepemenna (Del Real et al., 2017).

ONuUIeMHUOIOTHYECKUE UCCIIEI0OBAHNS JOKA3aJIN, YTO BO3-
HUKHOBeHUe U pa3putie OIl cBI3aHO C yCIIOBUSAMU KHU3HU B
MpeHaTaJIbHOM U PAaHHEM TTIOCTHATAIbHOM TIEPHOJIC PA3BUTHS
pebenka. Kak ycraHoBiieHO, BeC IpU POXKACHUH CBSI3aH MPsi-
MO 3aBUCHMOCTBIO C KOCTHOI Maccoi B MOJIOJIOM U B3pOCIIOM
BO3pacTe, a HapyIIeHHEe POCTa B Hauasle IOCTHATAILHOTO pa3-
BUTHS SIBJISICTCSI MApPKEPOM ITOBBIIICHHOTO PHCKA IIepesioMa
Oeznep y B3pocibiX. BeposiTHO, 371eCh HE MOCIEAHION POJb
urpaet JIHK-meTunnpoBanue, 0fHaKO 3TOMY HE CYLIECTBYET
npsAMbIX pokazarenbeTB (Harvey et al., 2014). YBenuuenue
YHCIIa CJIy4YaeB MEepeioMOB M3-32 OCTEONOpo3a BbI3BAHO Xa-
PaKTepHOM JUIs Pa3BUTHIX U PA3BUBAIOLINXCS CTPAH TEH/ICH-
IIMel K YBEIMUYCHUIO MTPOJIOJDKUTEIEHOCTH )KU3HU U BO3pac-
TAHMIO JIOJIH JIIOZIH MOXKMIIOTO BO3pacTa B momyJsiuuu. [1o
3TOH NpUYMHE METUINHA HYXK/IAeTCs B JaTbHEHIIIEM COBEp-
IIEHCTBOBAHUH NMPOQHIAKTUKH TIEPBUYHOTO W BTOPUYHOTO
OII ¢ o0s13aTeNbHBIM BKIIOYEHUEM B KIIMHUKY HOBBIX OTKPBI-
TBIX JUArHOCTUYECKHUX MapKepOB, CPEIH KOTOPBIX OOJIbIIOE
3HAYEHUE MOTYT UMETh SITUTCHETHYCCKHE MOAN(DUKATOPEI, B
toM uucie JIHK-metunupoBanue.

TexHonorum nsyyenusa AHK-metnnmposaHuna

B 1969 r. 5.®. BanromuHbiM ObliIa MPEIIOKEHA OJHA U3

MEPBBIX AMUTEHETHUECKUX TUIIOTE3, COTIACHO KOTOPOH Me-

THJIUPOBAHKE OTIPE/ICIICHHBIX YYaCTKOB I'eHa BIUSET Ha ypO-

BEHb €0 3KCIPEeCCUH. JTa TUIoTe3a JIeria B OCHOBY TEOPUU

snureHeTuky (Banrommn, 2013). A B 1978 1. 3. bepxa u ero

TpyIIa MoKa3ay, 4To MeTmnpoBanue yyactkoB JJHK moxHO

BBISIBUTH C HCIIOJIb30BAHUEM YyBCTBHTEIIBHBIX K METHIHPO-

BaHMIO ()EPMEHTOB, UTO MIPEIBOCXUTHIIO HAYaI0 HHTEHCH(H-

KaI[iH SIIATCHETHYSCKUX UCCIIeNoBaHu (mmuc u ap., 2010).

C Tex mop TexHoNIoruu ucciaenoBanus Metunupoanus JJHK

ObUTH 3HAUUTENNBHO YITYUIICHBI, 1 UX MOXKHO Pa3/ielnuTh Ha

Tpu Kareropuu (Baccarelli, 2018):

1) renocnienuduueckunii ananus (M3ydeHue JOKAILHOIO Me-
TUupoBaHus). HampaBieH Ha KaueCTBEHHOE M KOJIMYe-
CTBEHHOE OIIpE/ICICHIE YPOBHS METHIMPOBAHUS OTAEIb-
HBIX TC€HOB,;

2) aHaM3 ypOBHS IIT00AIEHOTO METHINpoBaHus. [1o3Bomser
MIPOBOJINTh KOJMYECTBEHHBIH M KaueCTBEHHBIH aHAIH3
SMUTCHETHYECKUX MapKepOB OJHOBPEMEHHO B Pa3HbIX
y4JacTKax T€HOMa HE3aBUCHMO OT MX JIOKaJI3alluH;

3) noNHOTEHOMHBIHM aHanu3. basupyromuiics Ha mojHOTE-
HOMHBIX METOJ[aX MCCIIEIOBAHHSI M TEXHOJIOTHSIX MHKPO-
MaTpPUYHOTO aHaTu3a (Micro array), 3TOT METO II03BOJISIET
M3y4aTh OJTHOBPEMEHHO OOJIBIIIOE KOJTMIECTBO M3BECTHBIX
CpG-caiiToB 10 BceMy reHOMY.

Hazio otMeTuTs, 4TO Mara3oH METO/IOB ONIPEACICHHS CTa-
tyca IHK-mMeTunupoBanus 10cTaToqHO pazHOOOpaseH, U B
HACTOsIIIIee BPEMSI CYLIECTBYET OOJIBIIOE KOJIMYECTBO ITOX0-
JIOB, BKJIIOYAsi TAKNE TEXHOIOTUH, KaK BBICOKOd((EKTHBHASL
JKUJKOCTHAsI Xxpomarorpadust uepe3 YP-1eTeKTop, monmmop-
¢usm anun ammmunduuupoBanubix ¢parmentos (ITJAD),
UMMYHO(EepPMEHTHBIN aHAIN3, TIOMIHOMETPUIESCKUN aHAITN3
u ap. (Kurdyukov, Bullock, 2016). CymecTBeHHBIM HEmO-
CTATKOM 3THX METOJIOB, C TOUKH 3PEHHS TONCKA MOJIEKYIAPHO-
TEHETUIECKNX MapKePOB 3a00JI€BaHN, ABIACTCS U3MEPEHNE
o6mero craryca metmmposanust JJHK, nmpu koTopom HeBo3-
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MOYKHO OLEHUTH CTATyC WU MPO(UIb METHIIUPOBAHHUS B OT-
nenpHBIX CpG-caiitax nimm CpG-ocTpoBKax. J[ist Toro 9To0s!I
YBEIMYHUTH YYBCTBUTEIBHOCTD, TOYHOCTH U TPOM3BOIUTEIb-
HOCTh B 9TOH 00JIaCTH, CO BpEMEHEM ObUIM pa3padoTaHbl
TEXHOJIOTHH, TIO3BOJIAIONINE U3MEPATH  HACHTH(OUIIMPOBATH
ypoBenb MetunupoBanus JJTHK ¢ BBICOKOM TOUHOCTBIO Kak
B OJIHOM, TaK M B OousibiioM kosmuectBe CpG-caiiToB (Hiu
CpG-ocTpoBkoB). brraromapst 3ToMy MOKHO OIIEHUTH OOIIN
BKJIa]] ©3MEHEHNS NAaTTEPHOB METHIIMPOBAHHNS B IIPOSIBIICHUE
OIpe/IeICeHHBIX (PEHOTUINYECKUX PU3HAKOB OJHOBPEMEHHO
B cOTHAX ThIcY CpG-CcaiiTOB MO0 OCYIIECTBUTH CPABHUTEIh-
HBII aHaJU3 C MPOQHIEM TPAHCKPHUIITOMBI, IPOTEOMBI U TIp.
(Kurdyukov, Bullock, 2016).

«30JI0TBIM CTaHAAPTOM» COBPEMEHHBIX METOIOB OLICHKU
craryca uinu npoduns JJHK-MernnupoBanust cuuraercs
oucynbdurHas kousepcus JJHK. DToT Metox mpesmnonaraer
IpeaBapuTeNbHy0 npoueaypy aenarypauuu JAHK, kotopas
3aTeM MHKYOHpYeTcs B IPUCYTCTBUH ONCYIb(HTA, B pe3yIbTa-
T€ Yero MPOMCXOAUT PeaKiys CyJIb(HOHUPOBAHMS IUTO3HHA B
6-M nonokeHun. I1ocie 3Toro npoBOAUTCS THAPOIUTHIECKOE
JIe3aMUHUPOBaHKUE IUTO3UH-CYIb(ara, KOTOPIA MPH TO-
clleflyrolel peakuy ¢ MIEJI0YbI0 MPEBPALAETCS B YPaLHIL.
KonBepranuu moasepraeTcsi TONbKO HEMETHINPOBAHHBIH
IIUTO3MH, a 5-METHIINTO3MH HE BCTYNAeT B PEAKIHUIO C Ou-
CyIb(pHUTOM, YTO B MTOI€ MO3BOJISIET WACHTH(OUIIMPOBATH U
KOJIMYECTBEHHO OMNPEENATh METHINPOBAHHbBIE YIACTKH Te-
HoMa. City’>ka OTHpaBHOM TOYKOM, 3Ta MPOIEAypa MO3BOJIHIIA
aJanTHPOBATh PAI MOJIEKYJISIPHO-TEHETHUYECKUX METO/I0B
s uceneposanust JAHK-MeTnnupoBaHusi, KOTOpbIE 4acTo
00BEIMHSIOT 10/l Ha3BaHUEM METOJI0B «OHMCYIIB(GUTHON KOH-
Bepcum» (Li et al., 2013). Ha ceroansiinuii jeHs Hanbosee
MOMYJISIPHBIME CPEIN HUX CUUTAIOTCS CIEIYIOMINE METOIBI.

IMupocexBennpoBanne. OCHOBaHO Ha MPEIBAPUTEIBHON
oucynshutHoi koHBepcuu JJHK. B ocHOBE MeTO/1a JICKUT am-
IUIN(UKAINS HHTEPECYIOIIEH OCIEA0BATEIbHOCTH, KOTOpast
3aTeM KJIOHHUPYETCS /ISl IPOLEeyphl CEKBEHUPOBAHUS. JTa
TEXHOJIOTHSI TO3BOJISIET ONPEEIIUTh aJlIeb-crieluduieckoe
METHJINPOBAHNE OJHOBPEMEHHO B OOJIBIIIOM KOJHYECTBE
¢parmenros JIHK. Kak n npsimoe cekBeHHpoBaHue, THPO-
CEKBEHHUPOBAHHE MOXKET OBITh IIPUMEHEHO ISl U3yUYCHHUS
I100aJIBHOTO CTaTyca METHIINPOBAHHS U CYUTAETCS OTHIM U3
HanOosee 3(h(hEeKTHBHBIX METO/IOB C BBICOKOH pa3pemiaromeit
CHOCOOHOCTHIO. Ero akTHBHO IPUMEHSIIOT TAKKe JUIsl aHAJIN3a
METHIIMPOBAHHS MOOMITBHBIX TeHETHIECKUX AmemenToB JJHK
(Wong et al., 2006). Kak mpaBuiio, OIeHHBAIOT yPOBECHb
MeruupoBanust LINE-31eMeHToB, Tak Kak OHM II03BOJISIOT
OLIEHNUTb ITI00ATBHBIH CTaTyC METHIMPOBAHNUS M3-32 BBICOKOH
YacTOTHI TIOBTOPOB U JUTHHEI pparMeHToB. OCOOEHHO YacTo
MTHUPOCEKBEHIINIO TPUMEHSIOT IS BHICOKOITPOM3BOUTEILHOTO
ananmu3a oopasnos JIHK omyxoneBsix kietok. Kpome Toro, ee
UCTIOJNIB3YIOT [UIsl UCCIIEAOBAHUS METHIIMPOBAHNS UMITPUHTH-
poBannbix reHoB (Colin et al., 2016).

Metuni-cneuuduyeckas IIP. Onua u3 Hanbonee mo-
CTYIHBIX ¥ 3()(EKTUBHBIX METO/IOB MCCIICIOBaHHUS METH-
nmupoBanus JIHK, mo3Bonsronuii o1eHnBaTh CTaTyCc MeTH-
nmupoBaHus Ha JT00BIX CpG-caiitax mmm CpG-oCTpoBKax.
Bragane npoBoaurcs oucynsdurnas konsepcus JJTHK, 3arem
UCCIIeI0BaTeNIn UISHTU(DHUINPYIOT U3MEHEHHSI B UCXOHOI
MOCJIEZIOBATENIBHOCTH C MCIONIb30BAHUEM TPaJAULINOHHON
TP ¢ npumeneHuneM crenuduiaeckoro Habopa npaiMepos

The role of DNA methylation
in the disorders of bone metabolism

KaK Ul METWIMPOBAHHOM, TaK U Il HEMETWIMPOBAHHOU
JIHK. Metoz 6511 BHenpeH B 1996 1. I'epmanom u ero kodi-
neramu. OH ya00eH Uit aHannu3a HeOOJBIIOTO KOJIMYECTBA
renoB, cogepxanux CpG-gunykieoruasl (Ku et al., 2011;
Cxps6uH u np., 2013).

Hmmynonpenunutanust mernianposannoii JJTHK. Oror
MeToJ 1o3BojseT oneHuTsh craryc JJHK-metunupoBanus
Omaromapsi CBOMCTBY HEKOTOPBIX OEIKOB BBICOKOCTICTIH(HY-
HO CBSI3bIBAaTh METHIIMPOBAHHBIN IUTO3KH. VX pazaemstor Ha
JIBa TUIA: aHTUTEJIA, KOTOPhIE PACIIO3HAIOT S-METHIIIUTO3HH,
n metuin-CpG-cBs3piBaronie 6enku. B cirydae, xorma mpu-
MEHSIOT IIEPBbIH THIT OeJIKa, TOBOPSAT 00 HIMMYHOIIPEIUITHTA-
un MetunupoBanHoi JIHK, a mpu ucnonbs30BaHnu BTOPOTo —
00 MMMYHOTIpEINIIUTAlNN XpoMaTnHa. [IpuHINIHansHas
cxema merona takosa: /IHK pacmenmsercs ¢pusnieckum
WA PECTPUKIIMOHHBIM METOJIOM, 3aT€M OHA OCaXXJIaeTcs C
UCTIONIb30BaHNEM OEJIKOB, KOTOPBIE PACIO3HAIOT S-METHIIIHN-
To3uH. [locne ouncTkn OT HecnennpuIecKux (parMeHToB
meTrupoBanHas JJHK amroupyercst U3 KOMIUIEKCOB ¢ Oeli-
KaMu. J[aHHBII METO/T MTO3BOJISET OMPEAEITUTH OOIINIA CTaTyc
metmmposanust JIHK, HO He TO3BOJISIET YCTaHOBUTD CTATYC
metmupoBanus CpG-aunykieoruaa (Gupta et al., 2010).

HRM-ananu3. Aramms metunupoBanns JJHK moxxeT OBITh
MIPOBEJEH YyBCTBUTENBbHON K MeTripoBanuto [11P ¢ anamu-
30M KPHBOH IIaBJICHUsI BbICOKoro paspemenus (Methylation-
Sensitive High Resolution Melting — MS-HRM). Otot meTon
0COOCHHO aKTyaJIeH ¢ TOYKH 3PCHHS Majoro KOJIMYEeCTBa
tpedyemoii JIHK. B ocHOBe npuHIIHIIa JIKHUT IPUOOPETEHHE
Pa3IUYHON MOCIEI0BATEIBHOCTH UCCIEAYEMbIX y4acTKOB
JIHK mocie 6ucynb(uTHON KOHBEPCHH, KOTOPOE TTO3BOJISIET
BBISIBUTH Pa3HbIN NPOQUIIb KPUBBIX TUIABJICHHS M HA OCHOBE
3TOTO HACHTH()UIINPOBATH HAIMYHE UIIH OTCYTCTBUE METHIIN-
poBanus Ha onpeneneHHoM CpG-caiite (i CpG-ocTpoBKke)
(Wojdacz, Dobrovic, 2007; Hussman, Hansen, 2018).

Pean-raiim ITL{P. E1te onHrM METO0M KOJIMUECTBEHHOTO
ornpezeneHust Mmetmmuposanus sisisiercst [P B peanbHOM
Bpemenu MethyLight, ocHOBaHHas Ha 4yBCTBUTEIBHOM,
KOJTMYECTBEHHOM M CIEHU(UIHOM OIPEEIICHNH METHIIU-
pOBaHHBIX calToB. [Ipu 3TOM MOTYT Hcnonb30Barkcs Tag-
Man-30Hbl, crieupUIHbIC A1 METUINPOBAHHBIX WIIU
HEMETWIMPOBaHHbIX nocienoBarenpHocteil. JJHK Takxke
MIPEABAPUTEIHHO MOABEPTalOT OUCYNb(GUTHONH KOHBEPCHH.
MethyLight mmpoko npumeHsiercst Ui aHain3a OO0JIbIIOTo
KoJmdecTBa 00pa3noB. HecMOTpst Ha BBICOKYIO 1yBCTBHTEIb-
HOCTB K JIETEKTHPOBAHHIO CUTHAJIA METHIIMPOBAHUSL, OOBIYHBIH
anaym3 MethyLight MoxkeT aHaTU3UPOBATH TOJIBKO OJIUH I'CH
3a pa3, 4TO MOTEHIMAIbHO OTPAHWYMBACT AHAIN3 MHOXKE-
CTBEHHBIX MapkepoB (Susan et al., 2004; Olkhov-Mitsel et
al., 2014).

MeTuna04unbl. BeICOKOIPONU3BOIUTEILHBIM METOIOM SIB-
JISIeTCsl HCTIOb30BaHNE YMITOBBIX TEXHOJIOTHA. C MX TIOMOIIIBIO
BO3MOYKHO OCYIIIECTBHUTH OJTHOBPEMEHHBII aHAJIN3 OOJIBILIOTO
KOJIMYECTBAa METHJIMPOBAHHBIX yYacTKOB. Tak, KOMIaHUS
[llumina pa3pabdorana cucremy 450K Infinium Methylation
BeadChip, conepixariyto 6omee 450000 moTeHIIHATBLHO METH-
mupyembix CpG-caiitoB. B mannom merone JIHK na Hagams-
HOM 3Tarie TaKkKe MoaBepraercsi Oucynb(OUTHON KOHBEPCHH,
I0CJIe Yero MPOBOAMTCS CTaHIApTHAs IpoLeypa ruopuan-
3amuM Ha 9umnax (parmenToB amrmudunuposanHoi JJHK
(Lietal., 2013; Yi-an et al., 2013).

72 BaBunoBcKuii xKypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 201923 « 1



b.W. Anaes, A.B. TiopnH
P.A. Mupranuesa, PU. XycanHoBa

TexHONMOTHH HCCACIOBAHUN ACCOIMAIMU 3TTUTCHOMA
(EWAS) na ocHOBE MHKPOMATPHYHOTO aHANN3a, a TAKKe
TEXHOJIOTHH CEKBEHUPOBAHUS CIICIYIOIICTO ITOKOJICHHS (TIH-
POCEKBCHUPOBAHKE U IIP.) CUUTAIOTCS Harbojiee BoCTpeOo-
BaHHBIMH B 00JIaCTH M3yUYEHHS SITUTEHETHIECKUX (haKTOPOB
MHOTO(AKTOPHBIX 3a00eBaHi. B To ke Bpems s ucce-
JTIOBaHUs HEOOJIBIIIOTO YHCIIa KaHAUaTHBIX TCHOB Hanbosee
ONITUMATEHBIMHU PEIICHUSMH MOTYT CIUTAThCS MeToIsI HRM-
aHanm3a U MeTuiI-creruduaeckoi TTIP.

3aknioyeHune

Wnentndukaims paHHUX TPEJUKTOPOB MHOTO()AKTOPHBIX 3a-
OosieBaHUit — Oj1Ha M3 HanOoJIee MPHUOPUTETHBIX 33/1a4 COBpe-
MEHHOH MOJIEKYIISIpHON MeULMHBL. Kak BUHO M3 OITMCAHHBIX
HCCIIE0BaHNi, B META00JIM3M M PEMOJICITMPOBAHNE KOCTHOM
TKaHHU BOBJICYCHO OOJIBIIOE KOJIMYECTBO PETYIISTOPHBIX CHUC-
TeM. 3HaYNMOCTb M BBICOKas poib MetmnupoBanns JJHK B
PETYISTOPHBIX TpOIeccax HEOTHOKPATHO OBUTH MOATBEPK-
JCHbI MHOTUMHU HCCJICJOBAHUAMU. OI[HaKO ﬂaHHbIﬁ OIIUTC-
HETHYECKUI MEXaHN3M BCE €111 OCTACTCSI MaJION3yIEHHBIM B
CTPYKTYpe€ psiia MHOTO(aKTOPHBIX 3200JIEBaHHH, B TOM YHCIIC
octeonopo3a. [IpeanpuHATO HeManoe KOJIU4YECTBO MOTMBITOK
oxapakTtepu3oBarh abeppannu JJHK-MeTnnnpoBaHus He TOIb-
KO B MICCJIC/IOBAHUSIX KaHIUJIATHBIX TEHOB, HO M B NIOOAJIBHBIX
HCCIIEJOBAHMAX acCOLMaLUi d1IUreHoMa uesoseka. IIpexne
BCEro U3 HuX ciaenyert, uro JJHK-metmnnpoBanue — 310 KpaiiHe
YYBCTBUTEIIBHBIA U TKaHEeCTICIM(DUIHBIN TpoIiece, KOTOPBII
MOYKET CHJIbHO BapbUpPOBaTh B 3aBHCHMOCTH OT BO3pacTa,
T10J1a, MUKPOOKPYKEHNUS TPAaBMUPOBAHHBIX YIACTKOB U yCJI0-
BUI OKpy>Kato1ei cpensl. HecMoTpst Ha mostHOMacTaOHbIe
HCCIIeIOBaHMUS, PE3YIbTAThI JOBOJIBHO CHIIBHO Pa3INYaroTCs,
HO M3 HHX CIIEIYeT, 4To Oosiee 0OOBEKTUBHBI UCCIIEOBAHNS,
HarpasiieHHble Ha n3ydenue JJHK-MetunupoBanus Henocpen-
CTBEHHO B CAMOM KOCTHOM TKaHU. IIpy 5TOM Ba)KHO yUUTHIBATL
KaK MOKHO OOJIbIIIee KOJIMYECTBO MUKPOIIapaMeTPOB OTOMpa-
€MOro MaTepuana, HadMHas OT €ro KI€TOYHOH FTOMOT€HHOCTH
1 3aKaH4YMBasA CUCTCMHBIM MOAXOJAO0M OJHOBPEMCHHOT'O UC-
CJIC/IOBAHMS YPOBHS SKCIPECCUH TEHOB U MIX CBSI3HU C IPYTUMHU
SMHUI'€HETHYECKUMH MOAN(HUKaTOpamMH, BKItodast MUKpoPHK
1 MOCTTPAHCIAIIUOHHBIC MOILI/I(I)I/IKaLlI/II/I.
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YacToTa pacripegeneHns reHOTUIIOB rmojaumop@usma IL4
(rs 2243250) ripu 1ricopuase 1 rcopmuaTmyeckoM apTpuTe

A.A. Bapuao ®, M.B. CmoabHukoBa, C.B. CMupHOBa

MepepanbHblii NCCNEROBATENbCKUI LeHTP «KpacHOAPCKMI HayuHblii LeHTp CMOMpPCKoro oTaeneHrs POCCMinckon akagemmm HayK»
060cobneHHoe noapasaeneHe «<HayyHo-nccnenoBaTenbCknin MHCTUTYT MeULMHCKUX Npobnem Cesepar, KpacHoapck, Poccua
&) e-mail: anntomsk@yandex.ru

MNcopwas (MC) n ncopunatnyecknin aptput (McA) — MHorodakTopHble 3aboneBaHus, Pa3BUTE KOTOPbLIX Onpeae-
NAETCA PEe3yNbTaTOM C/IOKHOIO KOMOUHVMPOBAHHOMO B3aVIMOAENCTBUA FEHETMYECKOW NMPEAPacrnoNoXeHHOCTH
1 GaKTOpOB OKpYyKatoLuein cpefbl. Vi3yueHne reHeTMyeckoro nonumopdrama B 3aBUCUMOCTY OT KIMHUYECKOTO
TeyeHua MC u McA No3BoNUT BbIABUTb €ANHbIE AMArHOCTUYECKME KPUTEPUM NMPOrpeccrpoBaHA NaToNormu.
Llenbto paboTbl 6bifI0 — NpoaHanM3npPoBaTb YacToTy pacrnpefeneHna reHoTMNnoB noarMopdmsMa NPoOmMoTop-
Horo pervmoHa C-590T (rs2243250) reHa IL4 y 605bHbIX NCOPUA3OM 1 MCOPUATMYECKUM apTpuToM. B nccnepo-
BaHue Obiny BKoYeHbl 605bHbIe Ncopurasom (n = 49) 1 ncopmaTmyecknm apTputom (n = 48), KoTopble C yye-
TOM HOCWTENbCTBa OMpefeneHHbIX reHOTUMOB pasfeneHbl Ha rpynnbl: 1- MNC, Hocutenun reHoTtuna C/C IL4 (rs
2243250) (n = 31), 2 - NC, Hocutenu reHotunos C/T wn T/T (n = 18), 3 - MNcA, Hocutenn reHotnna C/C (n = 30),
4 —TNcA, Hocutenu reHoTunos C/T u T/T (n = 18). BoigeneHne [JHK 13 uenbHoM BEHO3HOW KPOBU NMPOBOAUIOCH
npwvi NOMOLLM CTaHAAPTHOrO Habopa ¢ copbeHTOM. [eHOTUNPOBaHVE annefibHbIX BapUaHTOB OCYLLECTBAANOCH
MEeTOAOM PECTPUKLMOHHOrO aHanm3a npoayktos amnandukaumm (MOAPMO-aHanun3, aHanus nonumopdmnsma gnm-
Hbl PECTPUKLMUOHHbIX dparmeHTOB) crieynduryecknx yyactkoB reHoma. Y 6onbHbix MC, HocuTenen reHotna
C/C IL4 (rs 2243250), 3HaueHue nHaekca PASI (Psoriasis Area and Severity Index) cTaTUCTUYeCKM 3HAUUMO HUXKe
OTHOCUTeNbHO HocuTenen reHoTunos C/T n T/T. OTMeuyeHa BO3MOXKHaA accoumaumnsa HOCUTeNbCTBa reHOTUMOB
C/T v T/T npm MNcA ¢ ncoprasom Horter B cpaBHeHuM ¢ reHoTnnom C/C. Mpu n3yyeHnn MexrpynnoBbix pas-
NNYNiA onpepeneHo, YTo HocuTenbcTBo reHotuna C/C npu MNcA MoxeT oKasbiBaTb BAUAHME Ha KMHUYeCKoe
TeUeHne NcopraTUYECKOro NpoLecca C YacTbiM OOOCTPEHNSMU 1 BOBIIEYEHMEM B MATONOMMUYECKUIA NpoLecc
BOJIOCMCTON YacCTyW ronoBbl C NioLlaabio nopaxkeHus 6onee 30 %. Hocutenobctso reHotunos C/T v T/T npu McA
MOXET UMeTb accoumaumio ¢ peHomeHoM KebHepa 1 METabONMUYECKMU HAPYLLEHUAMMN B CPAaBHEHWM C TaKo-
BbIM npu MNC. OnpepeneHbl pa3nnumna B HocuTenbcTee reHoTunos C/C otTHocuTenbHo C/Twn T/T IL4 (rs 2243250) y
60MNbHbIX MCOPMA3OM 1 NCcopuaTUYecKM apTpuTom. C yueTomM KpaliHe HU3KOM YMCIIEHHOCTM rpynn nauyeHToB
pe3ynbTaTbl HEOGXOAVMO paccMaTpMBaTh Kak npefBapuTesibHble 1 Tpebytowwme AanbHenLwel NPoBepPKM, HO Ha
BbIGOPKAX 3HAUNTENBHO 6OMbLLEero oobema.

KnioueBble cioBa: Ncopmas; ncopraTmyeckunin apTpuT; NoMmMopdu3m reHoB; LUTOKUHDI; IL4.

Ana yntupoBaHua: bapuno A.A., CmonbHukosa M.B., CmupHoBsa C.B. YacToTa pacnpegeneHunsa reHOTMNoB No-
numopdousma IL4 (rs 2243250) npu ncopurasze v NcopmraTmyeckom aptTpute. BaBUNOBCKUI XypHan reHeTuKn 1
cenekuymn. 2019;23(1):75-80. DOI 10.18699/V]19.464

The frequency of distribution of the genotypes
of the IL4 polymorphism (rs 2243250)
in psoriasis and psoriatic arthritis

A.A. Barilo®), M.V. Smolnikova, S.V. Smirnova

Scientific Research Institute for Medical Problems in the North - Division of Federal Research Center “Krasnoyarsk Scientific Center
of the Siberian Branch of the RAS’, Krasnoyarsk, Russia
&) e-mail: anntomsk@yandex.ru

Psoriasis (PS) and psoriatic arthritis (PsA) are multifactorial diseases determined by the result of complex com-
bined interaction of genetic and environmental factors. The study of genetic polymorphism of PS and PsA will
allow identification of common diagnostic criteria for the progression of pathology. The aim was to analyze the
frequency of distribution of genotypes of the promoter region of the C-590T (rs2243250) gene IL4 in patients
with psoriasis and psoriatic. The study included patients with psoriasis (n = 49) and psoriatic arthritis (n = 48),
which, taking into account the carriage of certain genotypes, are divided into groups: 1, PS, carriers of the C/C
genotype (n=31); 2, PS, carriers of the C/Tand T/T genotype (n = 18); 3, PsA, carriers of the C/C genotype (n = 30);
and 4, PsA, carriers of the C/T and T/T genotype (n = 18). DNA extraction from whole venous blood was per-
formed using a standard kit with a sorbent. Genotyping allelic variants was carried out by the method of restric-
tion analysis of amplification products (RFLP-analysis) of specific regions of the genome. In PS carriers of the C/C
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The frequency of distribution of the /L4 polymorphism
(rs 2243250) genotypes in psoriasis and psoriatic arthritis

IL4 (rs2243250), the value of the PASI index is statistically significantly lower relative to the carriers of the C/T and
T/T genotypes. A possible association of the carriage of the C/T and T/T genotypes in PsA with nail psoriasis was
noted in comparison with the C/C genotype. When studying intergroup differences, it was determined that the
carriage of the C/C genotype in PsA can influence the clinical course of the psoriatic process with frequent exac-
erbations and involvement of more than 30 % of the hairy part in the pathological process. The carriage of the
C/Tand T/T genotypes in PsA may be associated with the Koebner phenomenon and the metabolic disorders
in comparison with PS. Differences in the carriage of the C/C genotypes relative to C/T and T/T IL4 (rs2243250) in
psoriasis and psoriatic arthritis were determined. Given the extremely low number of patient groups, the results
should be considered as preliminary and require further testing on much larger samples.

Key words: psoriasis; psoriatic arthritis; genes polymorphism; cytokines; IL4.
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BBepeHmne
[copwnas (I1C) — xpoHHYECKOE Ay TONMMYHHOE BOCITATTTEIb-
HOE 3a00JIeBaHNE KOXKH, TTOITYJISIIMOHHAST YacTOTa KOTOPOTO
B Mupe coctasisiet ot 0.6 10 4.8 % (Naldi, 2004). Cucrem-
HOCTb BOCHAJIUTEIBLHOTO TPOLiECcca, HEYKJIOHHBIH pocT 3a00-
JIEBa€MOCTH, ACCOLIMAIINS C ITOBBIIICHHBIM PUCKOM Pa3BUTHS
UIEMHUYECKON 00JIe3HH cep/ta, PUOPUILIALIH TPEACEPANH,
WHCYIIBTa, TPOMOOIMOOIHH, OHKOJIOTHIECKIX 3a00JIeBaHUH
00ycCIaBIMBaIOT aKTyaJbHOCTh M3y4deHHs rcopuasa (Gel-
fand et al., 2006; Kurd et al., 2010; Wan et al., 2013; Chiesa
Fuxench et al., 2016). IIcopuatnueckuii aprput (IIcA) sB-
JISIETCS OJTHOM U3 TSHKENBIX (POPM IICOpPUATHUECKOM O0JIe3HH,
KOTOpasl XapaKTepU3yeTCsl SpO3UBHOM JECTPYKLUEH OIIOPHO-
JIBUTATENILHOTO anmnapara u passusaercs y 8—30 % O0IbHBIX
ncopuazom (O’Rielly, Rahman, 2010). B monasnstomem
OOIIBILIMHCTBE CIIy4aeB BOCIIAIUTENBHBIH MIPOLIECC B CyCTaBax
npu [IcA HEyKIIOHHO MPUBOANT K MHBAJINIU3AINHT OOJIBHBIX.
[copna3z u ncopuarnveckuii apTpuUT — MHOTO(AKTOPHBIE
3a00JIeBaHUsI, PA3BUTHE KOTOPBIX OIPEIEIISETCS PE3yJIbTaTOM
CII0)KHOTO KOMOMHHMPOBAHHOTO B3aMMOACHCTBUS T€HETH-
YEeCKOW MpeIpacHoNoKEHHOCTH U (PaKTOPOB OKpY’KaroIiei
cpensl (CmomnpauKoBa, CMupHOBa, 2014). Hanbomnee nepcrek-
TUBHBIM METOJOM HCCIICJOBAHHUS NPEIPACIIOIOKECHHOCTH
n xapakrepa tedeHus [IC u IIcA sBaseTcss MOUCK T€HOB-
KaHJIM/IaTOB, OCHOBAHHbBIM Ha aHaJM3e KOHKPETHBIX T'€HOB,
MIPOIYKTHI AKCIPECCHH KOTOPBIX MTPAIOT PONIb B Pa3BUTHH
3aboneBanus (Xaiipyraunos, 2011). I'en nHTepneiikuna 4
(IL4) — onuH U3 KITIOYEBBIX TCHOB-KAHIMIATOB B PE3yIbTaTe
KOZIMPOBAaHMUS IMMYHOPETYISITOPHOTO INTOKWHA — MEIAaTOpa
BOCTIAJICHUS, aronTo3a 1 pa3sutust T-mmmdonmtos npu [1C
u IlcA (Indhumathi et al., 2017). I'en, kopupyrommii npoayk-
muto [L-4, pacrionoxen Ha 5q31.1xpomocome (Bidwell et al.,
1999). M3BecTHBI ClienyIONIHe TOUCYHBIE TOIMMOP(QHU3MBI B
poMoTOpHO# oOmactu reHa IL4: C-1098T, C-590T, C-285T,
A-81G, C-33T (Kim et al., 2007). ITomamopduzm C-590T
(rs2243250) npoMOTOpHOTO peruoHa rexa /L4 nmeer BayKHOE
3HauCHHUE B IATOreHE3e NICOpUa3a U IICOPUATHYECKOTO apTPH-
ta (Indhumathi et al., 2017). Hanuuune 3amMeHbl B TOCIIe10Ba-
TEJILHOCTH HYKJICOTH/IOB (OJHOHYKJICOTHIHBIC TIOTMMOP(H3-
Mmbl uin single-nucleotide polymorphisms, SNPs) Biusier Ha
YPOBEHb JKCIIPECCHUH U MPOLYKINH OeiKa (ONpeieieHHOTO
IIUTOKHMHA), YTO TIPUBOJUT K UMMYHOJIOTHYECKUM CJBHTaM,
CrocoOCTBYOIMM (DOPMUPOBAHHIO ATOJIOTHH C OTIPE/ICIICH-
HBIMH (P)EHOTUNNIECKUMH OCOOCHHOCTSIMU U KIIMHUYECKUM
teuenneM (Konenkov et al., 2001). M3yuenne reHeTHYeCcKOro
nonuMopdusmMa B 3aBUCHMOCTH OT KJIMHUYECKOTO TEYCHUsI

IIC u IIcA mo3BOIWT BBISBUTH COWHBIC JUArHOCTHYECKUC
KPUTEPHUH MTPOTPECCUPOBAHUS MTATOIOTHH.

Hens paboThl — MpoaHAIN3UPOBATH YACTOTY pacmpere-
JICHUS] TeHOTHUIOB TTonuMopdusma /L4 (rs 2243250) y Goib-
HBIX TICOPUA30M U TICOPUATUYECKUM aPTPUTOM €BPOIIECOUIOB
. KpacHosipcka.

MaTtepwuanbl n metogbl

OO0BeKTOM N3y4deHns ObUTH OONTFHBIC BYABTapHBIM IICOPHA30M
(n = 49) n ncopnarnyeckuM apTputoM (n = 48), KUTEIN
. Kpacuosipcka. bonbnbie TIC u [IcA Obuti pa3sziesicHbl Ha
rpynmsl: | — 6onbHble I1C, HOcuTenn renoruna C/C L4
(rs 2243250) (n=31), 2 — 6ompHbIe [1C, HOCUTEIH TCHOTUTIOB
C/Twu T/T (n = 18), 3 — 6osbubie [ICA, HOCHTENIM TEeHOTUIIA
C/C (n = 30), 4 — 6omnbubIie TIcA, HOCcuTenu reHotunos C/T
u T/T (n=18).

[Iporokosn obOcnenoBanusi OOJIBHBIX M MPAKTHYECKH 3]10-
POBBIX JTOfIeH (KOHTPOJIbHAS TPYIIA) COOTBETCTBOBAI TH-
YEeCKMM CTaHAapTaM W ObII pa3pelieH KOMHUTETOM MO Ono-
MEJULUHCKON 3THKe HayuHo-ucciieqoBarenbCckoro HHCTU-
TyTa MeTUIHCKHX mpobmem Cesepa (mmpotokom Ne 12 ot
10.12.2013 r.). IIpaBo Ha mpoBeneHne 0OCIIET0BAHUS IOPHU-
JIMUECKU 3aKPeIlIsIIOCh HHPOPMUPOBAHHBIM ITHCbMEHHBIM
COIVIACHEM MAIMEHTA.

Bce GonbHBIE COOTBETCTBOBAIM KPUTEPHSAM BKIIIOUCHHMS/
uckiodeHus. Kputepun BriitoueHus O0IbHBIX B HCCIIEI0BA-
HHE: HUINYNE KINHUYECKH MOATBEPXKICHHOTO BYIBIapHOTO
TIcoprasa 1 ICOPHaTHIECKOTO apTpUTa, eBPOIICONTHOE TIPO-
UCXOXACHUE (TP MOKOJIEHUs), Bo3pacT oT 18 g0 66 nert.
Kpurepnn UCKIIOUEHNS U3 HCCIEN0BAHMS: HAIUIHUE COITYT-
CTBYIOIINX JICKOMIICHCHPOBAHHBIX 3a00JIeBaHNI, 000CTpeHNE
COMYTCTBYIOIIUX XPOHUUYECKHUX 3a00JICBaHUM, yKa3aHUE B
aHaMHe3€ Ha TePaIuio MUTOCTaTHKaMU M CHCTEMHBIMH TITIO-
KOKOPTHKOCTEPOHIAMH, HAJIMIHE T0OPOKaYECTBEHHBIX H 3710~
KauC€CTBCHHBIX onyxonei/'l, caxapHoro [[l/la6eTa, CUCTCMHBIX
U TICHXMYECKUX 3a00IeBaHUH, OepEeMEHHOCTh M JTAKTAIIHS.

VY 6onpubix I1C u TIcA u3ydanuch cleayromye KINHA-
YeCKHe MPU3HAKK: BO3pACT JIe0I0Ta MCOPUATHYECKUX BbI-
CBITTAHUH Ha KOXe, CTaX 3a00JIeBaHMs, YaCTOTa 000CTPEHUH
KO>KHOTO IIpOIIecca, XKaja00bl Ha IUCIIENICHIO 1 O0JIb B 00J1aCTH
MPaBoOro nojpedephsi, HAJIMUUE KOXKHOTO 3yja U (heHOMeHa
KebHnepa (TIosiBIIeHIE CBEKIX BBICHIITAHUI Ha MECTE TIOBPEXK-
JICHUSI KO’KHOTO TTOKPOBA TIPH IICOpHase), copuas HOTTEH,
TUIONIA/1b HOPAKEHHUS! BOJIOCUCTOM YaCTH I'OJI0BbI, CTETICHB Tsi-
KECTH KOXHOTO Tiporiecca o maaekcy PASI (psoriasis area
and severity index), 3Hauenue uHaekca maccsl Tena (MMT).
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[Ipu moacuere numekca PASI koMOUHUPYIOTCS KOJIMUE-
CTBEHHBIE OIICHKH CTEIEHU BBIPAKEHHOCTH OCHOBHBIX KIIU-
HUYECKHUX MpOsBICHUN (MHUIBTpauus, 3y/, yTOJIIECHUE
KOXH, OTEK, THUIIEPEMHUSI, IIeNyIIeHNE) C OLEHKON TIOIIaIu
MOpa’KEHUS 10 IPOCTON TMHEWHOM 1IKase. B 3aBUCMMOCTH OT
3HaueHust uuaekca PASI BBLAETSIOT: IETKYIO CTENEHb TSHKECTH
ricopuasa — 10 9.9 6asos BkitountensHo; ot 10.0-30.0 6an-
JIOB — CpeHss TShKeCTh mporiecca; oT 30 mo 72 6ammoB (Mak-
CHUMaJIbHO BBIPAKCHHBIC KOXKHBIC MPOSIBICHHS) — TSDKEIOE
TE€4EeHHE IIcopuasza. I3BecTHO, UTO MOPAKEHUE BOJIOCUCTON
yacty ronoBel y 6ombHbIX I1IC 1o 30 % ompenensiercst kak
JIeTKasi CTeTIeHb TsoKecTH, Oosee 30 % — yMepeHHast 1 TshKenast
creneHu. B uccienoBanue ObLIM BKIIIOUEHBI OOJIBHBIE C TIO-
pakeHHEeM BOJIOCHCTOI dacTh roioBs! Oomee 30 %.

HccnenoBana oiHOHYKIICOTHAHAS 3aMEHA B TPOMOTOPHOM
peruone /L4 (rs 2243250). Beinenenne JIHK nmpoBoauiock
MIpH TIOMOINHM CTaHAapTHOro Habopa mia Beaenerns JJHK
u3 1eabpHoN BeHo3HOoH kpoBu (OO0 «Jlaboparopus MEJIU-
I'EH», r. HoBocubupck). ['eHOTHIIpOBaHKE aJUIEIbHBIX Ba-
PHAHTOB OCYIECTBISIOCH METOIOM PECTPUKIIMOHHOTO aHa-
nm3a npoxykros amrumndukaryn (ITPd-ananns) cnenudu-
YECKUX YYaCTKOB I'€HOMaA. HCTGKLII/IH MPOAYKTOB BbINOJIHAIACH
B 2 % arapo3HoM reJe.

Craructuyeckasi 00paboTKa pe3yJabTaToB MCCIICTOBAHUS
OCYIIECTBIIAIACH C TOMOIIBIO CTATUCTUYECKHUX AKETOB MPH-
KIaTHBIX mporpamm Statistica 6.0. ns KonwmdecTBEeHHON
XapaKTEePUCTUKN BapHallM{ BBIUMCISUIN Meanany (Me) u
MHTEpPKBAapTWIBHBIM pa3max B BuIe 25 u 75 mponeHTuiei
(25 %; 75 %). Pactpenenenue reHOTHIIOB 1O WCCIIETOBAH-
HBIM TOIUMOP(HBIM JIOKyCaM MPOBEPSUIM HA COOTBETCTBHUE
paBHOBecuto Xapau—BaiinOepra ¢ moMoIpo TOYHOTO TecTa
Oumepa. OneHKy accoruaniii ToTMMOP(HBIX BapHAHTOB
TEHOB C MATOJIOTMYEeCKUM (PEHOTUIIOM TPOBOAMIN MO OTHO-
meHuto mancoB (OL) coObITHs B OJ{HO# IpyIINe K IaHcam
3TOTO k€ COOBITHS B IpyTroii rpyIme ¢ pacueToM 95 % nose-
purensHOTO MHTepBaia ([1). s cpaBHEHHUS KaueCTBEHHBIX
NPHM3HAKOB B TPYMIAX UCIIONBL30BaNu Kputepuii y2 [Tupcona
¢ monpaskoii Mercena Ha HenpepbIBHOCTb. C yueToM HU3KO#
YHCIIEHHOCTH CPABHUBACMBIX T'PYIIIL, & TAKXKE MHOXKECTBA BbI-
TMOJIHEHHBIX TECTOB CPABHCHU roKaszareJiei MEXKAY IrpyrnmnamMu
MIPU CTaTUCTUYECKOM aHAJIN3€ BHECCHBI ITOMIPABKH HA MHOXeE-
CTBEHHOCTH CpaBHeHMH (rornpaBka boudepponn). YposeHs
3HAYUMOCTH NpuHUMacs ipu p < 0.0125.

Pe3ynbratbi
B xo71e poBeCHHBIX HAMH UCCIICIOBaHUH MoauMopdu3Ma
mpoMoTopHOTO pernona /L4 (rs 2243250) Bo Bcex Tpymmax
00cIIe10BaHHBIX BBISIBIEHO Tpeodnaganue renoruna C/C, 4To
COOTBETCTBYET MUPOBBIM JIAHHBIM B JIPYTUX CBPOIICOUIHBIX
MOMYIISIHAX.

Ocoboe BHUMaHNE B N3yYCHUH TEHETHYECKUX OCHOB Ta-
TOJIOTUH YACIACTCA PA3JINYUAM B KIMHUYCCKOM TCYCHUU 3a-
GoneBanus u ero nporpeccupoBanuy. Hamu nposeseH aHa-
JIM3 pacIpe/ieieHus YacToThl reHoTHIoB /L4 (rs 2243250) B
rpynie 6onbHbIX [IC u [IcA ¢ yyetom ocoOeHHOCTEH K-
HHYECKOTO TeUeHHMs 3a00IeBaHN.

[Ipu uccnenoBaHuy 4acTOTHl 0OOCTPEHUH KOXKHOTO CHH-
JpoMa Ha OCHOBAaHMU JAHHBIX aHAMHE3a YCTaHOBIIEHO, YTO
y 6ompHBIX [1C, HOCHTENeH reHoTnna C/C, CTaTHCTHYECKA
3HAYMMO Yallle OTMEYEHO 000CTPEHUE OMH-BA pa3a B IO
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YacToTa pacnpeneneHuna reHoTMnos nonumopdusma /L4
(rs 2243250) npu ncoprase 1 ncopnaTMyeCckoM apTpuTe

B CPaBHEHHH C IpyIon 6onbHbIX [ICA, HOcHTENeH reHoTUIa
C/C, tne gamie BBISBICHO HEMPEPHIBHO-PEUNANBHPYIONIEE
TedeHue 3aboneBanus (Tabdm. 1).

IIpu u3yuyeHnuu MEKIPyIIIOBBIX PA3JINYUN OIPENEIICHO, YTO
y 6ompHBIX TIcA ¢ renotumom C/C IL4 (rs 2243250) garme
OTMEUEHBI )KaT00BI Ha KOXKHBIN 3yJ1 B CPABHEHHUH C I'PYIIIOH
6onbHeIX I1C, HOCHTeNel ToOro ke reHotuna: 86.7 % (26) u
62.6 % (20) coorBercTBeHHO, p = 0.02. B rpynmne 00abHBIX
IIcA, HOcuTenei renoruna C/C, gaiie OnpeaessIuCh JTUC-
MEeTNCUYEeCKUE KaJI0O0bl B CPAaBHEHHUU C IPYMITON OOJBHBIX
T1C, HocuTeneii Toro xe reHotuma: 46.7 % (14) u 19.3 % (6)
cOOTBETCTBEHHO, p = 0.02. OnHako 5TH MOKa3aTenau, Kak U
»KaJI00bI Ha OOJIb B TIPAaBOM I0Ape0ephe, HE JOCTHIVIH YPOBHS
CTaTUCTHYECKON JTOCTOBEPHOCTH. TeM He MeHee, COIIacHO
JTAaHHBIM JINTEPATYPBl, OTMEUEHA IOJIOKUTEIbHAsT KOppess-
s MEXKJIy HHTEHCUBHOCTBIO 3y/1a U IUIOILA/IBI0 TOPAYKESHUSI
koxu y 6ompHBIX 11C (Szepietowski, Reich, 2016).

Yacrora Bcrpedaemoctu (enomena Kebuepa craructu-
YeCKM 3HauMMO BbILIE B Tpymre OonbHbIX [IcA, HOCHuTeneit
rerotunioB C/T'u T/T IL4 (rs 2243250), B cpaBHEHHH C TPYTI-
moit 6ompHBIX [IC, HOcHTenei Toro e reroruma, p = 0.01.
B rpynne 6onbubix I1cA, Hocuteneli renoruna C/C, deHo-
MeH KebHepa BcTpeuancs damie B CpaBHECHHH OOJBHBIMU,
Hocureismu renotunos C/T u T/T, ogHAKO CTaTUCTUYECKOM
JIOCTOBEPHOCTH 3Ha4eHUs He AocTuriu, p = 0.05.

[Ipu m3yueHNn 0COOCHHOCTEH JIOKaTH3aIiH IICOPHATH-
YECKOTro Hpollecca YCTaHOBJICHO, YTO B TPYIIE OOIBHBIX
IIcA, nocureneii renoruna C/C, CTaTUCTHYECKH 3HAYUMO
yale BCTPEYaeTcs MOPaKeHWE BOJIOCHUCTON YaCTH TOJIOBBI
¢ mommanapto 6onee 30 % B cpaBHEHHH C TPYIION OOIBHBIX
I1C, nHocureneii Toro xe renoruna: 63.3 % (19) u 19.3 % (6),
p =0.0004.

W3BecTHO, YTO B MATOJIOTMYECKUI TICOPHATHIECKUI TIPO-
1[€CC BOBJICKAETCS HE TOJBKO KOXKa, HO M €€ IPUIATKU — HOTTH.
PacmipocTpaHeHHOCTH TICOPUATHIECKON OHUXOAUCTPODHUH Y
6onpHEIX [1C xonebnercs ot 10.0 mo 80.0 % (Zargari et al.,
2018). I1pu u3ydeHur 0COOCHHOCTEH KIMHHYSCKUX POSIB-
JIeHnH y OOTBHBIX IICOPHATHIECKON OOIE3HBIO B ATOH paboTte
YCTaHOBIICHO, YTO MICOpHa3 HOT'TEH CTaTUCTUYECKN 3HAYUMO
Yaire oTMeueH B rpyie 0osbHbIX [ICA, HOcHTeel reHoTHIIa
C/CIL4 (rs 2243250), B cpaBHEHUH ¢ TPyMTIOif 00TBbHBIX [ICA,
Hocutenei renorunoB C/Tu T/T, p = 0.007.

B npoBeieHHOM HCCIIEIOBAHUU BBISIBICHBI CTaTUCTHYE-
CKHM 3HAYMMBbIE PA3INYMs OTHOCHUTEIBHO CTETIEHH TSKECTH
KO)KHOTO TTPOIIecca M HAINYNS META00IMYECKUX HapyIICHUH
y OOJIBHBIX IICOPHA30M M IICOPUATHYECKUM APTPUTOM C pas-
JMYHBIMH TeHOTHIIaMH TTormmopdmama /L4 (rs 2243250). Tax,
OTIpEeEIIeHO, YTO y 00IbHBIX [ICA HOCHTENBECTBO FEHOTHITOB
C/T w T/T acconmupoBaHo ¢ J1e0I0TOM KOXKHOTO TIpolecca B
3penom Bo3pacrte, a npu I1C — B MoI070M, OTHAKO 3HAYCHUS
CTAaTHCTHYECKOH JIOCTOBEPHOCTH HE JIOCTUIIH (Tab. 2).

YCTaHOBIEHO, YTO MHJEKC OXBaTa M TSXKECTH ICOopHasa
PASI ctarucTryecku 3HaYMMO BBIIIE B TPYIIE OOJBHBIX
IIcA, vocureneii rernotuna C/C IL4 (rs 2243250), 1 O0TBHBIX
I1C, nocureneii renorunoB C/Tw T/T, B cpaBHEHHHU I'PYIIIOi
oonbHbIX T1C, HOCHTENEH reHornna C/C.

[Ipy n3yueHNM KIMHUYECKUX IOKa3arenel y OOJbHBIX,
Hocurenet reHotunoB C/T u T/T, ycranosneno, uto UMT
CTaTHCTUYECKH 3HAYMMO BBIIIE B rpymnne OonpHBIX IICA B
cpaBHeHHUH ¢ rpynmnoi 6omsHbIX [IC. CnenoBarensHO, HOCH-
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The frequency of distribution of the /L4 polymorphism
(rs 2243250) genotypes in psoriasis and psoriatic arthritis

Table 1. Frequencies of genotypes and alleles of the IL4 polymorphism (rs 2243250) and clinical data in psoriasis

and psoriatic arthritis patients, % (n)

Clinical data Groups OR (95 % Cl) p
Psoriasis Psoriatic arthritis
Genotype Genotype Genotype Genotype
c/C L4 CTuT/TIL4 C/CIL4 CTwT/T IL4
C-590T (1), C-590T (2), C-590T (3), C-590T (4),
(n=31) (n=18) (h=30) (n=18)
Course of the disease
Psoriasis exacerbation  54.8 (17) 50.0 (9) 23.3(7) 22.2(4) OR; ,=1.21(0.32-4.56) ¥*=0.1 p1,,=07
1-2times a year OR; 3=3.99(1.17-14.07) *=5.09 p; ;=0.011
OR; 4 =1.07 (0.22-5.37) 1?=007  p; 4,=09
OR,,4=3.50(0.68-19.35) y*=193 p, ,=0.08
Nonremitting 226 (7) 44.8 (8) 70.0 (21) 55.6 (10) OR; ,=036(0.09-1.51) ¥’)=164  p, ,=0.1
psoriasis OR; 3=0.13(0.03-0.45) ?=11.96  p; ;=0.001
OR3 4=1.87(047-7.51) ¥*=049  p;,=03
OR, ;= 0.64(0.14-2.90) 1*=0.11  p, ,=05
Clinical manifestations
Pruritus 62.6 (20) 66.7 (12) 86.7 (26) 83.3(15) OR; ,=0.91(0.22-3.64) ¥?=0.03 p,,=09
OR; ;=0.28(0.06-1.16) ¥*=293  p, ;=0.02
OR; 4= 1.3(0.19-8.34) 42 =0.01 ps,4=08
OR,, ;=040 (0.06-2.40) >=0.59  p, ;=02
Koebner 41.9(13) 33.3(6) 43.3(13) 72.2(13) OR, ,=1.44(0.37-5.79) ¥?=0.09 p,=06
phenomenon OR; ;=094 (0.30-2.95) ¥*=0.02  p; ;=09
OR;, 4, =0.29 (0.07-1,21) ¥*=2.71 p3 4=0.05
OR, ;,=5.20(1.03-28.52) 12=4.01 p, ,=0.01
Scalp psoriasis 193 (6) 27.7 (5) 63.3(19) 50.0 (9) OR; ,=0.62(0.13-2.97) ¥*=0.11  p, ,=05
>30% OR; 3=0.14(0.04-0.50) >=1044 p, ;=0.0004
OR; 4, =1.73(0.45-6.70) y*=037  p;,=04
OR, ;=038 (0.08-1.87) y*=1.05  p, ;=02
Nail psoriasis 64.5 (20) 66.7 (12) 83.3 (25) 100.0 (18) OR, ,=091(0.22-3.64) ¥*=0.03  p,,=09
OR; 3=0.36 (0.09-1.40) 1*=1.90  p; 3=0.09
OR; ,=0.83(0.71-0.98) y*=1.80  p; ,=0.07
OR,, ;=067 (0.48-0.92) ¥*=500  p, ,=0.007
Dyspeptic 19.3 (6) 33.3(6) 46.7 (14) 38.9(7) OR; ,=0.48(0.10-2.17) ¥*=0.57  p;,=03
complaints OR; 3=0.27 (0.07-0.98) y*=4.00  p; 3=0.02
OR; ;= 1.38(0.36-5.34) 12=0.05  p;,=06
( )

Pain in the right
hypochondrium

Note: Positive values of signs are shown throughout the table.

tenbeTBO TeHotunoB C/T u T/T IL4 (rs 2243250) mpu TIcA
MOKET OBITh aCCOLMMPOBAHO C Pa3BUTHEM META00IMYECKUX
HapyLICHUH.

Taknm 00pa3zoM, TIPH U3yUYEHHH MEXIPYIIOBBIX Pa3iv-
YU yCTAHOBJIEHO, 4TO HOCUTENbCTBO reHotuna C/C IL4
(rs 2243250) npu [IcA MoxeT ObITh aCCOLMUPOBAHO C JUIU-
TEJIbHBIM HETIPEPBIBHO-PEIUANBUPYIOIUM TEUEHHEM IICO-
pHasa, BBICOKMM HHeKkcoM PASI, HanuuneM KoxHOro 3ya U

BOBJIEYEHHEM B [TATOJIOIMUYECKUN ITPOLIECC BOJIOCUCTOM 4acTH
TOJIOBHI C TUTOMIAIBIO TTIopaxeHus 6onee 30 % B cpaBHCHHU C
nicopuazom. Y 0onbHbIX [IcA, Hocutenelt renoturios C/T u
T/T, craTHCTUYECKH 3HAYNMO Yallle OTIpeIeNsIeTCst H30Mopd-
Has peaknus KeOHepa, mcopuas HOTTel, 1e0roT 3a00IeBaHuUs
B 3pPEJIOM BO3PACTE B COUCTAHUU C META0OINICCKUMHU Hapy-
IICHUSAMH B CpaBHEHHNH ¢ OonpHBIME [1C, HOCUTENISIMH TOTO
K€ TCHOTHIIA.
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C.B. CmnpHoBa (rs 2243250) npv ncopmase 1 NCopnaTUYECKoOM apTpute 23.1
Table 2. Clinical data in psoriasis and psoriatic arthritis patients with different genotypes for the /L4 (rs 2243250),
Me polymorphism [25; 75]
Clinical data
Genotype C/C (1), Genotype (/T T/T(2), Genotype C/C(3), Genotype C/TuT/T (4),
(n=31) (n=18) (n=30) (n=18)
Age of psoriasis onset, 27.0 18.0 28.0 30.0 p;,=0.07
years (18.0; 40.0) (16.0; 25.0) (22.0; 43.0) (21.0;42.0)

Psoriasis duration, 6.0 7.5

years (1.0, 11.0) (4.0, 15.0)
PASI Score (Psoriasis area  12.1 17.4
severity index) (8.0;16.2) (14.4;18.4)
Body index mass, 24.8 23.6
kg/cm?2 (21.7;29.7) (22.2; 25.5)

Note. p, significance of differences according to the Mann-Whitney test.

O6cyxpeHue

B Hacrosiiem nccie0BaHny BIIEPBbIC OKA3aHbI Pa3inyKs B
KJIMHIYECKOM T€UEHHH TICOPHATUIECKOI 001e3HHU Y OOIBHBIX
TIC u IlcA, nocureneii renotumnos C/C ornocurensno C/T u
T/T nonumopdusma /L4 (rs 2243250). Tak, y 6onpabix [1C,
nocurenei renoruma C/C, 3aauenne uagexca PASI crarncru-
YEeCKH 3HAYMMO HM)KE OTHOCHTEIILHO HOCHTENEH TeHOTUIIOB
C/T u T/T. B nuteparype UMEIOTCS TaHHBIC O MMOBBIIICHUH
koHIeHTparmu [L-4 B ceiBopoTke KpoBH O60mpHBIX [1C, HOCH-
teneit renoruna C/T IL4 (rs 2243250), moaToMy notydeHHas
acconmanus renoruna C/C u nerxoii crenenu Tsoxkectu I1C mo-
JKET OBITH CIIEZICTBIEM HOPMAJIBHOTO YPOBHS 3KCIIPECCHH TeHa
1L4 y HOCcHTeNeH 9TOTO TCHOTHIIA, YTO, BEPOSTHO, HE CIIOCO0-
CTBYET aKTHBAIIMU &y TONMMYHHBIX BOCIIAJTUTEIIBHBIX PEAKIIU
y atoit kKareropuu 60mpHBIX (Indhumathi et al., 2017). [lanasie
JMTEepaTypsl 00 accoranyy noaumoppusma /L4 (rs 2243250)
¢ [1C nTlcA nemuorouuncientsl u nporuopednssl (O’Rielly,
Rahman, 2010; Munir et al., 2015; Indhumathi et al., 2017).
B a3marckoii momyssiuy oTMedeHa acCoLUalus aeabHOTo
Bapuanrta C* L4 (rs 2243250) ¢ pazsuruem [1C, B To Bpemst
KaK B WHAMHCKOW IMOIYIALUKM YCTAaHOBJICHA HMPOTEKTHBHAS
pouts onmumopdusma C-5907 (rs2243250) B oTHOLIEHHH pa3-
BUTHS ICOPUATUYECKUX BbIChINaHUK Ha koxke (Munir et al.,
2015; Indhumathi et al., 2017). CnemoBatenpHO, TOTyICHHBIC
HaMU pe3yJIbTaThl MOTYT YKa3bIBaTh Ha TO, YTO UMEIOTCSI BO3-
MOXKHBIE paznnuus nojaumopousma /L4 (rs 2243250) npu
oTIpeneNIeHHBIX KITnHnYecKuX popmax [1C.

B nureparype 0TCyTCTBYIOT CBEJICHUS O Pa3IUUMSIX B KIIH-
HUYECKOM TedeHHHr [ICA B 3aBUCHMOCTH OT HAJIUUHSI TOTO HITH
uHoro reHotuna /L4 (rs 2243250). B mpoBeeHHOM HaMH HC-
CJIeTOBAHHH BBISIBIICHA BO3MOYKHASI aCCOLIMAIIHS HOCUTEIBCTBA
renotunoB C/T u T/T IL4 (rs 2243250) npu IIcA ¢ ncopua-
30M HOrTeil B cpaBHeHHH ¢ reHoturioM C/C. TTockombKy B
JUTEpaType ONrcaHa NpsiMast KOpPeIHs MEX/Ty HaTMIHeM
MICOPUATHYECKOM OHUXOAUCTPODHH U YBEIIMUCHUEM CTEIICHH

12.0 16.0 py,,=0.08
(4.0; 22.0) (13.0; 20.0) pq,3=0.0169

ps3,4=0.5

p, 4=0.07
175 18.7 p;,=0.0123
(11.9;22.4) (16.7; 21.9) p; 3=0.007

ps,4=04

e P22 Z 0N

27.1 27.9 py,2,=06
(24.3;30.8) (25.5;34.9) py,3=0.07

Ps3,4=0.7

P, 4= 0.005

TSDKECTH KOKHOTO TIpOIiecca, TIOJTyYeHHbIE HAMH Pe3yIIbTaThl
MOT'YT YKa3bIBaTh Ha TCH/ICHIIMIO K ACCOIMAIINN HOCUTEIBCTBA
rerotunioB C/T u T/T ¢ TsKeIbIM KIMHUYCCKHM TEUCHHEM
ncopuaTHueckoit Oonesnu (Zargari et al., 2018).

[Ipyn u3y4eHNNn MEXTPYNIOBBIX pa3IM4YUil ONpeaesieHa
TEHJICHLIUsI K accolanuy Hocurenbcrsa reHoruna C/C IL4
(rs 2243250) ipu [IcA ¢ KTHHAYECKUM TEICHNEM TICOPHATH-
YECKOTr0 ITPOLIECcca C YaCTBIMHU 000CTPEHUSIMU U BOBJICUEHHEM
B IATOJIOTHYECKUH MPOIIECC BOJIOCHCTOW YacTH TOJIOBHI C
Tomaapio mopaxenus 6onee 30 %. CiaenoBaTensHO, MOITY-
YEHHBIC HAMH B XOZI€ MCCIICIOBAHNS PE3YIBTAThl MOTYT OBITh
CBsI3aHbI ¢ TeM, 4TO [ICA, SBISSCH TSHKEIOW KIMHUYECKOU
(hopmoii mcopratmaeckoii 00130, 00yCIaBINBACT PA3BUTHE
MICOPUATHIECKOTO IPOIIECCa C ONPEICIICHHBIME (DEHOTHITHYC-
CKUMH OCOOCHHOCTSIMHU.

VYeranosineno, 9To HocuTeascTBo renotunos C/Tu T/T IL4
(rs 2243250) mpu [IcA MOXeT IMETh aCCOLHUAIINIO C HAaJIH-
yreM peHomena KebHepa u MeTaboInuecKux HapyleHui B
cpasaennu c [1C. [osBnenne ncoprasndOpMHBIX BRICHITTAHIN
Ha KOKE U TOBPEKACHUE OMOPHO-ABUIATEIBHOTO armapara
B OTBET Ha TPaBMYy IIPH IIcOpuase o0bsCHseTCs (PEHOMEHOM
Kebnepa (n3omopdHas peakmus), COrmacHo KOTopoMy (op-
MHPOBaHHE MAaTOJIOTHYECKOTO MICOPUATHYECKOTO o4ara Ipo-
HCXOJUT B MECTE MOBPEKACHUS KOXKHOTO mokposa (de Vlam
etal., 2014). IToBeIIieHHE YaCTOTHI BCTPEYaEMOCTH (peHOMEHa
Kebnepa y 6ombubIx [IcA, HOcuTeneit renotnnos C/T u T/7,
MOXKET YKa3bIBaTh Ha BO3MOKHYIO aCCOLMALIMIO XPOHUYECKOTO
BOCIIAJICHHS C HOCUTENbCTBOM ayutenst 7% IL4 (rs 2243250)
Ipu apTponarudeckoi popme 3aboineBanns. B mureparype
OlMcaHa accolMaTuBHas CBs3b amiens 7% nonumopdusma
C-590T (1s2243250) rena /L4 c runeprpoxykmueii 1L-4,
OJIHOTO 3 KJIFOUEBBIX HUTOKNHOB Th2-1podyuinst, urpatoriero
Ba)XHYIO poJib B (hopmupoBanuu Bocnajienus npu [1C u [IcA
(Cantagrel et al., 1999). CnenoBatensHo, amiens 17 IL4
(rs 2243250) acconnupoBaH ¢ MOBBIIEHHOH poxykuuei [L-4
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1, KaK CIIeJICTBUE, C BOBMOXKHBIM Pa3BUTHEM XPOHUYECKOTO
BOCTIAJICHHA B CyCTaBax H Koxe mpu [IcA.

B cTpykType KoMopOuIHBIX cocTossHU [IcA BakHas poIib
OTBOJAUTCA HAJIUYHUIO M36I)ITO‘IHOI>1 MacCcChI T€Jj1a, CBUJACTCIIb-
CTBYIOIIEH 0 METabONMMYECKUX HAPYIICHHUSX, (HOPMHUPYIO-
IIMXCS TIPH TTPOTPECCUPOBAHUN TICOPUATHUCCKON OOe3Hu.
CormnacHO JaHHBIM JINTEPATyphl, HATUYHE BBICOKOTO YPOBHS
UMT y Gompubx IIC accommmpoBano ¢ pasButueMm lICA,
MOCKOJIBKY JKUPOBAsi TKAHb UTPACT BAXKHYIO POJIb B Pa3BUTHH
nMMyHonorundeckux Hapymenuii (Truong et al., 2015; Thrum,
2017; Feld et al., 2018). CxenoBaTensHO, MOTYICHHBIC HAMU
pe3yabTaThl MOTYT CBHJICTEILCTBOBATH O BEPOSTHOM acco-
anuu resotunioB C/T u T/T IL4 (rs 2243250) ¢ nozaHum
nebrorom IIcA B coueTaHnu ¢ M30BITOYHON MAacCOM Tella, KO-
TOpAst SIBISICTCS] MAPKEPOM aTporaTHyeckoi (hopMBbI Iicoprasa.

3aknioyeHune

Omnpenenensl pa3nmndust B HocuTenbeTBe renorunos C/C
otnocurenbHo C/T u T/T IL4 (rs 2243250) npu 1nicopuase u
MICOPUATHYECKOM apTPUTE C OCOOCHHOCTSIMU KIMHHYECKUX
MPOSIBIICHUI.

C y4eToM HU3KOH YHCIEHHOCTH TPYIII MALUEHTOB Pe3yib-
TaThl HEOOXOIMMO PAacCMaTPHUBATh KAK IPEIBAPUTEIBHBIE U
TpeOyromye qarbHeNIIei MPOBEPKH ¢ yBeIHYCHUEM 00beMa
BBIOOPOK OOJIBHBIX.

W3zydenne nonumMop(HBIX y4aCTKOB TEHOB IIUTOKWHOB, 00-
YCIIOBJIMBAIOLINX U3MEHEHHE YPOBHSI KOHEUHOTO MPOAYKTa, B
MIEpPCIIEKTHBE TO3BOJIUT yCOBEPILIEHCTBOBATH NPO(UIIaKTHYe-
CKHE MEPOIPHSTHUS MO CHIKEHUIO PUCKA PA3BUTHS TSHKEIIBIX
kiuaugeckux Gopm I1C u [IcA B momyssiumm.
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BausiHye 06JIyUeHMsI I HAHOYACTULL, OKCHIa MapraHiia
Ha IVIMKOJIN3 KJIETOK IVIMOMBbI yejsioBeKka U-87 MG
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[Mnombl — 370 Hanbosnee pacnpPOCTPaAHEHHDbIV TUM 310KaYeCTBEHHON ONyX0NW rofoBHOro mo3ra. CtaHpapTHoe
nevyeHune rmnom 3aKnioyaeTca B XMPYPruyeckoM NcceyeHrm onyxonm ¢ NocneayoLen Xummo- n pagnotepani-
eii. OnyxoneBble KNEeTKN XapakTepur3yoTcsa ObICTPbIM AeSIEHMEM ¢ NoTpebneHreM 60MbLLOrO KONMYecTBa k-
KO3bl U ee paclLensieHneM B NpoLecce runkonusa. na nogaepaHnua 6biICTPOro feneHns ypoBeHb MMUKONu-
TUYECKON aKTUBHOCTU OMYXONEeBOWN KNETKM 3HAUNTENTbHO YBENIMYEH NO CPaBHEHMIO C HOPMAaJTbHbIMU KNeTKamu.
M3BecTHO, UTO HeKoTOpble HaHouacTMLbl (HY) 0bnapatoT CBOMCTBOM HaKanMBaTbCA B ONyxonsax. B yactHocTy,
HY okcupa mapraHua MoryT NpPOHUKaTb B MO3F M MPY 3HAYMUTENIbHOM HaKOMMEHWMW Bbi3biBaTb TOKCUYECKME
3ddeKTbl. DTN GaKTbl NOCAYXMAW NPeAnocbiIKon Ana n3ydeHua spdektoB HY okcmaa mapraHua Ha XusHe-
CMOCOBHOCTb KNETOK rnomsbl. Lienbto Hawen paboTtbl 66110 nccnefoBaHune adpdektoB HY okcraa mapraHua,
a TaKXe VX CoUeTaHns C raMMa-06J1yYeHeM Ha FKOSN3 KNETOK rnombl. ObnyyeHre KNeTok Nponu3Boanamv Ha
nccnefoBaTebCKol raMmmMa-ycTaHoBKe paguobuonoruyeckoi «MINYP-1» Ha ocHoBe 137Cs. YpoBeHb akTUBHOCTH
KNETOYHOro MMMKOosM3a onpeaensny C NoMOLblo CTaHAAPTHOTO MeToAa MMMKOJIMTUYECKOro CTpecca Ha npu-
60pe Seahorse XFp. *Kn3HecnocobHOCTb KNETOK onpeaenanmn ¢ MoMOLLbio oKpalunBaHus peareHTom ViaCount
XKUBbBIX 1 MEPTBbIX KNETOK. [oficueT KNeTok NPOBOAWIICA C MOMOLLbIO MPOTOYHON LuuToMeTpun. Mbl nokasanu,
YTO FNKONN3 KNeToK rmombl U-87 MG 3HaunTeNnbHO CHMXKaNca npu nHKy6auum B Teyerre 48 4 ¢ HY okcnpa
MapraHua. ObnyyeHve B komnnekce ¢ HY unm otgenbHO He 0KasbiBano 3HaUUTENIbHbIX 3PGEKTOB Ha MMUKONN3
rnmom. Hamu yctaHOBREHO, UTo Yepes 72 4 nocne Havana MHKybauum ¢ HY okcupa mapraHua xmnsHecnocob6-
HOCTb [TMOM AOCTOBEPHO CHUXKaNacb. [laHHOe ncceoBaHe MOXeT OblTb MoNe3HbIM 41A pa3paboTkm HOBOM
Tepanuun n ANarHOCTUKK FNOM.

KntoueBble cnoBa: FMOMA; HAHOYACTULbI; OKCU MapraHLa; MNKONN3.

[na yutuposaHusa: MinnapuoHosa H.b., Metposckuin [1.B., Pasymos W.A., 3aBbanos E.J1. BiusHue obnyyeHuns
1 HAHOYACTWL, OKCMAA MapraHLa Ha rKONN3 KNeTok rnombl Yenoseka U-87 MG. BaB1NOBCKNIA »KypHan reHe-
TUKKN 1 cenekymn. 2019;23(1):81-85. DOI 10.18699/VJ19.465

Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis
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Gliomas are the most common type of malignant brain tumors. Standard treatment of gliomas consists of
surgical excision of the tumor with subsequent chemotherapy and radiotherapy. Tumor cells are characterized
by rapid division with an increased uptake of glucose and its catabolism during glycolysis. To maintain rapid
division, the level of glycolysis of the tumor cell is significantly increased, compared with normal cells. It is known
that some nanoparticles (NP) have the property of accumulating in tumors. In particular, NPs of manganese
oxide can penetrate into the brain and, with considerable accumulation, cause toxic effects. These facts served
as a prerequisite for studying the effects of manganese oxide NPs on the viability of glioma cells. The purpose of
this work was to study the effects of manganese oxide NPs, as well as their combination with gamma irradiation
on the glycolysis of glioma cells. The cells were irradiated using the research radiobiological gamma-installation
IGUR-1 based on 137Cs. The level of cell glycolysis was determined using the standard glycolytic stress test on
a Seahorse XFp platform. Cell viability was determined using the ViaCount reagent staining of living and dead
cells. Their count was performed using flow cytometry. We showed that the glycolysis of U-87 MG glioma cells
was significantly reduced when incubated for 48 hours with manganese oxide NPs. Irradiation in combination
with NPs or alone did not have significant effects on glycolysis of gliomas. Glioma incubation with manganese
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Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis

oxide NPs for 72 hours led to a significant reduction in cell viability. This study may be useful for the development

of new therapies and diagnosis of gliomas.
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BBepeHmne
I'muomer — Hambornee pacrpoCcTpaHEHHBIH 3II0Ka9eCTBEHHBIN
THIT OIyXOJIEH TOJIOBHOTO MO3ra. MeTabosn3M KIICTOK OITy-
XOJM W B YACTHOCTH IVIMOMBI OTJIMYAETCS OT MeTadoin3ma
HopMmanbHOU KieTku (Pavlova, Thompson, 2016). Eme B
HavaJe nporioro Beka Otro I'. BapOypr nokasai, 4To pako-
BbI€ KJIETKH B rOpasio OOJIbILe CTeNeHH, 4eM HOPMaJlbHbIE
KIICTKH, TIPOU3BOMAT SHEPTHIO 3a cdyeT rmkonm3a (Warburg
et al., 1927). [lnsg nopnepxaHus akTHBHOTO JEJICHUS OIy-
XOJIEBbIC KJIETKH YBEJIMUUBAIOT 3aXBaT TIIIOKO3bI U Iy TaMH-
Ha ¥ TOBBIIIAIOT YPOBEHb INIMKOJIUTHYECKOW aKTHBHOCTH,
JlaKe B ITPUCYTCTBUH KUCIIOpo/ia. B cooTBeTCTBIY C ypOBHEM
OIACHOCTH YISl TPOJIOJDKUTENILHOCTH JKU3HH TTAI[EHTA BbI-
JIETISIIOT YETBIPE CTETIeHH 3JI0KauecTBeHHOCTH oM (Louis
et al., 2016). HenuddepenunpoBanHble TITHOMBI OTHOCAT K
TPEThEMY M YETBEPTOMY KJIACCY 3JI0KA4€CTBEHHOCTH, CPEIIHSIS
MIPOJOJKUTENILHOCTD KM3HN MAMEHTA MOCIE JUarHOCTUKI
TAKOTO poJia OMYXOJH cocTaBisieT 15 mecsues (Stupp et al.,
2009). JIunus xierok rmobnactomsl yenoseka U-87 MG,
KOTOpasi OTHOCUTCS K YETBEPTOMY KJIACCY CTEIICHHM 3JI0Kayde-
CTBEHHOCTH, IINPOKO HCIIOIB3yETCsI KaK MOJIEIb PaKa roJI0B-
Horo mosra (Lenting et al., 2017). Ee meTabonu3m xoporio
OXapaKTepU30BaH, B TOM YHCIIE B CPABHEHHHU C META00IM3MOM
aCTPOIIMTOB YeJloBeKa. B yuacTHOCTH, ycTaHOBIIEHO, UTO Y Kile-
ToK HUM U-87 MG ypOBEHb INTUKOJIUTHYECKON aKTUBHOCTH
B TPH pa3a BBIIIE, YeM Y HOPMAJIbHBIX aCTPOLUTOB YETIOBEKA
(Poteetetal., 2013), a ypoBeHb aKTHBHOCTH OKHUCIUTEIEHOTO
(hochopupoBanus B iBa pa3a Bbiiie. Bee 310 ykasbiBaeT Ha
OoIbIIIIE YHEPIo3aTPaThl, KOTOPBIE HYXKHBI IJISl TOAICPIKaHUS
AKTUBHOTO JIEJICHUS OIyXO0JeBbIX KieTok juHuu U-87 MG.

OCHOBHBIMH HAIPABJICHUSIMU B TEPAIMU [JIMOM B HACTOSI-
I11ee BpeMsl SABISIOTCSI XUPYPTUUECKOe NCCEUEHHUE OITyXOJIH,
XUMHUOTepanus 1 paguorepanus. OJJHaKO 370Ka4eCTBCHHBIC
IJIMOMBI XapaKTEPU3YIOTCsl BHICOKOH mposindepanuneil 1 uH-
Ba3UBHOCTHIO. HacTo mocie npoBeleHHON Tepanuu HOBBIN
oyar OIyXOJIM BO3HHKAeT B CTOPOHE OT IPOOIEPHUPOBAH-
Hoit obiactu (Claes et al., 2007). Kpome Toro, HekoTopble
THIIBI IJITHOM CTAHOBSITCS HE PECHOHCHBHBI K XUMHOTEPAInuu
(Sarkaria et al., 2008). B aToii cBsi3u TpeOyrOTCSl HOBBIE TIOJI-
XOZIbI B TEPAITHH TITHOM.

OmHNM W3 aKTHBHO Pa3BUBAEMBIX IOAXOIOB B Oopnbe
C ONYXOJISIMH sIBIIsieTCsl MpuMeHeHue HaHowactun (HY),
KOTOpbIE IMEIOT CBOWCTBO HaKaIIMBaThCs B omyxoisix (Her-
nandez-Pedro et al., 2013; Tzeng, Green, 2013). [IpoBomsTes
MCCIIEIOBAHUS TI0 CO3[JaHMIO MTPOTHBOOMYXOJIEBBIX Ipera-
paroB ¢ ucnonb3oBanueM HU MeTaiuioB WM MX coeluHe-
HUH C APYTUMH BEIIECTBAMH HITH MOJIEKYJIaMH, 0013 a0~
MM IIPOTHBOOITYX0JIEBOH akTHBHOCTHIO (Steichen et al., 2013;
Vinardell, Mitjans, 2015; Tran et al., 2017). Pe3ynsrars! usy-
YeHHUs OMOJOTHYECKON aKTUBHOCTH 1mono0HBIX HY roBopsT
0 MEPCHEKTUBHOCTH MX NMPUMEHEHUs B Pa3BUTHH METO/IOB
JIMarHOCTUKHU M Tepanuu riroM. HaHouacTuiipl 3axBaThiBa-

FOTCS KJIETKAMHU ITyTEM DHIONUTO3a U MOTYT HAKaTUTUBATHCS
BO BHYTpHKIJIETOUHbIX Be3ukynax (Oh, Park, 2014). ITpoge-
JIEHHBIN paHee aHanu3 pacnpenenenus MPT-koHTpacra npu
BHYTpHUBEHHOM BBeacHHH HUY okcmma mapraHia mokasai,
yro HY HakarmiuBaiuch MIaBHBIM 00pa3oM B KJICTKaX K-
obmactomsl genmoseka U-87 MG mocie uX opTOTONHYECKOH
KCECHOTPAHCIUIAHTAHTAIIMH B TOJIOBHOW MO3T HMMYHOIC(H-
LIUTHBIM MbIIIaM (3aBbsUI0B 1 JIp., 2015). B npyrom uccneno-
BaHNM OBLTO TTOKa3aHo, uTo HY okcmma Mapranma odmaganu
IIMTOTOKCUYHOCTBIO B OTHOIIEeHUHN KieTok U-87 MG B skc-
nepuMeHTax in vitro (Razumov et al., 2017). Kpome storo,
HY okcua Mmaprasia ycuinBail LUTOTOKCUYECKHE CBOMCTBA
ramma-o0mydenus (Kuper et al., 2016).

B nanHO# pabore MbI McclienoBaiu in vitro 3pQexTs
opuruHanbHeiX HY okcuna mapranna (Mn,O,) Ha xusHe-
CrocoOHOCTh KIeToK rmnoMbl U-87 MG, a TakiKe HHTCHCUB-
HOCTb ITPOIIECCOB IIIMKOJIU3a B ATUX KJIETKAX B CPABHEHHH C
TIIMKOJIU30M B HOPMaJIbHBIX aCTPOLIUTAX MBIIIEH, KaK IOCie
BO3/IeHCTBHS HccenyemMbix HY mimm ramMmma-o0mydeHns, Tak
W [IPU UX COBMECTHOM BO3/I€HCTBHUH.

Matepwuanbl n metogbl

IHosryuenne kostongnoro pacrsopa HY oxcuna mapran-
na Mn;0,. HanoyacTuupl oKcuIa MapraHia Iojay4eHbl B
nadoparopun. Cmech 10 M1 0.5 M pactsopa MnCl, u 15 mMa
20 % pactBopa [lonucopbara-20, a Takxke cMech 5 M 2 M
pactBopa KOH n 20 mit 20 % pactBopa ITomcopbara-20 06-
pabarbiBany ynsrpasBykom 10 Mmus. O6a pacTBOpa CMEIIMBAIN
n uentpudyruposamm npu 18000 g B redenne 30 mun. Ocamgok
TPY>K/IbI OTMBIBAJIM TUCTUIUIMPOBAHHOM Boz10il. [osryueHHbIe
HY xpannnm 1o Hayana SKCIIEpUMEHTa NP TeMIeparype
+4...+6 °C u nepe] npUMEHEHHEM 00pabaThIBalk yiIbTpa-
3BykoM ("gactora 20 k[, mommuocts 300 Bt/m; Tpuamars
ukioB ON (30 ¢)/OFF (30 ¢)). Tunponmaammaeckuii paanyc
MOJYYEHHBIX YaCTHI, U3MEPEHHBIH C TOMOIIbI0 ZetaSizer
Nano (Marvel), BeisiBiIT B2 uka — 59 u 249 HM.

Kaerounast imHus rauomsl yejoBexka U-87 MG Obuta
KynasTuBUpoBaHa B cpene DMEM 31885 ¢ L-mmroramunoM
1 mxM, FBS 10 %, NeHUIIMUINHOM W CTPENTOMHIITHOM
50 mxr/mi (Bce pearentsl GIBCO Laboratories). Dxcriepu-
MEHTHI NPoBOIMIN Mexay 4—10 maccakaMu KJIETOK Mociie
pasmopaxkuBanus. Kietkn nepeceBanuch mo 2500 kieTok/
JYHKY B 8-TyHOUHBIH MUHH-TUIaHmeT Juist Seahorse XFp
(Agilent) 3a nenp 1o Hauana unkydarun ¢ HU oxcnaa map-
raHia. HanouacTuiis! okcuia Mapraiua 00aBIIsiiii K pOCTo-
BO# cpenie B puHaNbHON KoHIeHTparuu 0.07 Mr/Mi1 1 HHKY-
OupoBasy ¢ KieTKaMu 48 4 JUIsi U3MEPEHUsI TIIUKOIKM3a 1 72 4
JUISL OLIEHKH JKU3HECTIOCOOHOCTH KIIETOK.

IlepBuyHbIe aCTPOLMTHI IMNNOKaMNa MbIH. [{icco-
LUMPOBAHHAs KYJIbTypa THIINIOKaMIIa MBIIIH [OJydyeHa M3
sMOpuoHoB Mbimiei muHuN C57BL6j B Bo3zpacte 17 mueit
SMOpPHOHAIIBHOTO Pa3BUTH. BIeIeHHBIE THITIIOKaMITBI SMO-
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proHOB nHKyOupoBaiu ¢ TpuricuaoM 0.25 % (GIBCO Labo-
ratories) B HBSS Oydepe (14175-053 GIBCO Laboratories) ¢
HEPES 20 MM (Sigma), 37 °C, 10 MuH. 3aTeM TUIITOKaMIIBI
obutn ombIThl B HBSS 0ydepe ¢ HEPES. INinnokammnsl us-
MEJIBYaITH 10 OTJIENBHBIX KJIETOK C TIOMOIIIBIO TTMIETHPOBAHUS
B POCTOBOM cpejie. ACTpoIThI OblH rocestHbI 1o 5000 Kire-
TOK/JIyHKY B 8-JTyHOUHBIN MUHH-TUTaHIIET it Seahorse XFp
(Agilent) B cpene DMEM 31885 ¢ L-mmoramuaoM 1 MKM,
FBS 10 %, NeHUIMIIITMHOM U CTPENTOMUIIMHOM 50 MKI/MII
(Bce pearentsl GIBCO Laboratories). KieTku Beipaiiyaiy B
TeueHue § nHel. HaHouacTuIlb! OKcHaa MapraHna 100aBIsiiin
K pOCTOBOM cpene B pruHanbHOM koHIeHTparun 0.07 Mr/min u
MHKYOUpOBaJIK C KJeTKaMu 48 9 JIsi u3MEPEHHUs TIIMKOJIH3a.

O0sydyeHnne KJIeTOK INIMOMBI YeJ10BeKa ITPOU3BOANIN Ha
MCCIIEI0BATEECKOM raMMa-yCTaHOBKE PaJOOHOIOTHIECKOI
«UTI'YP-1» na ocrose 137Cs. [IpogomKuTeNsHOCTh OTHOTO
ceanca obmydenus 1 4. Jloza oOmydeHns, TOTydeHHAs KIeT-
KaMHU 3a dTOT nepuof, coctasuiua 40 I'p.

Js MccieioBaHus KJIETOYHOI0 INTMKOJIN3a HCIIO0NIb30-
BaJIM CTAHAAPTHBINA MPOTOKOJ ITMKOJIUTHYECKOTO CTpecca
(Agilent). M3amepenne npoBoxmin Ha 00OpyJOBaHUH Sea-
horse XFp (Agilent). [Ipubop u3mepsier ckopocTh IPOTO-
uaupoBanus cpeasl (ECAR), koTopoe CBsI3aHO € HKCIIOPTOM
JlaKTaTa, MPOM3BOIHBIM INIMKONIN3a, BHE KieTku. [lepen n3-
MEpEeHUSIMH KJIETKH TPOMHKYOUPOBAIIH B cpejie 03 IITIOKO3bI
(1 9). ITocne nagana uzmepenus qo6asmwiu 10 MM TITIOKO3BI
JUISl MTHOYKIUHA aKTHBHOTO IIMKOJIN3a. MaKCHUMalIbHBIN ypo-
BEHb IIMKOJIMTHYECKOW aKTMBHOCTH JIOCTHTAJICS OJIOKMPOB-
KOW OKHCIHUTENBHOTO pochopurpoBanus | MKM oauromu-
IIUHOM — HHrHOuTOpOM ATd-crHTAa3HI.

TecT Ha KN3HECTIOCOOHOCTH KJIETOK ITPOBOIMIIN METOIOM
Guava ViaCount, pa3nu9aronium KUBbIE U MEPTBBIC KIICTKH
(Merck). IToncyer K1eTOK BBIMOIHSIN ¢ TOMOIIBIO TIPOTOY-
Ho#t utomerpuu (Guava® easyCyte HT Sampling Flow
Cytometer, Merck).

Craructuyeckuii anaaus. [TlormyueHnsie pe3yasrarsl 00-
pabarbIBaJIv C TOMOIIBIO IBYX(aKTOPHOTO JUCIIEPCHOHHOTO
anaimm3a ANOVA. Bce manHble mpencTaBiIeHBI KaK Cpe-
Hee+ CTaH/apTHas OMINOKa CPEeTHETO.

Pesynbrathl n 06CyKaeHMe
BaxxHbIM nOKa3areneM *XM3HECII0COOHOCTH KIICTOK SBIISIETCS
nx Metabosu3m. [Tockonbky MeTaboIM3M OITyXOJICBOM KICTKU
BO MHOTOM CBSI3aH C IVIMKOJIHM30M, MBI U3MEpPSUTH YPOBEHb
IIMKOJIMTHYECKOH aKTHBHOCTH B KJIETKAX IITMOMBI C TIOMOIIIBIO
MeTo/1a NIMKOJIMTHYECKOTo cTpecca Ha prbope Seahorse XFp
(Agilent). i3mMepenus TuKonm3a Ipou3BOAWIH depe3 48 4
rociie Havajia MHKyOaluu KJIETOK B pocToBoi cperne ¢ HU
Mapratua u uepes 24 4 nocie ooiyuenus. [Ipu nodasnenun
10 MM miItO0KO3B! YPOBEHD NIIMKOIUTUYECKOH aKTHBHOCTH
kierok U-87 MG, nnky6upoBanubix ¢ HU okcnia mapranua,
OBUT TOCTOBEPHO HIKE 110 CpaBHEHUIO ¢ KoHTposeM (ANOVA
F(1,36)=15.37; p<0.001) (puc. 1). IIpn nocnexyromeii Oro-
KHPOBKE HENN OKUCIUTENbHOTO (hocopunmpoBanus ¢ no-
MOLIbIO OJIMTOMUIIMHA YPOBCHb IMKOJIUTHYECKON aKTUBHO-
CTH KOHTPOJILHOM TPYTIITEI BO3POC 1 OBLIT TOCTOBEPHO BHIIIIE,
YeM YPOBEHb IIIMKOJIUTHYECKON aKTUBHOCTH TPYIIITBI, HHKY-
ouposannoii ¢ HU (ANOVA F(1, 36) = 15.04; p <0.001).
WHTepecHO, 4TO BIMSHHUE PAAMAIMU HA KIETKHA TIIHOMBI
U-87 MG npakTH4eCcKH HE OTPa3MIOCh Ha YPOBHE HUX INIH-
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Fig. 1. Effect of manganese oxide nanoparticles and irradiation on
glycolysis in human U-87 MG glioma cells.

Glyoma cells were incubated with manganese oxide nanoparticles for
48 h and irradiated (40 Gy) 24 h before the glycolysis assay. According to
the glycolytic stress test protocol, cells were incubated without glucose
(0 mM Glu). Then 10 mM glucose was added to induce active glycolysis,
oxidative phosphorylation being arrested by 1 uM oligomycin (Olig) for
additional glycolysis intensification. Glycolysis was terminated by adding
2-deoxyglucose (2-DG). Control measurements are designated by black
squares, and measurements after irradiation, by open squares. Measurements
after 48-h incubation with the nanoparticles are shown with black triangles,
and measurements after the incubation and irradiation, with open triangles.

KOJIMTHYECKOH aKTMBHOCTH 3a mnepuoxa HaomroneHus. [o
3TOMY TIOKa3aTeNi0 KOHTPOJIbHAS TPYyTIa JOCTOBEPHO HE
OTIMYaIach OT TPYHIIBI KJIETOK ¢ oOmydenueM. V3BecTHo,
4yTO JNUHUA oMbl yenoeka U-87 MG xapakrepusyercs
3HAYUTENEHON YCTOIHUMBOCTRIO K obmydenuto (Naidu et al.,
2010). bazanbHbIil ypOBEHD IIMKOIMTHYECKOW aKTUBHOCTH,
IPU OTCYTCTBUU IIFOKO3BI B CPETIE, HE PA3INYacs J0CTOBEPHO
MEK1y IpyIIIaMH.

OTMeuanoch U3MEHEHUE JKU3HECITIOCOOHOCTH KIIETOK Ha
(hoHe u3MeHeHus1 ypoBHs Tiukonu3a B kierkax U-87 MG B
otBeT Ha nobasrenne HY u ob6myuerne. MBI HCTIONB30BAIN
T epeHIpOBaHHBII MeTo OKpacku KieTok ViaCount
(Merck) Ha >xuBBIE 1 MEPTBbIC KJIETKH B Ky/lbType. Tect Ha
JKU3HECTIOCOOHOCTH KJIETOK MPOBOIWIICS depe3 72 9 mocie
Havaja nHKyOanuu ¢ HY u vepes 48 u mocie oOmydyeHus.
PesysnbraThl OLICHKH JKH3HECIIOCOOHOCTH KIIETOK TJIMOMBI
U-87 MG moxkasainu, 9To 4epe3 72 9 mocie Hadana HHKyOa-
uuu kietok ¢ HY nomst AUBBIX KIIETOK coKpalianack Ha 16 %
(ANOVAF(1, 8) =6.28, p <0.05) (puc. 2). Odny4eHue CHU-
3MJI0 TAKIKE BEDKMBAEMOCTD KIIETOK, HO 3TH M3MEHEHHS ObLIN
HEe/I0OCTOBEpHBIMH. [IprMedaresbHO, YTO B3aUMOACHCTBHS
(akropoB 00nyueHus u nHKydanun ¢ HU He oOHapysxeHo.
INoydeHHbIe pe3yNbTaThl COMIACYIOTCS C TIPEICTABICHUAMHI
0 paJuOPEe3UCTEHTHOCTH Ki1eToK TuHuU U-87 MG geTBepToro
kiacca 3nokadecteHHocTr (Naidu et al., 2010).

HanouacTuis! B cruiy cBOei BBICOKOW IPOHUIIAEMOCTH B
TKaHW W HAKOIUICHUS B TIIMOMaX IIMPOKO MCCIETYIOTCS Kak
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Fig. 2. The significant decrease of human glioma cell viability after
incubation with manganese oxide nanoparticles (72 h).

C

Experimental groups of cells: control (C), irradiation (R), nanoparticles (NP),
irradiation and nanoparticles (NP + R). Dead and living cells in the groups were
counted with the reagent Guava ViaCount for flow cytometry. Y-axis, percent-
age of living cells with reference to the control.
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Fig. 3. Effect of manganese oxide nanoparticles and irradiation on murine
astrocytes incubated with manganese oxide nanoparticles for 48 h.

Designations follow Fig. 1.

MOTCHIMAIbHBIE HHCTPYMEHTHI /ISt Tepanuu oM (Caruso
etal., 2011). [TonaieHue rMKOJIK3a [JIMOM SIBJISICTCS OHOU
U3 CTpaTeruil yCUIEHUS] UTOTOKCHYECKHUX 3P QeKkToB. Mbl
Ha0JI0/1aeM 3HAYUTEIbHOE CHMUIKCHHE YPOBHS IIMKOJIHM3a
yepes 48 4 unkyoauuu ¢ HY okcuna mapranua. [lanee, uepes
72 4 mocne Havajxa WHKyOaIun, KOJIMYECTBO KUBBIX KIETOK
cHmxkaeTcs Ha 16 %. V3BecTHO, 4TO M3OBITOK MapraHia
MUMEET IIUTOTOKCHYHBIA 3PQEKT, MPEIIOI0KUTEILHO U3-3a
BO3JEHCTBHS HA MUTOXOHPHAIBHOE JbIXaHue. B yacTHOCTH,
paHee ObUTO MOKA3aHO CHIDKEHHE [IUTO30I6HOTO ypoBHSI ATD
B KJIETKaX AHJ0TeNus nocie 24 4 mukydanuu ¢ HY oxcn-
nma mapranmna (MnO) (Landgraf et al., 2015). Bmecre ¢ Tem,
nocine wHKyOanuu B TeueHne 48 1 ¢ HY okcuma mapranma
(Mn;0,) mpoUCXOAUT 3HAYUTEILHOE CHUIKEHHUE YPOBHS
mIIKoNu3a. TakuM 00pazoM, MOYKHO 3aKITIOYUTh, 9T0 HY OK-
CHJla MapraHIia yrHeTaloT BCE CUCTEMbI QHEProoOecedeHus
KJIETKHU [JIMOMBI, JeJiast €€ YSI3BUMO JJIsl HeOJIaronpusiTHOro
BHEIIHETO BO3JIECHCTBHSI.

Jusa cpaBHenus BnusHUs HY okcuna mapraHna Ha HoOp-
MaJIbHbIE KJIETKH MO3Ta MbI HCIIOJIb30BAJIH B KAUECTBE MOAEIH
MIEPBUYHBIC ACTPOIUTHI MBIIIN. YPOBEHb TIIMKOIUTHYECKOH
AKTHBHOCTH KOHTPOJIBHBIX aCTPOLMTOB MBIIIN HE OTIHYAII-
Csl 3HAUUTEJIBHO OT YPOBHSA IIMKOJIUTHYECKOW aKTUBHOCTHU
acTPOLMTOB M3 TPyMI, NPOHHKyOupoBaHHEIX ¢ HY u/mmmn
00my4eHHbIX (puc. 3), 1 ObUT MEHBIIIE, YeM Y KIJIETOK TITHOMBI

Effects of radiation and manganese oxide nanoparticles
on human glioblastoma cell line U-87 MG glycolysis

gyenoseka U-87 MG (cm. puc. 1 u 3). IlonyueHHbIe faHHBIE
COITIACYIOTCS C TIPUHATBHIMH MPEICTABICHUSIMHU O MOBBIIICH-
HOM YPOBHE INIMKOJIN3a B KJIETKaX OIyXOJH.

Takum oOpazom, Bozneiictre HY okcua mapranua npu-
BOJWJIO K 3HAYUTEILHOMY CHHXEHHIO YPOBHS IIMKOJIN3a
kietok mroMbl U-87 MG Ha QoHe CHIDKeHHSI UX KHU3He-
CHIOCOOHOCTH, TOT/Ia KaK HAaKOIMTENIbHAsS /1032 OOyUYeHHs B
40 I'p He oka3bIBaa JOCTOBEPHOTO BIMSHUS HA TIIUKOIU3 U
JKM3HECNOCOOHOCTH KiIeTok oMbl U-87 MG. Kymynsatus-
Horo 3¢ddekra ot Bo3aekcTBus obiayueHuss u HY taroke He
HaOmoanock. [TomydeHHbIE pe3yabTaThl MOTYT IPE/ICTABIIATH
MHTEPEC B CBETE Pa3padOTKH HOBBIX CXEM TEpAIUH IJIHOM,
I7ie B Ka4eCTBE aJIUTUBHOIO YTHETAIOIIEr0 KOMIIOHEHTA [TPU
KOMITJIEKCHON XMMHOTEPAINH Ha OITyXOJIEBBIE KJIETKH MOTYT
ObITH Mcrionp3oBanbl HY okcnpia Maprasua.
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MUKPOCIIOPOBBIN 9MOpuMoOreHes in vitro — pojib CTPeCccoOB

T.N. Apsaayk ®, O.B. Xomskosa, B.H. Akununa, VI.A. Ku6kaao, A.B. [TomuHoB

HayuHo-nccnepnoBaTenbCKMin MHCTATYT CebCKOro xo3ancTaa loro-Boctoka, CapaTos, Poccusa
® e-mail: cell_selection@list.ru

FaMeTnyecKuii SM6proreHes ABAAETCA OAHON 113 GOPM TOTUMOTEHTHOCTM PACTUTENIbHON KNETKM, NPV KOTOPOM
KNETKM MYCKOTO UNN EHCKOTrO raMeToprTOB NPOSABAAIOT CMOCOOHOCTb GopMUpPOBaTb SMOpUonAbI (Cnopo-
¢$uT). PereHepauua rannovaHbiX pacTeHUin 13 SM6PUOMAOB 1 NoCieayoLLee YABOEHNE YMCSIa XPOMOCOM Npu-
BOAAT K NONYYEHNIO YABOEHHbIX raniongos, nnn DH-nuHuiA. TexHONOrMm Npon3BoLCTBa YABOEHHbIX raniou-
[l0B [al0T BO3MOXXHOCTb OJHOCTYMEHYaTOro Co3AaHnsA roMo3MroT U3 reTepo3nroTHbIX pacteHui. PaspaboTka
3G PEeKTUBHBIX ranIONLHbIX MPOTOKOSIOB MeeT 60/bLLOe 3HaYeHWe ANA ceneKumm, X NpYMeHeHve cokpalla-
eT BpemsA 1 3aTpaTbl A1 CO3AaHNA HOBbIX COPTOB. MMKPOCMOPOBLIV AN MblNbLEBON SMOPUOreHes NCnosb-
3yeTca 6osiee WMPOKO B CPaBHEHWM C APYrMMU METOAaMV NMOMYyYEHUs ranjouaHbIX pacTeHnid. B 3HaunTenb-
HOWI CTEMEHU 3TO CBA3AHO C BOSbLUUM KONIMYECTBOM MY>KCKMX rameTodUTOB B Npefesiax OLHOrOo MblIbHUKA Mo
CpaBHEHNIO C eAVHUNYHBIMU rameTodUTamMy B 3apOAbILLEBOM MeLLKe. MNepeksitoueHre KynbTUBnpyembIx in vitro
MWUKPOCMOP C raMeToPpUTHOrO Ha CnopodUTHBIN MyTb Pa3BUTKA, Kak NPaBUIO, MHAYLMPYETCA PasfNyHbIMU
cTpeccamu, NPYMeHAEMbIMUN Ha [JOHOPHbIe PacTeHUA, COLBETUSA, U30IMPOBaHHbIE MbIAIbHUKU UM MUKPOCMO-
pbl B YCNOBUSAX KaK in vivo, Tak U in vitro. Du3nyeckme n xummnyeckme npeaobpaboTku (Xono[oBoM 1 TENIOBOW
LLIOK, YINEeBOAHOE rofofaHne, KONXULVH, ByTaHON) AENCTBYIOT KaK TPUITepbl, MHAYLMpPYOLMe CMOPOdUTHBIN
nyTb Pa3BUTKSA, U NPEAOTBPALLAOT raMeTOOUTHOE Pa3BUTME MUKPOCMOP. HakonneHHble nuTepaTypHble AaH-
Hble NMo3BONAIT MPEAMNONOXKUTb, YTO XONOAOBOM LLOK BAMAET GaKTUUYECKM KaK aHTUCTPECCOBbI daKTop, CMAr-
YaoLwumin AencTBrEe peanbHOro CTpecca, BbiI3BaHHOMO roflofaHneM M30IMPOBaHHbIX OT PACTEHMUSA MNbIIbHNKOB
unm Mukpocnop. MNoa Bo3aencTBMEM CTPECCOB CUIbHOBAKYONU3MPOBaHHaA NONAPM30BaHHAA MUKpoCnopa
TpaHchopMmUpyeTCa B AenonAapmnsoBaHHyio 1 aeanddepeHLnpoBaHHYIO KNeTKy, UTO ABNAETCA 06A3aTelbHbIM
yCNOBMEM OIS PEMPOrPaMMUPOBAHUA ee pa3BUTUA B cnopoduT (3mbprong). B HacToswem 0630pe Mbl 0606-
LUK AaHHbBIE O PO Pa3NINYHBIX CTPECCOB B UHAYKLUMM MUKPOCNOPOBOrO SMOPHOreHe3a 1 HeKoTopble BO3-
MOXHbIE€ MEXaHM3Mbl UX AENCTBUA Ha KIIETOYHOM U MONEKYNAPHOM YPOBHE. BbiABNeHne HOBbIX CTPeCcCoB U
cnoco6oB VX BO3AENCTBMI, MOBbLILIAKLWMX NOTEHLMAN MUKPOCNOPOBOro SMOpuroreHesa, No3BoNUT co3faTb
b PeKTUBHbIE NPOTOKOMbI NonyyYeHUa DH-nMHWI AnAa nx MCnosib30BaHWA B CeNeKLUy SKOHOMUYECKN LIEHHbIX
BWOB PacTeHUN.

KnioueBble cnosa: rannovfpl; yABOEHHble ranaounibl; rOMO3MIOTHOCTb; Ky/bTypa MblIbHUKOB 1 MUKPOCMOP;
MUKPOCMOPOBbIA SMOPUOreHes; CTPecchl.

Ina yntnposaHma: [ibauyk TN, Xomsakosa O.B., AkuHuHa B.H., Knbkano U.A., MommHos A.B. MrkpocrnopoBbiii
ambpurioreHes in vitro — ponb CTpeccoB. BaBMMOBCKMI KypHan reHeTuKn 1 cenekunn. 2019;23(1):86-94. DOI
10.18699/VJ19.466

Microspore embryogenesis in vitro: the role of stresses

T.I Djatchouk®, O.V. Khomyakova, V.N. Akinina, I.A. Kibkalo, A.V. Pominov

Agricultural Research Institute of South-East Region, Saratov, Russia
@ e-mail: cell_selection@list.ru

Gametic embryogenesis is one form of totipotency of plant cells, in which either male or female gametes are
induced to form embryoids (sporophytes). Regeneration of haploid plants from embryoids and subsequent
chromosome duplication result in doubled haploids and DH-lines. The production of haploids and doubled
haploids (DHs) through gametic embryogenesis allows a single-stage development of complete homozygous
lines from heterozygous plants. The development of effective haploid protocols to produce homozygous
plants has a significant impact on plant breeding, shorting the time and costs required to establish new culti-
vars. There are several available methods to obtain haploids and DHs-lines, of which anther or isolated micro-
spore culture in vitro are the most effective. Microspore embryogenesis is more commonly applied. This is in
part because more male gametophytes are contained in a single anther compared to the single female game-
tophyte per embryo sac. Microspore embryogenesis is regarded as one of the most striking examples of plant
cell totipotency. The switch of cultured microspores from gametophytic to sporophytic mode of development
has been induced by stress treatments of various kinds applied to donor plants, inflorescences, buds, anthers
or isolated microspores both in vivo and in vitro. Physical or chemical pretreatments (cold and heat shock,

© [bauyk T.M., Xomakosa O.B., AknHuHa B.H., Kubkano V.A., MommHos A.B., 2019



T.W. Obauyk, O.B. XomakoBa
B.H. AknHuHa, U.A. Knubkano, A.B. MomnHos

2019
231

MuKpocrnopoBbIi Sm6puoreHes in vitro —
ponb CTpeccos

sugar starvation, colchicine, n-butanol, gametocydes) act as a trigger for inducing the sporophytic pathway,
preventing the gametophytic pathway development of microspore. The recent investigations have revealed
that cold pretreatment during microspore reprogramming acts rather as an anti-stress factor alleviating the
real stress caused by nutrient starvation of anthers or microspores isolated from donor plants. Under stress
pretreatment a vacuolated and polarized microspore transformed into a depolarized and dedifferentiated cell,
which is an obligatory condition for reprogramming their development. We summarize data concerning the
role of various stresses in the induction of microspore embryogenesis and possible mechanisms of their action
at cellular and molecular levels. Identification of new stresses allows creating efficient protocols of doubled
haploid production for end-user application in the breeding of many important crops.

Key words: haploids; doubled haploids; homozygosity; anther and microspore culture; microspore embryo-

genesis; stresses.
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BBepeHune

IlosydeHue rariouIHbIX paCTEHUM B KYJIBTYPE i Vitro MyX-
CKHUX 1 XKEHCKHX T'€HEepPaTUBHBIX CTPYKTYP — OJHO U3 BOCTpe-
OOBAaHHBIX HANpaBJICHUH COBPEMEHHOI OMOTEXHOJIOTHH.
JlanpHeillee yIBOCHUE 4KClIa XPOMOCOM TraIulOU0B IIPHU-
BOJUT K CO3JaHUIO TOMO3UTOTHBIX DH-muuauii. [71aBHBIM ux
MPEUMYIIECTBOM SIBIISICTCS UCIIOIB30BAHNE B CENICKIMU JUIS
COKpal€eHnsa CEMU-BOCbMHU IOJIOBBIX reHepauHﬁ, HCOGXOI[I/I-
MBIX JJIs1 CTaOMIIN3alui THOPUIHOTO TeHoTuma. Pa3pabora-
HBI TEXHOJIOTMU MPON3BOJICTBA TaIlJIONI0B Y SKOHOMHUECKH
3HAYMMbIX BHUJOB — IMIICHUIILI, AYMCHsA, TPUTUKAJIC, pHCa,
panca (Wedzony, 2003; Pauk et al., 2009; Weyen, 2009;
HWrnarosa, 2011; IlImberkoBa u 1p., 2015). C ux ucmnons3osa-
HUEM c0371aH0 0K0s10 300 COPTOB IKOHOMUYECKU 3HAYUMBIX
CEJIbCKOXO3SIMCTBEHHBIX KYJIBTYp, 150 U3 KOTOPBIX MpUHAJ-
JIeXkKar TpeJicTaBuTeNsIM cemeiictBa Poaceae. Uncio copros,
BBIBCJICHHBIX C IPUMEHCHUEM TalLIOUTHBIX 6HOT6XHOHOFHﬁ,
noctostHHO yBenuuuBaetcst (Dunwell, 2010). B psize pernoHoB
mupa DH-copra cranositcst tomuHMpyonmMu. Harmpumep,
B EBponie 50 % BO3A€TIBIBAEMBIX COPTOB STUMCHSI TTOITYyYEHBI
C TPUBJICYCHHEM TaIUIOMIHBIX OMOTEXHOJIOTHH, TOTJa Kak
B Kanaze Tpy U3 msITH COPTOB MIICHUIIBI C HAHOOIBIINMU
miomaasmu — 310 DH-copra (Germana, 2011).

Cpenn cymecTBYIOMNX Pa3IndHbIX METOIOB TPOAYKIINU
TaruIONIHBIX PACTeHUI HanOOIbIlEe TTPAKTUIECKOE PUMe-
HCHHEC UMECT KYJIbTypa IbIJIBHUKOB U €€ Pa3HOBUIAHOCTb —
KyJIbTypa M30JIMPOBAHHBIX MUKpOCTIOp. B oTnmune ot rame-
TO(UTHOTO, CIIOPOMUTHBIN Iy Th Pa3BUTHUS XapaKTEPH3yETCs
(hopMupoBaHreM dMOPUOTIONOOHBIX CTPYKTYP (TICEBI03apO-
JIBIIIEH) W3 MUKPOCTIOP, IPUBOISIINM K (POPMHUPOBAHHIO T'a-
TUTOUIHBIX pacTeHui. ITOT peHOMEH, N3BECTHBIN KaK aHapo-
TeHe3 in vitro (TanIOUAHBIA SMOPHOTreHe3, MUKPOCTIOPOBBIN
SMOpHOTeHe3, aHAPOKIMHU), BOSHUKAET, KOTJa MbUIbHUKI
pacTeHui, N30JMPOBaHHBIC Ha ONPEIEIICHHON CTaIuN pas-
BUTHA, KYJIBTUBUPYIOTCA Ha OTHOCHUTCIIBHO MPOCTHIX Cpe€aax
C TOPMOHAIBHBIMHA JoOaBKamu win 0e3 Hux (Kpyrnosa u mp.,
2005; Clement et al., 2005; Segui-Simarro, 2010; Germana,
2011; HImbikoBa u 1p., 2015).

MuKpOCIOpPOBEIA WIH MBUIBIIEBOH IMOPHOTEHE3 SBISCT-
csl OAHUM M3 Hanbouiee SIPKUX NMPUMEPOB TOTHUITIOTEHTHOCTH
pactutensHO KiteTku (Reynold, 1997; Cistué, Kasha, 2005;
Segui-Simarro, 2010). ITepBsie cooOmeHns 00 UHAYKIUH
CHOpPO(UTHOTO Pa3BUTHSI MHKPOCIIOpP TOSBIJINCH BO BTO-
potii monoBrae XX Beka (Guha, Maheshwari, 1964). Ycner-

Hasl MHIYKIMST MUKPOCIIOPOBOTO 3MOpHOreHe3a yCTaHOB-
nena 6onee yeM y 250 BunoB pactenuit (Maluszynski et al.,
2003).

Tem He MeHee 10 CHX TOP CYIIECTBYIOT OTPAHUUNBAIOIINE
(hakTOpHI, CACPIKUBAIOIINE IUPOKOE TPUMEHEHNE TarIoH/I-
HBIX 6HOT€XHOHOFHﬁ. I'maBHBIE Y3 HUX — T'€HOTUIIMYECKas
3aBUCUMOCTb M HU3Kasl 4aCTOTa pereHepaluuu pacTeHuid. s
MHOTHX BH/IOB 3JIaKOB BKHEHIIICH MPOOIEMOH raruronpo/yK-
LIUU B KYJIBTYPE NBIIBHUKOB i71 Vi{FO OCTAE€TCs BBICOKAs JOJIA
aTBOMHOCHBIX pereHepanToB (Soriano et al., 2008; Nrnarosa,
2011; Germana, 2011). Ha3Banusle poOsIeMbl cliepKuBa-
10T pa3paboTky 3¢ (GEKTUBHBIX MMPOTOKOJIOB MPOU3BOICTBA
TalUIONJHBIX PACTEHUH M YIBOSHHBIX TaIlJIONI0B, COKpaIa-
IOIINX CPOKHM M 3aTpaThl Ha CO3/IaHHE COPTOB 10 CPAaBHEHHIO
C TPAAULIMOHHOM CeJIeKIIUEN.

YHUBEpCATBHBIX TEXHOJIOTHH IONY4YEHUs TalIOMIHBIX
pacTeHuil B KyJIbTYpe i Vitro MBUIBHUKOB (MHUKPOCIIOP) ISt
Ppa3HbIX BUJOB HE CYHICCTBYET, OAHAKO OCHOBHBIC UX 3Tallbl
ocTaroTcs Hen3MeHHBIMU. OHM BKITIOYAIOT: BBIPAIIMBAHUE U
0TOOp ZOHOPHBIX PacTEeHHH, MPeJoOPadOTKY COLBETHI HITH
MBIJIbHUKOB Pa3JIMYHbIMU CTPECCOBLIMU (l)aKTOpaMI/I, BbIYJIC-
HEHNE TIBUIBHUKOB (MHUKPOCIIOP) U UX KYJIBTHBHPOBAHHUE B
YCIIOBUSIX in Vitro, MHIYIIMPOBAHHE SMOpHOTreHe3a, pereHe-
palMio pacTeHUH, YIBOCHHE YHUCIa XPOMOCOM PACTEHHM-
perenepanToB. Ha OT3BIBUMBOCTD MBUIBHUKOB TIPH KYJIBTH-
BUPOBAHWH i1 Vitro BIWSIOT MHOTOYHCIICHHBIC SHJIOTCHHBIC
Y 9K30TeHHBIE (haKTOPBI: YCIOBUS BBIPAILIUBAHUS JOHOPHBIX
pacTeHuii, FeHOTHII, CIIOCOOBI U MIPOJOIKUTENLHOCTD MIPE-
00paboTOK COIBETHH WM MBIILHUKOB, CTAIHS PAa3BUTHS
MBUIBHKUKA, COCTaB UTaresbHbIX cpex (Smykal, 2000; Kpyr-
moBa u 1ap., 2005; Wedzony et al., 2009; Urnarosa, 2011;
Germana, 2011).

BaxHoii CTyIeHbIO B MOBBILICHUN d(PPEKTUBHOCTH IMO-
puorenHoi (amOpronnorenHoii, mo (Kpyrmosa u np., 2005))
OT3BIBYMBOCTH KYJIBTUBHPYEMBIX NBUILHUKOB SIBIISIETCS TIO-
HUMaHHE MEXaHH3MOB MHJIYKIUHU CHOPO(PHUTHOTO Pa3BUTHS
MHUKpOCIIOp in vitro. OTKPBITHE TOTO, YTO CTPECC — 3TO TEHE-
paNbHBIA CUTHAJ, OTBETCTBEHHBIH 32 CMEHY I'€HETHYECKOH
IIPOTrpaMMBbl Pa3BUTUA MUKDPOCIIOP U UX IEPEXOI Ha CIIOPO-
(bUTHBIH Ty T Pa3BUTHS, TO3BOJIMIIO YHU(PUIIIPOBATH MOJICTH
MHJIyKIIMK MAKPOCIIOPOBOTO SMOpHOreHe3a 1 ONTHMH3HPO-
BaTb MHOTHEC TCXHOJIOTUH MOJTYUCHUA TAIUIONIHBIX paCTeHHﬁ
(Touraev et al., 1996a, 1999; Devaux, Pickering, 2005; Zur
etal., 2008; Wedzony et al., 2009). ITo cpaBHeHnto co crpec-
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COM, TSl CIOPOGUTHOTO PA3BUTHUS MUKPOCIIOP i1 Vitro naxe
MIPUMEHEHNE TOPMOHOB MOXKET OBITh MEHEE KPUTHIHBIM, YTO
MOATBEPIKIACT TOT (PAKT, YTO IHIOTCHHBII OaJaHC TOPMOHOB
SBIISICTCA HGO6XOZ[I/IM])IM YCJIO0BUEM [JIsI MHUKPOCIIOPOBOIO
smOpuorenesa in vitro (Aionesei et al., 2005).

XapaKtepuctnka Mukpocnop

KaK MHNLUaNbHbIX KNETOK

cnopoduUTHOro pasBuTuA

YeneurHass MHIYKIMS MUKPOCIIOPOBOI'O 3MOpHOTEeHEe3a
in Vitro 3aBUCHT OT TIPABUIIbHOM OILICHKU COCTOSIHHS PA3BUTHSA
MYKCKOTO rameToduTa JOHOpPHOTO pacteHus. Mopdorene-
THUYECKasi KOMIIETEHTHOCTh MUKPOCIIOP ITPOSIBIISIETCS TOJIBKO
Ha OIPEAEIEHHOM cTagun uX pa3BuTHs. s GONBIIHHCTBA
BUJIOB ONTHMAJIBHOW JUISI CMEHBI MPOTPaMMBI PA3BUTHS C
raMeTo(pUTHON Ha CIOPOPUTHYIO 0003HAYAETCsI CTaIus,
Ornm3Kas K mepBOMY MBUThIIEBOMY MHTO3Y (Babbar et al., 2004).
Kpurnueckoii craaneil pa3BUTHs MBUIbHAKA TSI WHITYKIINH
MoporeHesa in vitro o CIIOPOPUTHOMY MyTH CUYMTACTCS
cTaans BaKyolm3npoBaHHOH MuKpocnops! (Clement et al.,
2005; Germana, 2011) unu CHIIBHO BaKyOJIM3MPOBAHHOM
mukpocnops! (Kpyrnosa u ap., 2005, 2017). ITo MHeHuto
A. Touraev c coast. (1996a), mpomOMmKUTEIEHOCTD «IMOPHO-
TEHHOTO OKHa» MOXKET OBITh O0Jee IIMPOKOI: OHO HAYMHACT-
cs ¢ a3l G1 mukpocnopsl U npogoikaercs a0 ¢aszsl Gl
JIBYXKJIETOYHOTO TBUIBIIEBOTO 3epHA. TOUHOE KOKHOY» KOMIIE-
TEHIIMM MUKPOCIIOPHI 3aBUCHT OT BH/1A Ml TEHOTHUIIA JOHOPHO-
IO pacTeHusl.

JlMHaMu3M MHKPOCHOPBI HA CTaAWU OTOOpa ONpeersieT
€e CIOCOOHOCTD ITEepPEeKITIUaThCsl Ha CIOPO(UTHYIO TPO-
rpaMMy pa3BUTHsL. BoJbIIMHCTBO criopoduTHO-crienuduye-
CKUX T€HHBIX MTPOAYKTOB NMMMHHHUPYIOT K Hadally Meio3a, a
raMeTHO-CIenn(pUIECKNe TeHbl TPAHCKPHUOUPYIOTCS TONb-
KO TOCJIe MEPBOTrO MBUIBIIEBOIO MHUTO3a, YTO CBUJIETEIbCT-
BYET O HECTaOMILHOM CTaTyce MHKPOCIIOPBI Ha 3TOW CTaAnH
(Segui-Simarro, 2010). IToce mepBoro MbUTLIIEBOTO MUTO3a
rameTo(uTHas NporpaMmMa CTaHOBUTCS HEOOPATUMOM — ITpo-
nucxoauT (HOpMHpOBaHKE TBUIBIIEBOTO 3epHa (Scott et al.,
1991). Y HEeKoTOpBIX BUAOB pacTEHWH in situ oOHapyx eHa
(pakiusi aHOMaJbHBIX HBUIBIEBBIX 3€PEH, XapaKTepu3sy-
IOMINXCS MEJTKUM pa3MepoM U ciaboil OKpaIlnBaeMOCThIO
arierokapMuHOM. Takne neiibLeBsie 3epHa (P-pollen) MoryT
MOJIBEPraThCsl JOMOIHUTEIBHBIM JCICHUSIM N ViVo, U UX
MOCTIENYTOIIee TaAMETOPUTHOE Pa3BUTHE TOPMO3UTCS. JTOT
(heHOMEH 0003HAYEH KaK MBUIBLEBON TUMOPGHU3M, OH OBII
u3ydeH y Tabaka, suMmeHs, nieHuisl, pxxu (Belogradova et
al., 2009). AHOMaITEHBIE TTBUTBIIEBEIE 3€pHA, CHOPMUPOBAHHBIC
in situ, KOMIIETEHTHBI K SMOPHOTEHE3Y in Vitro, a UX 4acToTa
3aBHCHUT OT I'€HOTHIIA U YCIIOBHU BBIPALMBAHHS PACTCHUN
(Heberle-Bors, Reinert, 1981).

CriocoOHOCTh K NMEPEeKIIIOYEHUI0 IPOTPaMMbl PAa3BUTHS
OIIpeeIIsIeTCs] 0COOEHHOCTBIO CTPYKTYPHOU OpraHu3aluu
CHJIBHO BaKyOJIM3UPOBAHHONW MHUKPOCIOPBI, NPEKAE BCETo
€€ XOpOIIO BBIPAKEHHOM MONISIPHOCTHIO0. YeTKO BbIpaskeHHAs!
MOJIIPHOCTB TIPOSIBIISIETCSl HE TOJIBKO BO BHYTPEHHEM, HO M
BO BHEIITHEM CTPOEHHM: OTIPEIETICHHOM IOJIOKEHUH BaKyOIll
(co cTOpOHBI HapY>KHOTO MOJTI0CA, OOPAIIEHHOTO K TANETYMY)
U s171pa (CO CTOPOHBI BHYTPEHHETO MOJII0CA, CYITPOTUBHO I1OPE
npopactanus). [ToasspHOCTH OTpakaeTcsl TakKe B 3aKOHO-
MEpPHOM pacTpeIeJICHUH IIUTOIIAa3MBbl, €€ OpraHeIuT U BKITIO-

Microspore embryogenesis in vitro:
the role of stresses

YeHUI M OOYCJIOBJICHA LIEJIBIM KOMILIEKCOM (pakTopoB, B
MIEPBYIO OUYEPENb MOJTOKEHNEM MUKPOCIIOPHI IT0 OTHOLIEHHIO
K TKaHSIM CTEHKHU IBUIBHWKA M CO3/aHHEM HMH TpaJcHTa
nuTareNbHbIX BeriecTs (Babbar et al., 2004; Kpyriiosa u jp.,
2005, 2017).

[To psimy mpu3HaKoB (HaIW4YMe KPYHHOTO siApa, XOPOIIO
Pa3BUTON IEHTPAILHON BaKyOJH W almUKaJIbHO-0a3abHOU
OpTaHM3aLMK KJIETKH) CUIBHO BaKyOJIN3UPOBAHHAS MHKPO-
CTIOpa CXO/IHA C SIMIIEKJICTKOH, JTAatoIel HayaIo 3UTOTHIeCKO-
MY 3apOJIbIIITY ITPHU TIOJIOBOM Pa3MHOKEHHUH, a TAKIKE KJIETKaM
3apOJIBIIIEBOTO MEIIKA, HyLIEJITyCca U HHTETYMEHTOB, (hopMHu-
PYIOIINM 3apOJBIII TIPH AIIOMUKCHCE. DTO J1TaeT OCHOBAHHE
IIPEAIoJIararb, YTO CTPYKTypa BCE€X MHULMAIBHBIX KIETOK
HOBOTO MH/IMBU/IA SIBJISIETCS YHUBEPCATIBHON ITPU PA3TUIHBIX
Croco0ax pernpoayKINH B €CTECTBCHHBIX YCIOBHSX U B KYJIb-
Type in vitro (Batygina, 2011).

MHunuanbHas KJIeTKa aHAPOreHe3a in Vitro 0JHKHA paccMa-
TPHUBATHCS KaK CIIOPOTCHHAS KJIETKAa B KPUTUYECKOH cTajnu
pa3Butud. [T1aBHBIM KpUTEPUEM KPUTUYECKOM CTaIUM pa3-
BUTHS CITIOPOTEHHOM KIIETKH SIBIISETCS €€ UyBCTBUTEIBLHOCTD
K JICHCTBHIO 3KCTPEMAIBbHBIX (PAKTOPOB, ONPEACISAIONIas
nepexoj k mopdorenesy. [Ipu 9ToM MHHIMATBHAS KIIETKA
JIOJKHA 00J1aJ1aTh BCEMH XapaKTepHUCTHKAaMU MEpUCTEMaTHye-
cKoif kieTkH (Zoriniants et al., 2005; Kpyrnosa u np., 2017).
Cnoco6HOCTh CHIBHO BaKyOJIH3UPOBAHHONW MHMKPOCIOPHI
MEPEKIII0YATHCS ¢ TAMETOPHUTHOTO HA CIIOPOPUTHBIN MyTh
Pa3BUTHS MO3BOJISIET PACCMATPUBATh €€ M KaK CTBOJIOBYIO
KJIeTKY. DMOpuoreHHast (MopQporeHHast — TepMUH IPEIIOKEH
Kpyrosoii u mp. (2005)) Mukpocmnopa IMeeT U TaKue CBO¥-
CTBa CTBOJIOBOHM KJICTKH, KaK TOTH- M IIIOPHIIOTEHTHOCTB,
T. €. CrI0ocOOHOCTH (hOPMHUPOBATH pa3IMYHbIC THUIIBI TKAHEH 1
OpTaHOB, a TAK)KE HOBBI OPraHU3M Ha OCHOBE PA3IMYHBIX
myTei Mmopdorenesa in vitro (Batygina, 2011).

MHayKuma cnopoduTHOro pas3BuTus

npwu BO34eNCcTBUN CTpeccamm

TepmuHn crpecc (OT aHIII. stress — HaNpsbKeHUe) ObLT npe-
JIOKEH KaHAJCKUM ydeHBIM-¢usnonorom ['ancom Cense B
1936 . uIst oTTMCaHuUS peaKIK OpTraHI3Ma Ha TF000¢ CHITEHOE
HeOnaronpusitHoe Bo3neiicTue. [1o mHenwmo F. Bonet ¢ coaBr.
(1998), MEKPOCITOPOBBIN SMOPHUOTEHE3 SBISETCS BAYKHBIM
a/IalTallMOHHBIM MEXaHU3MOM pacTeHUH, KOTOPbI 00Hapy-
JKHMBACTC TOJILKO B OIIPCACIICHHBIX YCIIOBUAX KaK CIICACTBUEC
CTPECCOBBIX BO3IEHCTBUM.

[Tepexirtouenne MUKpOCIOp ¢ raMeTo(pUTHOTO Ha CIO-
POQUTHBINA TyTh Pa3BUTHS MHAYLUPYETCS Pa3iu4HBIMU
cTpeccaMu, MPUMEHSIEMBIMH in vivo U in vitro (Touraev et al.,
1996b; Zoriniants et al., 2005; Germana, 2011). HezaBucumo
OT IIPUMEHSIEMOTO cTpecca, (GopMHpOBaHNE IMOPHOTEHHBIX
MHKPOCIIOP COMPOBOKIACTCS CIECAYIOMIMMHI OOIIINMH COOBI-
TUsIMHA: 1) yBesmaeHne o0bemMa MUKpPOCIIOP; 2) TPOXOXKICHHE
yepe3 peruukanuio JJHK ¢ 3amepkoit KI€TOYHOrO IHKIIa;
3) ayrodarus muTorIa3Mser; 4) mpeodpa3zoBaHKe ITUTOCKENETA,
MIPUBOJIAIIETO K MEPEeMENICHHIO siapa U3 neprdepraeckoro
B I[CHTPAJIbHOE TOJIOKEHHE; 5) POPMUPOBAHHE HOBOW KJie-
TOYHOM CTEHKH; 6) KOMITAKTH3AIMsI XpOMaTHHA; 7) N3MEHEHHUS
JKcIpeccun reHoB (Aionesei et al., 2005).

N3menenus B OKCIIPECCHUU T'€HOB MOTYT 6I)ITb CBCIICHbI B
TPY NPUHLIUIHAAIBHBIE TPYIIIBI: KJICTOYHAS OT3BIBUMBOCTD Ha
cTpecc; cynpeccHs raMeTo(UTHOHN IPOTPaMMBbI X SKCIIPECCHUS
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cnopoutHoro passutus (Pauls et al., 2006). Bosnbrioe uuc-
JIO TeHOB, OEJNKOB M METAaOONMUTOB HICHTH(UITMPOBAHBI KaK
MPSIMBIE MJIN KOCBEHHBIE TPUTTEPHI B KAYKIOH N3 ATUX CTAANH.
Mopdosioruueckue, GU3NOIOTHUCCKUE U MOJICKYISIPHBIC
M3MEHEHHS B MUKPOCIIOPAX, Pa3BUBAIOIINXCSI TIO CHOPO(HUT-
HOMY ITyTH, XapaKTEPHBI JUIS BCEX 9yKAPHOTHIECKUX KIIETOK
BO BpEMsl CTPECCOBOIO BO3JEHCTBHS. JTO JaeT OCHOBAHUE
MPEeAnoaraTb HaJIu4dhe OOIIMX PEakKIuil B OT3BIBYMBOCTH
pacrenuii Ha cTpeccsl (Zoriniants et al., 2005).

[lepBbIii CTPYKTYpPHBIN CUTHAI HHAYKIWU CIIOPO(YUTHOTO
Pa3BUTHS MUKpOCTIOp — AenuddepeHnanns IuToImas3-
MBI. DTOT IpOIecC BKIIOYAET CHIKEHHE YHMCIIa OpraHel,
JKHPOBBIX Tellell, KpaxMallbHbIX 3epeH U pudocom. Sapo ne-
pememniaercs oT mepudepun K MeHTPY MUKpocHopsl. OmHO-
BPEMEHHO BaKyoJIb ()parMeHTHpYyETCs LUTOIUIa3MaTHye-
ckumu Jdydamu. OTMedaeTcs MeHee IJIOTHasi [UTOoIlIa3Ma,
OTCYTCTBHE HAaKOIUICHUS KPaXMaJIbHBIX 3€PEH, XapaKTepHOE
JUTSL CO3PEBAIOLINX I'€HEPATHBHBIX KJIETOK. B pesynbrare
(hopmupyercsi Tak HazblBaeMasi 3Be3uarasi CTpyKTypa, co-
CTOSIIIAs W3 IUTOIIA3MATHUECKUX TSDKEH, COEAMHSIOMMNX
MEPUHYKIICAPHYTO U CyOKOPTHKAIBHYIO 00JIaCTb [TUTOIIIA3MBI.
[Tono6nast Mmopdostorus Obljla OTMEUCHA HA PAHHUX CTAIHSIX
KyBTUBHPOBaHMS MUKpoctiop Tputrkaie (Dubas etal., 2010),
puca (Raina, Irfan, 1998), mmennmsr (Touraev et al., 1996b;
Indrianto et al., 2001; Cistué, Kasha, 2005), rabaka (Touraev
et al., 1996a) n 1pyrux BUIOB pacTCHUN M pacCMaTpPHBACTCS
Kak HavyaJbHasl CTyleHb SMOPHOTCHHOTO Pa3BUTHA. Takum
00pa3oM, CHJIBHO BaKyOJIM3MPOBAHHAs U IMOJSIPU30BAHHAS
MHUKpPOCIOpa TpaHc()OpMHUpPYETCsl B AETONAPU30BAHHYIO U
nenuddepernmpoBannyo KieTKy. [lepexon Ha abTepHATHB-
HBII TTyTh pa3BUTHUs CTaHOBUTCS HeoOparumbiM (Touraev et
al., 1996a, b; Segui-Simarro, 2010; Germana, 2011).

HawubGonee paHHUM CTPYKTYypHBIM MapKepoM, MpeacKasbl-
BAIOIMM M3MEHEHHE CUMMETPHUH JeIISILEHCs MUKPOCIIOPHI,
CIYKUT TIOSIBIIGHHE Tpemnpoda3zHoil JEHTH MUKPOTPYOO-
yek (PPB). PPB — kopTHKanbHOE KOJNBIIO MHUKPOTPYOOUEK,
KOTOpoe 00pasyercsi B MEAMAIBLHOW 00JaCTH MHUKPOCHOPEI
yepe3 HECKOJIBKO YacoB MOCIE MPUMEHEHUSI CTPECCOBOTO
Bo3zelcTBus. [Ipy HOpManbHOM pa3BuTHHU IbLIbIEI PPB He
dhopmupyercs. Tak kak PPB nukryeT miockocts Oyaymiero
JIETICHNS] ¥ yJacTBYET B CTAOMIM3AIMM KJIETOUHOH CTEHKH,
MIPE/IIOoNaraeTcs, YTo peopraHu3anusi MUKpoTpyOodeK — 3To
KIII0YE€BOE COOBITHE B M3MEHEHUHU MPOrPaMMBbl Pa3BUTHS
MuKpocmops! (Zhao et al., 1996; Cistué, Kasha, 2005; Dubas
et al., 2010). KynsruBupoBaHue NMBIIILHUKOB Brassica napus
Ha MUTATeILHON cpejie, colepiKallieil KOJIXUIKH, TPUBEIIO K
YBEIMUYECHUIO YHCIIAa PABHBIX JICICHUH B MUKPOCIIOpaXx, 4To,
0 MHEHUIO aBTOpOB (Zhao et al., 1996), moaTBepxaaeT pob
LIUTOCKENETa B X CIIOPOYUTHOM pa3BUTUH. CUMMETPUYHOE
JIETICHNE MUKPOCTIOPHI SIBIISIETCSI MAPKEPOM €€ SMOPHOTEHHO-
ro passutus (Smykal, 2000; Kpyrmnosa u nip., 2005; Soriano
et al., 2013). biiokupoBaHue cuHTE3a Kpaxmalia Kak MapKepa
CO3pEBaHMS MBUIBIBI M JMUMUHALNS PE3EPBOB Kpaxmana —
KJIFOYEBOC COOBITHE B 3TOM IIpOIIECCe, KOTOPOE CITY>KHT Ha-
JISKHBIM MapKepoM CHOPO(GHUTHOTO Pa3BUTHsI MHUKPOCIIOPHI
(Clement et al., 2005).

Takum 06pa3oM, cTpecchl He TOIBKO HEOOpaTUMo OJIOKH-
PYIOT raMeTOGUTHYIO IPOrpaMMy Pa3BUTHSI MHUKPOCIIOP, HO
W TIEPEKITIOYaloT WX Pa3BUTHE HA CIOPOPHUTHBIA myTh. OT-
KPBITHE TOTO, YTO CTPECC CIIY>KUT T'€HEPAIbHBIM CHUTHAJIOM
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Ccropo()UTHOTO Pa3BUTHS MUKPOCIIOP, MO3BOIMIIO pa3pado-
TaTh YHHBEPCAIbHYIO MOAENb MHIYKIUH MHKPOCIIOPOBOTO
smbpuorenesa (Touraev et al., 1996a), BkiIrOHatonIyto Tpu
OCHOBHBIX 3Talla:

* HeoOpaTtnMoe OIOKHPOBAaHHUE TaMETO(UTHOI TPOTpaMMBI
Pa3BUTHUS NPU MPUMEHEHHH CTPECCOBBIX BO3ACHCTBUI.
310 HEOOXOAMMOE, HO HE ETMHCTBEHHOE YCIOBHUE JJIS 10~
CIIEYIOIIETO PAa3BUTHsI SMOPHOUJIOB;

* (opMHpOBaHHUE MOMYISAMN SMOPHOTEHHBIX MUKPOCIIOP 32
CUYEeT U3MEHEHUU Ha MOJIEKYJIIPHOM YPOBHE;

* peanu3anyst ciopoGUTHON IPOTpaMMBI Pa3BUTHS HA ITH-
TaTeJILHOM cpesie, CoNeprKallel yIieBob! (caxaposy).

MyTn pasBuTtna smé6pronaos

B pesynbrare pa3indHbIX CTPECCOBBIX BO3ICHCTBUI 3HAYH-
TeJNbHAs J0JII MUKpocrop norubaer. HesHaunTenbHas ux
4acTh CJIEAyeT MO raMeTO(GUTHOMY IyTH pa3BUTHA ¢ (op-
MHPOBaHHEM KOPOTKUX WJIHM JUTMHHBIX MBUIBLEBBIX TPyOOK
(Touraev et al., 1996a). DMOpuoreHHbIC KICTKH (MUKPO-
CIIOPBI U IBYXKJICTOUHBIE IBUIBLIEBBIC 36pHA) OIBEPratoTCs
JICIICHUSIM TI0 Pa3IIUYHBIM ciieHapusM (Aionesei et al., 2005;
Soriano et al., 2013).

JlejieHusi BereTaTHBHON KJIETKH ABYXKJIETOYHOI'0 NNBLIb-
1eBOro 3epHa. Pollb BereTaTnBHON KIICTKH YCTaHOBJICHA B
(hopmupoBanuu SMOpHUONIOB Tabaka, MINEHUIIBI, pUca, Ky-
Kypy3sl, cM. 0030psI (Aionesei et al., 2005; Clement et al.,
2005; Germana, 2011).

CumMeTpHYHOE /IeIeHHe MUKPOCIopbI. Takoii myTh npu-
BOJIUT K 00pa30BaHUIO ABYX MICHTHYHBIX KJICTOK B OTIIMYHE
OT HOPMAJILHOTO aCHMMETPHYHOTO JIEJICHUS, TPE/IIICCTRY-
1omiero oopazoBanuio neuibieBoro 3epua. Cortacho (Cle-
ment et al., 2005), TTaBHBIM CUTHAJIOM CHMMETPHUYHOTO JIeTie-
HHUS SBJISCTCS CTPECC, M TAKOMY CLICHAPHUIO CIICAYIOT «3BE3/I-
YaThley» MUKPOCIIOpHI. B 3TOM cityuae Mukpocropa Beziet ceOst
ce0st Kak 3UroTa, M pa3iIMYHble CTaAnH Pa3BUTHS SMOpHONIa
CXOJIHBI C TAKOBBIMH Y 3UTOTHYECKOTO 3apoabiiia. Copopurt-
HBIE CTPYKTYPBbI, C()OPMUPOBAHHBIE 32 CYET PABHOTO J€ICHUS
MHUKPOCIIOPHI, 00HApYKeHB! Y Brassica napus (Telmer et al.,
1993), murenwntst (Indrianto et al., 2001; Kpyrosa u ap., 2005;
Cistué, Kasha, 2005), Tabaka (Eady et al., 1995).

Jle/ieHne KaK BereTaTUBHOM, TAK U TeHEePATHBHOM KJle-
TOK. OMOPHON ], KaK IPABUIIO, PAa3BUBACTCS 33 CYET ICIICHUH
BEreTaTUBHOM KileTKU. Penkuil ciryyail y4acTus reHepaTuB-
HOW KJIETKU B (HOPMHUPOBAHNHT YMOPHOUIOB OBLIT OTIMCAH IS
Oenenbl yepHoOi Hyoscyamus niger. BereraTuBHas KieTka
100 HE JIENUTCS COBCEM, JIMOO JENUTCS HECKOIBKO pa3 ¢
BO3HHKHOBeHHEM cycnen3opa (Raghavan, 1976).

JIOMHHUpPOBaHUE OJJHOTO IyTH PA3BUTHS SMOPHOH/IA Hal
JPYTUM MOKET IMPOUCXOAUTH AK€ Yy OJHOIO BHUJA B 3aBU-
CHMOCTH OT THIIAa M HPOAODKHTEIBHOCTH CTPecca, CTaJuH
pa3BUTHS MBUIbHNKA M Apyrux ¢akropos (Wedzony et al.,
2009; Germana, 2011).

Paznble cragum GopMHpoOBaHUS 3MOPHOUAOB, UX CXOJ-
CTBa M Pa3IM4Msl C MOJOBBIMH 3apOABIIIAMH NPHBEICHEI B
nyonukausix (Kpyrmosa u ap., 2005; Clement et al., 2005;
Segui-Simarro, 2010; Soriano et al., 2013). Kpurngeckas
CTaJus B Pa3BUTHU SMOPHOHIOB — pa3pbiB SK3MHBI. IMEHHO
B 9TOT [IEPHOJ] 0003HAYAIOTCS PA3IHYHS MEXIY TCHOTHUIIAMH,
00yCIIOBJICHHBIE KOJIMYECTBEHHOH BBIPAKEHHOCTBIO JIeTeHEe-
panuu smM6puonos (de Buyser, Henry, 1986).
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an/IMeHFIEMbIe cTpeccoBble BO3F|EI7ICTBI/IFI

Jliist u3MeHeHnst criopo(UTHONW M TaMeTO(GUTHOW JeTepMHU-
Halluu BO3MOXKHBI CTPECCOBEBIC BOSHCﬁCTBHH Ha JOHOPHBIC
pacTeHus in vivo, Ipu 3TOM BPEMsI BO3JICHCTBHS MOXKET OBITh
pa3IMYHBIM: KPaTKOBPEMEHHBIM (Ha OAMH JTall Pa3BHTHUS
pacTeHwusl) WK JUIUTEeIbHBIM. B 3HaUUTEIHHON CTENEHU ITO
3aBHUCHUT OT (h)aKTOpa BO3AEHCTBYSL, a TAKKE OT BUA PACTEHHUSI.
[TpumensieTcst 1 TOKaIbHOE BO3JCHCTBUE i Vitro Ha IMBUTBHUK
WJIM COI[BETHUE, HA M30JIMPOBAHHBIN CIOPO(HUTHBIN KOMILIEKC.
Heszasucumo ot criocoba BO3I€HCTBHS, 9TUM CHUMAETCS JIe-
TEpPMHHAIMS HOPMAJIBHOTO XOJa MUKpPOCIIOPOTeHe3a U pas-
BUTHs mbLIbIeBOTO 3epHa (Kpymiosa u ap., 2005; Aionesei
et al., 2005). B 0630ope (Shariatpanahi et al., 2006a) cTpeccsl
TIO/IEJIEHBI HAa TPU KaTeTOPUH: IIMPOKO HCIIONb3yeMble, HUY-
TOXXHBIE 1 HOBBIE. K IMHUPOKO MPUMEHACMBIM CTpECCAM OT-
HOCSIT TEMIEPATYPHBIN MIOK, YIIEBOAHOE TOJIOAAHUE U BO3-
JICHCTBHE KOJIXUIIMHOM.

Xonoaosoi WokK

HawnGosnb1iee pacpocTpaHeHHE B OIBITAX MO IPOU3BOICTBY
raruion/I0B y pa3iM4YHbIX BUJIOB MOJIyYnsia 00paboTka 1o-
HOPHBIX PAacTEHHH MOHIKEHHBIMH INTOJIOKUTEIBHBIMU TEM-
neparypamu (II1T) (2—4 °C) B Teuenue 2—7 nHel, a MHOTIA
u 3-4 uenmens (Uruarosa, 2011; Tian et al., 2015; u ap.).
®akruuecku Bozaeiicteue IIIT crano pyTuHHON mpoueny-
PO¥ raruIonpoyKIuy BO MHOTHX JlabopaTtopusx Mupa. Boz-
JICWCTBHE MOHMKEHHBIMHU TOJIOKUTEIbHBIMU TEMIIEPATypaMu
MIPUMEHSUTIOCH TSI co3manus rarmonoB ssamens (Oleszezuk
et al., 2006), mmuennis! (Mraarosa, 2011), puca (Tian et al.,
2015), tputukane (Wedzony, 2003), parica (Gu et al., 2004),
knemeHTrHa (Chiancone, Germana, 2016). [Ipu moHmKEHHBIX
TEMIIEpaTypax BBIICPKHUBAIOTCS TOOETH, COLIBETHS U N30JIH-
pOBaHHBIC TBUILHUKH, BBEACHHBIC B KYJIbTYpy (Aionesei et
al., 2005; Zoriniants et al., 2005; Germana, 2011). YactoTa
(hopmupoBaHUs SMOPUOUIOB CYNIECTBEHHO IOBBIIIACTCS.
X0No0BOM CTpEcC 4acTo MPUMEHSIOT B KOMOMHAIHH C OC-
MOTHYECKHM CTPECCOM WJIM TOJ0/IaHueM (YIIICBOIHBIM HITH
azotHbM) (Touraev et al., 1996b, 1999).

Opnaxo BnmugHue 1T Ha KyasTHBHpYEMBbIE NMBUIBHUKH
WJIN MHKPOCITOPBI HE BCETIa OHO3HAYHO. B ombITax ¢ AByMs
IIMPOKO BO3/EJIBIBAEMBIMU B [ peliuy copTamu IIICHHIBI
Acheloos n Vergina n ux rudpugaMu ObUIO MMOKa3aHO, YTO
XOJIONOBBIE MPenoOpaboTKN HE SBISIFOTCS HEOOXOIUMBIMU
JUIS TarjIoNpPOIYKIIMK B KYJIbTYpe IBUILHUKOB, OCHOBHYIO
POJIb UTPAIOT TEHOTHIT JJOHOPHOTO PAacTEHUsI U TeMIIepaTypa
KyJIBTUBHUPOBAHNUS MBUTEHUKOB (Xynias et al., 2001).

Wzydenue ¢ dexTa X0I0I0BOTO BO3ICUCTBUS HA OT3HIB-
YMBOCTh KYJIBTHBUPYEMBIX INbIIBHUKOB TPUTHKAJIE MOKa3a-
JI0, 9TO CTIOPO(UTHOE Pa3BUTHE MUKPOCIIOP MPOUCXOAUT U
B IIBUIBHUKAX CBEKECYOPaHHBIX KOJIOCHEB, IIPHYEM Y HEKOTO-
PBIX TEHOTHIIOB C OOJIBIIIEH YaCTOTOM 110 CPAaBHEHHIO C ITbLITb-
HUKaMH, TO/ABEPTaloINMICS BO3AECHCTBHIO 3TOTO CTpecca
(Hpstayx u ap., 2010). Manmanus ciopouTHOTO pa3BUTHS
MHKPOCIIOp 0€3 CTPECCOBBIX BO3ICHCTBHHN ObLIa IOCTUTHYTA B
KyJIBTYpe IBUTBHUKOB staMerst 1 nmeHutrs! (Ohnoutkova et al.,
2000; Shariatpanahi et al., 2006b). 3T SKCTIEPUMEHTHI CBHU-
JIETEILCTBYIOT O TOM, YTO U30JISILIUS COLIBETUH U MBIJIbHUKOB
OT JIOHOPHOTO PACTEHUSL, & TAKXKE YCIOBUSI KYJIBTHBHPOBAHUS
in vitro caMu 1o cebe MOTyT BBICTYIIaTh B KAUECTBE CTPECCOB,
KOTOpBIC 0€3 MPUMEHEHHUS JIOOBIX APYTHUX CTPECCOB MOTYT

Microspore embryogenesis in vitro:
the role of stresses

HepernporpaMMUpOBaTh JajibHelIIee pa3BUTHE MHKPOCIIOP
B ycnoBusX in vitro (Shariatpanahi et al., 2006b).

VY 371aK0B MHKpPOCTIOpPH! (PU3UUECKH TPHUKPEIUICHBI K Ta-
neTymy nocpenctsom opoukyi (Kpyriosa u ap., 2005). Ta-
MEeTaJbHBIE KJIETKH, OKPY’KAIOIIHEe MHUKPOCHIOPHI, UTPAIOT
BXHYIO PETYJSTOPHYIO POJIb B Pa3BUTHUHU IbUIBIEL. [Ipu
Boznercteuu IIIIT MUKpOCHOpBEI OTCTAXOT OT Tameryma u
CBOOOIHO BBINAAAIOT B MOJOCTb THE3/a MBUIBHUKA, B CBSI3U
¢ 4eM OJIOKHPYETCsI TIOCTYIIJICHUE TTUTATeNIbHBIX BEIIECTB U
HacTymaer royojanue MUkpocnop. CTpeccom B TaKoW CHUTY-
anuu siisitores He IIIT, a ronoganue MUKpOCIIop, KOTOPOe
penporpamMMupyet ux passutue (Sunderland, Hu, 1982).
['ameToduTHOE Pa3BUTHE MUKPOCIIOP B YCIOBHSIX FOJIOAAHUS
6moxupyetcst Heoopatumo (Touraev et al., 1996a).

ITo mueHUIO Sv. Zoriniants ¢ coast. (2005), TIIIT neticTBy-
I0T HE KaK cTpecce, a Kak «antucrpecce». [Ipenodpadorka xo-
JIOZIOM BJIMSAET KaK 3aKaJUBAIOMMN (AKTOp M MHIYLUPYET
IEITBIH KOMIUICKC ITUTOJIOINYECKUX U (PU3NOTOTNIECKUX U3-
MEHEHM, KOTOPbIE aKTUBUPYIOT CUCTEMY KJIETOUHOMU 3aIUThI
OT Apyrux cTpeccos (Zur et al., 2008). B kynsType MbUTLHAKOB
tputukane nocne BozaehcTBus T Obun 0OHApYKEHBI
pa3nu4Hble OeNKH, MPUYACTHBIE K KOMIIETEHIIMH MUKPOCIIOP,
OT3BIBUMBOCTH Ha CTPECC M MHIYKIIMIO MHKPOCIOPOBOTO
sMOpHorenesa. YBeIMIHIOCh KOIMIECTBO OCIIKOB, THITMIHBIX
JUISl 3AIUTHI OT OKUCIMTEILHOIO CTpecca, IarepoHOB U Ip.
OyHKIMOHATBHAA KiIacCH(PUKanus oOHApYKEHHBIX OETKOB
MOKa3aJa, 4To OOJBIYI0 UX YacTh COCTABIISIOT OCIKH MeTa-
6onusma (47 %), ctpeccosbie (28 %) u 3anacHsbie (9 %) Oenku
(Krzewska et al., 2017).

BbISIBIICHO TOBBIIIEHHOE COJCP)KAaHUE DHIAOTCHHBIX aMH-
HOKHCJIOT B mbuibHUKaX Tabaka (Krogaard, Andersen, 1983)
u puca (Xie et al., 1997), uto cBA3aHO C yBenn4eHHEM OHO-
cHHTe3a (PEPMEHTOB B MUKPOCIIOPAX U N3MEHEHHEM I'eHEeTH-
YECKOW IIPOrpaMMbl UX Pa3BUTHUSL in Vitro.

BbicokoTemnepaTypHbIi cTpecc in vitro
O PEeKTUBHBIM TPUTTEPOM ISl IEPEKITIOYEHHIST MUKPOCIIOP
Ha CIIOPO(UTHBIN ITyTh Pa3BUTHS ABJISIETCS TEIUIOBOH MIOK.
[ToBeIIEHHBIE TEMIIEPATYPBI KYJITUBHPOBAHNUS MBUTEHIKOB
nieHUIs! (1o 32-34 °C B TedeHHe YeThIpex JHEH ) MPUBOAAT K
BO3PAaCTaHMIO IPOAYKTUBHOCTH MHKPOCIIOPOBOTO 3MOpHore-
Hesa (Touraev et al., 1996b). KparkoBpemeHHbIE BO3CHCTBUS
BBICOKOTEMIIEPATYPHBIM CTPECCOM — Hanbosee 3 PeKTHBHbII
MPUEM MHAYKIIMNA MHKPOCIIOPOBOTO 3MOPHOTEHE3a Y BUIOB
pona Brassica L. (Custers et al., 1994; I1ImMbikoBa u 1p., 2015).
[TonoxwurenbHas pojb IPUMEHEHUS OBBILIEHHBIX TEMIIEpa-
TYp YCTAQHOBJICHA M B COUETAHUM C JPYTMMHU CTPECCOBBIMHU
(hakropamu, Hanpumep ronoganueM (Touraev et al., 1996a).
TenoBoii MI0K BbI3BIBACT PA3JIUYHbIN CIIEKTP U3MEHEHUN
B KJIETKE, B YaCTHOCTH MHIYKIUIO CHHTE3a OENKOB TEIIo-
Boro 1moka (HSPs), ocobenno HSP70, koTopsle 6:110KHpyIOT
nporpammy mnbuibLeBoi nuddepenunanuu. Yem Oosbiie
TEMIIEpaTypHBIE PA3JINIHUs MEX/IY YCIOBUSMHU BBIPAIIINBAHUS
JIOHOPHBIX PACTEHHH i1 Vivo U YCIIOBUSIMH KYJIBTHBHPOBAHUS
in vitro, TeM «cTpoxke» curtan HSPs. IIpu temmneparypax
Hiwke 25 °C HSPs He 00pa3yioTcst — TeMmeparypsl CITUIIKOM
HU3KHUE JUISl TIPOSIBIICHHSI OT3BIBYMBOCTH Ha CTpecc. Takum
oOpazom, cunte3 HSPs MoxkeT ciyXuUTh MOJEKYISPHBIM
MapKepOM PEaKIi MUKPOCIIOP Ha CTPECC U UX CIIOCOOHOCTH
WHHULMMPOBATh aHporenes in vitro (Smykal, Pechan, 2000).
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HSPs ne#fcTBYIOT Kak MOJEKYJSpHBIE IIaNepOHbI. AKTH-
Barst cuaTe3a HSPs 3amummaer MUKpPOCTIOpPEI OT aronTo3sa,
BBI3BIBAEMOT'0 BHICOKUMH TeMIlepaTypamu. biiokupyst aror-
T03, HSPs MoryTt crnoco0cTBoBaTh BBIKHBAHHIO KJIETOK C
«TIepETPOrpaMMHPOBAHHBIMY» T€HOMOM U MEPEKIIOUCHHIO
MHKPOCIIOp Ha crIopouTHBIH myTh pazsutus. Cunre3 HSPs
NPEMSITCTBYET CUHTE3Y OEITKOB, HEOOXOIMMBIX [UIsl TalIbHEH-
mel nuddepeHnnanui MUKPOCTIOp B MBUTBILY (Zoriniants
et al., 2005). CpaBHenue marTepHoB (HOCHOPHITMPOBAHHBIX
0€JIKOB B OMOPHOTE€HHBIX U HEAIMOPHUOTEHHBIX MHUKPOCIIOPAX
Brassica napus L. mokazano 6onee BRICOKHI ypoBeHB (hoc-
¢opmmpoanust HSP70 B sMOpHOTEHHBIX MHUKpOCIIOpax.
Vi3MeHeHust B CHHTE3€, TPAHCIOKAUU U (pOoCHOpUITHPOBAHUH
3TOro OEIKa CBSI3aHbI C IEPEKITFOUYEHUEM MUKPOCIIOP C Tame-
To(huTHOTO Ha cOpoduTHBIA myTh pa3zBuTus (Cordewener
et al., 1994).

YrneBopgHoOe ronogaHune

VrieBoiHOE roJIofiaHue NpeicTaBiIseT co0oi 3 heKTUBHBIH
MPUEM WHAYIHPOBAHUS MUKPOCIIOPOBOTO 3MOpHOTeHe3a.
[IpumeuarenbHO, YTO 3TOT BHJ CTPECCca MOXKET OBITH NPH-
MEHEH HE TOJIbKO JIJIsl H30JIMPOBAHHBIX MUKPOCIIOP, HO U JIJIsI
M30JINPOBAHHBIX ITBUTBHUKOB, COIIBETHI MM 1IE€JIOTO PACTEHUS
(Heberle-Bors, 1989). YrineBoanslii cTaTyc pacTeHUs CIY)XUT
OJTHMM U3 HauOOJICe 3HAYUMBIX (DAKTOPOB, OMPEICIIIOIIX
pa3BUTHE MHUKpOCIIOp U (popMupoBanne (GepTHIFHON MBIITh-
el in vivo (Corbesier et al., 1998). T'onomnanue BEI3BIBaCT
pa3InYHbIC KICTOYHbIC MPEOOPA3OBAHUS il VIIro: 3aICPKKY
pOCTa KIIETKH, OBICTpOE MOTpedIeHne KIETOYHBIX YIIICBO/IOB,
JIeTpalalivio JINIHUIOB M J)KUPOB, HAKOIUICHHE CBOOOIHBIX
AMUHOKHCIIOT, CHI)KEHUE TJIMKOJIUTHYECKOH aKTUBHOCTH
tdhepmenToB (Zoriniants et al., 2005). Mopdonorngeckue u
(bu3HoNIOrNUECKe N3MEHEHHSI MUKPOCIIOPHI IIPH YIIIEBOIHOM
TOJIOIAHUM THITMYHBI JJIsl ayTO(arHblX KIETOK in vivo — Ha-
OmomaeTcs peaudQepeHIanys mwIacTua, Jerpajanus ia-
MEJUISIPHOH CTPYKTYPBI, HICUE3HOBEHUE KpaxMaa, OsIBICHNE
6onpmioi Bakyonu (Garrido et al., 1995). JlonogHUTEIbHBIN
cTpecc (BBICOKHE W HU3KHE TEMIIePaTypPHl), a TAKXKe TPO0-
JKUTEIILHOCTD TOJIOIAaHHS OIIOKMPYIOT TaMeTO(PHUTHOE Pa3BH-
THE U CIIOCOOCTBYIOT SMOPHUOT€HHOMY Pa3BUTHIO MUKPOCIIOP
(Touraev et al., 1996a).

[MonoxurenbHbIi 3 EKT NP 3aMeHe caxapo3bl Ha MaJIbTO-
3y B KyJIBTyp€ IbUILHUKOB IIIEHHIIBI CBSI3aH C 3aMEJICHHBIM
THPOIM30M MaJIbTO3bI, YTO BBI3BIBAET CTPECC TONOJAAHUS U
WHAYKIUI0 MUKpocriopoBoro sMOpuorenesa (Indrianto et
al., 1999; Redha, Talaat, 2008). Bux npumMeHnsiemoro ctpecca
TOJIOIAHMS TTOBJINSUT HA YHCIIO ¥ COOTHOIIEHNE alTbOMHOCHBIX
¥ 3eJICHBIX PaCTEHHH STIMeHs, nX GpepTHiIbHOCTh. Hanborplee
YHCIIO 3€JICHBIX PACTEHUH ObLIIO MOIYyUYSHO IPH IPUMEHEHUH
maranToNa (0.3 M) mpu Temmeparype 32 °C B Teuenne 24 4
(Oleszczuk et al., 20006).

[Tpu yriieBogHOM roJI01aHUY HAOJIOAAI0TCSI KOJIMYECTBEH-
HBIE ¥ KaU€CTBEHHBIE N3MEHEHUS B AKTHBHOCTH IIPOTEHHKHHA3
in vitro. BeposiTHO, IPOTEMHKNHA3bI BOBJIEKAIOTCS B TPaHC-
JYKLUIO CUT'HaJIa, BBI3BAHHOTO A(EeKTOM TroI0JaHus, U BIIH-
SI0T Ha SKCIIPECCHIO TEHOB U PETYIISINIO KIETOUHOTO IIUKIIa
(Garrido et al., 1995). l'ononanne BBI3BIBAET SKCHPECCHIO
reHoB HSPs in vitro, uTo moaTBep:kaeT poib MOJIEKYJISIPHBIX
IIaTIEpOHOB B KJIETOYHOM TepenporpammupoBannu (Wang et
al., 1999; Varnier et al., 2009).
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BaxkHyto posib B ajantaiuu K crpeccam urpaeT adcru3oBas
kuciora (ABK). B KynbTHBHpPYEeMBIX MBUIBHUKAX SYMEHS,
MO/IBEPTHYTHIX TOJIOIAHUIO U OCMOTHYECKOMY CTpeccy, CO-
nepxkanne ABK yBennuuioch B 1Ba pa3a v KOppeIupoBaio ¢
JKU3HECTI0cOOHOCTHI0 MUKpoctop. Hakomnerne ABK moxet
paccMaTpuBaThCa KaKk CHUTHAIBHBINA (HAKTOp MEPEKITIOUCHNUS
Pa3BUTHSL MUKPOCIIOpP Ha aJIGTCPHATUBHBIN IIyTh Pa3BUTUS
(Wang et al., 2000). I[Ipeanomaraercs, 4ro 3amuTHas QyHK-
st ABK Bo3HMKIIa B pe3ynbrare cTaOMIIN3anii KIETOYHBIX
MeMOpaH 1 HHUIHALIUY 3aIIUTHI K OKUCIUTEIEHOMY CTPECCY
(Prasad et al., 1994; Wang et al., 2000; Zur et al., 2008).

KonxnuymtH

KonxuimH kak areHT, HHAYIHUPYIOUIHHA CIOPOPHUTHOE paz-
BUTHE MHKPOCIIOP, YCIIEIIHO IIPUMEHSIICS B KYJIBTypE IbLIb-
HHUKOB U M30JIUPOBAHHBIX MUKpOCIOp Tputopaeym (Barceld
et al., 1994), mmennnsr (Redha, Talaat, 2008), xyxypy3s!
(Saisington et al., 1996), Tputukane (Arzany, Darvey, 2001),
parica (Mohammadi et al., 2012). Mcnons30BaHHe KOJIXH-
I[MHA B COCTaBE MHIYKIMOHHOM NMUTATEIbHOI Cpenbl JUIs
KyJIGTUBHPOBAaHMS MBUIBHUKOB MIICHHIBI B KOHIICHTPALUU
0.02 1 0.04 % B TeueHHE HECKOIBKUX MEPBBIX YACOB KYJIbTH-
BUPOBAHMS BBI3BAJIO N3MEHEHNSI CHMMETPUH JICTICHUS 3a CUET
cynpeccuu OpPMHUPOBAHHST MUKPOTPYOOUEK, YTO MPHUBEIIO K
YBEIIMYCHUIO YaCTOTBI CUMMETPHUYIHO ACIIAIINXCSI MUKPOCIIOP
(Barnabas et al., 1991). B xynpType MBIIBHHKOB KYKypY3bI
HanOOJNIBIINI yCIeX B WHIYKINH SMOPHOTEHHOTO Pa3BUTHS
MHKPOCIIOp JIOCTUTHYT B Clly4ae KOMOMHHUPOBAHHOTO IPH-
MEHEHHUS NMOHWKEHHBIX MOJOXKHUTENbHBIX TemIeparyp (Ha
JIOHOPHBII Marepual) ¥ KOJIIXUIMHA B codetannu ¢ TIBA B
KayeCcTBE PEryJsiTopa pocTa B COCTaBE MUTATEIbHON CPeibl
(Obert, Barnabas, 2004). D¢ dekT BO3neHCTBH KOMXHUIIMHA HA
(hopMupoBanue SMOPHONIOB U 3€JICHBIX PACTCHUH 3aBHCUT
ot reHoruna (Redha, Talaat, 2008).

Konxuiux cBA3bIBaeT o- 1 P-reTepoauMepsl TyOyIHHa, UX
JlabHeNIee MPUCOCAMHEHNE K MUKPOTPYyOOUYKaM MHTHOM-
pyercsi, 4TO BBI3BIBACT JICTIOIMMEPU3ALMIO U TIepeMeIleHHE
Aapa oT nepudepun K NeHTPY MUKPOCTIOpsl. Peopranuszanus
IIUTOCKEJIETa MPUBOJMT K ITOTEPE ACUMMETPHUN MUKPOCIIOPHI 1
OsoKHpOBaHKIO TaMeTopuTHOTO pa3Butus (Zhao et al., 1996;
Babbar et al., 2004; Aionesei et al., 2005; Clement et al., 2005).
[TokazaHa cBs3b MUKPOTPYOOUEK C IUKINH-3aBUCHMBIMH KH-
Hazam# (cdc2), KOTOpPhIC YYaCTBYIOT B CMEHE (a3 KIIETOYHOTO
mukota (Weingartner et al., 2001). YpoBens HakoruieHus Oenka
cdc2 cBs3aH ¢ mponudepaTuBHON aKTHBHOCTHIO Ki1eTOK (John
et al., 1990). [Ipeamnonaraercs, 4To MHrHOMpoOBaHue HopMH-
pOBaHNUS BEpeTEHA AEIEHHs KOJIXUIIMHOM MOXKET BIIHSTH Ha
O6unocunTe3 6enka cdc2 B MUKpOCIIOpax M NX MEPEKIIOUCHUE
Ha copoUTHBIA MyTh pa3BuTHst (Zoriniants et al., 2005).

n-bytaHon

ByTunoBelii ciupt (n-0yTaHoI) — IPeICTaBUTEb OIHOATOM-
HBIX criipToB. [Ipumenenne n-OyTaHona B COCTaBe TUTATEIhb-
HoM cpenpl B koHUeHTpauuu 0.1-0.2 % B Teuenue 5 4y AByx
COpTOB MsIrKoii nienuisl Pavon u Caramba ripuBesio K yBenu-
YEHHIO BBIX0/Ia SMOPHONAOB. B CpaBHUMBIX SKCTIEPIMEHTAX
4YHUCIOo 3eyeHbIX pacTeHuid Ha 100 NbUIbHUKOB YBEJIUYMIOCH
co 121 1o 300 y copra Pavon u ¢ 46 10 90 y copra Caramba.
BrIxos yABOSHHBIX Tamion0B OBLT YBEIWYEH B 1B pa3a B
CpaBHEHHUHM ¢ KOHTpojeM (Soriano et al., 2008).
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[To3nHee moNOKUTENBHBIN 3PPEKT n-OyTaHoIa B COCTa-
Be MMUTATEJBHBIX CPell B CXOAHBIX KOHIEHTpPALUAX ObLI
MOATBEPKACH B KYJIbTYPE MBUIbHUKOB MSTKOW MIICHHIIBI
(Broughton, 2011), kykypy3sl (Foldesiné et al., 2011; Fabian
et al., 2015) u ssamens (Castillo et al., 2014). B xymsrype
MBUTBHUKOB KYKYpYy3bl COBMeCTHasi 00paboTKa n-0yTaHOIOM
Y TIOHIKEHHBIMH TEMIIepaTrypaMu yBEIWYMJIa 4acTOTy OT-
3BIBUMBBIX MBUIBHUKOB Y CJIA00 OT3BIBYMBBIX T'€HOTHIIOB.
[Tpn KOMOMHUPOBaHNH ITHX 00PAOOTOK BBIXOI SMOPHOHN/IOB
cocrasui 20.9 % no cpaBuenuto ¢ 0.5 % B kontpose (Fabian
etal., 2015).

[Tpumenenne n-OytaHona B KOMOMHAIIMH C MaHHHUTOJIOM
MIPUBEJIO K YBEIMYEHUIO SIMOPHOMJIOB U 3€JICHBIX PACTEHUI
B KYJIBTYp€e NMBUIEHHKOB C1a00 OT3BIBYMBBIX COPTOB SUMEHS.
V¥ coproB Astoria u Majestic YMCIIO0 TIOJTyYeHHBIX IMOpHO-
WJIOB YBEJIMYMIIOCH B IBa pa3a, a YKCJIO 3€JICHbIX pACTeHNH —
B TpH paza (Castillo et al., 2014). Ograko MO3UTHUBHEIHN -
(exT n-OyTaHomna B KyJIbTYpe MBUIBHUKOB CJ1a00 OT3bIBYMBBIX
COPTOB STYMEHSI ObUT HIKE, YEM Y CJIa00 OT3BIBUMBBIX COPTOB
MIIEHUIBI, Y KOTOPOI BBIXOJ 3€JICHBIX PACTEHU OB yBENH-
yeH B 14-27 pa3 (Broughton, 2011). ¥ o6oux BumoB 3dpdexr
n-OyTaHoJ1a ObLT BBIIIE Y HU3KO OT3BIBYMBBIX COpTOB. [Tokazan
AIIUTHBHBIN () (eKT MaHHUTONA U n-OyTaHOIAa HA MHKPO-
criopoBkIii aMOproreHe3 ssumenst (Castillo et al., 2014).

[MonoxxurenbHblit 23QdexT n-OyTaHosa MPUITUCHIBAIOT €r0
CITOCOOHOCTH pa3pymIaTh KOPTHUKAIBHBIE MHUKPOTPYOOUKH.
MuKpOTpyOOUKH MOAJEP)KUBAIOT MOISIPU30BAaHHBIN CTATyC
LUTOILIa3Mbl, TI03TOMY MX pa3pylleHHe HapylaeT MoJsp-
HOCTh MHKPOCIIOP W IPHBOJHUT K UX CHMMETPHUYHOMY Jie-
JeHuo. V3MeHeHHs: B CHMMETPHHU MIEPBOTO JEJICHHS MOTYT
BJIMSITH Ha OKCIPECCHIO TEHOB ¥ MOAN(HUIINPOBATh Ty Th pa3-
BUTHUS JIOYEPHHUX KIETOK. Ba)KHBIM CTPYKTYPHBIM H3MEHe-
HHEM KIICTKH, BBI3bIBAEMBIM N-OyTaHOJIOM, siBIsieTcs (op-
MHUpOBaHHE aHOMaJILHOH KileToyHoi cTenku (Fabian et al.,
2015).

3aknioyeHune

st BHenpenust DH-TexHOnoruil B ceIeKIIMOHHBIN ITpoLece
TpeOyIoTCs BOCIIPOU3BOIMMBIC U HEJOPOTHE TEXHOJIOTHHU
[IPOX3BOACTBA IaINIOUHBIX pacTeHuil. HecMotps Ha To, uTO
JIOCTUTHYTHI 3HAUNUTENBHBIE YCIIEXH B TIOTYUYEHUH rarion10B
Ha OCHOBE MHKPOCIIOPOBOTO SMOpHOTEHe3a i Vitro y MHOTHX
BUJIOB (SYMEHb, paric, MIIeHUIa U Ap.), IPyTHue BUIBI U TaxKe
pa3IuYHbIe TEHOTUIIBI OAHOIO BHJIa OCTAIOTCS «TPYAHOOT-
3BIBYMBBIMIY. BBISIBIEHNE HOBBIX CTPECCOB U CIIOCOOOB MX
BO3/I€UCTBUH, MOBBIIIAIONINX TOTEHIMAT MHKPOCIOPOBOIO
SMOpHOTeHe3a, MO3BOIUT CO3AaTh YPPEKTUBHBIE TEHOTHII-
HE3aBUCHMBIE TPOTOKOIIBI reHeprupoBanus DH-nunumil aius ux
HCIIOJIB30BAaHHUA B CCIICKIIMHM DKOHOMHNYCCKHU IICHHBIX BUIOB.
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PeopraHmsaiiyst XxpoMaTmHa
B IIpOlLiecce SpUTPOUIgHON auddepeHINPOBKI
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OHTOreHe3 MHOTFOKJIETOYHOTO OpraHr3Ma HauYMHAETCA C TOTUMOTEHTHON 3UroThbl, 06najatoLLeli HeorpaHNYeHHbIM
noteHumanom auddepeHUPOBKY BO BCe NMeILMEecs BO B3POC/IOM OpraHu3me Tunbl KNeTok. [o mepe aeneHvs
1 CO3pPEeBaHNA KNETKN NMOCTEMEHHO YTPaUuMBatOT MOTEHLMaN, U CNEKTP AOCTYMHbIX MyTel pa3Butra cyxaetcs. Mpo-
X0 nocsiefoBaTtesibHble 3Tanbl AvddepeHUMPoBKY, KNeTKU NprobpeTaioT cneyndundeckne GyHKLMOHaNbHbIE U
Mopdonornyeckne 0Co6eHHOCTU, XapakTepHble AnA JaHHOTO KNIeTOYHOro Tuna. PacwmndpoBka MexaHM3MOB, pe-
rYNUPYIOLLMX aKTUBHOCTb reHOB B xofe AnddepeHUnpoBKY, ABNAETCA akTyanbHON 3afadeil. B HacToswee Bpems
TPpexmepHas OopraHu3aumsa reHoMa B MPOCTPaHCTBE Afipa CYMTAETCA OAHUM 13 OCHOBHbIX YPOBHEN perynauum ak-
TUBHOCTM reHoB. Pa3BnTre METOL0B, OCHOBaHHbIX Ha TEXHOJOMMU 3axBaTa KOHGOPMaL MV XPOMOCOM, 3HAUUTENBHO
pacLuMpuno Halle npeacTaBieHne 06 opraHn3aLmn 1 perynaumm reHoma B NpocTpaHcTae. B yactHocTH, 6binv onu-
CaHbl HECKOJIbKO YPOBHEN ynakoBKU reHomHow [HK, BKtovatoLwmx Takme CTpyKTypHO-GYHKLMOHANbHbIE eJUHULIbI,
Kak KOMMapTMEeHTbl XPOMaT/Ha Pa3HbIX TUMOB, TOMONOTMYECKMEe AOMEHbl U BHYTPUAOMEHHbBIE NIOKallbHble B3au-
MOAECTBUA PEryNATOPHbIX IEMEHTOB. HecMOTpA Ha 3HauUTeNbHbIN NPOrpecc B 3TO 061acTy, TOUHble MOJIEKY-
NAPHbIE MEXaHN3Mbl YCTAaHOBEHWA 1 NofaaepKaHnaA nofo6bHON opraHM3aLmm Nnoka He yaanocb paclundposaTb [o
KoHUa. Mo3Tomy B nocnegHee BpemMs Bce 60rbLUyto akTyalbHOCTb NPUOBPETAIOT NCCNef0BaHNA U3MEHEHNI TPEX-
MEPHOW apXMTEKTYPbl FeHOMa, COMPOBOXAAIOLVX Ty UIIN NHY0 AnddepeHLnpoBKy. Cpefmn onvcaHHbIX AuddepeH-
LIPOBOK 3pUTPOUAHAA 3aHMaeT 0cob0e MecTo, Tak Kak OHa COMPOBOXKAAETCS IKCTPeMasibHON peopraHr3ayuei
XPOMaTVHa, @ KOHEYHbIV NPOAYKT AnddepeHLPOBKM — 3pesible SPUTPOLMTBI, Y MIIEKOMUTAIOLMX U BOBCE HE CO-
Jepxar agpa. Kpome Toro, KomnakTusaums agpa SpUTPONIHbIX KNEeTOK COMPOBOXAAETCA rMo6anbHbIM CHIKEHEM
TPaHCKPUMLMOHHOI aKTUBHOCTW. B CBA3M € 3TVIM rnobanbHble 3MeHeHWs naHAaLwadTa XpomaThHa, ConyTCcTByoLMe
spuTpouaHoi anddepeHUMpPOBKe, NPeCTaBATCA YI0OHO Mofenblo ANiA U3yueHrsa OBLUX MEXaHN3MOB Moj-
JepXaHUsA TPeXMepHOI apXUTEKTYPbl FeHOMa, a TakKe [iNA 13yUYeHUs UX B3aMOCBA3M C MeXaHU3MaMu, obecneun-
BalOLLVMU aKTUBHOCTb reHOB. B 0630pe Mbl 06CyauM CBA3b NOC/IeA0BaTeNIbHbIX M3MEHEHUI CTPYKTYPbl XPOMAaTUHA
B XOAe 3pUTPOonAHON AnddepeHLUPOBKHY C ycTaHOBNEeHMEM 3D apXUTeKTypbl reHoMma.

KnioueBble cnoBa: 3puTpobnacTbl; sputponaHasn anddepeHLMpoBKa; KOMNaKTM3aLUmsa XpomaTrHa; 3D apxuTeKkTypa
reHOMa; opraHu3ausa XpomMaTrHa.

[AnauntnposaHusa: Xabaposa A.A., Poixkkoa A.C., batTynuH H.P. PeopraHunsanma xpomaTiHa B npoLecce 3puTpona-
Hol anddepeHUPOBKIN. BaBUNOBCKNI XypHan reHeTUKn 1 cenekummn. 2019;23(1):95-99. DOI 10.18699/VJ19.467

Reorganisation of chromatin during erythroid differentiation
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A totipotent zygote has unlimited potential for differentiation into all cell types found in an adult organism. During
ontogenesis proliferating and maturing cells gradually lose their differentiation potential, limiting the spectrum of
possible developmental transitions to a specific cell type. Following the initiation of the developmental program
cells acquire specific morphological and functional properties. Deciphering the mechanisms that coordinate shifts
in gene expression revealed a critical role of three-dimensional chromatin structure in the regulation of gene activ-
ity during lineage commitment. Several levels of DNA packaging have been recently identified using chromosome
conformation capture based techniques such a Hi-C. It is now clear that chromatin regions with high transcrip-
tional activity assemble into Mb-scale compartments in the nuclear space, distinct from transcriptionally silent
regions. More locally chromatin is organized into topological domains, serving as functionally insulated units with
cell type - specific regulatory loop interactions. However, molecular mechanisms establishing and maintaining
such 3D organization are yet to be investigated. Recent focus on studying chromatin reorganization accompa-
nying cell cycle progression and cellular differentiation partially explained some aspects of 3D genome folding.
Throughout erythropoiesis cells undergo a dramatic reorganization of the chromatin landscape leading to global
nuclear condensation and transcriptional silencing, followed by nuclear extrusion at the final stage of mammalian
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Reorganisation of chromatin
during erythroid differentiation

erythropoiesis. Drastic changes of genome architecture and function accompanying erythroid differentiation seem
to be an informative model for studying the ways of how genome organization and dynamic gene activity are
connected. Here we summarize current views on the role of global rearrangement of 3D chromatin structure in

erythroid differentiation.
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BBepeHmne

Co3peBaHne SPUTPOUIHBIX MPEAINIECTBEHHUKOB B X0 Te-
MaroIro33a A0CTATOYHO IOJTHO OXapaKTEPH30BaHO C TOUKH
3pEHUS CTYNEHYAThIX U3MEHEeHUI nx Mopdonoruu. /lanHbIit
MpoLECcC BKIIOYAST 3HAYMTEIbHOE COKpAlleHHEe pazMepa
KJIETKH, [OTEPI0 MUTOXOHJpUM, anmnapara [onabaxu, sH10-
TUIA3MaTHYECKOTO PETHKYIIIOMa U 3HAYUTEIILHOTO YHCIIa PHU-
00coM, peopraHu3aluio MUKPO(UIAMEHTHBIX CTPYKTYp, a
TaKKe HAKOIUICHHE TeMOINIOONHA M APYTUX SPUTPOU-CIIE-
muduuecknx OenkoB (Moras et al., 2017). CoracHo cyte-
CTByIOH.Ieﬁ MOJCIIHN, U3 MyJ'IBTPIl'IOTeHTHOﬁ TreMaToIno3THYC-
ckoii crBonoBo# kieTku kKpoBH (CKK) mocpencTBoM HeCKOIb-
KHX JIeJIeHUH oOpasyeTcs Hespelasi SpUTPOUIHAs KIeTKa-
MIPEAIICCTBEHHHUK, Ha3BaHHAas OypcT-o0pa3yromiei eanHuIen
sputporutoB (BOE»), BocnencTBum narommas Haqaao KoJio-
HueobOpasyromiei equauie — KOEs. [lanbHeiiee pa3sButue,
HMCHYCMOC TCPMHUHAJIBHBIM 3PUTPOITIO330M, BKIIIOYACT B
cebs Iy Th OT MPOIPUTPOOIACTA IO PETHKYIONNTA, KOTOPBIH
KJIETKa TPOXOJIUT 33 YETBHIPE-TIATh MUTOTHYECKUX JIEICHUI
(cM. pucyHok). Obpasyrommecs uz KOE» nmposputpobiacts
0051a1a10T KPYNHBIM SAPOM, 3aHUMAOIINM IIOYTH BCE TIPO-
CTPAHCTBO KJIETKH, SIBHO Pa3IMYMMBIMH SIPIIIKAMH, a TAKKE
HUMECIOT 0a30()MIIBHYO [IUTOILIA3MY.

B xone nanpHeHIMX cTaguil IPOUCXOIUT MOCIIE10BATENb-
Hoe o0pa3oBaHue 6a30(UILHOTO, MOINXPOMATOPHIBHOTO U,
HaKoHell, OKcH(rIIbHOTO SpUTpodIacToB. [Ipu aTOM THIameTp
KJIETKH COKpAIIAeTcs ¢ 25 MKM 110 ipuMepHO 8 MKM. Kpome
3TOTO, S/IPO HPUTPOOIACTA TTOJIBEPracTCs 3HAUUTEIBHBIM U3-
MeHeHusM B xone auddepeniuporku. Ha stamne 6azoduib-
HOT'0 3pUTPOOIIacTa 32y CKaeTCs MPOLEecc KOHAESHCALH XPO-
MaTHHa, ucue3aeT spbimko. Jlanee B nuTomiasme emie oosee
MEJIKOTO TOJIMXPOMaTO(UIIEHOTO APUTPOOIACTA HAYMHACTCSI
AKKyMYJISIIIUSL TEMOITIOONHA, & XPOMATHH IPETEpIeBacT Pl
Moan(UKALUA U yITaKOBBIBAeTCs ellle 0ojee MIOTHO. 3areM
XpOMaTuH CUJIBHO KOMITAKTU30BAaHHOI'O AApa CTAHOBUTCA
TPAHCKPUIIMOHHO HEAKTHBHBIM, a SIAPO BHIOpACHIBACTCS U3
knerkn (Migliaccio, 2010; Nowak et al., 2017). B ¢unane
OKCU(HIBHBIN pUTPOOIIACT JACT HAYAJIO IBYM CTPYKTypaMm:
PETHKYJIOIHTY, COAEPrKaIEeMy OOJBIIYIO YaCTh INTOIIA3MBI,
U MTUPEHOINTY, COZIEPXKAIEeMy HEaKTHBHOE ITMKHOTHUECKOE
SIPO, OKPY>KEHHOE TOHKMM 000KOM LIUTOTIIa3Mbl. Briocien-
CTBHH PETHKYJIOLUT BBIXOANUT B KPOBSHOE PYCIIO, B TO BPEMsI
KaK THPEHOLUT MOJBEPraeTcs ACrpajaliil NPy y4acTUU
Makpogaros, KOTOPbIE PACIO3HAIOT CIEHUPHUECKUE Map-
kepsl Ha ero moBepxHocTH (Yoshida et al., 2005). Hecmotpst
Ha TO YTO IOTEPs SiApa 3PEIBIMHU SPUTPOLUTAMH SIBISIETCS
0COOCHHOCTHIO UMEHHO MIICKOMUTAIONINX, MOTEeps] TPaHC-
KPHITIMOHHOW aKTUBHOCTH M KOMITAKTH3aLMsI XPOMATHHA B
xojie apuTpouaHol nuddepeHIMpPOBKN HAOMIONAIOTCS Uy
JAPYTUX TO3BOHOYHBIX, B YaCTHOCTH IITHUIL, YTO YKA3bIBACT HA

HBOJTIOITIOHHYTO KOHCEPBATHBHOCTH 3THX mporieccos (Dolznig
etal., 1995).

Iporecc spurpouanoii auddepeHIUPOBKU COMTPOBOXK 1A~
eTCsl III00aTBHOM MepecTPORKON apXUTEKTyphl TeHOMA U JIO-
KaJIbHBIMH N3MEHEHHUSMH MaTTePHA aKTHBHOCTH MHOXKECTBA
reHoB. [loaTomy taHHast MOJIEIb NPECTaBIISIET OrPOMHBIN HH-
Tepec I N3yUeHUs! B3aMMOCBSI3H IBYX YPOBHEH peryisimy,
KOOPAMHHPYIOMUX X011 T HepeHIInpOBKH, 0COOCHHO B CBETE
HOBBIX METOJIVK, IO3BOJISIIOIIMX OOJIee eTallbHO UCCIIEIOBATh
MIPOLIECCHI, CBSI3aHHBIE C YCTAHOBIEHHEM M pEOpraHu3anmeit
TCHOMHOI apXUTEKTYPHI.

MpuHUnnbl 3D opraHu3auMm reHoma

B sapax 9yKapHOTHUECKUX KJIETOK CYHIECTBYET HECKOJIBKO
nepapxuueckux ypoBHen yknaaku monekyisl JIHK. TlepBeim
ypoBHeM kommaktu3amn JJHK sBisercs 10 am ¢pubpmia,
cocrosiast u3 monekynsl JIHK, namorannoil Ha oxtamep
I'HCTOHOBBIX OeskoB. Ha jaHHOM ypOoBHE OpraHHM3aliu Xpo-
MaTHHA €r0 KOMITAaKTH3aLUsI OCYIIECTBISIETCS 3a CUET H3Me-
HEHUS 3JIEKTPOCTATHIECKUX B3aUMOJICHCTBII Mex 1y N-Tep-
MHUHAaJIbHBIMHU palilOHaMH THCTOHOBBIX OenkoB (Allahverdi et
al., 2011).

Crnenyronyii ypoBeHb OpraHU3allMd XpPOMaTHHA — TET-
JeBOH, c(hOPMHUPOBAHHBIH HYKIICOCOMHBIMH (UOpHIIIAMU
u cnenuanbHeEIMA Oenmkamu (Mirny, 2011). ®opmupoBanne
neTeNb B MHTEP(a3HOM sApe MPOUCXOIUT 32 CUET KOre3NHO-
BOT'O KOMILJICKCA OCJIKOB, MPEICTABIISIONICTO COO0M KOJIBIIO,
CKBO3b KOTOpOe mpoTsruBaercs HUTH JJHK, obpasys metmo.
B ocHOBaHMM TeETIM HAaXOJATCS JIBa CalTa CBSI3BIBAHUS C
6enxom CTCF, npuueM 3TH callThl UMEIOT KOHBEPI'€HTHYIO
opueHTanuio. HuTh XpoMaTnHa MpoTAruBacTcs yepes3 Kore-
3MHOBOE KOJIBIIO /IO T€X II0p, MTOKa HE BCTPETHTCS 00OpaTHO
opuenTupoBanHblii caiit 6eka CTCF (Fudenberg et al., 2016).
Mopens MeTIeBOH dKCTPY3UH OOBICHACT, KAKUM 00pa3oM
B3aUMOJICHCTBYIOT MEX Iy coOoi ynanennsle yuactku JJHK u
KaK CTPYKTYpHPOBaH XpoMaTuH B UHTepdazHoM siyipe. Cxoxast
MOZIEINb NETIAEBON OpraHU3alny OIMCcaHa U s MeTa(asHbIX
XpOMOCOM, OJTHaKO B HEHl ydacTBYIOT O€JIKM KOHJCHCHHA |
u II (Gibcus et al., 2018), kotopsie GOPMUPYIOT METIINA U
MAacCHBBI N1ETEb.

KomnakTtusauus

ApPXUTEKTypHBIE O€JIKH, yIaCTBYIOIINE B OPTaHNU3AIIUH XPO-
MaTHHa, HO3BOJIAIOT noaaepxkuBaTh cTpykrypy AHK, HO Bpsia
JIN le/IHI/lMaIOT AKTUBHOC yqaCTue B KOMIIAKTHU3allUHU ;mpa,
MTOCKOJIBKY YIaJIEHUE TAKUX OEITKOB MPHUBOIUT K HAPYIIICHUIO
CTPYKTYPbI, HO HC BIIUACT 3HAYUTCIIbHO Ha KOMITIAKTU3allUIO.
BepoaTHee BCEro, Ha YINIOTHCHHUEC XpOMAaTUHA KOMIJICKCHOC
BJIMSIHHUE OKa3bIBAKOT KAaK OTIACIIBHBIC 6GHKI/I, TakK U UOHHBIC
BBaHMOHGﬁCTBHﬂ. XpOMOCOMa npeaACTaBIIACT CO6OI71 I10JIU-
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Schematic presentation of terminal erythropoiesis.

JIIEKTPOJINTHBIN KOMIUIEKC, I03TOMY YIUIOTHEHHE XPOMOCOM
JIOJKHO 3aBHCETh OT TOTO, HACKOIBKO XOPOIIO OTPUIATENb-
uere 3apsapl JJHK meiiTrpanusyrores, uToObl 00ecieunuTh
KOHJICHCAIIHUIO.

Bonbiuas yacte orpunarensHeix 3apsaos JAHK welitpanu-
3yeTcsl CBSI3bIBAHMEM T'HCTOHOB, OytHaKo okoiyo 40 % B3au-
MO)IeﬁCTByIOT C IPYTUMHU OJIOKUTECIIbHO 3apAKCHHBIMU MO-
nexynamu (Korolev et al., 2012). Haubosnee pacmpoctpaneH-
HbIE BHYTPHUKJIETOUHbIE KaTHoHbl — Nat, K¥, Mg?* u Ca?*.
Bmecte ¢ Tem yBenmuenue Konuentpauun Mg?t u Ca?t B
IISITH Pa3 B XOZI€ KJICTOYHOTO IMKJIA YKa3bIBAET HA aKTHBHYIO
POJIb ATUX HOHOB B KOMITAKTH3AI[MH XPOMOCOM TIPH KIIETOY-
HoM genenuu (Strick et al., 2001; Phengchat et al., 2016).
BusanenThbie nousl (Ca2t m Mg?") cosmaror moine, KoTopoe
pacrpocTpaHsieTcss He TOJIBKO BOKPYT HYKJIEOCOM M JIMH-
KEpHBIX MOCIIEA0BATEILHOCTEH, HO U 3aTparuBaeT o0JacTH
xBocToB THcTOHOB (Gan, Schlick, 2010). Taxum o6pazom,
KOMIAKTH3alUsl XpOMaTHHa 00ECIIEYNBACTCS KOMIIJIEKCOM
B3aUMOJICHCTBUI apXUTEKTYPHBIX OEJIKOB M OMBaJICHTHBIX
nonoB (Kschonsak, Haering, 2015).

KomnaptmeHTannsauyusa

N OMeHHaA opraHn3aymna

Ha BpICIIEM ypoBHE T€HOM B MHTEp(hA3HOM SApE MOApas-
JieNgeTcs Ha IBa KoMIapTMeHTa — A u B, Bapsupyronmx ot
eAMHHUII 10 JECATKOB MIJIIMOHOB IMap ocHoBaHuii (MO) B
pasmepe (Lieberman-Aiden et al., 2009). Cerperanus Kom-
MapTMEHTOB KOPPEJIUPYET C PA3TUYHBIM (PYHKIIHOHAIBHBIM
COCTOSTHHEM XpOoMaTnHa 1 pa3mnaabiM GC-cocTaBoM. AHAITN3
pacripefiesieHHss XpOMaTHHOBBIX METOK ITOKa3all, YTO KOM-
MapTMEHT A COAEP)KUT NPEUMYIIECTBEHHO aKTUBHBIE pPalio-
HBI TEHOMA, TOT/]a KaKk KOMIIApTMEHT B Koppenupyer ¢ 30Ha-
MU TeTepOXpOMaTHHA, 00JIaJafOIMMHU IIPOTHBOIIOIOKHBIMHU
xapakrepucrukamu (Lieberman-Aiden et al., 2009; Imakaev
etal., 2012).

Broku renoma, mprHaUIeKaIINE K OTHOMY KOMITAPTMEHTY,
UMEIOT OOJBUIMK TOTEHIHAN K (POPMUPOBAHUIO KOHTAKTOB
MEXIy co00ii, UeM ¢ JOKyCaMH U3 JAPYTOTO KOMITAPTMEHTA,
IpUYeM KOMIAapTMEHT B B cpeqjHeM xapakrepusyeTcs 00Jib-
e 4acTOTOW KOHTAKTOB, T.€. YIaKOBaH 0oJiee MIOTHO,
geMm A. IlomoOHas cerperamys KOHTaKTOB, HaOmonaemas 1
Ha BHYTPH-, 1 HA MEKXPOMOCOMHBIX YPOBHSIX, 03HAYACT, YTO
DYXPOMaTHH U T€TEPOXPOMATUH OTAEJIEHBI APYT OT Apyra u
UMEIOT TeHICHINIO K (OPMUPOBAHUIO CBOCH €IMHOHN U I10-
CTaTOYHO 000CcO0NIEHHO 0OnacTy BHYTpH siitpa. [Tpn ananuse
BHYTPHUXPOMOCOMHBIX KOHTaKTOB Ha 0oJjiee BBICOKOM pas-
pemeHnn OBITH OOHAPYKEHBI ydacTKu reHoMa (~800 TrIC.
rap OCHOBaHMi1), oOoraleHHbIe KOHTAKTaMH BHYTpPH ce0s 1
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00e/THCHHBIC KOHTAKTaMHU C TCHOMHBIM OKpY)KeHHeM. Takue
MHCYJIMPOBAHHBIE 00JACTH OBbLIM Ha3BaHBI TOIOJOTHYECKH
accormurpoBanabiMu jomeHamu (TAJD) (Dixon et al., 2012),
U MMCHHO OHH SIBJISIIOTCS KJIIOYCBBIM (DYHKIIMOHAIBHBIM
2JIEMEHTOM T'€HOMHOM apXUTEKTYPBI, BHICTYTIAsI KAK €ITUHUIIBI
PETYISINH, OTPEICISIONINE H OTPAHUIHBAIOIIHNE PETYIIATOP-
HBI KOHTEKCT JIJIsl aKTHBHOCTH TCHOB.

PeopraHu3sauma apxutekTypbl XpomaTuHa

B XoZle 3pnUTPOno33a

[Torck MONEKyISIPHBIX MEXaHU3MOB (DyHKIIMOHMPOBAHUS,
(hopMUpPOBaHMS 1 TIOJIEPKAHUS OIIMCAHHBIX BBIIIE CTPYKTYP
B XOJIe KJIETOYHOH MudPepeHIMPOBKHU SBIISETCS OJHOM M3
TOpSTYMX TEM B TEHOMHUKE. B yacTHOCTH, peryssiuus nepeBo-
Jla XpOMaTHHa B CYTIEpPKOMITAKTH30BaHHOE COCTOSTHHE B XOJ1€
IPUTPOUAHON AUP(EPESHIUPOBKU € MOCIICA0BATCIBHBIM
BBIKJTIOUCHHEM TPAHCKPHUIIIMOHHON aKTHBHOCTH OCYIIECT-
BJISICTCSl HA HECKOJIBKMX YPOBHAX. B simepHON 06oouke
SPUTPOUIHBIX MPEIIIECTBEHHUKOB ()OPMUPYIOTCSI OOLIMPHBIE
00J1acTH, B KOTOPBIX OTCYTCTBYIOT KOMITIOHEHTHI S/IEPHOU
JIAMUHBI, TOPOBOT'O KOMITIEKCA M siiepHast MemOpaHa. Yepes
TaKue pa3pbIBbl 3HAYUTEIbHAS (PPAKIHS THCTOHOBBIX OSITKOB
(ructons! H3 1 H4) BEIXOIUT B IUTOTIIIA3MY U IeTpaiipyeT.
WurepecHo, uro ocraromuiics B aape H2A.Z BosneueH B
PEeryJsIMIO AMHAMUKY pacrioiokenus Hykieocom (Li et al.,
2012), 970 TOBOPHUT O €r0 BOZMOKHOH POJIH B peOpTraHU3aInN
XpOMaTHHA B XO/I¢ TEPMUHAIBHOTO 3puTporno3sa. Obmacti
TaKUX Pa3pblBOB JIMHAMHUYHBI, U UX 00pa30BaHHE TECHO ac-
COIIMMPOBAHO C KJIETOYHBIM LIUKJIOM: B XOJIE CO3PEBAHUS SIIIPO
3pUTpoOIacTa MPOXOIUT Yepe3 HECKOIIBKO MOCIIEIOBATEIBHBIX
(a3 oTkpeITOrO U 3aKphITOro cocrosinus (Zhao et al., 2016).
YacTr4HBIN BBIXOJ THCTOHOB B IIUTOILIA3MY UEPE3 Pa3phIBbI
B SIZICPHOM 000JI0UKE M, KaK CJICJICTBHE, N3MEHEHUE OOIIEro
3apsaa JJHK mpuBoasT k TOMy, 4TO POJIb HOHHBIX B3aUMO-
JeWCTBUN M KOMIIEHCAI[MH 3aps0B B yIAKOBKE XpOMAaTHHA
3HAYHUTENIFHO TTOBBIIIACTCS.

Takske CTOUT YHOMSIHYTb O TOM, 4TO II00aJIbHBIN EPEBO
XpOMaTHHA B HEAKTHBHOE COCTOSHHE B XOJE 3PHUTPOIIO33a
HE CBS3aH C aKTUBHOCTBIO N3BECTHBIX apXUTEKTYPHBIX Oe-
koB Bpoae HP1. Okazanock, KpUTHYECKOE 3HAUYCHHUE B 3TOM
mporecce UMEeT OOIIUPHOE JealeTHINPOBaHNE THCTOHOB
(Popova et al., 2009). ITpu sTom B mporecce nuddepernn-
POBKH pacrpezieJIeHue METKH alleTHIMPOBAHUSI CMEIAeTCs
U3 IEHTPAIbHBIX PETHOHOB K mHepudepnu sjpa, a WHAKTU-
BaIMsl TUCTOHOBBIX JI€allETHIIAa3 MPEISATCTBYET MPOLEeccy
KOHJICHCALIMM XpOMaTrnHa, 00pa3oBaHUIO COKPATHTEILHOTO
AKTHHOBOTO KOJIbITa W siAepHOl skcTpy3un (Ji et al., 2010).
HWcxonst n3 HelaBHUX CBEJICHUI O TOM, UTO HA yCTAHOBIICHHE
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XPOMATHHOBBIX KOMITAPTMEHTOB B OOJIbIIEH CTEIICHH BIHSET
B3aMMOJICHICTBHE JIOKYCOB BHYTPY KOMIIApTMEHTa B, ueM KoH-
TakTel A—A/A—B, TOTHYHO MPEAIIONIOKHTE, YTO MacIITabHOE
yaajleHle METKH aKTUBHOTO XPOMATHHA MPHUBEIET K 3HAYH-
TEJIbHOM NEPECTPONKE KAPTUHBI TEHOMHBIX B3aUMOJEHCTBU,
M3MeHss pacipenenenne A/B kommapTMeHToB.

Jpyrum perysiasTopoM KOMIAKTU3aLUU XPOMAaTHHA B XOJI€
spuTpouaHON AU HEPEHITUPOBKH SBISETCS METHATPAHC(E-
pa3a Setd8. Y MiekonuTaronMX 3TOT (PePMEHT OCYIIECTBISICT
MoHOMeTHIupoBaHue rucrona H4 mo Lys 20. Ero axtus-
HOCTh HEOOXOAMMa ISl IPOXOXKJECHUS KIETOYHOTO IHKIIA,
KOHJICHCAIINU XpoMaTHHa 1 ctabminbHoCTH reHoMa (Oda et al.,
2009). TouHblif MeXaHH3M, B COOTBETCTBHHU C KOTOphIM Setd8
MOAN(HUINPYET apXUTEKTYPy XpOMaTHHA B SPUTPOOIACTAX,
noka He siceH. MoHomeTunuposanue ructona H4 no Lys 20
MOTEHI[AJIBHO MOXET CIIOCOOCTBOBATH YIUIOTHEHHUIO XpOMa-
THHA PA3INIHBIMH CIOCO0AMH, B TOM YHCIIE B3aHMOACHCTBYS
C KOMIUTIEKCOM KoHzeHcHHa [I, akThBHO BOBJICUEHHBIM B 00-
pa3oBaHUE KPYITHBIX METeNb U KOMIIAKTU3ALUI0 XPOMATHHA
(Liu et al., 2010).

CunTaercs, 9To KapTHHA IPOCTPAHCTBEHHOM OpraHn3anu
TUIIMYHOTO UHTEP(DA3HOTO sipa POPMHUPYETCs IPH B3aUMO-
JIEWCTBHN ABYX ITI00ATBHBIX ITPOLIECCOB: (ha30Bast cernaparus
IIBITACTCS TIPUBECTH XPOMAaTHH B PaBHOBECHOE COCTOSHHE,
IIPU KOTOPOM BECh T'€TEPOXPOMATHH COOpaH B €AMHOM 00be-
M€ M UMEEeT MHHHUMAJbHYIO IUIOMIAb COMPHUKOCHOBEHUS C
9yXpOMaTHHOM, a MeXaHu3M npotrsaruanus nerens JHK
MPENATCTBYET 3TOMY, TOCTOSHHO JIOKAJIBHO TepeMeIlnBas
XPOMAaTHH NPOTATUBAHUEM IETENb CKBO3b KOJIBIIO KOTE3HHO-
Boro komrutekca (Nuebler et al., 2018). B nameit naboparo-
PHUM MOTy4EHBl JaHHBIE O TOM, YTO IPU TOJHOW OCTAHOBKE
TPAHCKPHIIIIUH B SPUTPOLUTAX KYPHIIBI SIAPO NEHCTBUTEIBEHO
MIEPEXOUT B PABHOBECHOE COCTOSTHHE: IaHHBIE, TIOJTyCHHBIC
npu oMo Hi-C 1 21eKTpOHHOW MHUKPOCKOIIMHU, TOBOPSIT
0 MakCHMaJlbHO BBIPaXEHHOH cerperanuy KOMIapTMEHTOB
AKTUBHOTO M HEAKTUBHOTO XpoMarHHa. [ Ipy 3ToM noiry4eHHbIe
KapThl XPOMAaTHHOBBIX B3aUMOJICHCTBUI CBUIETENBCTBYIOT O
moiHOM oTcyTcTBHH TA JloB 1 metens (Fishman et al., 2019).
Hcue3HoBeHNE PETYIATOPHBIX NETIEBBIX B3aUMOJCHCTBUI
HE MOXKET OBITh 00BSICHEHO OCTAHOBKOW TPaHCKPHUITLIMOHHOH
AKTMBHOCTH ¥, COOTBETCTBEHHO, MPOJBIKEHUSI KOMIUIEKCA
ACCOLMUPOBAHHBIX C TPAHCKPHIIINEH OEIKOB, MOCKOIBKY
B A]pax CIEepPMaTO30UJIOB, TAKXkKe TPAHCKPHUIILIMOHHO HEaK-
TUBHBIX, JOMEHHAsI OpraHU3alus COXPaHsUIach. Bo3aMoxHO,
moJj00Hast KapTHHA OOBSICHSICTCS MEepEeMEIIeHNEM OElIKOB
kore3uHoBoro komiuiekca u CTCF, oTBeTCTBEHHBIX 3a JIaH-
HbIM THN B3aumoxencteui, ¢ JJHK B nmHTEpXpOMaTHHOBOE
MIPOCTPAHCTBO, TAK KAK B APaxX aKTUBHO JICIISIIUXCS S)PUTPO-
0sacTOB OCJIOK PAaBHOMEPHO PaCIPEICIICH 10 BCeMy 00beMy
KJIETOYHOTO 5Ipa, a B sSAPax 3pEIbIX 3PUTPOLUTOB KypPHIIbI
CTCF pmuccouuupyet ¢ JJHK u HaxomuTcs OGonpliei cBoei
yacThio Ha nepudepun siapa (Kantidze et al., 2007). Takum
00pa3oM, OTCYTCTBHE aKTHBHOTO IIPOIECCA MPOTATHBAHUS
TIeTeINb, BEPOSITHO, TIO3BOJISIET YCTAHOBUTHCS PABHOBECHOMY
COCTOSIHMIO CO CTPOTO Pa3[eJIeHHBIMU 30HAMH XpOMaTHHA
Pa3HOTO THMA B AJpax TEPMUHAIBHO AN HEPEHIINPOBAHHBIX
SPUTPOUIHBIX KIIETOK.

Jpyroii HeOXKHUIaHHOH 0COOEHHOCTHIO TEHOMHOW OpTraHH-
3alUH SPUTPOLUTOB KYPHIBI CTAlO0 3aMETHOE YBEIHMUCHUE
YacTOTHI JbHUX KOHTAKTOB (pasmeneHHbIXx ~20 MO muc-

Reorganisation of chromatin
during erythroid differentiation

TaHIIKEH), He XapaKTepHOe IS IPyTUX UCCIIET0BaHHbBIX paHee
TUTIOB KJ1€TOK. CIUTAETCS, YTO BEPOSITHOCTH B3aNMO/ICHCTBHSA
TEHOMHBIX JIOKYCOB UMEET TCHICHIIUIO K PAaBHOMEPHOMY
CHIDKEHMIO C YBEITMUYCHHEM JIMHEHHOIO PACCTOSHUS B T€HO-
Me. B cOOTBEeTCTBUM ¢ M3BECTHBIMH Ha CETOTHSIIHUNA JICHD
JTAHHBIMH, UCKJTFOYCHUE COCTABIISIOT TOJIBKO IUIOTHO KOHJICH-
CHpOBaHHBIE MeTa(azHbIe XPOMOCOMBI, JJIsl KOTOPBIX HEIABHO
Takke OBLTO TTOKA3aHO JIOKAJTFHOE MTOBBIIIICHNE BEPOSITHOCTH
nmanpHuX B3anmopericTeuit (Gibceus et al., 2018). It 0Obsic-
HEHUS TAKUX KOHTAKTOB OblIa MPEJIOKEeHa MOJIeJb, B KOTO-
poit GyHKIMOHMPYIOMHKN B HHTEpda3e KOTe3WH 3aMeHseTC s
komriekcamu Kounencuna I u I1. [lpu ygactum aTux 6enxoB
(hopMupyeTcst KOMIIaKTHasE CTPYKTYpa, COCTOSIIAsT U3 JBYX
THTIOB BJIO)KEHHBIX TETEJb: MEJIKHUX IeTeNb, B OCHOBaHHUH
KOTOPBIX JIKHUT KOHACHCHH |, 1 00BEIMHSIONINX X KPYITHBIX
neTesb, chopMupoBaHHbIX KoHAeHCHHOM II. Takoit MaccuB
netens (nested loops) mpeanmonoxuTensHO HOPMHPYET JI0-
KaJIbHOE TTOBBIIICHUE ITIOTHOCTH KOHTAKTOB MEXKITY JaTbHUMHA
JokycamH. JleTanu MexaHH3Ma, OTBEYAIOIIEro 3a ITOT Hpo-
IIECC B AAPE 3PENbIX IPUTPOUIHBIX KIETOK, eIle MPEACTOUT
pacmmdposats. s m3ydeHus qaHHOTo (peHOMeHa TpedyeTcst
HCCIIEIOBATh BKJIAJ] PA3IMYHBIX 2JIEMEHTOB, OTIPEIEIISIONINX
TEHOMHYIO apXHUTEKTYpY, TAKUX KaK HHCYISTOPHBIN OeloK
CTCEF, KosblieBble KOMIUIEKCHI KOT€3MHA U KOHAECHCHHA, B
OpraHU3aIUI0 XPOMATHHA SPUTPOUTHBIX KIETOK.

3aknioyeHune

[ToHnMaHue MEXaHU3MOB, JIeXKAlUX B OCHOBE (hOPMHUpPOBa-
HUSI TO0AJIBHOTO JTaHAIIadTa XPOMATHHA, TO3BOJISIET HHAUE
B3IVISIHYTh Ha PETYISIHIO aKTUBHOCTH U CTAOMIIBHOCTH Te-
HoMa. HaMm M3BECTHO 0 HECKOJBKHX B3aUMOAEHUCTBYIOIINX
MeXTy cCOOOH YPOBHSX yITaKOBKH reHoMa, oT HamoTkH JJHK
Ha HYKJIEOCOMBI 10 00pa30BaHMs XPOMOCOMHBIX TEPPUTOPHI.
Hexortopble n3 HUX, HanpuMep Meraba3HbIe TOIOJIOTUYECKUE
JIOMEHBI, CYUTAIOTCSI CTAOMIIBHON M 3BOJIIOIIMOHHO KOHCEP-
BaTHUBHOU (PYHKIIMOHATHHOU CIMHHIICH, XapaKTEepHOM s
reHoMa BBICIIHX 3yKapHoT. [Ipeanonaraercs, 4To nporeccsl 1
(hakTOpHI, POPMHPYIOIINE U MOIICPKUBAIOIINE OPTAHU3AINIO
JIOMEHOB, JIOCTaTOYHO KOHCEpBaTUBHBL. OHM HEM3MEHHBI IS
BCEX KJIETOYHBIX THIIOB U Ha Pa3HbIX dTarax ux audpQepeHun-
POBaHUS, TOCKOJIBKY MOJIEP>KaHUE TPAHUIL TOMOJIOTHYECKUX
JIOMEHOB HT'PACT OIIPE/ISILIIONIYTO POJIb B AU PepeHINaTbHON
AKTUBHOCTH F€HOMA.

[TomyueHHbIC HAMU JaHHBIC O MACIITa0OHOH MEpecTpoiike
XPOMaTHHOBBIX B3aUMOJICHCTBHH B 7P 3PUTPOIUTOB KypH-
Ibl, KAK Ha yPOBHE JIOMEHOB, TaK U Ha OoJjiee AajbHUX JHC-
TaHIMAX, TPEOYIOT AaIbHEHIIIET0 N3YYSHHUS] STUX MEXaHU3MOB.
Bornee ynoOHOI Mozepio, B TOM YHCIIE U 33 CYCT OOJNbIICH
JIOCTYITHOCTH T€HOMHBIX JaHHBIX, SIBISETCS MBIIIb. AHAIN3
JIMHAMHUYECKON KapTUHBI XPOMAaTHHOBBIX B3aUMOIEHCTBUN
Ha pasHbIX CTAIAMSX TEPMHHAILHOTO 3PUTPOII033a, BHIIOI-
HEHHBIH Ha KJIEeTKaX MBIIIH, a TAKKe TIOUCK apXUTEKTYPHBIX
3JIEMEHTOB, ONPEACIAIONINX (POPMHUPOBAHUE JTAaHHON KapTH-
HBI, OCTAIOTCsl KpailHe aKTyaJIbHOW 3a7a4ei.
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B HacTosLlee Bpema B Poccun 1 B MUpe MHTEHCMBHO BeAyTCA paboTbl MO NCCIefoBaHNIO MEXaHM3MOB naTore-
He3a 3aboneBaHU pacTeHNI 1 UX PacnpOCTPaHeHns B NoceBax. [pexae BCero 31o CBA3aHO CO 3HAUUTESIbHbIM
BAMAHMEM MATOrEHOB Ha ypoxal. Ha Tepputopun 3anagHoin Cnbupwn B noceBax APOBOIA U O3UMOI MWEHWULbI
NPaKTUYECKN EXErofHO PerncTpupyloTcsa bypas paBumHa Y MyYHUCTas POCa, a B OTAeSNbHble rofbl CTereHb
nopaxeHna focturaet snUPUTOTUNHOTO YPOBHA. MeTofbl MOHUTOPUHIA COCTOAHNA MOCEBOB Pa3BUBAIOTCA C
Lenblo NPOrHO3npPOBaHUA UX AUHAMUKUA U MAAHUPOBAHMA arpoOTEXHOSIOMMYECKNX MEPONPUATAI ANA ynpase-
HMA COCTOAHNEM pacTeHWI B NOCEBAX, B TOM Yncie npu passutum rpnbHomn nipexumm. CylyecTBeHHOM CoCTas-
HOW YacTblo CUCTEM MNAHUPOBAHMUA U YNpPaBieHNA COCTOAHMEM MOCEBOB ABAAIOTCA MOLENN Pa3BUTUA NUCTO-
cTebenbHO rpubHON NHPeKLuUn (Hanprmep, 6ypoi pKaBUmMHbBI) B MoceBax MiieHULbl. MaTemaTnyeckrie Moaenu
NO3BOJIAT NPOBOANTL BbIUNCIUTENbHbIE SKCNEPUMEHTbI A1 MOSyYeHNA NPOrHO30B OTHOCUTENIbHO AUHAMUKN
pUCKOB MHGEKLUMIA NpY pasHbIX CLieHapuaxX robanbHbIX MNOrofgHbIX M3MeHeHW. Takoe Ha3HaueHve mogenen
npegnonaraeT Ux Uepapxmyeckylo CTPYKTYpY, XapakTepHY AnA MHOMOYPOBHEBbIX CUCTEM MOAENMPOBAHMA.
B HacTosiem 0630pe npeacTaBieHbl MOAENN Pa3BUTWA JIMCTOCTEGENbHBIX TPUOHBIX MHOEKUMI Ha MpumMepe
pP>KaBUMHHDBIX 32a00/1€BaHMNI B NOCEBAX 3€PHOBBIX KYNbTYp 1 CPOpPMYyNNpOBaHbl METOANYECK/E NOAXOAbl CUCTEM-
HOrO MOAENNPOBAHNA, KOTOPbIE MOXHO MPUMEHATb MPU NCNOMb30BAaHUN U/UNN afanTauun CyLLeCcTBYLWNX MO-
Zenei 1 nx 610KoB 1 pa3paboTKe Ha UX OCHOBe COOGCTBEHHbIX Mofesnel. B cTaTbe Takxke npeanaraeTca CTpyk-
Typa viepapXnyecKomn cMcTemMbl MOAeNel pa3BUTMA NMCTOCTeGeNbHON MHEKLMN, AaeTcA 0630p COCTaBNAIOLMX
cuctemy 610KOB, 06CYKAATCA BONPOChI MapameTpuyeckor agantauum nogmogeneit. NpepctaBneHsbl paspa-
60TaHHble K HaCcTOsALEeMy BpEMeHU MOAENV PoCTa 1 PasBUTWA PACTeHWI, yUUTbIBAIOLLME PA3SIMYHYIO CTEMeHb
feTanu3aunm onmcaHma npoweccos MopdoreHesa. Takve MOLeNN nexat U B OCHOBE ONVCaHNA B3aUMOAeNCTBUN
naToreH-Xxo3AuH, NpeACTaBNeHHbIX B BUAe Mogynel. [InAa Kax[oro n3 Mogysnei MOXXHO UCMONb30BaTb yxe pas-
paboTaHHble 1 OnrcaHHble MoAeny 6a30BbIX MPOLLECCOB A1 OTAENbHbIX PaCTEHUI U NOCEBOB C yYETOM MMEo-
LMXCA IKCMEPVMEHTASIbHbIX JaHHbIX.

KnioueBble cnoBa: nnctoctebesibHble rpubHble MHGEKUUK; NeHnUa; bypas pKaBurHa; MEXaHUCTUYECKUE MOAe-
NN pOCTa pacTeHuit; NapameTpuyeckas naeHTnduKauma mogenen.

Ansa yutuposauua: Hukonaes C.B., 3y6anposa Y.C., CkonotHeBa E.C.,, Opnosa E.A., AboHHuKoB [].A. CUCTEeMHbIN
NoaxoA K MOZENMPOBAHMNIO Pa3BUTUA INCTOCTEOENbHBIX FPUOHBIX NHGEKLMNIA NileHNLbl. BaBUAOBCKMI XypHan
reHeTuKkn n cenekumn. 2019;23(1):100-109. DOI 10.18699/V]19.468

A system approach to the modeling
of fungal infections of the wheat leaf
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Currently, studies on the mechanisms of the pathogenesis of plant diseases and their distribution in crops are
intensively conducted in Russia and the world. First of all, this interest is associated with a significant effect of
pathogens on the harvest. In Western Siberia, brown rust and powdery mildew are almost annually recorded in
the crops of spring and winter wheat, reaching in some years up to the epiphytotic level. In this regard, methods
for monitoring the condition of crops in order to predict their dynamics and plan agrotechnological events to
control the state of plants in crops, including the development of fungal infection are developing. Models of
fungal infections development on the wheat leaf (for example, brown rust) are used to monitor, predict and
control the state of crops in order to optimize the growing process. Mathematical models allow computational
experiments to make predictions about the risk dynamics of infections in different scenarios of global weather
changes. Such designation of models assumes their hierarchical structure characteristic of multilevel modeling
systems. This review presents models for the development of foliar fungal infections in crops, and formulates the
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methodological aspects of system modeling that can be used for adapting existing models and their units, and
developing new models based on them. The article presents the structure of the hierarchical system for modeling
the development of leafy infection, provides an overview of the units constituting the system, and discusses the
issues of parametric adaptation of submodels. We demonstrated that, to date, plant growth and development
models have been developed with varying degrees of detail. Currently, to develop a system for modeling the
development of an infection in a crop, it is necessary to determine a large body of available experimental data
and, by taking into account this data, we can put together a model as a system consisting of model modules, for
which the models of basic processes have already been developed and described.

Key words: fungal infections of leaves; wheat; brown rust; mechanistic models of plant growth; parametric iden-

tification of models.

For citation: Nikolaev S.V., Zubairova U.S., Skolotneva E.S., Orlova E.A., Afonnikov D.A. A system approach to the
modeling of fungal infections of the wheat leaf. Vavilovskii Zhurnal Genetiki i Selektsii =Vavilov Journal of Genetics
and Breeding. 2019;23(1):100-109. DOI 10.18699/VJ19.468 (in Russian)

BBepeHune

K ocHOBHBIM ciepkuBatomuM (akTopam MOBBIILICHUS YPO-
JKaWHOCTH 36PHOBBIX OTHOCSTCSI P)KaBUMHHBIC OOJIC3HH, CeTl-
TOPHO3 JINCTHEB U KOJIOCA, My4HHCTast poca. ExxeromHo Tonsko
ot »Tux Obosesneit Poccust repset 30 % 3epna (Canun, 2010).
B ycnosusix 3anagnoit CuOupu B moceBax sipoBOH ¥ 03UMOM
MIICHUITB! Oypasi pXKaBIMHA U MYYHHCTasl poca OTMEYaroTCs
mpakTH4Iecku exeronHo. Haunnas ¢ 2007 . pa3BuTHe cTed-
JICBOM pKaBUMHBI B PETHOHE CTAJIO PETYNISPHBIM, TOXO/S B
OTZAEIbHbIE TOABI 10 ypoBHs snudurorun (CKoIOTHEBA U
ap., 2018).

W3ydenne MexaHU3MOB MaToreHe3a 3a00JIeBaHN i pacTeHHUI
1 UX pacCnpoCTpaHCHHA B IOCCBAX, BIIUAHUA MATOTCHOB Ha
yposKaif — OTHO U3 BaYKHBIX HAIIPABJICHUH OMOJIOT U paCTCHUH.
Hapsiny ¢ skcriepuMEHTabHBIME METOJAMH JUIsl PELICHUS
9TOH 3aJ]a4y UCIIOJIb3YETCsI ILUPOKUI KJIACC METOIOB CUCTEM-
HOI OMOJIOTMH, B TOM YHCJIE ¥ BEIYUCIUTENIBHbIE SKCIIEPUMEH-
TBI, KOTOPBIE TIO3BOJISTIOT PaccMaTpUBaTh B3aUMOJICHCTBHE Ma-
TOT€H—PacCTeHHE KaK KOMIUIEKCHBIH ITPOLIECC, 3aBUCSLIUMI OT
0O0BIIOTO KOMM4ecTBa (PaKTOPOB: YCTOHYUBOCTH PACTEHHIH,
CKOPOCTH MPOHWKHOBEHHMSI BO30Y/IUTENS B TKAHW PacTCHUS,
KOJIOHU3AIMK (JIATeHTHOH (ha3bl MMaToreHes3a) U yCIEIIHOTO
CTIIOPOHOIIECHHUS C TIOBTOPHBIM 3apa’KeHUEM BETETUPYIOLINX
pacTeHuH, MOTOHBIX YCIOBUH (TEMIIEpaTyphl, BIQXKHOCTH) U
1p. Ipu 3ToM BustHME 3a00J1eBaHUS HAa ypOXkail 00yCIOBICHO
MPOSIBJICHHEM BCEX 3THX (DPaKTOPOB B OIPEICTIEHHBIC MOMEHTEI
pazButust pactenuil. Cpeny TpHOHBIX MAaTOTCHOB MIICHUIIBI
BO30YIUTEIIN PKABUMHHBIX 3a00JICBaHUI — yIOOHBIH 00BEKT
JUTS pa3pabOTKH MoJeNel pa3BUTHs WHQPEKIUH, MaToreHes3
KOTOPBIX BKJIIOYAET 3KTO(DUTHYIO M SHAOPHUTHYIO CTa 11, HA
Ka)XJI0M M3 KOTOPBIX pa3BUTHUE MAaTOT€HA B Pa3HOM CTENEHU
3aBHCUT OT a0MOTEHHBIX U OMOTEHHBIX (PaKTOPOB.

Lens 0030pa COCTOUT B TOM, YTOOBI PEICTABUTH MOJICIN
Ppa3BUTHA PKABYUHHBIX 3a00JIEBAHMI B ITOCEBAX 3€PHOBLIX
KyJIBTYp Ha IIPAMEpe BO3OYAUTENsI OypOil pyKaBUMHEI M CPOp-
MYJIUPOBaTh METOANYECKUE MOAXOIbI CHCTEMHOTO MOJIEIH-
PpOBaHHA, KOTOPbBIC MOKHO MPUMCHATH MMPU UCITOJIB30BaAHNUU
W/WIIH aJlalTalliy CYMIECTBYIONIMX MOAENEH 1 nx OJIOKOB U
pa3paboTKe Ha UX OCHOBE COOCTBEHHBIX MOJICIICH.

Ponb mopenpoBaHuA B3anuMoaencTBuin
naToreH—pacTeHune

Oco0eHHOCTH MaToreHe3a Bo30yauTeJeil pskaBUYMHHBIX
3a0o0eBaHuii 31aKkoB. JKU3HEHHBI UK BO3OyauTenen
PPKaBUMHHBIX 3200JICBaHUI 37IAaKOB COCTOUT U3 HECKOJIBKUX
CTaI[Hﬁ U CBs3aH C ABYMs1 paSHI:-IMI/I BHAaMH XO35€B, OAWH U3

KoTOpbIX — pactenue mmenus! (Kolmer, 2013). [Taryonoe
BIIMSTHUE HA YpOXKail MpOSIBIISETCS Ha CTaJuM yPeIoCop —
MIPOIYKTOB OECITONIOT0 Pa3MHOXKEHHUS Tpruda, KOTOPBIE BOC-
MIPOU3BOJISITCS HECKOJIBKO pa3 B TEUCHUE CE30HA, HHQUIMPYSI
COCEJHHE PacTEeHUs B IOCEBE. YPEJOCIOPhI OCAKIAIOTCS
BETPOM MJIX JIOXKJIEM IO 00€ CTOPOHBI JINCTA MIIeHUIBI. J{71st
npopactanus criop Tpedyercs 100 % BIaXXHOCTB, OTHAKO OHU
MOT'YT COXPaHSITh KHU3HECTIOCOOHOCTD B MOJIEBBIX YCIOBHSX B
OTCYTCTBHE BJIarl Ha MMPOTsHKEHNN | —3 THEH rmocie nHOKYIs-
un (Bolton et al., 2008). B 3aBrcuMOCTH OT BUIa PiKaBUNHBI
TEeMIIEpaTyPHBII ONITUMYM JUTSl Pa3BUTHS SKTOQUTHOM CTaIMU
Bapeupyer B npenenax 18-23 °C. [Ipopactanue crop pocT-
KOBBIMH TPYOKaMH IIPOMCXONT B TeUCHHUE 4—8 U, TIOCIIC YEro
[aToreH MPOHKUKAET B TKAHb JIMCTA Yepe3 YCThULA, TPOXOI
BaXXHYIO MOP(OJIOTHYECKYI0 cTanuio anmpeccopusi. Cpasy
MocJIe TIPOHUKHOBEHUS B JINCT TpHO hopMupyeT HHEKIHU-
OHHBIE TU(BI, KOTOPbIE OBICTPO PACcTYT B pa3HbIX HallpaBlie-
HUAX, OOMIIBHO 3aTIONTHSA MEKKJICTHUKY. B KieTku me3oduna
BHEJPSIIOTCS CIICIMAIN3UPOBAHHBIE OTPOCTKH — TayCTOPHH,
paspyluasi KJIeTO4YHbIe CTEHKH, HO COXpaHsisi IPU 3TOM HH-
TaKTHOM IIa3MaTHYECKyI0 MeMOpaHy, uepe3 KOTOPYIO yCTa-
HaBJIMBaeTCs TPO(PUUECKNii KOHTAKT C MUTAIOMIEH KIETKOH
xo3suHa. Yepes 7-10 mHeid pa3BuTHs 3HAODUTHON cTaguu
B TKaHU JIUCTA ()OPMUPYIOTCS CyO3THIEpMATIbHBIE MY CTYIIbI
(ypenuHun), KOTOpbIe BHOBb MPOIYIHPYIOT YPEIOCIIOPHL.
Mopdosnoruueckue cTpyKTypbl SKTOGUTHON U SHITOPUTHOI
CTaJui Pa3BUTHUS PKABUMHHBIX TPHOOB MPEICTABIISIOT COO0H
MUIICHH JUTsI BO3/ICHCTBUS MPOLyKTOB T'€HOB YCTOWYNBOCTH
pactenusi-xo3suHa. [loaTomy npu pa3paboTke Mojesel pas-
BUTUSI TH(EKINN UX POITh TOJKHA HETIPEMEHHO YUHUTBIBATHCS.
Posib 1 HazHaueHHe MoOJeJieil Pa3BUTHS PKaBYHMHBI.
B Hacrositiee BpeMst 1Sl yIIpaBJIeHHsI COCTOSIHUEM PacTeHU
B IIOCEBAX C IENIBI0 IIPOrHO3UPOBAHMS MX TMHAMUKH U TUIaHU-
POBaHMUS arpOTEXHOIOTHUECKIX MEPONIPUATHI Pa3BUBAIOTCS
METOJIbl MOHUTOPHHTa. MOHUTOPUHT U NPOTHO3MPOBAHHE
pa3BuTHs 3a00eBaHUIl B MOCEBaX HEOOXOMUMBI JUIsl ONTH-
MU3alMH XUMHYCCKON 3alIMThl 1 MUHUMU3AIUN Harpy3K{
Ha 9KOCHUCTEMBI B Pe3yJIbTare €e MPUMEHEHHs — arpoTeXHO-
JIOTUYECKHE MEPOIIPHUSITHUSI IPOTHB BPEIOHOCHBIX OPraHU3MOB
1 MH(EKIMOHHBIX areHTOB JIOJDKHBI IIPOBOANTHCS JIOKATBHO
KaK BO BPEMEHH, TaK U MIPOCTPAHCTBE, MOCKOJIbKY HH(EKIHsI
Ha HadaJbHBIX CTAJMAX Pa3BUBACTCS B MOCEBaX ISTHAMH,
OKPY’KEHHBIMU OOJBIIMMH IIIOMAISIMH 3J0POBOTO TOCEBA,
a ee JlajibHelIee pacupocTpaHeHne o BceMy MoceBy 00y-
CJIOBJICHO PACCEMBAaHMEM MHQHUIMPYIOUINX areHTOB BOKPYT
MePBOHAYATIBHBIX 09aroB Oone3Hu (Arrow et al., 1961).
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JJIst OCyIIeCTBIICHUS TAKOTO INTAHUPOBAHHUS arPOTEXHOJIO-
IMYECKUX MEPOIPUSITHI pa3pabaThIBAIOTCS U IIPUMEHSIOTCSI
MOJICTTH HOPMAaJBFHBIX M MAaTOJIOTHYECKUX IPOIIECCOB B pac-
TEHUSIX M MOCEBAaX, KOTOPHIC MMEIOT OIPOMHBIN TOTCHIIUAI
JUTS YIIOBJICTBOPEHHSI TIOTPEOHOCTH B HOBO# CTPATEI U yIIpaB-
JICHUS TIPOIIECCOM BBIPAIIMBAHUS C TPUBIICUCHUEM HH(OP-
MalMoHHbIX TexHonoruit (Krause, Massie, 1975; De Wolf,
Isard, 2007).

OMOUpHYecKHe U MeXaHHCTH4YecKue Moaean. Mosme-
U pa3BUTHS WHQEKIHH Oypod prKaBYMHBI, KAK U MOJICIU
6OJ'[I)HII/IHCTBa APYyrux CHUCTEM, MOXHO pas3acjnuTb Ha JBa
Thma: Mexannctuaeckue u smmmpudeckue (El Jarroudi et
al., 2014).

MexaHuCcTUYeCKre MOJIEIH OTMCHIBAIOT B MAaTEMATHYECKON
(hopme HaIH 3HAHUS ¥ TUTIOTE3BI O (PH3HOIOTHIECKIX TIPO-
[eccax OpraHM3Ma W UX B3aMMOCBS3SIX, 00CCIICYMBAOIIIIX
poct u pasputue pacrenuii (Landsberg, Sands, 2010). ITpu
MOJIEJINPOBAaHUN B3aUMOJEHCTBUS PACTEHUN M NATOIEHOB
MEXaHUCTHUYCCKUAC MOJICIIU MO3BOJISIIOT, C OJHON CTOPOHBI,
JIy4HIC€ MTOHATH MPOUECCHI POCTAa U Pa3BUTHA OPraHU3MOB U MC-
XaHWU3MBI, OTIPEICIISIONINE TIPOXOXKICHUE CTaI HH()EKIINH.
C npyroii CTOpOHEI, B pe3yNIbTaTe aHaIHM3a TaKUX MOJICICH
MOXHO BBIABUTH KPUTHUCCKUEC CTAAUU Pa3BUTHA I/IH(I)GKI_[I/II/I,
CIUTAaHUPOBAThH YIPABIAIONINE BO3ACHCTBHSA IS CHUKCHHUS
ee pacmpoCTpaHeHUs, CHOPMYIUPOBATH 3aa4U IO MOUCKY
BO3MOXHBIX ITpE€aparoB, KOTOPLIC MOT'YT IOBJIHATHL Ha OTHU
KPUTHYECKUE CTAINN.

A system approach to the modeling
of fungal infections of the wheat leaf

[Ipu SMIUpHUYECKOM MOJEIMPOBAHUM IPUMEHSIIOT CTa-
TUCTUYECKUE MOJENN Pa3BUTHS MH(PEKINHU, ONUCHIBAIOIINE
KyMYJISITUBHBIH TIpOIlecC B 3aBHCHMOCTH OT IapaMeTpOB
Cpelibl — MOJIEIH TUIIA «BO3IECHCTBUE—OTKINK». [TapameTpbl
3THX MOAEJEH, KaK MPaBUIIO, aAaNTHPYIOTCS Ha ITOJIEBBIX
nmaaubiX (Junk et al., 2016). OcHoBHast oOnacTh UX MpUMe-
HEHUsI — MPOTHO3 Pa3BUTHUS MHPEKLIUU B ONPEICICHHBIX
PETHOHATBHO-KIIMMATHYECKUX YCIOBHUAX JUIsI KOHKPETHOTO
copra pacTeHusl.

B HacTosimeit crarbe npejcTaBieH 0030p padoT, B KOTO-
PBIX UCTIONB30BaH CUCTEMHBIH TTOJIXO/ K N3yUEHHUIO Pa3BUTHUS
MH(EKINH PaCTCHUH Ha OCHOBE MEXaHUCTHYECKUX MOJIETICH.

CTpyKTypa mogenein pasButua
nHbeKUUM B noceBe

YpOBHU vepapxui B opraHv3auum n onnucaHum cucTem
OOBEKTUBHO CYIIECTBYIOIIAS! HEPAPXUsl IPUPOIHBIX 00bEK-
TOB/CHCTEM H ITPOIIECCOB B IPOCTPAHCTBEHHBIX U BPEMEHHBIX
MacmTabax (Verdier, 2006) oOyciiaBirBaeT HaJIHYNE Hepap-
XWYECKHX CBSI3el U B MaTeMaTHYeCKOM OIMCAHUN ONOJIorHye-
CKHX M 9KOJIOTHUYECKUX cHCTeM. B Tabmmiie mpuBeieH BapuanT
BBIJICJICHUS] HEPAPXUUYECKUX YPOBHEH CHCTEM H IPOLIECCOB
IIPU PACCMOTPEHNH PAa3BUTHSI TPUOHOM HH(EKIMH B ITOCEBe,
a Ha puc. | 1OKa3aHO COOTHOIIEHHE YPOBHEW U MacIITaboB
BPEMEH JUIs IPOLIECCOB, PACCMATPUBAEMBIX IIPH MOJIEIHPO-
BaHHMHU PACTUTEIHEHOTO MOKPOBA.

The hierarchy of objects and processes considered in the simulation of fungal infection

Energy and mass exchange in the plant canopy, forming the microclimate in the plot under

Transfer of spores, the dynamics of the spread of infection throughout the plot.
The effect of fungal infection on crop growth and yield

The formation of microclimate in the layer adjacent the leaf surface under the specified

conditions of the microclimate in the plot. Temperature stabilization in plant tissues.
Plant growth and development under the influence of microclimate in the plot.
Effect of fungal infection on plant growth and performance

Synthesis and redistribution of growth-supporting components and respiration with regard

Course of the ectophytic infection stage (spore attachment, spore germination, contact

with stomata, and appressorium formation) and the efficiency of asexual sporulation.
The contribution of the microclimate in the layer near the leaf surface and plant genotype

Dispersal of hyphae in the mesophyll, haustorium formation.
Changes in the state of the host cell feeding fungal hyphae

Recognition of molecular patterns of pathogens (elicitors) using kinase receptors.

Launch of signaling pathways responding to pathogen invasion:

Hypersensitive response through the formation of reactive oxygen species.
Alternative products of R genes and resistance-associated QTLs

Hierarchy Object Processes
level
1 Plot
different weather conditions.
Growth of plant biomass, yield formation.
2 Plant
3a Plant organs The emergence, growth, and death of plant organs.
to environmental conditions
3b Fungi on a leaf blade
4 Leaf tissues with fungal
hyphae growing therein
5 Molecular mechanisms
of plant interaction with Activation of the plant immune system.
fungal infection
102 BaBunosckuii XXypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding - 201923« 1
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Hierarchical X
level Time step Data source
Biome Year Field
¢ ¢ experiments
Ecosystem Month
¢ ¢ Controlled
Empiricism level — Plot Day environment
¢ ¢ experiments
Biophysical representation |: Plant Hour l
¢ ¢ Laboratory
Prediction level — Organ Minute experiments
Cell Second
Organelle
Molecule

{

Fig. 1. The levels of organization in the system of vegetation and time scales when modeling processes at each level (adapted

from (Donatelli et al.,, 2017)).

MopenvpoBaHue pa3BuTUA NHOEKL N B TOCEBE
OKCHEepUMEHTAIFHOE U TEOPETHUECKOEe M3YUYEHHE pacIpo-
CTpaHEeHUs] MH(EKINN B MOCEBE IPEACTABICHO B paboTax
(Cowger et al., 2005; Mundt et al., 2011), B KOTOpBIX HH-
(heKIMIo paccMaTPUBAIOT KaK SIBICHNE, HE TIOPA3ACISI €ro
Ha cOoCTaBHbIE Tponecchl. [lepeMeHHBIMU COCTOSIHUSIMH B
TaKUX MOICIIAX ABJIAIOTCA CTCIICHD IMOPAKCHUA (HaHpI/IMep,
OTHOCHTEIEHOE YUCIIO TIOPAKEHHBIX PACTeHNUIT) U TIOMIA b,
3aHMMaeMast TOCEBOM C OTIPE/ICIICHHON CTEIIEHbIO MOPAKEHUS
B 3aBUCHUMOCTH OT Bpemenu (Madden, 2006).

B pamkax MEXaHHCTHYECKOTO TOIX0/1a Ha BEPXHEM YPOBHE
nepapxui MOXKHO pPacCMaTpHBaTh CHCTEMY PACTCHUS B IO-
ceBe+naroreHHble rpudbl. [Ipumepom Monenu pocra Guo-
MAacCHI TOCceBa U POPMUPOBAHUS YPOKAMHOCTH MOXKET OBITH
moznenb STICS, koTopas pa3zpabareiBanack B HannonansHOM
HMHCTUTYTE CEJIbCKOX03HCTBEHHBIX UcCiieoBaHuI DpaHiuu
(Institut National de la Recherche Agronomique, INRA) (Bris-
son et al., 2003) 1t MOAEIMPOBAHHUS POCTA OCEBA C YIECTOM
OasyiaHca BOABI M a30Ta B MOYBE, HAXOSIIMXCS M0 BO3ICH-
CTBHEM CYTOYHOH TUHAMHKH KIMMAaTHYECKHX MapaMeTpOB.
BrruncnurensHas MoJesIb COCTOUT U3 B3aUMOJICHCTBYIOLIUX
MOJyJIeH, paccuuThIBaOMUX: 1) nmpoxoxacHue (erodas
pacTeHUsMH B TIOCEBE, 2) pOCT HA/I3€MHOW 9aCcTH pacTCHUH,
3) dopmupoBanue ypoxas, 4) arpoTeXHUYECKHE MEpOIIpH-
arust, 5) GpopMHpOBaHHE MUKPOKIIMMATa B TOCEBE, 6) POCT
KOPHEBOH CHCTEeMBI, 7) 6ajaHC BOIBI M1 a30Ta B TIOYBE 32 CUET
MPOLIECCOB MONIONICHUS PACTBOPOB KOPHSMH M TpaHCIINpa-
el B armocdepy, a Takke NPOAYKIHH JOCTYITHOTO a30Ta B
Tporieccax pa3IoKeHNs OPraHuKH, §) hopMHUpoBaHHUE TPOHH-
JIs TEeMITEPaTypbI U BIXXKHOCTH B ITOCEBE 1 TIOYBE B PE3YJILTATE
MPOLIECCOB IHEPIo- ¥ MaccooOMeHa B cucteMe armochepa—
pacTeHnsi—104Ba. MojenrpoBaHne mporeccos (HopMrupoBa-
HUSI MUKPOKJTMAaTa B TIOCEBAaX OCHOBAHO Ha ITPE/ICTaBICHHSIX
N MOICIIAX paallUOHHOTO, KOHBEKTUBHOI'O 1 KOHAYKTUBHOT'O
nepeHoca »aepruu (Gates, 1980; Campbell, Norman, 1998).

Mogens STICS ucnons3yercs s MPOTHO3a TUHAMHUKH
MIOCEBOB M NpoxokaeHus (peHodas, yuera OanaHca BiIard u
KOMITOHCHTOB MUHEPAJIbHOI'O ITUTAHUA B ITIOCEBAX, IJIAHUPOBA-
HHS arpOTEXHUYECKUX MEPOIIPUATHI M POTHO3a uX 3 dexra
(Jing et al., 2017; Lammoglia et al., 2017a, b; Tribouillois et
al., 2018).

Bropoit 00beKT MOIENIMPOBaHUS B CHCTEME PACTCHHUS B
MOCEeBE + [TaTOreHHbIe TPHOBI — IPUOBI, UX PACIIPOCTPAHEHHUE
B IIOCEBE U pa3BUTHE MHEKINH (TeHepalusi HOBOTO IIOTOM-
CTBa c1iop). MoaenupoBaHre PaclpoCTPaHEHHS CIIOp Tpud-
HBIX HH(EKIMH B TOCEBaX OCHOBAHO HA YKCIICPUMEHTATBHOM
1 TCOPECTUYCCKOM U3YUCHUHN TPAHCIIOPTa TBEPAbIX JUCTIEPC-
HBIX CHCTEM B aTMoc(epe U IoceBax Ha Pa3HbIX IPOCTPaH-
CTBEHHBIX MacITabax — OT AECATKOB U COTEH KUIIOMETPOB /10
meTpoB u cantumerpoB (Chamecki, 2012; Chamecki et al.,
2012; Bailey et al., 2014; Miller et al., 2017). CxopocTs pa3-
BUTHS MH(EKINH OT MOMEHTA HHOKYJISIIUH CIIOP — BayKHBIH
napamerp MOJIeNH, caM OH Takke sBisieTcs (QyHKuueir ot
BIKHOCTH U Temreparypsl cpens! (Duthie, 1997; Magarey
et al., 2005). O0mmpHBIit 0030p 10 MOAEITAM (POPMUPOBAHUS
U TI0TEph ypoXKasi B IoceBax copepkurcs B (Savary et al.,
2015, 2018).

CornacoBaHue ypoBHell B Mepapxnyeckom Mogenu
pasBuTKA rpnbHON NHPpeKLMN

PaspabatpIBaTh 1 aHATU3UPOBATE CIIOKHBIC MOJICITH «TEXHO-
JIOTUYHEE» C yYETOM UX HEPAPXUUECKOM CTpyKTypsl. Hanpu-
Mep, BEPTUKAIBHBIA MPOGIIIH TUIOTHOCTH ITOTOKA (POTOCHH-
TETHYCCKU aKTUBHOM pamuanuu (DAP) B moceBe 3aBUCHUT OT
BEPTHUKAJILHOTO pacIpe/IeNIeHus IUIOTHOCTH JTUCThEB (MHIEKC
muctoBoi moBepxuoctH, MJIIT) B mocese. MJIII (leaf area
index, LAI) mpexacrasisier coboii 6e3pa3MepHyI0 BEINUNHY,
PaBHYIO OTHOILIEHUIO TUIOMIAN JTUCTHEB, CIIPOCIIUPOBAHHBIX
Ha TIOBEPXHOCTH TIOYBHI K TUTOIIAIX 3TOH moBepxHOCTH (Wat-
son, 1947). ®AP BXoauT B Ka4eCTBE OCHOBHOW HE3aBUCUMOI
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MEPEMEHHO B MOZIETH (POTOCHHTETUUICCKOM aKTUBHOCTH, OITPEICIISIOIICH B UTOTE
MIPOAYKTUBHOCTb PACTEHHA. B CBOIO ouepe/ib, BEPTUKAIBLHOE pacIipe/iesICHNE III0T-
HOCTH JINCTBEB M €ro JIMHAMHKY B TIOCEBE MOXKHO PAaCCUMTATh, UCXOJS U3 IJIOT-
HOCTH pacTeHHH B IMOCEBE U MOJIENIN POCTA PACTEHHUS C YYETOM €ro TPEXMEPHOU
apxutektypsl (Gates, 1980; Campbell, Norman, 1998; Fournier, Andrieu, 1998;
Chelle, Andrieu, 1999; Zhu et al., 2012).

B kauecTBe Apyroro npuMepa paccCMOTPHM MOJICIMPOBAHUE Pa3BUTHUS PIKaB-
YUHHBIX TPUOOB Ha PACTEHUH C WCIOIB30BaHHEM «THOpuaHOI Momenn STICS-
MILA (Caubel et al., 2017). Kak coobmanocs Beimre, mozens STICS (Brisson et
al., 2003) 1mo3BoJISIET PACCUUTHIBATE MUKPOKIMMATHUECKUE YCIOBHS B IOCEBE.
C npyroii croponsr, Monens MILA (Caubel et al., 2012) ommcsiBaeT craguu pas-
BUTHS IATOI'€HHBIX TPUOOB HA JIMCTOBOH MJIACTHHKE PACTEHHS B 3aBUCHMOCTH OT
MHUKPOKIMMAaTHYECKUX YCIOBUH. J[Jsi Takoro omucaHus aBTOpaMy IPeIOKEHbI
SMITUPUYECKHE «00MIe (PYyHKIIMHM OTBETa», KOTOPbIE MOTYT OBITh aalTHPOBAHBI
K IIUPOKOMY CIIEKTpy HatoreHHbIx rpuoos (Caubel et al., 2012). Takum obpazom,
B Mozenu STICS-MILA 6mnoku, coorBercTByrone Monenu MILA, ciyxat nns
pacdera NWHAMHKH Pa3BUTHS TPHOOB Ha JINCTOBOW IUIACTHHKE (CM. TaONHILY,
ypOoBeHb 30) B MUKPOKJIMMATHUECKHX YCIOBHX, C(QOPMUPOBAHHBIX IIOCEBOM (CM.
Tabnuuy, ypoBeHb 1) u paccunteiBaeMbix Ookamu Mozenu STICS.

MopenupoBaHune pa3BuTuA MHGEKLMM Ha pacTeHNN

Kak mpaBuiio, Besikast MEXaHUCTHYECKas MOJICTb Pa3BUTHA TPUOHON HHPEKINH Ha
pacTteHun (CM. TaOIuILy, YpOBHHU 2—4) COCTOUT U3 ABYX OJOKOB: 1) MOIeNs pocTa
W Pa3BUTHS PACTEHUS B IIOCEBE B 3aBUCHMOCTH OT a0MOTHYECKUX (haKTOpPOB U 2)
MOJIeTTb PA3BUTHUS OPraHU3MAa-MIaTOTeHa Ha PACTEHHUAX B ToceBe. Mosienb pa3BUTHA
[IaTOreHa MOKET BKIIIOUATh 3aBUCUMOCTD €TO POCTA KaK OT a0MOTEHHBIX (haKTOPOB
Cpeibl, TaK U OT TaKuX (haKTOPOB, KAK FEHOTHIT PACTEHHs, €T0 YCTOMYMBOCTD K
MaTOTeHY, B TOM YHCJIE 3aBUCUMOCTBh OT CTaJMU PA3BUTHUS U (U3HUOIOTUIECKOTO
COCTOSIHMSI PaCTEHHMS, TIOPAYKEHUS PACTEHUS JPYTMMH [1aTOTCHAMH.

J1Ba yka3zaHHBIX OJI0Ka MOJICII IMEIOT KayK/IbIii CBOO Pa3BUTYIO CETh B3aUMOCBSI-
3eil MeX/ly BHYyTPEHHUMHU [TIEPEMEHHBIMU COCTOSIHUSL. B3auMoieicTBUS ke MEX 1y
6110KaMH, KaK MPABUIIO, OTMCHIBAIOTCS IIOCPEICTBOM HEOOIIBIIOTO YHCIIA TTAPAMET-
poB. Takoe paznenenue rpaga B3anMOCBSI3EH MEXIY MEPEMEHHBIMU COCTOSHHS
o01eit Mojieny pa3BUTHsI HH(EKIINHU B TIOCEBE Ha JiBa MoArpada ¢ OTHOCUTEIHLHO
MaJIbIM YHCIIOM CBSI3€H MEK1y HUMH U 00€CIIeunBaeT PEUMYIIECTBO pa30oneHus
o01eit Mozeny Ha aBa Onoka. B aHHOM cilydae MOJENH pa3BUTHS PACTCHUS U
rprOHOM (PUTONATOIOTHH CBSI3aHBI Yepe3 IEPEeMEHHBIE COCTOSHHSA, B UHUCIIO KOTOPBIX
BXOZIUT APaMETP «IUIOIIA I 3€JIEHOH YaCTH JIMCTOBBIX IITACTHHOK». JTOT ITapaMeTp
B MOJICJIV PA3BUTHUS PACTEHHMS OTIPE/ICIISIET CKOPOCTh (POTOCHHTE3a, @ B MOJICIIH Pa3-
BUTHSI TATOTEHA CBA3AH CO CKOPOCTHIO PA3BUTHUS MOPAKEHUS B PE3yJIbTaTe POCTA U
pa3BuTHs rpuda. BzamMmocssa3p rpubHOM nHbekIuu 1 3hhekTHBHOCTH (HOTOCHH-
Te3a SIBJIAETCS IPEIMETOM HKCIIEPUMEHTANIBHBIX U TEOPETUUECKUX UCCIEIOBAHUI
(Robert et al., 2005; Bancal et al., 2007).

MopenupoBaHue pocTa pacteHus
Poct pacrenus MozenupyeTcst UCXOJIsl U3 COOOpaXKeHUH OallaHca SHEPTUU U Mac-
CBI: Macca (JOTOCHHTE3NPYEMBIX YIIIEBOAOB PACXOLYETCs Ha POCT U MOAAEP)KaHHE
¢usnonorndeckux nporeccos. [locinenHue BKIrOYaroT o0ecriedeHre YHEPTrUeH,
NOAIepKAHUE IPAIMEHTOB BELIECTB HA BCEX CTPYKTYPHBIX YPOBHAX M IIPOLIECCHI
CHHTE3a, B TOM YHCJEe ¥ COOCTBEHHO HaKoIUIeHHe Omomacchl pactenus (TopHiwy,
1982; Simulation..., 1989; Zhu et al., 2011), n peasm3yroTcs 3a CUET JIBIXaHHS.
Bce mporiecchl 3aBUCAT Kak OT FeHOTHNA, a3kl pa3BUTHSI U (DPU3UOIOTHUECKOTO
COCTOSIHUSI PACTeHHS, TaK U OT (haKTOpoB okpyxkaromeit cpensl (Toprmu, 1982;
Simulation..., 1989; Campbell, Norman, 1998; Zhu et al., 2011; Yin, Struik, 2016).
SHCPFI/II/I 1 MaTCepraibHBIC Cy6CTaHI_II/II/I, JIOKQJIM30BAHHBIC B PAa3HBIX UJIX B OTHUX
1 TeX K€ IIPOCTPAHCTBEHHBIX CTPYKTypax, BEICTYHAIOT IIEPEMEHHBIMH COCTOSTHUS
CHCTEMBbI IPH MOZICIMPOBAHUH. [IepeMeHHBIE COCTOSIHNSI MOTYT PacCMaTpHBATHCS
KaK XapaKTePUCTHKU OIpE/IEICHHBIX KOMIApTMeHTOB. [Iporecchl npeBpalneHms
SHEPIUH U MaTePHAIBHBIX CyOCTaHIMH, pacCMaTPHUBAEMBbIE B MOJICITH, ONMCHIBAIOTCS
KaK MOTOKH MEX/y KOMITapTMEHTaMH. XapaKTepUCTUKH KOMIIAPTMEHTOB U IIOTOKU
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'+ 4

Constant or parameter

Fig. 2. Symbols for the elements of Forrester
diagrams and their interpretation.

MEXJly HUMHU TOJYUHSIOTCS 3aKOHaM
COXpaHEeHHMs BelecTBa U sHeprud. Ilo-
MHMO 3aKOHOB COXPaHCHHS, JHHAMH-
Ka puznyeckux (B TOM 4uciie u Onoso-
TMYECKHUX) CHCTEM OIpEENseTCs CKO-
POCTBIO TIPOLIECCOB, KOTOPAsl OIIMCHIBA-
€TCsl HEeKOTOPOH (DYHKIMEH — IepeMeH-
HOM CKOpOCTH.

Jlist TpaduyuecKoro MmpeacTaBIeHIs
U MOJICJIMPOBAHUS CIIOKHBIX CUCTEM B
CaMBbIX PAa3HBIX 00TACTAX YACTO IPUMeE-
Hstotest uarpamMel @oppectepa (For-
rester, 1968; Wallach et al., 2014). Kom-
MIApTMEHTHI B HUX 0TOOpaKaroTcs Tpsi-
MOYTOJIbHUKaMH, a TOTOKH SHEPTHH/Be-
LIECTBA — B BU/IE CIUIOIIHBIX CTPEJIOK, CO-
€IMHSIOMNX COOTBETCTBYIOIINE KOM-
napT™MeHTHI (puc. 2). [lepeMeHHbIE CKO-
POCTH — BEHTHJIM Ha CTPEJIKaX OTOKOB,
a 3aBHCUMOCTH CKOPOCTEH OT IIepeMEH-
HBIX COCTOSIHUS U, BO3MOYKHO, OT HEKO-
TOPBIX BHEUIHUX IapaMeTpOB yKazaHa
IITPUXOBBIMU CTPENKAMH, UIYIIUMH K
BEHTWJISIM (3TO «MH()OPMAIIMOHHBIE TT0-
TOKW» B OIMCAHWUH CHCTEMBbI, KOTOPbIE
MIPENCTABISIOT HAIM 3HAHUS O 3aKO-
Hax ee peryasiunu). Takne MOTOKH Be-
LIeCTBa, YHEPrUHu U UH(OpPMALUK BbI-
SIBIISTIOTCSI TIPH MOJIGTMPOBAHUH MHO-
rux cucreM. Ha puc. 2 npuBeneHa us-
TeprpeTanus 3Ha4koB auarpamm dop-
pectepa (Leffelaar, Ferrari, 1989), uc-
TIOJTb3yEMBIX JaJIee B CTaThe.

banancoBble ypaBHEHHSI MOTYT CIIy-
KHUTh OCHOBOM AJIT MOJEIMPOBAHUS
TEMIIOB TPOXOXKACHHS (eHodas pac-
TEHUSl U CONPSHKEHHOTO HAKOIUICHUS
6nomaccsl. [Ipu MonenupoBaHun poc-
Ta MIICHUIBI B PaMKax MOJICIH Pa3BU-
TS (PUTONATOreHHON NH(EKINY Hapsi-
Iy ¢ 0aTaHCOBBIMH «(PU3HOTOTHIECKH-
MI» MOJIEIISIMU YACTO PEaIN3yIOT HEeTlo-
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CNCTeMHBI MOAX0H K MOAESTIMPOBAHNIO Pa3BUTUSA
NNCTOCTEOESTbHBIX FPUOHBIX MHOEKLMNIA NWEHWLbI

Submodel I>
“brown rust”

LAA  Leaf area at the emergence
LAE  Leaf area during expansion
LAM  Leaf area at the maximum
LAS  Leaf area at senescence
APP  Rate of leaf emergence
EXP  Rate of leaf expansion
MAN  Rate of leaf maintenance
SEN  Rate of leaf senescence
Phc  Phyllochron

TTS  Thermal time summation
Te Daily effective temperature

LA Green leaf area

ENV  Environmental parameters

Fig. 3. Reduced scheme of wheat growth and development model (adapted from (Rossi et al., 1997)).

CPEICTBEHHBIH pacdeT BpeMeH NpOXOokKAeHHus GeHodas B
3aBHCHMOCTH OT aOMOTeHHBIX (pakTopoB cpernsl. Omncanue
(heHO(a3 MIICHUIIB XOPOIIO pa3paboTaHO B arPOHOMHU H, B
YaCTHOCTH, MOXKECT OBITH ITOKA3aHO JACCATUYHBIMU UHACKCAMU
(Zadoks et al., 1974). Ilpu 3TOM paccMaTpuBarOTCs pa3HbIC
CTaJMM Pa3BUTHU PACTCHHH M TPOIECCHI MEPEXosia MEXKITy
HUMH, 4TO, [0 CyTH, COOTBETCTBYET OIMCAHHIO IpoIecca
pa3BUTHA B paMKax MEXaHHCTUYECKOM Mozenu. B kauectse
IpuMepa Ha puc. 3 TIoKa3aHa peAylHpOBaHHAas CXeMa B3au-
MOCB$I3U TIPOLIECCOB, JISKAIMX B OCHOBE POCTa U Pa3BUTHS
pacTeHus! MIIEHHUIBL, ¥ BAUSHUS HA HUX MOTOJHBIX YCIOBUH
U CTETIEHH NOPaXKEHHS JINCTOBOM MOBEPXHOCTH I'PHOOM.

B Mopenu, npencraBieHHoi Ha puc. 3, mepeMeHHbIe Co-
CTOSIHUSI CBA3aHBl MaTEPHAIBHBIMHU TIOTOKAMH, KOTOPBIE OTIN-
CBIBAIOT TOSIBJICHUE JINCTOBOM IUTACTHHKY (CM. pHC. 3, Tiepe-
meHHas LAA, ee nepexon B a3y pocra (LAE), 3arem B dazy
crabunpHOTO pasmepa (LAM) u B ¢azy crapenus (LAS).
Kak BuaHO, B TaHHOW MOZENH Pa3BUTHUS pacTeHHs 0a30BbIC
IMPOUECCHI, 10 KOTOPBIX MPOBOAUTCA ACKOMIIO3UIIUA MOJCIIH,
SBJISIIOTCSI CAaMH IO ce0e JJOCTATOYHO CIOKHBIMH OHOJIOTH-
YEeCKUMH MPOLIECCaMH. DTO MIPUBOIUT K TOMY, UTO HA HIDKHEM
YPOBHE UEpapXUH B ITON MEXaHUCTUUYECKON MOJIEIHN UCTIOJIb-
3yIOTCSl AMITUPUUECKHE 3aBUCHMOCTH — CKOPOCTH IPOXOXK-
JeHnst a3 ONHMCHIBAIOTCS AMITUPUUCCKUMH (QYHKIHSIMH OT
YCIIOBHI1 CpeJibl, KaJICHIapHOTO BPEMEHH U «COOCTBEHHOT0»
BpeMeHH (a3bl. Hampumep, CKOpoCTh HACTYIUICHHUS COOBITHS,
COCTOSIIIIETO B MOSIBICHUU OYEPETHOTO JIUCTA, ONPEAEISICTCS
TEMIIOM ITPOXOKACHUS (PUTOXPOHA (BCIIOMOTaTeIbHAS IIepe-
MeHHas Phc, mokasbIBaeT KOJIMYECTBO TEMIIEPaTypo-IHEH,
TpeOyeMBIX PACTEHHIO JIISI TOTO, YTOOBI B PE3YIBTATE POCTO-
BBIX [IPOLIECCOB MOSBUJIICS 0depeaHOM JucT (L)):

n
Phc, =X.° Te, - Pht,,
I7ie z — HOMep JHS pa3BUTHUS pacTeHus (z = 1 mpu mossie-

HMU 1100€ra, z = n; A7 JHUCTa C TOPAAKOBBIM HOMEPOM L),
Pht, — doronepuonuaeckuii pakrop u Te — nHeBHA >¢)-

BUOUHOOPMATUKA N CUCTEMHAA BUOJIOTNA / BIODINFORMATICS AND SYSTEMS BIOLOGY

(dhexktuBHas Temmeparypa. IBa MOCIeIHUX MapameTpa Bbi-
YHCIAIOTCS KaK

Pht, = (DL, — DL0)/(24 — DLO0),

Te,, = (Tmax, — Tmin,)/2 — TO,
rae DL ;. — IpomoimKuTENbHOCTE CBETOBOTO AHA z, Tmax ;. u
Tmin, — MakcuManbHas ¥ MUHMMAJbHAs JHEBHBIEC TEMIIE-
parypsl, a mapameTpbl DLO u TO onpenenstoTcst 11st MIIeHN-
I1b1, BEIPAIINBAEMOI B KOHKPETHOM pETHOHE. BbIparkeHus 171t
ckopocteit mporieccoB «kEXPy, « MAN», «SEN» (cm. puc. 3) —
TaKXKe dSMIUprudeckne GyHKIHU (oIpoOHOCTH CM. B paboTte
(Rossi et al., 1997)). Bce mepeMeHHBIE COCTOSIHHS BHOCST
BKJIa/l B JIOTIOJHUTEIBHYIO TIepeMeHHyI0 LA — «romanb
3€JICHOH YacTH JINCTOBBIX IUIACTUHOK», KOTOpasi BXOAUT B
MOJIeTh pa3BUTHS puTomaToreHa. [Ipiumeps! Mozgeneii pocra
¢ 0a30BBIMU TIpoIIeCCaMu, 0oJIee OMM3KUMHE K (PU3UOTOTHIC-
CKHMM IpOI[eccaM SHEPro- ¥ MacCOOOMEHa B PACTCHUH, MOYKHO
HaiTu B (Simulation..., 1989; Maclean et al., 2010).

B monenu V. Rossi (Rossi et al., 1997) u npyrux moxosxux
MOJCIAX NEPEMEHHBIX COCTOAHUA U MapaMETPhbl CBA3aHbI
cucteMoi anredpandeckux u AnhdHepeHIHaTbHBIX (MIH pa3-
HOCTHBIX) ypaBHeHHH. [Ipn 5TOM, OCKOJIbKY paccMaTpHBaeT-
Csl KCTPYKTYpPHAas» MOJEIb PaCTEHUs, HAIPUMED OTHECIIbHbBIC
JIMCTHS, TTOSIBIISTIOIIIMECS B OTIPEAEIICHHBIE MOMEHTHI BPEMEHH,
3HAUEHMS STHX [apaMeTpPOB JTUHAMUYECKH M3MEHSIOTCS B
3aBHCHMOCTH OT BpeMEHH. B mpoliecce pacdyera mMonenu B
OTIpeIeIeHHbIE MOMEHTHI BpEMEHH (IIPU HACTYIUICHUH OIIpe-
JISTICHHBIX YCIIOBHI) MpUpAIlEeHHEe OuepeTHOM MepeMeHHOM
COCTOSTHMS CTAHOBHUTCS HEHYJIEBBIM (BBIIIIE IPUBEICH TPUMED
CO BCITIOMOTATEIbHON MIEPEMEHHON «(PIILTOXPOH» ). 3aMETHM,
YTO AJILTEPHATUBHBIM (POPMATU3MOM JUIS peaT3aIii MOJICITH
pocTa pacteHust U pOpMHUPOBAHHS €r0 APXUTEKTOHUKH MOXKET
OBITH popMa3M mudepeHnanbHbIX L-cuctem, Ha3HaYe-
HHE KOTOPOTO COCTOHUT B MOJICJIMPOBAHUU JHHAMHUYECKHUX
CHCTEM ¢ U3MeHsmoIIeHcs cTpykrypoit (Robert et al., 2008;
3ybaunposa u ap., 2012; Boudon et al., 2012).
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LLA

— ILA
> INF < INF
LA — ;
Ollns TN
2R ALA
: | ENV
: L ERU —O— LA

Submodel
-------------- e

“wheat growth”
ENV

NVLA  Leaf area no longer vulnerable to infection

Leaf area with latent infection
Infectious leaf area

Infection efficiency of uredospores
Eruption rate of uredospores
Affectable leaf area

Green leaf area

Potential rate of infection

Environmental parameters

Fig. 4. Reduced scheme of brown rust growth and development model (adapted from (Rossi et al., 1997)).

MopenvnpoBaHue pa3BuTUA

HbEKLUNN PKaBUMHbI Ha MeHNLe

Bcesikoe MozenupoBaHue ecTh pe3ysbTar adCTparupoBaHus
OT HECYIICCTBEHHBIX JIeTallel SBICHHMS, pacCMaTpHBaEMOro
C TOYKH 3pEHUs HazHa4YeHHs Mopesu. VIMeHHO Ha3HayeHue
MOJICIIM OIPE/EIIIET MHOXKECTBO IEPEMEHHBIX COCTOSHUS
MOJIEITH, MHOYKECTBO MOJICITHPYEMBIX ITPOLECCOB M CTAIUH U
Ha0op mapameTpoB. B omyOIMKoBaHHBIX MOZICISIX Pa3BUTHUS
rpuOHOIl MH(EKIHN B IMOCEBaX YUCIO PACCMATPUBAEMBIX
CTaauil pa3BUTHA NMATOTeHA W/MIM MH(EKIMU BapbUPyeT OT
1 mo 8 ¢ menuanubiM 3HaueHHEM 3.5 (De Wolf, Isard, 2007).
Cpean HUX MOJICTIMPYIOTCS paclipOCTPaHEHUE CIIOP MaToreHa
(McCartney et al., 2006; Pan et al., 2010), momaganue ux Ha
MOBEPXHOCTB JICTA U IIPUKPEIUICHHE, TPOPACTAaHHE CIIOPHI
W NPOHUKHOBEHHE uYepe3 YCThUIA B Cy03MHIepMalibHOE
MPOCTPAHCTBO JIHCTA, pa3BUTHE Trpuda 10 (GopMupoBaHUsS
HoBoro mnokosierus crop (Lew, 2011; Balmant et al., 2015;
Sugai-Guérios et al., 2016). B npyrux mozensx HEKOTOpbIe
OMOIOrMYecKne CTAJNH «CBOPAYUBAIOTCS) M PaccMaTpHBa-
I0TCSI POLieCChl TH(MUIIMPOBAHUSL, JTATEHTHOT'O IIEpHO/ia U MO-
SIBJICHHE Iy CTYJ (PaCKPBITHIX MEIIOYKOB C HOBBIMH CIIOPAMH)
(Audsley et al., 2005). MacmTaOsr MOAETHPYEMBIX ITPOIIECCOB
MOT'YT BapbUpOBaTh B IIMPOKUX Ipejaenax. Tak, B HEKOTO-
PBIX MOZEJSIX Mpolecchl (GOpMHUPOBaHUS MUKPOKIMMATa U
BO3IYIIHBIX MOTOKOB B ITOCEBAX W HAJ HUMHM, BaXKHBIC JIS
OIMCAHUS POCTA, PA3BUTHS M PACIIPOCTPAHEHNUS TATOTCHHBIX
OpPraHnu3MOB, UMEIOT MPOCTPAHCTBEHHYIO JETaIH3alHI0 B
OJIMH METP IPH pazMepe MOICIHPYEMOTO II0CEBa 10 HECKOIIb-
kux kmrometpoB (McCartney et al., 2006; Pan et al., 2010).
B ciydae jxe onucaHus pa3BUTHs NaTOTeHE3a HA PACTCHUH
MPOCTPAHCTBEHHOE ITOBEJCHUE NPOPACTAIOICH CIIOPOBOH
TpyOKHM Ha MIOBEPXHOCTH JINCTA MOJICJIUPYETCSI C TOYHOCTBIO
IO HECKOJIBKMX MHUKPOH (Setten et al., 2015).

Ha puc. 4 mpuBeeHa peyupoBaHHAsI CXeMa MOJICIH pas3-
BuTHs MH(eknun n3 padotsl (Rossi et al., 1997). Takoit mna-
pamMeTp, Kak CKOPOCTh HH(MHUIIUPOBAHHUSL, YIIPABIISET IIOTOKOM
CIIOp, TOMAJAIOMINX Ha JIMCTOBYIO INIACTHHKY M OOyCllaB-
nmuBatomyx nHeknuio. OH sBisgeTcst GpyHKIMEH IuIomanm
JTUCTOBOM nmoBepxHOCTH ALA, TOCTYTIHOM /71 3apakeHus, U
nepemerHoii PRI, motenmmansHON ckopocTrn HHPHIIIPOBA-
HUSI, KOTOpasl PACCUNTHIBAETCSI HA OCHOBE HECKOJIBKHUX Tapa-
METPOB, B TOM YHCJIE 3aBUCSIIX OT COCTOSIHUS OKPYKAIOIIEH
cpenst (Rossi etal., 1997). B pe3ynsrare pa3BuTHs aToreHesa,
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COMIACHO 3TOW MOJAENH, IUIOWAAb JIUCTOBON IUIACTUHKHU C
JIATEeHTHOM MH(EKINeH yBeInInBaeTcsi, 4To Mo Mepe co3pe-
BaHus cnop co ckopocteio ERU naer Bkilag B yBenanueHue
Jlonu 1UcToBOM noBepxHOCcTH ILA, Ha KOTOPO aKTUBHO IPO-
spisiercs uHdexiys. Beanunna ILA npencrasisier co6oit, 1o
CYTH, IUIOIIA/b HOBEPXHOCTH JIUCTA, MOKPBITOM ITyCTYIaMH, 1
MI03TOMY TTPONIOPLHOHAIILHA TOTOKY CHOP, 00eCIIeUMBarOIIIe-
MY BKJIaJl B MH(HULUPOBaHHE HOBOM JIMCTOBOW MOBEPXHOCTH.
PaccmoTtpeHne Taknx UKI0B MH(EKIMN ObIII0 BIIOCTIEACTBUN
MPUHATO KaK METOIUYECKHH MPUEM MOZIEIIUPOBAHUS PA3BUTHUS
mucroctedenbHbix nHpekiwmii (De Wolf, Isard, 2007).

DKCnepuMeHTanbHble N TeopeTnYeCcKne 3agauu,
CBA3aHHbIe C napameTpmquKoﬁl

naeHTuduKaumen mogenei

[TapameTpudeckast uACHTUDHUKALMS MOJICNICH Pa3BUTHS WH-
(dhexuuu Oypoi pKaBYMHBI B IMOCEBAX IIICHHUIIBI COCTOUT B
nozdope mapaMeTpoB MOJENEH M UX HCIOIb30BaHUS B
KOHKpETHOM pernone. Kak cka3aHo BbIlIe, Bce IEMEHTap-
HbIC MOJCJIM B KOHCUHOM CUECTC MNPECACTABJICHbI SMIIMPpUYIC-
ckuMu QyHKIusAMH. Ho MOCKONBKY 3/eMEHTapHbBIE MOJIETH
OTIMCBIBAIOT MPOLIECCHI PA3HOTO YPOBHS (YHKIIMOHAIBHOMN
Hepapxuu, X aJanrtauns MeToguuecku pasinyHa. Harpumep,
npoxoxaeHne penodas — mporece, yrnpaBiIsieMbIid (yHKITH-
OHAJIHON CHCTEMOM BBICOKOTO YpoBHs. [l mapameTpuye-
CKOH MAEHTH(UKALMU MOJEIH TOr0 Hpolecca TpeOyroTCs
CIUTAHUPOBAHHBIE MHOTO()AKTOPHBIE YKCIIEPUMEHTHI JTHO0
CTaTUCTUYECKUE MOJICITH JUTsl KOHKPETHOTO perrona. C apyroi
CTOPOHBI, MOZIEJIb IIPOPACTAHUSI CIIOPBI OIIMCHIBAET ITPOIIECC,
Ha KOTOPBIH BIMAET MEHbIIEE YHCIIO BHEIIHUX (DaKTOPOB, U
os00p MapaMeTpoB 3TOH MOJEIH MOXKHO OCYIIECTBUTH B
pe3yabrare 1ab0opaTopHOro SKCIIEPUMEHTA.

Cpenn sKCeprMEHTAIBHBIX METO/IOB OLIEHKH (PU3HOJIOTH-
YECKOT0 COCTOSTHHS PACTEHUH B TIOCEBAX MJIM B JJAOOPATOPHBIX
YCIIOBUSIX ¥ CTETICHH [TOPAYKEHHsI PACTEHUH (PUTOIAaTOreHHON
nH(EKIUeld B MOCIeAHNE TOABI HAa TIEPBOE MECTO BBIIBUTA-
I0TCSI TAKKE ONTHYECKHE METO/IBI, KaK MYJIBTHCIIEKTPaIbHas
U TUIIepCIeKTpalibHast cheMka. O6a MeTo/1a atoT CIIeKTPab-
HYIO pa3BepTKy B K&¥KIOM JIeMeHTe (TIHKceTe) N300paKeHUs
W Pa3IMYaroTCs TI0 YHUCITy PETUCTPUPYEMBIX TOJIOC CIIEKTpa
OTpa)KeHHsI KaXJI0ro dJieMeHTa 00bekTa. ITH (MYJIBTH-/TH-
Tiep- ) CeKTpabHbIE JaHHBIE COBMECTHO C Pe3yabTaTaMu (u-
3MOJIOTHUECKUX W/MIM OMOXMMHYECKHX M3MEpeHui odpa-
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0aThIBAlOTCSl METOAMHU PACIIO3HABAHUS 00Pa30B M MAIlUH-
HOTO 00y4YeHHS JUIsl CO3TaHusI TIPABHJI MHTEPIPETAILIUH CTIEK-
TpanbHBIX MTaHHBIX (Bannari et al., 1995; Bravo et al., 2003;
Mabhlein et al., 2013). [IpumepoM MOXKET CIIy)KHUTh HIKaja
NDVI (Cabrera-Bosquet et al., 2011) — BereTaTuBHBII HHAEKC,
KOTOPBII TIO3BOJISICT MPHU AWCTAHIIMOHHOM 30HIUPOBAHUU
OIICHUBATH [TAPAMETPbI, XapaKTCPU3YIOIIHUE MPOTYKIIMOHHBIN
MPOILIECC B PACTUTEIHHOM TTOKPOBE.

3aknioyeHune

K Hacrosimemy BpeMeHH pa3paboTaHbl MOJEIH POCTA U Pa3-
BUTHS PACTCHUH C Pa3HOM CTENEHbIO AeTanu3auu. st Hux
IpoBe/ieHa ajanTauus (nmapamMerpudeckast uaeHTHGUKams)
C LIENBIO MX MMPUMEHEHHS B KaY€CTBE PACUETHBIX MOACUCTEM
B CHCTEMax TOJICPKKU NPUHSITUS PEHICHUH O COCTOSIHUH
IMOCEBOB, pa3BUTHUA B HUX JIMCTOCTEOETILHOM I/IH(beKHI/Il/I " HE-
00XOAMMOCTH TEX MJIM MHBIX arPOTEXHUIECKHX MEPOIPHATHIA.

[Tpu pazpaboTKe CHCTEeMbl MOJCITMPOBAHNS PA3BUTHS UH-
(exmu B 1oceBe ClielyeT ONPEeIUTh MHOXKECTBO MMEIO-
IIMXCSI SKCTIEPUMEHTANIBHBIX JaHHBIX 1 HHCTPYMEHTAIbHBIX
CPEACTB Ul X TIOJNyYCHHS W CKOMIIOHOBATh MOJIENb KaK
CUCTEMY, COCTOSILIYIO U3 MOYJIEH-MOJEIIEH, B KAUECTBE KOTO-
PBIX MOJKHO HCIIOJIB30BATh YK€ pa3pabOTaHHbIE U ONMCAHHBIE
Moyienn 0a30BBIX MporieccoB. [ peann3aym MoJIeIH 1ere-
c000pa3HO NMPUMEHUTH TTAKET, COOTBETCTBYIOLIMN LIETH MO-
JIETTMPOBAHNUS 1 HEPAPXUIECKOMY YPOBHIO pa3pabaTsiBaeMOi
MOJIENH, HAaIIpUMeEp crieluanu3uposanuble nporpaMMel STICS
(Constantin et al., 2012), OpenAlea Modelling Framework
(Pradal et al., 2008) i mpyTue A MOIETUPOBAHUS PACTECHHIH,
MIOCEBOB M arpOCHCTEM JIOO CPeJICTBA MOJICITMPOBaHUS OoJiee
obmiero HaszHaueHus (Hampumep, Mathematica, Modelica,
Matlab u mp.).

Kpowme Toro, crieryer nMeTh B BULY, 4TO TIOSIBIICHHUE HOBBIX
OKCHEPUMCHTAJIbHBIX MCTOAOB U M3MEPACMBIX MMapaMETpPOB
COBMECTHO C Pa3BUTHEM HH(POPMALMOHHBIX ¥ BBIYUCIUTEIb-
HBIX TEXHOJIOTHI MOAEIMPOBAHUS MOXKET MOTpeOOBaTh pas-
pabOTKKM MOJIeIIel, ONMCHIBAIOIINX MTPOLIECCHI, Il KOTOPBIX
paHee He ObUTO BO3MOXKHOCTH ITOJTy4aTh SKCTIEPUMEHTAIbHBIE
JTaHHBIC, IPUMEHATH BCe OOJIee COBEPIICHHBIE METOIBI HJICH-
TU(UKALUK TAPAMETPOB, B PE3YJIBTATE BCETO 3TOI0 UMEIOIINX
BBICOKYIO ITPOTHOCTHYECKYIO CIOCOOHOCTb.
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Cratuctuueckas u rpapudeckasi (GGE biplot) orteHka
agarITUBHOI CIIOCOOHOCTI U CTaOMIbHOCTHU
Ce/IeKIMMOHHbIX JINMHUN SUMEHS 031IMOTO
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B cBA3U ¢ rnobanbHbIMU KNUMATUYECKUMU U3MEHEHNAMM NOCNIEQHNX JIET OCTPO CTOMT BOMPOC NOBbILLEHNA aAanTUBHO-
ro noTeHuMana CenbCKOX03ANCTBEHHbIX KyNbTyp. HeobxoAMmo co3faHre COpTOB 03VMbIX 3€PHOBbIX KaK C KoNornye-
CKOW aAanTBHOCTbIO, TaK U CNOCOBHOCTHI0 POPMUPOBATL CTabUIbHBIV YPOBEHb YPOXKANHOCTI B pa3Hble MO rMapoTep-
MMUYeCKM ycnoBram roaa. C Lenblo BbiBejeHNA COPTOB AUMEHA 03UMOTO C COYETaHMEM YPOXKANHOCTM U CTabUNbHOCTH
B MMPOHOBCKOM MHCTUTYTe MnweHnubl nMmeHn B.H. Pemecno HaunoHanbHOM akageMumn arpapHbix HayK YKpaviHbl B
2012/2013-2014/2015 rr. ucnbitbiBany 14 nepcnekTUBHbIX CENEKLNOHHbIX IMHUIN AYMEHA O3MMOro, UCMOMb3yA Ye-
Tblpe Pa3nyHbIX Cpoka ceBa. C MOMOLLbIO ANCNEPCMOHHOIO aHan3a BbiAB/IEHbl JOCTOBEPHbIE BKaAbl B BapuaLuuio
YPOXaNHOCTW: ycnoBun cpefbl — 64.59 %, B3anmopenctsuna reHotun-cpepa — 16.84 % n reHotna — 15.57 %. Cpoku
CeBa CyLEeCTBEHHO BAMAMIN Ha yBeNIMYeHNe BapbUPOBaHUA YPOXANHOCTY NMUHWIA. PasHuLUa MeXay CpeaHnMn 3Haue-
HUAMM YPOXKaNHOCTM MO CPOKaMm ceBa B Npefenax roga coctasnana: 2012/2013 r. - 1.05 1/ra, 2013/2014 r. - 0.90 1/ra,
2014/2015 r. - 1.25 1/ra. ina xapakTepuCTKM B3anMOAENCTBMA reHOTUMN—CPeAa U PaHXNPOBaHWA IMHUI MO ypoXxai-
HOCTV MPUMEHANN HECKONbKO Hanbonee pacnpoCTpaHeHHbIX CTaTUCTUYECKUX MapameTpoB afanTUBHOCTY, CTabunb-
HoCTWY, NnacTmyHocTy 1 GGE biplot. icnonb3oBaHme pa3nunyHbIx CPOKOB CEBa Ha 3aBepLUaloLLeM STarne ceneKUMOHHOro
npouecca AYMEHA 03UMOro — NMPOCTON, HO 3PPEKTUBHDBIN NOAXOL, NO3BONALWMIA 6onee feTanbHO OLEHUTb afanTmB-
HOCTb CeNIeKLMOHHbIX IMHNI B MEHAIOWNXCA YCIOBUAX BereTaumn. Mo cpaBHEHMIO C CTaTUCTUYECKMMU MOoKa3aTenamm
GGE biplot nmeeT pag npenmyLiecTB ANA XapakTepUCTUKM B3aMIMOAENCTBUA reHoTUN-cpefa. JTa rpaduyeckana mo-
[lenb No3BOSIAET BM3yanu3npoBaTb paHXnpoBaHve cpeq no anddepeHLmpyoLLein CToCo6HOCTU 1 penpe3eHTaTUBHO-
CTW, @ TaK>Ke BbIAeNATb FreHOTUMNbI Kak cneumdryeckn afanTpoBaHHble, Tak U C ONTYMaJIbHbIM COYeTaHMeM NoTeHuma-
Na ypOoXalHOCTY 1 CTabribHOCTIN B COBOKYMHOCTU Cpef (Meracpen). BoigeneHbl cenekymMoHHas MHUA C ONTUManbHbIM
coyeTaHneMm ypoxKanHocTu 1 ctabunbHocTu Pallidum 4816, a Takxke BbicokonpoayKTMBHble nMHuKM Pallidum 4857 v Pal-
lidum 4659, KoTopble NepefaHbl Ha rOCYAAPCTBEHHOE COPTOUCTIbITaHME YKpauHbl Kak HOBble COPTa AYMEHSA 03MMOrO:
MW Acon, MU Ockap n MUT Mapnatop.

KntoueBble CnoBa: 03MMbII AYMEHb; CENEKLMOHHbIE NMHUW; CPOK CeBa; YPOXKaNHOCTb; B3aMMOAENCTBME reHOTUMN - Cpe-
[1a; NapameTpbl aJanTUBHOCTY, NNAaCTUYHOCTY, cCTabunbHocTu; GGE biplot.

Ona untnposanusa: yaseHko B.H. Ctatuctnueckas n rpadpuryeckasn (GGE biplot) oueHka apanTBHOWM CMOCO6HOCTM 1
CTabMIIBHOCTMN CENEKLMOHHbIX JIMHWI AYMEHA 03MMOTO. BaBMNOBCKINI XKypHan reHeTKkn n cenekummn. 2019;23(1):110-
118.DOI 10.18699/VJ19.469

Statistical and graphical (GGE biplot) evaluation
of the adaptive ability and stability of winter barley breeding lines

V.N. Gudzenko

The V.N. Remeslo Mironovka Institute of Wheat of NAAS of Ukraine, Kiev region, Tcentralnoe village, Ukraine
& e-mail: barleys@mail.ru

Due to current global climate changes, the issue of improving adaptive capacity of crops is of high importance. It is
important to create winter crop varieties with both ecological adaptability and yield stability in years with different
hydrothermal conditions. In order to develop winter barley varieties with a combination of yield and stability, 14 prom-
ising breeding lines have been evaluated in the conditions of the V.M. Remeslo Myronovka Institute of Wheat of NAAS
of Ukraine in 2012/2013-2014/2015 using four different sowing dates. The ANOVA revealed a reliable part in yield varia-
tion: 64.59 % for environment, 16.84 % for genotype—environment interaction, and 15.57 % for genotype. The sowing
dates significantly increased the yield variation of the breeding lines. The differences between the average yields of
the lines depending on sowing date within the year were 1.05 t/ha in 2012/2013, 0.90 t/ha in 2013/2014, and 1.25 t/ha
in 2014/2015. For genotype—environment interaction interpretation and ranking lines by yield a number of the most
known statistical parameters of adaptability, stability, and plasticity and GGE biplot were applied. The use of different
sowing dates at the final stage of the winter barley breeding process is a simple but effective approach that allows a
more detailed assessment of the adaptive potential of breeding lines in various growing conditions. As compared to
statistical parameters, GGE biplot has some advantages for interpretation of genotype-environment interaction. This
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CraTuctyeckas v rpapryeckas oLeHKa aganTiBHOM
CNOCOBHOCTM 1 CTAaBUSIBHOCTM AYMEHSA 03VIMOTO

graphic model allows ranking environments to be visualized for their discriminating ability and representativeness, as
well as both specifically adapted genotypes and the ones with the optimal combination of yield potential and stabil-
ity to be identified in a set of environments (mega-environment). The breeding line Pallidum 4816 with the optimal
combination of yield and stability, as well as the high-yielding breeding lines Pallidum 4857 and Pallidum 4659 were
identified and submitted to the State Variety Testing of Ukraine as the new winter barley varieties MIP Yason, MIP Oskar

and MIP Hladiator.

Key words: winter barley; breeding lines; sowing date; yield; genotype-environment interaction; parameters of adapt-

ability, plasticity, stability; GGE biplot.
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BBepeHune
B cBsi3u ¢ m100aNbHBIME KIMMATHYCCKUME H3MCHCHUSIMU
MOCJICAHUX JIET OCTPO CTOMUT BOIPOC MOBBIIICHHS aIalTHB-
HOTO TIOTEHITHANa CEIbCKOXO3SHCTBEHHBIX KYIBTYp Kak B
JKOJOTMYCCKOM TPAIMCHTE, TaK U COCOOHOCTH (HOpMUPO-
BaTh CTAOMJIBHBIN YPOBEHb YPOJKafHOCTH B Pa3HbIC 1O THA-
porepmudecknM ycioBusMm roasl (Nicotra et al., 2010; Di-
mova et al., 2012; Gebremedhin et al., 2014; Mirosavljevic
et al., 2014; Ingvordsen et al., 2015; Macholdt, Honermeier,
2016). CopTa 03UMBIX KYJBTYpP IOIDKHBI XapaKTePH30BaThCS
CTaOMITBHOM YPOKaHHOCTBIO [T PA3HOTO BPEMECHU BCXOJIOB,
KOTOPBIE MOTYT CUJIBHO BapbHUPOBATh B MMPOU3BOJACTBCHHBIX
YCIIOBHSIX B 3aBHCHMOCTH OT CPOKOB CE€Ba, TEMIIEPAaTyPHOTO
peKHUMa TIOYBBI U BO3yXa, BIArooOECIICYEHHOCTH MOYBHI,
CpoKa yOOpKH MPEAIIECTBEHHUKOB M JIPYTUX (haKTOPOB.
Crnemyer OTMETHTB, YTO B IPOU3BOACTBEHHBIX YCIOBHAX JIe-
cocTeny YKparHbI CPOKH CEBa TUMECHSI 03UMOT0 BAPBUPYIOT B
mpezenax KOHEI[ CeHTA0ps—KoHel oKTA0ps. [1pu pa3nudnbix
CpOKax TMOSIBICHUS BCXOIOB PACTCHUS B 3SUMHHI NIEPUOI U B
TEUCHHC BECCHHE-JICTHCH BEreTAIMH ITOJIBEPTAOTCS BO3/ICH-
CTBHIO A0OMOTHYECKUX U OMOTHYECKHUX CTPECCOB Ha Pa3HBIX
JTalax OpraHoreHe3a, YTO MOXKET CYIICCTBEHHO BIHATH Ha
UX POCT, Pa3BUTHC U B UTOTC — HA YPOBCHH YPOKANHOCTH.
[To3mHue cpoku ceBa (BTOpast IMOJIOBHHA OKTSIOPS) B e JIET
CYIIECTBEHHO CHIDKAIOT YPOKAMHOCTD STIMCHS B pPe3yJIbTaTe
MOBPEKIICHUSI TIPU TICPE3UMOBKE, a TAK)KE HCTIOIHON KOM-
MEHCAIIMA PACTCHUSMH BECHOW HEIOCTATOYHOTO OCCHHErO
KymieHus. VccrnenoBanne CeNeKIMOHHBIX JTUHUH O03UMBIX
3CpHOBBIX KYIBTYp C HUCIOJH30BAHUCM PA3IHYHBIX CPOKOB
CeBa Ha YPOBHE KOHKYPCHOTO COPTOMCIIBITAHHUS MOYKET II03BO-
JIUTB TeTICHATIPABICHHO OTOMPATH aJAITHBHBIC TE€HOTHITHI IS
MepeIavd B CHCTEMY TOCYIapCTBECHHOTO COPTOUCITBITAHMSL.
HJ’IS[ HHTCPHOPETALIUN PE3YIbTATOB MHOTOCPCIOBBIX HIIU
MHOTOJIETHUX WCIBITAHUHA W BBIACICHUS TEPCIEKTHBHBIX
TCHOTHITIOB B Pa3HBIC TOIBI MPEIIOKEH PsiI U3BECTHBIX Ma-
TEMATHUYCCKU-CTATUCTUYCCKUX MECTOANK OLICHKH a}IaHTHBHOﬁ
CIOCOOHOCTH, TUTACTHYHOCTH U cTabmibHOCTH (Wricke, 1962;
Finlay, Wilkinson, 1963; Eberhart, Russel, 1966; Tai, 1971;
Shukla, 1972; KunsueBckuii, XoTeuiena, 1985; Lin, Binns,
1988; Huehn, 1990). B mocnennee BpeMs MHPOKOE pacIIpo-
CTpaHCHHE IS XapaKTEPUCTHKH B3aUMOICHCTBHUS TCHOTUII—
cpela MMEHOT MOAXO/bI, MO3BOJISIONINE BU3YaIHM3UPOBAThH
pacripenieieHie TeHOTHITOB M CPeJl UCIIBITAaHHUS B TIPOCTPaH-
CTBC INIaBHBIX KOMITOHEHT, B yacTHOCTH GGE biplot Mmomens
(Jalata, 2011; Ahmadi et al., 2012; Farshadfar et al., 2012;
Mortazavian et al., 2014; Sarkar et al., 2014; Mohammadi et
al., 2015; Solonechnyi et al., 2015; Dimitrova-Doneva et al.,
2016; I'yazenko u np., 2017). [IpeumyiecTBa u 0COOEHHOCTH

JTAHHOTO ITO/IX0/1a MOAPOOHO OCBEIICHBI B OPUTHHAIBHBIX CO-
obmenusax (Yan et al., 2000; Yan, Tinker, 2006).

C 1eNBIO BBIJACICHUS CEICKIIMOHHBIX JTHHUN SUMEHS O3H-
MOro, KOTOpre COYCTAKOT NIOTCHLIKAT HpO[lyKTl/IBHOCTI/I U CcTra-
OMJIBHOCTD B KOHTPACTHBIC IO MOTOIHBIM YCIOBHSM IOJa,
WCTIONB30BANIA PA3JINYHBIC CPOKH CEBa C MOCIEIYIOIICH UH-
TepIpeTalUeH PKCIIEPUMEHTAILHBIX JAHHBIX HanOoJIee pac-
MPOCTPAHEHHBIMH CcTaTUCTHUeCKUMH moaxonamMu u GGE
biplot.

MaTeleaﬂbl n metogbl

WccnenoBanust mpoBoAMIM B MUPOHOBCKOM HHCTHTYTE
nuenuns! uMeny B.H. Pemecno HanuonaneHoM akanemuun
arpapHbIX HayK Yikpauasl B 2012/2013-2014/2015 1. Cran-
JIapT — copT stluMeHst o3umoro JKepap u 14 mepcrieKTHBHBIX
CCJICKIITMOHHBbIX JIMHUN €IKETOJHO CCAJIM B YCTHLIPE CPOKa:
27 cents0ps, 4 okraops, 11 oxrabps u 18 okTs0pst. Takum
00pazom, 3a TpH Iojia MOJTy4EHBI ypOKaiHbIC TaHHbIE HCITbI-
TaHuW TMHUN B 12 cpenax.

JUts paHXUPOBAaHUS U OLEHKH CEJEKIMOHHBIX JTUHUI
10 COYETAHUIO YPOXKAHHOCTH M aaNTHBHOCTH HCIIOJIb30Ba-
JIM CTaTUCTHYECKHUE TI0Ka3aTeln: 001ast a1alTHBHAs CII0CO0-
HOCTb — GAA,, BapyaHca crienn(puIecKoil a1anTUBHOH cro-
co6HOCTH — 62SAA,, OTHOCHTENbHAS CTAOMIBHOCTh TeHOTH-
na — Sg;, CENEKIMOHHAs LIEHHOCTh reHoruna — SVG, (Kub-
4eBCcKui, XoTbIIERa, 1985), koadpuumenT perpeccun — b, u
cpe/iHeKBa IpaTHieckoe oTkinoHenne — S2d; (Eberhart, Russel,
1966), oxoBanenca — W, (Wricke, 1962), nokasaress npeumy-
mectBa copra — P; (Lin, Binns, 1988), nenmapamerpudeckue
MOKa3aTeN CTaOMIBHOCTH — Sl.(” u Sl.(z) (Huehn, 1990). dns
yA00CTBa CPAaBHEHUS! JIMHUSM I10 Ka)KIOMY Mapamerpy MpH-
CBaMBaJIM COOTBETCTBYIOMMH paHr (R). Jlyumemy 3Ha9eHUIO
rapaMeTpa COOTBETCTBYET CIMHHUIIA.

Cornacuo meronuke A.B. Kunsuesckoro u JI.B. Xotbié-
Bo# (1985), xapakrepu3oBanu auddepeHInpyIONIyo CIo-
COOHOCTB CpeJl C MOMOIIBIO TTAPAMETPOB: POAYKTHBHOCTD
cpenbl — d,, BapuaHca B3aMMOJICHCTBHS TEHOTUII—Cpesa —
0%(GxE),,, Bapnanca auddepeHupyomeil ciocooHOCTH
cpensl — 62DAE,, K0d3(hQUIHEHT HEMMHEHHOCTH OTBETA Te-
HOTUIIOB Ha cpefy — L, oTHocuTenbHas AudpepeHupyro-
1mas crocoOHOCTE Cpeibl — S, , KOO HUIMEHT KOMIIEHCALMH
cpensl — K . J1ns rpad4eckoro aHaan3a MpHMEHSIIH TTaKeT
npukinaaaeix nporpamm GGEBiplotGUI Ha ocHoBe R-mpo-
rpammupoBanus (Frutos et al., 2014).

Pe3ynbratb
KonTpacTHble 10 THIPOTEPMUUECKOMY PEKUMY IOTOAHBIE
ycCJoBus JIET I/ICCJ'IelIOBaHI/Iﬁ IMMO3BOJIMJIIM BCECTOPOHHC OLC-
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Table 1. Meteorological conditions during the winter barley growth season, 2012/13-2014/15

Month  Monthly precipitation, mm

Monthly average air temperature, °C

2012/2013 2013/2014 2014/2015 Long-term 2012/2013 2013/2014 2014/2015 Long-term
mean mean
. | X .............. 6 00 ..................... 1344 ..................... 230 ................... 5 06 ....................... 16 7 ..................... 12 7 ..................... 147 ..................... 145 .................

X450 ......................... 76 ..................... 350 ................... 3 79 ....................... 106 ..................... 96 ....................... 71 ........................ 81 ....................

X| .............. 2 70 ....................... 335 ..................... 170412 ........................ 4 6 ....................... 6 7 ....................... 17 ....................... 21 ....................

X“ ............. 9 80 ......................... 81 ...................... 300419 ..................... - 46 ..................... - 05 ...................... - 21 ...................... - 21 ....................

. | ................ 6 60 ....................... 33 8 ..................... 33 0 ................... 3 4 2 ...................... - 3 8 ..................... - 43 ...................... - 08 ..................... - 4 3 ...................

. " ............... 6 70 ......................... 5 6 ..................... 2 1 0 ................... 3 1 0 ..................... - 0 1 ...................... - 08 ..................... - 1 3 ...................... - 3 3 ...................

. | | | .............. 8 90 ....................... 142 ..................... 600 ................... 3 3 5 ...................... - 1 0 ....................... 6 5 ....................... 4 7 ....................... 1 7 ...................

|V .............. 3 50 ....................... 607 ..................... 340426 ....................... 105 ..................... 101 ...................... 93 ....................... 92 ...................

. V .............. 6 10 ..................... 1583 ..................... 550 ................... 5 28 ....................... 19 0 ..................... 17 3 ..................... 163 ..................... 15 4 .................

. V| .............. 5 70 ....................... 4 75 ................... 1010 ................... 8 44 ....................... 21 4 ..................... 18 0 ..................... 194 ..................... 185 .................

Table 2. Grain yield (metric t/ha) in winter barley breeding lines
depending on sowing date in 2012/13

Code Reference, Sowing date Mean
breeding lines 131*132*133*134*

61 .............. Zherar ................... 446 ...... 432 ...... 393 ...... 368 ....... 410 .........

Gzpa||,dum4857 ...... 540 ...... 533 ...... 475 ...... 447 ....... 499 .........

Ggpa||,dum4816 ...... 521 ...... 518 ...... 468 ...... 441 ....... 487 .........

G4 Panllelum4418 491 472 412 397 443

G5pa||,dum4483 ...... 530 ...... 516 ...... 445 ...... 406 ....... 474 .........

G6pa||,dum4836 ...... 541 ...... 498 ...... 443 ...... 402 ....... 471 .........

G7Pa|||dum4659 ...... 522 ...... 519 ...... 473 ...... 456 ....... 494 .........

Ggpa|||dum4031 ...... 544 ...... 488 ...... 437 ...... 422 ....... 473 .........

Ggpa|||dum481() ...... 549 ...... 497 ...... 447 ...... 409 ....... 476 .........
G10 Pallidum 4792 489 475 4.12 4.01 4.44

analhdum4860 ...... 524 ...... 505 ...... 448 ...... 422 ....... 475 .........
G12pa||,dum4879 ...... 497 ...... 485 ...... 409 ...... 401 ....... 448 .........
G13pa||,dum4723 ...... 535 ...... 517 ...... 441 ...... 402 ....... 474 .........
G14pa|||dum4654 ...... 532 ...... 507 ...... 435 ...... 403 ....... 469 .........
G5 Pallidum4606 512 509 416 412 462
Mean ....................................... 518 ...... 498 ...... 437 ...... 413 ....... 467 .........
LSDOS ....................................... 032 ...... 038 ...... 028 ...... 036 ....... 033 .........

Here and below: * year and sowing date.

HUTb CEJeKIMOHHbIE TUHUM (Taba. 1). Crexyer oTMETHTS,
gyT0 Markue 3uMbl 2012/2013-2014/2015 . He OKazamu cy-
IIECTBEHHOTO BIIMSHUS Ha pe3yJbTaThl nctblTanui (audde-
PEHIMALUK TI0 3MMOCTOWKOCTH), @ OOJIBIINIT BKJIA]] B BAPbH-
pOBaHME YpOKaTHOCTHU UMEJIN YCIIOBUSI OCEHHEN U BECEHHE-
JIeTHEW BereTalyu.

B 2012/2013 rr. oTMeueHsl 1o3jHee BO30OHOBIICHHE Be-
CEHHell BereTanuy U IOBBIIICHHBIC TEMIIEPATYPhbl BO3/1yXa
B alpesie—MIoHe, YTO MPUBENIO K COKPANICHHUIO MIepHo/ia Be-
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TeTalyu, IPaKTUIEeCKN OTCYTCTBUIO BECEHHETO MPOIYKTHB-
HOTO KYyIIEHHUS W TIOCIIEYIOIEero MoAropanus 3epHa. Mak-
CHUMAJIbHYIO CPE/IHIOI0 YPOXKaiHOCTb 110 ONBITY JIMHUU cop-
MHPOBAJIH B IEPBOM CpPOKe ceBa — 5.18 T/ra, HECKOIBKO HIKE
BO BTopoM —4.98 1/ra (Tabmn. 2). B TpeTbeM 1 ueTBepToM cpo-
Kax ceBa ypoXkaiHOCTb OblIa CyIeCTBEHHO HIKe —4.37 T/ra
n 4.13 T/ra COOTBETCTBEHHO. DTO CBI3aHO C TEM, YTO MEHEE
Pa3BUTHIE paCTEHUS ABYX MOCJIETHUX CPOKOB ceBa ObIIN Ooj1ee
TIO/IBEPIKEHBI ICHCTBUIO HEOJIArOMPUSITHBIX YCIOBHI.

OO0umMH 0COOCHHOCTAMH ABYX Mocneayromux et (2013/
2014 1 2014/2015 1) 6BUTH BEICOKHH YPOBEHb PacipocTpa-
HeHUsI BO30yauTelielt 0Oomnesneit (Mmyuynuctas poca (Blumeria
(Erysiphe) graminis (DC.) Golovin ex Speer f. sp. hordei
Em. Marchal), ceruaras (Pyrenophora teres Drechs.), TeMHO-
oypas (Bipolaris sorokiniana (Sacc.) Shoem.) u nonocaras
(Pyrenophora graminea Ito & Kurib.) natHECTOCTH, 2 TaKOKe
KapimkoBast pxkaBunHa (Puccinia hordei Otth.)).

CylecTBEHHOE MPEBBIIICHUE KOJINYECTBA OCAJKOB HaJ|
MHOTOJIETHEH HOpMOii B Mae 2014 1. cripoBOIMpPOBAaIo CUITEHOE
TIOJIEraHKe PaCTEHHUH, 0COOEHHO B IIEPBBIX JIBYX CPOKax CeBa.
Cienyer OTMETUTh, YTO HHTEHCUBHOMY Pa3BUTHIO PACTEHUI
B 3THX CPOKH CEBa CIIOCOOCTBOBAIM M OOMIIBHBIE OCA/IKU B
centsiope 2013 r. [TosTomy MakcuManibHOE 3HaYEHHE YpOXKa-
HOCTH OBLIO B TPEThEM CpOKe ceBa —4.83 T/ra, MUHUMAJIbHOE
B mepBoM — 3.93 1/ra (Tabm. 3).

B nemnom 1o cpaBHEHHUIO ¢ ABYMS IPEIBIAYIIUMA TOJaMu
ycioBust 2014/2015 1. Obutn Haubosee ONAronpUsTHBIMU
JUI pOocTa M Pa3BUTHsA SUMEHS 03MMOro. B To xe Bpems y
HEYCTOWYMBBIX JIMHAH B 3TOM IOy OTMEUaJIH MOJIETaHuE, 0CO-
OEHHO B IIEPBOM CPOKE ceBa. MaKCHUMaIIbHYIO YPOXKalHOCTb
OTMETHJIH BO BTOPOM CpoKe ceBa — 6.33 T/ra, HAUMEHBIIYIO
B mocnenHeM — 5.08 T/ra (Tabm. 4).

0000111351 TpEXJIeTHHE PE3YyJIBTAThI HCCIICIOBAHUH, CIICAYET
OTMETHUTD, YTO N3MEHUYMBOCTD YCIOBUI BETETAI[MN PACTCHUI
B Pa3HBIC TO/IbI 3HAUUTEIBLHO BIIMSIIA HA yPOXKAHHOCTD CEIIeK-
LIMOHHBIX JIMHUI. CPOKH CeBa BIMSUIIN Ha yBEIIMUCHUE BapHa-
0eTpHOCTH ypoXKaHOCTH. Pa3sHnIa MeX Iy CpeTHIM 3HaYeHH-
€M ypOXKaifHOCTH B OIIBITE [0 CPOKAM CEBa B MPEAEIax roja
cocrapisia: 2012/2013 . — 1.05 1/ra, 2013/2014 . — 0.90 T/Ta,
2014/2015 1. — 1.25 1/ra. I[Tpn 3TOM MakCUMAaIILHBIN YPOBEHD
YPOXalfHOCTH JIMHUH 110 CPOKaM CeBa BApbUPOBAJI T10 TO/IaM.
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Table 3. Grain yield (metric t/ha) in winter barley breeding lines
depending on sowing date in 2013/14

Code Reference, Sowing date Mean
breeding lines 141142143144
G1 .............. Zherar .................. 415 ...... 441 ...... 501 ...... 445 ...... 451 ..........

Gzpa|||dum4857 ..... 523 ...... 546 ...... 609 ...... 585 ...... 566 ..........

G3pa||,dum4816 ..... 521 ...... 529 ...... 579 ...... 522 ...... 538 ..........

G4para||e|um44183g1 ...... 406 ...... 598 ...... 544 ...... 482 .........

G5pa|||dum4483 ...... 375 ...... 402 ...... 569 ...... 577 ...... 431 ..........

G6pa||,dum4336 ..... 370 ...... 453 ...... 546 ...... 432 ...... 463 ..........

G7Pa"|dum4659 ..... 450 ...... 453 ...... 485 ...... 484 ...... 468 ..........

Ggpa||,dum4031 ...... 435 ...... 463 ...... 479 ...... 469 ...... 462 .........

Ggpa|||dum4810 ..... 383 ...... 406 ...... 432 ...... 460 ...... 422 ..........

G10p3||,dum4792 ..... 355 ...... 397 ...... 432 ...... 462 ...... 412 ..........

G11pa||,dum4860 ..... 387 ...... 413 ...... 419 ...... 420 ...... 410 ..........

G12pa||,dum4879 ..... 319 ...... 332 ...... 434 ...... 463 ...... 387 .........

G13Pa“|dum4723 ...... 344 ...... 372 ...... 396 ...... 404 ...... 379 .........

G14pa||,dum4654 ..... 325 ...... 376 ...... 397 ...... 382 ...... 370 ..........

615 pa|||dum4605 ..... 3” ...... 342 ...... 367 ...... 362 ...... 346 ..........

Mean ....................................... 393 ...... 422 ...... 483 ...... 471 ...... 442 .........

LSDOS ....................................... 034 ...... 034 ...... 031 ...... 027 ...... 032 .........

Table 4. Grain yield (metric t/ha) in winter barley breeding lines
depending on sowing date in 2014/15

Code Reference, Sowing date Mean
breeding lines 151152153154
G1 .............. Zherar ................... 612 ...... 641 ...... 549 ...... 534 ...... 584 ..........

Gzpa||,dum4857 ...... 658 ...... 678 ...... 623 ...... 533 ...... 623 ..........

Ggpa||,dum4g16 ..... 662752 ...... 598 ...... 519 ...... 633 ..........

G4Para“e|um4418574 ...... 655 ...... 503 ...... 455 ...... 547 ..........

G5pa||,dum4483 ...... 587 ...... 603 ...... 561 ...... 497 ...... 562 ..........

G6Pa"|dum4836 ..... 607 ...... 617 ...... 568 ...... 517 ...... 577 ..........

G7Pa“|dum4659 ..... 683 ...... 693 ...... 624 ...... 59] ...... 648 ..........

Ggpa|||dum4031 ...... 503 ...... 690 ...... 635 ...... 551 ...... 595 ..........

Ggpa|||dum4810 ..... 523 ...... 615 ...... 565 ...... 501 ...... 551 ..........

G10pa||,dum4792 ...... 511 ....... 564 ...... 513 ...... 463 ...... 513 ..........

G11pa||,dum4360 ..... 626 ...... 630 ...... 610 ...... 512 ...... 595 ..........

G12pa||,dum4879 ..... 471 ....... 537 ...... 516 ...... 498 ...... 506 ..........

G13pa||,dum4723 ...... 509 ...... 588 ...... 545 ...... 503 ...... 536 ..........

G14pa||,dum4654 ..... 566 ...... 603 ...... 588 ...... 465 ...... 556 ..........

G15Pa"|dum4606 ..... 573 ...... 626 ...... 546 ...... 488 ...... 558 ..........

Mean ....................................... 578 ...... 633 ...... 570 ...... 508 ...... 572 ..........

LSDOS ....................................... 024 ...... 026 ...... 027 ...... 025 ...... 026 ..........
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Table 5. Analysis of variance for the yields in winter barley
breeding lines
Source SS df MS Percentage
of variation of variation
Genotype 63.47 14 4.53% 15.57
Environment 263.28 11 23.93%  64.59
Genotype- 68.63 154 0.45% 16.84
environment
interaction
Error 12.24 360 0.03 3.00
Total 407.62 539

Notes: SS - sum of squares, df — degree of freedom, MS — mean square,
* significant at p < 0.01 %.

Hamubornee BbIcOKas B cpeHEM I10 OTIBITY YPOXKAWHOCTB OT-
meveHa B 2014/2015 r. Bo BropoMm cpoke cea — 6.33 1/ra. Mu-
HUMaJIbHasl cpeiHsisl ypokaitHocTs Obita B 2013/2014 1. ipu
TepBOM cpoke ceBa — 3.93 1/ra. AGCOTIOTHAs MUHUMATbHAS
ypoxaitnocTs (G15—3.11 1/ra) oTMedeHa npu epBoM Cpoke
cesa 2013/2014 r., makcumansHast (G3 — 7.52 1/ra) — Bo BTO-
pom cpoke 2014/2015 1. Takast BapnaOeTbHOCTD yPOXKAHOCTH
CBHUJICTEILCTBYET 00 OTCYTCTBHH OIHOTO YHHBEPCAILHOTO
KaJICHIapHOTO CpOKa ceBa siuMeHs o3umoro. [lonyueHHbIe
JTaHHBIE TTOATBEPKAAIOT HEOOXOANMOCTh CO3/IaHHsI COPTOB,
CTHOCOOHBIX K pean3aliy MPOAYKTUBHOTO MOTEHIMAIA TIPH
BapbUPYIOIIHNX CPOKAX CEBA B IPOU3BOJACTBCHHLIX YCIOBUAX.

JlucriepcHOHHBIN aHaTN3 MOKA3bIBACT, YTO HAMOOIIBIITHIA
BKJIa]] B BAPHALMIO YPOXKAHHOCTH UMEJH YCIIOBUS CPEIbl —
64.59 %, cyIecTBeHHO HIKE, TPAKTUYECKU PAaBHO3HAYHO —
B3aMMOJICHCTBUE TeHoTUNI—cpena — 16.84 % u reroTum —
15.57 % (tabn. 5).

O6¢cyxpeHue

Jlnist TTOITHOTO aHaM3a HKCIIEPUMEHTAIBHBIX JaHHBIX B3aH-
MOJICHCTBHS T€HOTHUI—Cpella HeoOXOAUMO yUUTHIBATh HE
TOJIBKO OIIEHKY T€HOTUIIOB, HO M JIBa APYTUX BAXKHBIX ACTIEK-
Ta: MEracpe0BON aHAJIM3 M OLIEHKY cpes ucnbiTanus (Yan,
Tinker, 2006).

OnauM n3 npenmyecTs Metoanku A.B. Kunsuesckoro u
JI.B. XotenéBoii (1985) siBisieTcst BO3MOKHOCTH XapaKTepH-
30BaTh CPEIIbl HCIIBITAHUI 110 TU(PPEPEHIUPYIOIICH CITOCO0-
HOCTH W JIpyruM mapamerpam (tabm. 6). Huskue 3HaueHUS
nuddepenumpyrouieit cnocobHoctn cpenbl (62DAE) ) 1 0THO-
cuTeNbHOM muddepenupyomel cnocodbrocTy cpeasl (S,,), a
TaKyKe CHIIbHBIH KomneHcupyromuii sdpdexr (K, =0.34-0.56)
OTMEYEHBI BO BceX YeThIpex cpokax cesa 2012/2013 . Cneny-
€T OTMETHTBh, YTO OHHU JIOCTATOYHO CHIIBHO Pa3INnYaIich MEX-
1y co6oii o npoxykruBHOCTH (d, ). Beicokumu 6?°DAE, u S,
XapaKTepH30BaINCh YeThIpe cpoka cesa 2013/2014 1., a Taxke
nepBble iBa cpoka ceBa 2014/2015 r. B aTux cpenax orMeueH
BBICOKHMH JecTabunusupyromuii sdpdexr (K, = 2.50-5.47).
Bce cpoxu cepa 2013/2014 1. nMenu HU3KYIO d), 0COOEHHO
nepBbIe 1Ba. B POTHBONONOKHOCTE 3TOMY, TIEPBBIE /1B CPOKA
cepa 2014/2015 r. umeny HaUBBICIIYIO d, B ONBITE. YCIIOBHSA
JIBYX TociieTHuX cpokoB cesa 2014/2015 r. 3annmanu npo-
MEKYTOUHOE ITOJIOKEHUE MEXK/1Y PACCMOTPEHHBIMHU CPEIaMHU,
HO MEXAy coOOH OHHM JOCTATOYHO CHIIBHO OTIMYAJIUCH T10
d,. B cpene 15-3 npepanupoBany JecTaOMIN3HPYIOIIHE d¢)-
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Table 6. Test environment parameters for the evaluation
and selection of breeding lines

02(GXE),, 02DAE, Ly Sek Ko

Environ-  d,

Notes: d, productivity of the environment; 02(GxE),,, variance of genotype
X environment interaction; 02DAE,, variance of the discriminating ability of
the environment; L, coefficient of the nonlinear response of the genotype
in the environment; S, relative discriminating ability of the environment;

Ko, coefficient of compensation of the environment.

(hektsl, a B 15-4 3¢phexThl KOMIICHCAIIUH U I€CTAOMTH3AIMN
OBUTH Ha OTHOM ypoBHE. [IpuBeIeHHbIC TaHHBIE YKA3bIBAIOT
Ha pa3jINYHyI0 MPOAYKTUBHOCTH (DOHOB HMCCIICAOBAaHUH, a
TaKXKe Ha UX CHOCOOHOCTH AU((PEPEeHIUPOBATh T€HOTHIIBI.
VYemosus cpex 13-1, 13-2, 13-3, 13-4 MoxHO XapakTepu3o-
BaTh Kak HUBenupyroomuii gon; 14-1, 14-2, 14-3, 14-4, 15-1,
15-2 — ananusupyromuii; 15-3, 15-4 — cTabuIn3upyroIuii.

Statistical and graphical evaluation
of the adaptive ability and stability of winter barley

XapaKTepUCTUKa CEJICKLUUOHHBIX JUHUM 110 IlapaMmerpam
aIalITUBHON CIOCOOHOCTH, TNIACTUYHOCTH M CTAOMIBHOCTH
npuBeneHa B Tabn. 7 u 8. Panru (R) oryeminBo yKas3pIBaioT
Ha OLIEHKY JIMHUIT TEM HIIM UHBIM [IAPaMETPOM U ITO3BOJISIOT
g depeHIpoBaTh TeHOTHUITEI MEXIY CO00i. MakcuMasHast
001mas azanTHBHAsg cI0coOHOCTh (GAA,) OTMedeHa y TMHUM
G2 1 G3. Camoe HU3KOE 3HAYEHNE BAPUAHCHI CIICHU(PHIECKOI
aJIANTUBHON criocobHoCTH (62SAA ;) OBLIO y CENeKUMOHHON
muaun G10, camoe Bbicokoe — y G15. Cnenyer oTMETUTS,
gyro nuHUA G15 ycTymana ocTaJbHBIM IO IOKa3aTensM OT-
HOCHUTEJIEHON CTaOMIBLHOCTH (Sg;) M CENEKIMOHHOM IIEHHOCTH
regoruna (SVG,). Ilo 5TuM nokasaTensM HIPEHMYLIECTBO
nmena cenekinonHas tuHus G2. OnTuMansHO! peakiuei Ha
U3MEHEHHUE YCIIOBUH cpejibl 1o ko3 puumnenty perpeccu (b;)
xapakTepusuposanachk TUHUSA G3. Bin3kol k oNTHMalIbHON
obuta peakuus y nunuii G8, G6, G4, G13. HaumMenee pearu-
poBaa Ha I3MEHEHHe ycIoBHUi cpensl muHusA G2, Hanbomee —
G15. B coOTBETCTBUM C CPEIHEKBAAPATUYECKUM OTKIOHE-
HueM (S%d,) u sxoBaneHcoii (W) cTabuIbHBIME OBLTH THHHH
G10 u G9. Ilo nokaszaremo npeumyiecTsa copra (P;) cy-
niecTBeHHO npesanuposany tuHuy G3 u G2. Jlyumee 3Have-
HHE TIePBOT0 HelapaMeTpUIECKOro 0Ka3aTeIs CTabMIbHOCTH
(Sl(l)) nmena muaAS G10, BTOpOoro HemapaMeTprudeckoro mo-
Kazaressi crabMIIbHOCTH (Sl.(2>) —G2. Takum 0Opazom, ciemyer
OTMETHUTb CYIIECTBEHHOE N3MEHEHHE PAHTOB CEJICKIIMOHHBIX
JIMHUH MO0 pa3HBIM [TOKA3aTEeNsAM.

st onpezeneHust cBsizeil MeXIy NPUBEICHHBIMU Tapa-
METpaMM U CPEeIHEH YpPOXKaHHOCTBIO MCIIOJIB30BAIU KOppe-
JISAIAOHHBIA aHanmu3 (Tabm. 9). BonbIMHCTBO TIOKa3aTenen
(0%SAA,, b, Si( D, Si(z), W, Sg;) He IMEIIO CYIeCTBEHHOH CBA3M
CO cpenHelt ypokaitHOCThI0. TakuM 0Opa3oM, 0TOOp JTUHMIMA
TOJIBKO TI0 ATUM TOKa3aTesIM MOXKET CIIOCOOCTBOBATH BBIJIC-
JICHUIO CTAOMIIBHBIX TEHOTHIIOB, HO TIPAKTHYECKH 0€3 y4eTa uX
YPOBHS ypoxkaiHOCTU. B TO e Bpemsi B KOMMEPUYECKOM COpTe

Table 7. Ranking of winter barley breeding lines according to parameters of adaptive ability and stability

R 02SAA; R

Notes: GAA;, general adaptive ability; 62SAA;, variance of specific adaptive ability; Sg;, relative stability of the genotype; SVG;, selection value of the genotype;
R, rank of the genotype.
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Table 8. Ranking of winter barley breeding lines according to parametric and nonparametric measures
of plasticity and stability

Notes: b;, coefficient of regression; $°d;, mean square deviation; W;, ecovalence; P;, cultivar superiority measure; 5,'(1) and 5‘.(2) , nonparametric stability measures;
R, rank of the genotype.

Table 9. Spearman’s coefficient of rank correlation between mean yield
and indices of adaptability, plasticity and stability

Index Mean yield b; S%d, w; P, st S 0%SAA; Sg;
bl ........................... S S S
52dl ......................... L
W, ............................ S S L
PI ........................... s L
. 551) ......................... s S S i
. 552) ......................... s R S S L
. 025AAI ................... o S S T S e
. sgl ......................... s S i S S S S
5VG’ ........................ S e e

HEOOXOIMMO CTPEMHUThCS AOCTHYD ONTHUMAJIBHOTO OajaHca
MEXIY YPOXKAWHOCTHIO M CTAOMJIBHOCTHIO. BhICOKas oTpu-
aTeNbHAasl CBA3Db BBISBICHA MEXy CpPETHEN YyPOXKAHHOCTHIO
U IIOKa3arejieM NperuMyliecTsa renotuna P; (r =—-0.96). Oto
CBHJIETENLCTBYET O TOM, YTO P, IPEMMYILECTBEHHO CBA3aH CO
CpEeHIM YPOBHEM YPOXaWHHOCTH, HO MEHBIIIE XapaKTepHU3Hu-
pyeT cTaOMIIBHOCTD TEeHOTHIIOB. BhIecpeHsst Koppemsiuus
OTMedeHa Mexay ypoxainocteio u SVG; (r = 0.72). Oro
MOJKET yKa3blBaTh Ha TO, 4To SV, Oonee cOanaHCHPOBaH Mo
COYETAHUIO YPOXKAWHOCTH M CTAOMIIBHOCTH.

BrICOKyI0 OTpHUIIATENBHYIO KOPPENALIUI0 OTMETUIN MEXTY
napamerpamu Sg; u SVG,; (r = —0.93), nonoxurenbHyIo —
Mexay b, u 62SAA, (r = 0.91), a Taxxe Sg; u b, (r = 0.88).
Cy1ecTBeHHas OTpULATeNlbHAs CBA3b OTMeueHa Mexay SVG,
u b, (r=-0.75), P,u SVG, (r=-0.71), a taxxe SVG, 1 6>SAA,
(r =—0.69), monoxxuTenpHas — MKy AByMs HellapaMeTpH-

BUOUHOOPMATUKA U CUCTEMHAA BUONOTNA / BIOINFORMATICS AND SYSTEMS BIOLOGY

YECKUMHU I10KA3aTEISIMU Sl.(l) u Si(z) (r=0.74). BorsiBneHHble
3aKOHOMEPHOCTH CBSI3€H MEX/y YPOKaHHOCTBIO U ITOKa3aTe-
JSIMU CTaOMIIBHOCTH CIIEAYET yUUTHIBATH ITPU 00IIEH OIleHKe
a/IalITUBHOCTH T€HOTHUIIOB.

W. Yan ¢ xomneramu (2007) coobmrarot, uto GGE biplot
MMEeT NPEUMYIIECTBO MO CPABHEHUIO C APYTHUMH CTaTHCTHIC-
CKUMH MOJIEIISIMH, TOCKOJIBKY [T03BOJISIET XapaKTepU3UPOBATh
BCE TPH aCIEKTa FeHOTHII-CPEJOBBIX UCIIBITAHNI: TEHOTHUIIBI,
Cpedbl M MeracpeioBoi aHasiu3. BaXKHBIM MHCTPYMEHTOM
GGE biplot siBisieTcst TaKKe TO, YTO B OJHOW MOZAETH 00b-
€/IMHEeHBI (a HE pa3beMHEHBI) /1BA INIABHBIX HCTOYHUKA BapHa-
I[N B METacpes0BOM aHaJIM3€e: IEeHOTHI M B3aUMOJICHCTBHUE
TeHOTUII—CpeTa.

B Hamewm ciyuyae mepBble /IBE ITTaBHBIC KOMIIOHEHTHI
(Axis 1, Axis 2) GGE biplot mogenn oObsicasroT 80.98 %
B3auMOJIecTBHS reHOTUII—cpena. Ha puc. 1 mokasana cpas-
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Statistical and graphical evaluation
of the adaptive ability and stability of winter barley

AXIS217.97 %

AXIS217.97 %
o

{ 1 1
-1.0 -0.5 0 0.5 1.0 15 2.0 25
AXIS 163.01 %

Fig. 1. Discriminating ability against representativeness of test envi-
ronments.

HUTEIbHAS XapaKTePUCTUKA Cpel Mo TudQepeHInpyromei
CIIOCOOHOCTHU W penpe3eHTaTHBHOCTH. JIMHUS, Tpoxo/siast
ckBo3b 1eHTp GGE biplot, mpencrasnser coboil cpenHioo
ock cpen. [lynkrupHsle nuHuy, coenuustomue ueHtp GGE
biplot ¢ romaMu HCHBITAaHUH, SBISIIOTCS BEKTOPAMH CPE/.
Bonee mmiHHBII BekTOp HHPOpMEpPYET 0 Oorbieit quddepen-
LUPYIOIIEH CITOCOOHOCTH COOTBETCTBYIOIIEH cperbl. B aTom
cilydae moBbIeHHON auddepeHupyoieii crioco0HOCTHIO
xapakTepusytorcs cpensr 14-3, 14-4, 14-1, 14-2, 15-1, 15-2,
15-3, Heckonbko Hike — 15-4, Huskont — 13-1, 13-2, 13-3, 13-4,
VYron Mexny cpelHel OCbl0 Cpell U BEKTOPOM KOHKPETHOM
Cpellbl XapaKTepU3yeT €ro pernpe3eHTaTUBHOCTb. MeHbIInI
YTOJI COOTBETCTBYET OoJiee BBHICOKOH perpe3eHTaTHBHOCTH.
MaxkcumanbHasi penpe3eHTaTUBHOCTh OTMEUYEHa B Cpelax
14-1 u 14-2. B nenom cieayeT OTMETUTB, 9TO cpensl 14-1 u
14-2 coderanu BbICOKHE YPOBHH An(PepeHIINpYIOIIeii cro-
COOHOCTH M peNpe3eHTAaTUBHOCTH. YeM MEHBIIIE yroJl MeKI1y
BEKTOPaMHU Cpel, TeM OoJiee TIOX0XKH 3TH CPEIbI MeX Ty cOO0H
T10 yPOBHIO YporkaiiHOCTH, 1 Hao0opoT. Hanboee 6:im3kumu
MesK1y co00# ObLH cpeibl 14-1, 14-2, Hanboliee OTIIMYAINCh
14-4 m 13-1.

GGE biplot «xTo-THC-TOOCAIIT TO3BOISCT BU3YAIIU3H-
poBarh MPEUMYIIECTBO FE€HOTHIIOB B OTIEILHON cpelie Wil
rpymre cpex (puc. 2).

Jluamamu, orxomsimumu w3 neHTpa GGE biplot, nByx-
KOMITOHEHTHOE NPOCTPAHCTBO PACIPENEICHO Ha CEKTOpa,
B KOTOPBIX PacHpeeseHbl Cpeasl M TeHOTHNHl. Ha yrmax
MIOJIMTOHAIBHOHN (PUTYPBI PACIIOIOKEHBI TCHOTHUIIBI, KOTOPBIE
MMEIOT IIPEMMYIIECTBO B ONPE/ICIICHHBIX CPEax HIIH IPyIIIe
cpen (Meracpema, mega-environment). Tax, muann G2 n G3
SIBIISIIOTCSL Ty4IIMMH B COBOKYIHOCTH cpef 14-1, 14-2, 14-3,
14-4. B 3TOM cexTope pa3MecTHIIUCh Takke reHoTunsl G6
n Gl. IIpeumymiecTBo B Meracpene, 00pa3oBaHHOW COBO-
KynHocTbto cpea 15-1, 15-2, 13-3, 13-4, umeer aunust G7.
K atomy cextopy mpunaaiexut takxke unus G8. [eHoTHmsl,
MOTIABIIME B CEKTOpa 0e3 cpen, YCTyMmaau NMPUBEICHHBIM
BBIIIIC JIMHHSIM TI0 TallTHBHOCTH.
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AXIS 1 63.01 %

Fig. 2. The “which-won-where” view of the GGE biplot.

Ha puc. 3 npencrasnen GGE biplot, xapakrepuzyronmii
CEJICKLIMOHHBIE JIMHUM 10 COUETAHUIO CPEIHEN YPOKANHOCTH
u crabmnpHOCTH. OCh, MpoxoaAmias ckBo3b neHTp GGE biplot
T10 TOPU30HTAIIH, C 0003HAYEHHON KPYTOM CTPEJIKOH, SIBIISIETCSI
cpeaHel yis cpen abcuuccoit. Ciiea HanpaBo 00pasilbl paH-
YKUPOBAHBI 110 CpeAHEN ypokaliHOCTU. B BepTukanbsHOM Ha-
TpaBJICHUHN CPEAHIOIO [UIS cpejt aOCIIMCCY TIePeCceKaeT CPEIHSIS
Julsl cpe]] opAinHara. MecTo UX nepecedeHus OJJHOBPEMEHHO
MIPEACTABIISET CPEIHEE 3HAUEHUE YPOXKAMHOCTH 1O OMBITY. JIn-
HHH, PACTIOJIOKEHHBIE ITPaBee OT Hee, UMEIOT BBIILIECPETHIO0
I10 OTIBITY YPOXKaHHOCTB, JIEBEE — YPOKANHOCTH HUXKE, UEM 110
OTIBITY. YIaIEHHOCTH 00Pa3IOB OT OCH a0CITHCC IO OCH OPIH-
HaT B 000MX HANpaBJICHUSIX XapaKTepU3yeT BApHaOEIbHOCTD
YPOXaiiHOCTH TI0 OTHOIICHHIO K O)KHJAEMOMY €€ YPOBHIO
MPOSIBICHUSA B KOHKPETHBIX rojiax. Yem OivKe T€HOTHIIBI
pa3MeleHsl K abcrucce, TeM OHM CTa0MIbHEe, M HA000POT,
4yeM OoJiee OHM OTJaJIeHbI, TeM OOJIbIIE X BAPHAOEIbHOCTb.

Taxkum 00pa3oM, MaKCUMaTbHOH YPOKAHHOCTBIO 1O YOBI-
Baroniel xapaxrepusytorcs auHuu G2, G3, G7. JIlunus G3
numena OoJIblIyI0 CTa0MIBLHOCTD 10 cpaBHeHHIo ¢ G2 u G7.
DTO CBSI3aHO C TEM, YTO ypoxxaiiHOCTh nuHIHA G2 OblNa He-
CKOJIBKO BBIIIIE, 4eM IpOrHO3upyemMas B cpeaax 14-3 u 14-4,a
muanu G7 — B cpenax 15-1,15-2,15-3,15-4. T'enoruns: G8, G6,
G5, G1, G4 u G11 uMeroT ypoxKaHHOCTD, OIU3KYIO K CpeTHE-
My 3HaueHuto no onsity. Jlunuu G9, G14, G10, G13, G15
n G12 ycTynaroT 1no ypoxxalfHOCTH CpeiHEMY €€ 3Ha4CHUIO
10 OTBITY. [IOBBIIIIEHHOW CTaOMIFHOCTRIO XapaKTePU3YIOTCS
cranaapt XKepap (G1) u muaun G10, G12, G9, G8. Hanbosnee
BapuadenbHbIME ObUTH TeHoTUIbl G4 1 G15.

Ha puc. 4 orpaskeHO paHXHpOBaHNE T€HOTHIIOB IT0 OTHOIIIE-
HUIO K THITOTETHYECKOMY «HJICaJIbHOMY» T€HOTHITY, KOTOPBIH
YCIIOBHO JIOJDKEH pacIiojiaraTbCsi B LIEHTPE IIEHTPUYECKUX
kpyroB. JIuams G3 — MakcUMabHO OMH3Kas K HeMy. Takum
o6pazom, muHuA G3 (Pallidum 4816) ontuManbHO coueTaeT
[IOTEHLUAJ YPOKaWHOCTH U alallTUBHOCTb. YCTYNAIOT €1 110
crabunpHOCTH MuHES G2 (Pallidum 4857), mo ypokaitHoCcTH
n crabunpHocTr — G7 (Pallidum 4659). I'enotunsr G8, GO,
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AXIS217.97 %
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Fig. 3. The average-environment coordination view of the GGE biplot
“mean against stability”.

Gl1, G11, G5, G4, G1 ycTynaroT Ha3BaHHbBIM BBIILIE JTUHUSAM
no ypoxkainoctu. Jlunuu G9, G14, G13, G15, G10, G12 ¢
YPOKaMHOCTBIO HUXKE CPEAHEH 110 OIBITY HE UMEIOT MpaK-
TUYECKOW IICHHOCTH B JAJbHCUIIICH CEIIEKIIMOHHON padoTe.

3aknioyeHune

Vcnonp30BaHKe pa3IMIHBIX CPOKOB CEBA HA 3aBEPIIAOIIEM
JTaIle CEJIEKIIMOHHOTO ITPOLIeCcca TYMEHsI 03UMOT0 — IIPOCTOH,
HO TIPaKTHYHBIN 1 3(PEKTUBHBIN CIIOCO0 OIEHKH U 0TOOpa
TEHOTHIIOB, KOTOPbIE COYETAIOT MTOTEHINA YPOXKAHHOCTH 1
OoJiee BHICOKYIO CTaOMIIBHOCTD B YCJIOBHSIX TIOTO/IHBIX (ITyK-
Tyaluil pa3HbIX JIET BBIPAIINBAHNSI.

CrarucTnyeckre MOoKa3aTelnn MOo-pa3HOMY XapaKTepu3y-
0T UCCIIEAyEeMbI€ T€HOTHUIIbI. BOIbIIMHCTBO (GZSAAi, b, Si(l),
Sl,(z), W, Sg,) OLleHHBAIOT IIPEMMYILECTBEHHO CTAOUIIBHOCTS,
0e3 ydera ypoBHs MPOXYKTHBHOCTH. Ilokasarens P; umeer
OJIM3KYIO K OTPHUIIATEIBHOM (DYHKIIMOHAIBHYO CBSA3b CO CPEJI-
Hell ypokaifHOCTbI0. OTHOCHTENBHO COaNTaHCHPOBAHHBIM
II0 CTAOMIBHOCTH U NPOIYKTHBHOCTH MOKHO CuuTaTh SVG,.
OTH 3aKOHOMEPHOCTH HEOOXOAMMO YYHMTBIBATh MPHU Xapak-
TEPUCTUKE TEHOTUIOB JIJIsl OOBEKTUBHOW MHTEPIIPETALUN
9KCTIEPUMEHTAIBHBIX JIaHHBIX.

ITo cpaBHeHuto co craructuueckumu napamerpamu GGE
biplot obmamaeT pAIOM MPEUMYIIECTB, TO3BOJISIONINX BH-
3yaJbHO aHAJIM3UPOBATH Pa3JIMYHbIC aCIICKThl TEHOTUII-Cpe-
JOBBIX HCHbITaHHﬁ, a TAaKXKE BBIACIATH KaK cneumbﬂqecxn
a/IalITUPOBAHHbIE TEHOTHITBI, TAK X HOMEPA C ONTHMAJIbHBIM
COYETaHMEeM IOTEHINANA YPOXKAHHOCTH U CTAaOMIBHOCTH B
psne cpen (meracpene).

CoBMECTHOE HCIIONIb30BaHNE KAK CTATUCTHUECKUX Tapa-
MeTpoB, Tak 1 Bu3yanu3anuii GGE biplot cocoOcTByeT Mak-
CUMaJIbHOI HH()OPMATHBHOCTH ITPH OIICHKE B3aUMOJICHCTBHUS
TEHOTHIIA ¥ CPEJIBI, @ TAK)KE BBIACICHHUIO [IEHHBIX TEHOTUTIOB.

B pesynbrare nccienoBaHni BBIJICICHBI CEIEKINOHHAS
JIMHUSA C OIITUMAJIbBHBIM COYECTaAaHHUEM ypO)KaﬁHOCTPI )44 CTa6I/IJ'II)-
HoctH, Pallidum 4816, a Takxke ABe BEICOKONPOTYKTHBHBIC
muann, Pallidum 4857 u Pallidum 4659, nmepenanusie Ha
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CraTuctyeckas v rpapryeckas oLeHKa aganTiBHOM
CNOCOBHOCTM 1 CTAaBUSIBHOCTM AYMEHSA 03VIMOTO

AXIS217.97 %

AXIS 163.01 %

Fig. 4. Ranking winter barley breeding lines based on both mean
performance and stability with reference to the “ideal” genotype.

roCyapCTBEHHOE COPTOUCHBbITAHUE YKPAUHbI KaK copTa siu-
Mens ozumoro: MUII Scon, MUIT Ockap u MUII I'maauarop
COOTBETCTBEHHO.
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O NCMPABJIEHUE / ERRATUM BaBunoBcKuii XXypHan reHeTrkm u cenekumm. 2019;23(1):119
- DOI 10.18699/VJ19.470

DOI 10.18699/VJ19.470
VicrpaBiieHle K cTaThe «BussHIe MOTOAHO-KINMAaTNYEeCKIX YCIOBUT
Ha comepykaHMe 6elKa 1 Macjia B ceMeHax cou Ha CeBepHoM KaBkase»

A.JO. HoBukosa, V1.B. Cedeposa, A.1O. Hexpacos, V1.H. ITepuyk, T.B. llleaenra, M.I. CamcoHoBa, M.A. BuiissikoBa
BaBrnoBcKuUI XXypHan reHeTuKkmn 1 cenekumn. 2018;22(6):708-715

Ha ctpaHuue 714 B pa3gene bnarogapHocTv BMecCTo

«PaboTa BbiMosHeHa Npv nopaepxke cybcuamm B uenax peanusaumn OUM «MccnepoBanua n pas3paboTku no
NPVIOPUTETHBIM HarpaBieHUAM Pa3BUTUA HayYHO-TEXHONOrmyeckoro komnnekca Poccum Ha 2014-2020 roppi»
(cornawexmne N2 14.575.21.0136 oT 26.09.2017) Ha 6a3e YyHMKanbHOWN Hay4YHOW yCTaHOBKM Konnekumsa reHeTnyeckmnx
pecypcos pacteHuii BUP»

cnepyeT ynTathb:
«PaboTa BbINonNHeHa npu nopaepxke cybcugmum B uenax peanusauum OUM «MccnepoBaHna u paspaboTky no
NPUOPUTETHLIM HanpaBneHVAM Pa3BUTUA HayUYHO-TEXHOMOrMyeckoro komnnekca Poccum Ha 2014-2020 rogbi»
(cornaweHmne N 14.575.21.0136 ot 26.09.2017, yHuKanbHbIi ngeHTndukatop npoexkrta RFMEFI57517X0136) Ha 6a3e
YHVKaNIbHOW Hay4HOW YCTaHOBKM Konnekumna reHeTuyYecknx pecypcos pacteHuin BUP».

OpuirvHanbHas cTaTbsl MOXeT ObITb HaraeHa no DOI 10.18699/V)18.414

DOI 10.18699/VJ19.470
Erratum to: “Impact of weather and climate on seed protein
and oil content of soybean in the North Caucasus”

L.Yu. Novikova, I.V. Seferova, A.Yu. Nekrasov, I.N. Perchuk, T.V. Shelenga, M.G. Samsonova, M.A. Vishnyakova
Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2018;22(6):708-715. (in Russian)

Page 714, in Acknowledgement instead of

This work was supported by the Federal Targeted Program “Research and development in the top-priority fields of
the scientific and technological complex of Russia, 2014-2020" agreement 14.575.21.0136 of 26.09.2017. Experiments
were conducted at the premises of the unique research facility “VIR plant genetic resources gene bank”.

should read

This work was supported by the Federal Targeted Program “Research and development in the top-priority fields of
the scientific and technological complex of Russia, 2014-2020" agreement 14.575.21.0136 of 26.09.2017, unique proj-
ect identificator RFMEFI57517X0136. Experiments were conducted at the premises of the unique research facility “VIR
plant genetic resources gene bank”.

The original article can be found under DOI 10.18699/VJ18.414
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