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[TonumMopd13M COPTOB U AMKOPACTYIINX BUIOB 3€MJISTHUKN
reHeTnuYeCcKOu KouieKiu denepajibHOTO HAYYHOTI'O IIeHTpa
M. 1.B. MuuypunHa 1o resamM apomara 1miaogoB FaOMT n FaFAD1

A.C. Avoxun ®, VL.B. Ayxpsinuyk, E.B. )K6aHoBa

DepepanbHbIi HayYHbIN LEHTP UM. U.B. MuuypuHa, MrnuypuHck, TamboBckas obnactb, Poccua
® e-mail: Ranenburzhetc@yandex.ru

AHHOTOUMA. APOMAT MNOJOB — BaXHbI MOTPEOUTENBCKNI NPU3HAK COPTOB 3eMAAHMKU. K uncny KntouyeBbix KOMMo-
HEHTOB apOMaTMYeCKOro KOMMJIeKCa MIOAO0B 3eMIAHNKM OTHOCATCA Me3ndypaH (GPYKTOBbI 1 KapaMenbHbI apo-
MaT) U Y-AeKanakToH (NepcrkonofobHbil, GpyKTOBbIN, cnagkuin apomart). ConepxaHue mesudypaHa B niopax 3emns-
HUKWN KOHTponmpyeTca reHom FaOMT, nokann3oBaHHbIM B ANCTaIbHOM parioHe AJIMHHOrO nieyva xpomocombl VII-F.1,
Y-AeKanakToHa — reHom FaFADT, KapTMpOBaHHbIM B ANCTaJIbHOM paioHe AJIMHHOrOo nieya xpomocomsl llI-2. ipeHTn-
duKauma Gopm, HeCyLMX reHbl apomMaTa, ABAAETCA BaXKHbIM STaroM CENEKLMOHHbIX NPOrpaMm Mo CO3AaHuI0 COPTOB
C apomaTHbIMU NofamMu. Micnonb3oBaHrie MOMeKyNAPHbIX MapKePOB MO3BOMIAET C BbICOKOWN HALEXHOCTbIO HA PaHHUX
3Tanax OHToreHesa onpefenuTb MPUCYTCTBUE B FEHOME LiefleBblx annenei reHos. Llenb HacToALlero nccnefoBaHna —
MONeKyNAPHO-TeHeTnYeCcKoe TeCTMpoBaHWe reHoTMNoB pofa Fragaria L. no reHam apomata nnogos FaOMT n FaFAD1
[N BbIABNEHMA nonMmopdurama 13yyaemMblx NOKYCOB U UAEHTUOUKALMM LeHHbIX A1 Cenekumnm reHotunos. O6bek-
Tamy nccnepoBaHuA GblIn AMKopacTywme Buabl poaa Fragaria L. n copTa 3eMnaHUKN cagosoi (Fragariax ananassa
Duch.) paznuuHoro skonoro-reorpadnyeckoro NPONCXoxaeHNaA. 1A oLeHKN annenbHoro coctoaHua reHa FaOMT wc-
nonb3osanu mapkep FaOMT-SI/NO, reHa FaFAD1 - mapkep FaFAD1. OyHKUMOHaNbHbIN (aKTUBHBIN) annenb reHa FAOMT
(FAOMT+) B reTepo3nroTHoM coctosaHUY (reHotun FaOMT+FaOMT-) BbisaBnieH y 34.9 % n3yyaembix GOpM, B rOMO3UrOT-
HOM (reHoTun FAOMT+FaOMT+) —y 51.2 %. [om0o3UroTHoe CoCToAHME HeaKTUBHOro annens (reHotun FaOMT-FaOMT-)
onpegeneHo y 13.9 % obpasuos. [eH FaFAD1 B aHann3mpyemon KonneKuuy reHoTUnoB 3eMIAHNKN aeHTOULMPOBaH
y 25.6 % dopm, B TOM uncne y aukopactywwmx suaos F. orientalis Los., F. moschata Duch., F. ovalis Rydb. CoueTtaHne ¢yHk-
LMOHanbHbIX annenel reHoB FaOMT n FaFAD1 obHapyxeHo y 16.3 % npoaHanusnpoBaHHbIX dopm. [ukopacTyLime
BuAbl F. orientalis Los., F. moschata Duch., a Takxe copT 3emnAHVKM cagosoi Red Gauntlet coBmellaoT GpyHKLMOHaNb-
HbI annenb reHa FaFADT C roMO3MIOTHbIM COCTOAHMEM aKTUBHOTO annensa reHa FAOMT, uTo No3BoNAeT peKkoMeHo-
BaTb UX B KaUeCTBe NePCNeKTUBHbIX KOMMIEKCHbIX UCTOYHMKOB BbICOKOTO cofilepaHua mesndypaHa 1 y-geKanaktoHa
B MiofAax AfiA cenekunm Ha apomar.

KnioueBble cnoBa: 3eMNAHMKa; apoMaT Nnofos; me3udypaH; y-4eKanakToH; MONeKynspHble Mapkepbl; reHbl FaOMT;
FaFAD]1.
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Polymorphism of the FaOMT and FaFAD1 genes for fruit flavor
volatiles in strawberry varieties and wild species from the genetic
collection of the Michurin Federal Research Center
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Abstract. Fruit aroma is an important consumer attribute of strawberry varieties. The key volatile compounds of the
aromatic complex of strawberry fruit are mesifurane (fruity and caramel aromas) and y-decalactone (fruity, sweet, or
peachy aroma). The mesifurane content in strawberry fruit is controlled by the FaOMT gene, which is mapped to the
distal region of the long arm of chromosome VII-F.1. The y-decalactone content in strawberry fruit is controlled by
the FaFAD1 gene, mapped to the distal region of the long arm of chromosome llI-2. Identification of forms carrying
genes for fruit flavor volatiles is an important step in breeding varieties with fragrant fruit. The use of molecular mar-
kers allows highly reliable detection of target gene alleles in a genome at early developmental stages. This study in-
volves molecular genotyping of Fragaria L. varieties for the FaOMT and FaFAD1 genes, analysis of polymorphism of
the loci in question, and identification of genotypes valuable for breeding. The objects of our study were wild species
of the genus Fragaria L. and strawberry varieties (Fragariax ananassa Duch.) of different ecological and geographic
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Polymorphism of the FlOMT and FaFADT genes
in strawberry from the collection of the Michurin FRC

origins. To assess the allelic states of the FaOMT gene, the codominant marker FAOMT-SI/NO was used, and for the
FaFAD1 gene, the dominant marker FaFAD1. The functional allele of the FaOMT gene (FaOMT+) in the heterozygous
state (FaAOMT+FaOMT- genotype) was detected in 34.9 % of the accessions tested. The functional allele of the FaOMT
gene in the homozygous state (FaAOMT+FaOMT+ genotype) was detected in 51.2 % of the accessions. The homozygous
state of the inactive allele (FaAOMT-FaOMT- genotype) was detected in 13.9 % of the studied strawberry accessions. The
FaFAD1 gene was identified in 25.6 % of the analyzed collection of strawberry genotypes, including the wild species
F. orientalis Los., F. moschata Duch., F. ovalis Rydb. The combination of functional alleles of the FaOMT and FaFAD1 genes
was detected in 16.3 % of the analyzed forms. The wild species F. orientalis Los. and F. moschata Duch. and strawberry
variety Red Gauntlet combine the functional allele of the FaFAD1 gene with the homozygous state of the active allele of
the FaOMT gene; therefore, we recommend them as promising sources of high contents of mesifurane and y-decactone
in fruit in breeding programs for fruit aroma.

Key words: strawberry; fruit aroma; mesifurane; y-decalactone; molecular markers; FaOMT; FaFAD1.
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BBepeHune

3emistHuKa canosas (Fragaria X ananassa Duch.) — HanOosee
TOITyJIsIpHAs. M SKOHOMHYECKU BBITOIHAS ATOMHAS KyJIbTYpa,
XapaKTePU3YIOMIasiCs BLICOKUMH BKYCOBBIMU KaueCTBAMU H
apomarom miogos! (Hummer, Hancock, 2009; Vandendri-
essche et al., 2013). [Tpu 3TOM 10 HETABHETO BPEMEHH B paM-
Kax yAyYIICHHS COPTUMCHTA 3eMJISIHUKH MPU3HAK «apoMar
IUIOJIOBY» HE CYMTAJICS CEJICKIIMOHHO-3HAYMMBIM, B CBSI3U C
YeM MHOTHE TPOMBINUICHHBIE BHICOKOIIPOAYKTHBHEIE COPTa
XapaKTePU3YIOTCS CIIa0bIM, HeBBIpaxeHHBIM apomarom (Ul-
rich, Olbricht, 2016; Bianchi et al., 2017). Ceroass co3nanuto
COpPTOB C YIYUYIICHHBIM apOMaTOM YAENSETCs BCe OOJbIIe
BHUMaHWUsI, 9YTO OOYCJIOBJICHO BO3POCIIUMH TPEeOOBaHUSIMHU
MOTpeOuTENeH HEe TOJIBKO KO BKYCY, HO M K apOMaTy ILIO/IOB
(Ulrich, Olbricht, 2011; Zorrilla-Fontanesi et al., 2012).

IleHHBIM UCXOTHBIM MAaTCPUAIIOM TSI CEIICKITUH 3EMIISTHU-
KH{, B TOM YHCIIe Ha apoMar IUIOJI0B, CIy)KaT JUKOPACTYIINe
BUIbI popa Fragaria L. UHTporpeccusi reHoB AMKOPacTy-
IIMX BUJIOB B TCHOIUIA3MY KYJIETHBHPYEMBIX COPTOB F. X ana-
nassa Duch. MO3BOJIMT MONIy4YUTh Ka4eCTBEHHO HOBBIH B
TEeHETUIECKOM OTHOIICHHH WCXOIHBIA MaTepHall, MOBBICHTH
TCHETUYCCKHUU MOTUMOP(U3M CEICKIIMOHHBIX MOMYIISIHNA 1
Jara3oH BapbUpOBaHWA IPU3HAKOB, CHOCO6CTByH NHTCHCHU-
(ukamu cenekunonHoro nporecca (Hancock et al., 2010;
Finn et al., 2013).

Apomatryeckuii mpod s 3eMISTHUKH — OIMH U3 Hanbosee
CIIOKHBIX, OH BKJIF04aeT 6ornee 350 neTydnx coeanHEHHA, B
TOM YHUCIIC CIOKHBIC 3(QUPEI, (YPAHOHEI, TCPIICHBI, aJIbICTH-
JIbl, KETOHBI, CIIUPTHI, CEPOCOACPIKALINE COSTUHEHHS U JIp.
(Aharoni et al., 2004; Jetti et al., 2007; Schwab et al., 2008).
KitoueBbIMA KOMIIOHEHTAMHU apOMAaTHYECKOTO KOMILICKCA
TUTOZIOB 3eMJISTHUKH SIBIIAIOTCS (ypaHOHBL: (ypaneon (2,5-1u-
MeTuin-4-ruapokcu-3(2H)-¢hypasoH) i ero mpou3BomHOE —
mesudypan (2,5-aumernn-4-merokcu-3(2H)-pypanon), npu-
JAroIIie mwionaM (GpyKTOBBIM KapaMmeabHbI apoMat. Yem
OopIie pypaHOHOB CONEPIKUTCA B IIOAAX 3EMIITHUKH, TEM
Oonee cimagkum kaxxetcs ux 3amnax (Lavid et al., 2002; Raab
et al., 2006). BayxHBIM COCTMHEHHUEM apOMaTHYECKOTO KOM-
TUTeKCa TUTOJIOB 3EMJISTHUKH SBIISICTCS TaKXKeE Y-JICKaTaKTOH,
KOTOPBIN MpUIAET IUI0IaM EPCUKONOTO0HBIH, (PPYKTOBEIH,
ciankuii apomar (Jouquand et al., 2008; Schwab et al., 2008).

" Noa TEPMHOM <1710, 3eMASIHUKI» NOHUMAETCA ncnonb3yemoe B NuLLy pas-
poclieecs COYHOE LiBETONOXE C PAcnonoXKeHHbIMU Ha ero MoBepXHOCTN ceme-
Hamu (NOXHas Aroda Tuna «pparay, v 3eMISHUYNHA).

KonnenTpanus me3udypana 1 y-JeKagakToOHa B IUIOJAaX Me-
HSETCS B 3aBUCUMOCTH OT T€HOTHIIA, YCIOBUH OKpYKaroIIei
cpenbl U cTeneHu 3pesoctu mionos (Ménager et al., 2004;
Jetti et al., 2007; Olbricht et al., 2008; Siegmund et al.,
2010). IIpu 5TOM B OTIIHYHE OT OOJIBIIMHCTBA KOMITOHEHTOB
apOMAaTHUYECKOr0 KOMIUIEKCA MJI010B 3eMIISTHUKH, ONOCUHTE3
KOTOPBIX JIETEPMHUHUPOBAH MOJIMTEHHO, COAEPKAHUE ME3H-
(ypana n y-1eKalakTOHa KOHTPOJIHMPYETCsl JIOMUHAHTHBIMHU
reHamu FaOMT v FaFAD1 cooTBeTCTBEHHO. B CBsI3H ¢ 3TUM
3G PEKTUBHBIN CKPUHUHT T€HOTHIIOB C BBICOKHM YPOBHEM
MIPU3HAKOB BO3MOXKEH C NCIIOJIb30BAaHHEM (DYHKIIHOHAIBHBIX
JIHK-mapkepoB, 4TO MO3BOJISIET C BBICOKON HalEXKHOCTBIO
Ha PaHHUX 3TalaX OHTOTEHE3a BBISIBUTh HOCHUTEJIEH I1€TEeBBIX
amneneit reHoB (Zorrilla-Fontanesi et al., 2012; Chambers et
al., 2014; Sanchez-Sevilla et al., 2014).

Lenp HACTOSIIETO HCCIIEJOBAHNS — MOJICKYIISIPHO-TCHETH-
YecKoe TeCTUPOBaHKEe TeHOTHIIOB pona Fragaria L. 1o renam
apomara wionoB FaOMT w FaFADI nnst BbIABIEHUS MOJIU-
Mop¢hH3Ma U3yYaeMBIX JIOKYCOB M HACHTHU(PHUKAIHA (POPM,
MIEPCTIEKTUBHBIX ISl CEJIEKIIUH Ha apoMar IIJI0/I0B.

MaTepmanbl n metoabl

BbuonornueckinMn 00beKTaMH HCCIIEOBAHUS CITY>KIIJIH BHI0-
BbIe ()OPMBI M COPTa FEHETUYECKON KOJUIEKIIMU 3EMIISTHUKH
OI'BHY «Denepanbublil HayuHbli HeHTp uM. 1.B. Muuypu-
Ha»: 4 qUKopacTymuX BUa pona Fragaria L., copt 3eMKIy-
nuku Kymunxa (F. X anashata Kantor.), 38 cOpToB 3eMJISITHUKA
canoBoii (F. x ananassa Duch.), 13 KOTOpPBIX 22 T€HOTHIIA —
OTEYEeCTBEHHOMW cenekuny, 16 — 3apyOesxHoit (Tadm. 1).

Oxcrpakuuto reHomHoit JIHK 3eminsiHuku mpoBoauian u3
MOJIOZIBIX JTUCTBEB COTIACHO MpoTOKoIy Diversity Arrays
Technology P/L (DArT, 2014) ¢ Mogu¢pukanmsiMu, ornmcan-
ubeiMu panee (Luk’yanchurk et al., 2018).

JIns oleHKH aJlIeIbHOTO COCTOsHUsA reHa FaOMT wc-
nosib3oBanmu Mapkep FaOMT-SI/NO (Zorrilla-Fontanesi et
al., 2012), rena FaFADI — mapkep FaFAD1 (Chambers et
al., 2014). Mcnonp30BaHHBIE [T aHAJH3a TpaiiMepsl ObLTH
cunre3uposanbl B 3A0 «CunTom» (MocKBa) ¥ IMEIH CIey-
IOLIYI0 HYKJICOTHIHYIO MOCIIEI0BATENIbHOCTB!

— mapkep FaOMT-SI/NO: F 5'-CGATCATTTCGAAAAG

GACTA-3', R 5'-AAGCAGGGTTAGTTGTGGAGA-3";
— mapkep FaFADI1: F 5'-CGGGATTAATGGTTTTGTTGT

TGACCGACC-3', R 5'-GTAGAAGAGAGAGACCAA

GACGAG-3'.
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Monumopdun3m reHOTUNOB 3eMNAHUKN KONNeKLMn 2020
OHL nm. U.B. MnuypuHa no revam FaOMT v FaFAD1 2441

Ta6nuua 1. AHanvsvpyemble AUKOPaCTyLMe BUAbI N COPTA 3eMAIAHUKN

Ne [eHoTUn MpouncxoxgeHne/opurnHaTop

n/n

1 F. orientalis Los. Mpumopckunin kpaw, Poccua

2 F. moschata Duch. EBponeiickas yactb Poccum

3 F. ovalis Rydb. BpuTtaHckas Konymbusa, KaHapa

4 F. virginiana Duch. ssp. platypetala

5 AnéHa Bcepoccuincknin cenekLMoHHO-TEXHONOTMYECKNIA MHCTUTYT CaJlOBOACTBA M MMTOMHUKOBOACTBA,

6 Butasb Poccus

7 Pycuu

8 ConosyLika

9 3eHuT

10  CypapyLuka

1 Kynunxa KOKMHCKIMIN ONOPHbBIV MYHKT BCepoccMmncKkoro cenekyMoHHO-TEXHONOMMYECKOro MHCTUTYTa

12 """ CTy,ququKaﬂ """"""""""""""""""""""""" CafloBOACTBA N MUTOMHUKOBOACTBA, Poccma

13 KpbimyaHka 87 OppeHa Tpygosoro KpacHoro 3HameHn HUKMTCKMI 6oTaHnyecknii cag — HaumoHanbHblii
HayuHbI LeHTp PAH, Kpbim, Poccna

14 Jlactouka MepepanbHblil HAYYHbIN LeHTP nM. U.B. MunuypuHa, Poccusa

15  [pwuBnekatenbHasn

16 ®nopa

17  ®ecTvBanbHas anoMUKT

18  [OuBHana WHCTUTYT arporiHXeHEePHbIX 1 SKOSTOrMYECKNX NPO61eM CefibCKOX03ANCTBEHHOTO NPON3BOACTBA,

19  Uapckocenbckas Poccna

20  QecTmBanbHas DepepanbHbll NCCEAOBATENbCKU LIEeHTP BCcepoccnincknii MHCTUTYT reHeTUYeCKnX pecypcoB
pacteHuii um. H.W. BaBunosa, Poccusa

21 Topnepa CBeppJioBCKan ceneKkUMoHHasA CTaHLMA CafoBOACTBa Bcepoccninckoro cenekunoHHO-TEXHOO-
rMYecKoro MHCTUTYTa CalOBOACTBA M MUTOMHUKOBOACTBA, Poccua

22 bBbinvHHan KpbIMcKaa onbITHO-cenekuymoHHasn ctaHuma OegepanbHOro NccnefoBaTenbCkoro LeHTpa
Bcepoccnmmncknin MUHCTUTYT reHeThYecKnx pecypcos pacteHnin um. H.W. Basunosa, Poccua

23 KapHaBan Poccuincknin rocyfapctBeHHbIn arpapHbii yHusepcuteT — MCXA nm. KA. Tummnpssesa, Poccnsa,

24 Onuwnuiickaswagexpa foroposa 0.

25 borema

26  He3HakoMKa Bcepoccnmncknin cenekuMoHHO-TEXHONOrMYECKNA MHCTUTYT CaJOBOACTBA 1 MMTOMHUKOBOACTBA,
Poccusa, NMonosa W.B.

27  TupnaHpa Arpodupma «Mounck», Poccna

28  Troubadour BenukobputaHus

29  Red Gauntlet WoTtnaHana

30 @ecTmBanbHaa poMallka WHcTuTyT capoBofcTBa HaumoHanbHOM akaileMnu arpapHbIX HayK YKpanHbl, YKpavHa

31 Polka Plant Research International - WUR, HuaepnaHgbl

32  Gigantella Maxim Hupepnaxgbl

33  Sonata

34 VimaTarda Vissers International BV, Hugepnangbi

35 VimaZanta

36  Barlidaun CWA

37  Marshall

38 Samson

39 Karmen Yexua

40  Maryshka

41 Symphony Mylnefield Research Services Ltd, BennkobpurtaHus

42 Elianny Gebr. Vissers, Hugepnangbl

43 Tokado AnoHuna
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Peaxrronnas cmech ayist [TLP oobemom 15 Mkt coeprxana:
20 ur JHK, 2.0 MM dNTPs, 2.5 MM MgCl,, 0.2 MkM kax10ro
npaiimepa, 0.2 U Tag-momumepasst u 2.5 MM Taq-Oydepa
(+(NH,),SO,, -KCl). Bce koMnoHeHTs! Ipou3BeeHbl (pupmMoit
Thermo Fisher Scientific.

Ammmndurkanuio npooauin B Tepmonukiepe T100 npo-
u3BoncTBa Gupmbl Bio-Rad mo cremyromum mporpammam:
Mapkep FaOMT-SI/NO: genarypanus: 95 °C — 3 muH, 10 k-
70B: 95 °C—30 ¢, 60 °C (0.5 °C/uukn) — 30 ¢, 72 °C — 45 ¢;
25 nukios: 95 °C—-30¢, 55°C—-30c¢, 72 °C—45 ¢; punasb-
Has snonHranyst: 72 °C — 5 mun; mapkep FaFAD1: nenarypa-
must: 94 °C — 4 mun, 25 mukios: 94 °C — 30 ¢, 56 °C - 30 c,
72 °C — 30 c; punanpuas snouramus: 72 °C — 10 muH.

Paznenenue aMIIMKOHOB OCYIIECTBIISUIM METOIOM 3JI€K-
Tpodopesa B 2 % arapozHoM rene. i1t onpenesneHns JUTHHbBI
aMITMGUIPOBAaHHBIX (PAarMEHTOB HMCIOIB30BAIM MapKep
MounekyisipHoit Maccel Gene Ruler 100 bp DNA Ladder
(Thermo Fisher Scientific).

Pe3ynbraTbl 1 06CyXaeHMe

Conepxanue Me3u(ypaHa B IUIOAaX 3EMIISTHUKH KOHTPO-
nupyetcst reHoM FaOMT, noKanu30BaHHBIM B JIUCTaJIbHOM
paitone mmmHHOTO THIeda Xpomocombl VII-F.1. Pazmmane
MEXAy QYHKINOHAIBHBIM M He()YHKIIMOHAIBEHBIM aJUICISIMU
reHa oOyCIIOBJICHO PSZIOM OJHOHYKJICOTHIIHBIX MHCEPIUH/
neneruit (MHIens) oomuM pasmepoM 30 I H. B IPOMOTOP-
Holt obacth reHa. Ilpaiimepsr FaOMT-SI/NO ¢ankupyior
paiioH, copeprKaluii yKa3aHHbIE UH/IEIIN, TIO3BOJISIS UJIEHTH-
(hurmpoBaTh akTUBHEIA ((pparMeHT pasmepom 248 m.H.) U
HeakTHUBHBIN ((pparmMeHT pazmepoM 217 m.H.) aJulenu reHa
FaOMT (Zorrilla-Fontanesi et al., 2012). Bnusnue FaOMT na
YpOBEeHb OMOCHHTE3a Me3udypaHa OBLTO TPOAHATN3UPOBAHO
B THOpUAHOM KoMOuHaImu 232 X 1392, Tie 00e poauTeIbeKie
(hOopMBI XapaKTepH3yIOTCsl BBICOKUM YPOBHEM Me3udypaHa B
wrofax. CTaTHCTHYECKUH aHAIN3 TTOYyYEHHBIX PE3YIIbTaTOB
MIO/ITBEP/IIT YHACTHE OJTHOTO JIOKyca B ()OPMHUPOBAHNH TTIPHU-
3HaKa ((haKTHYecKoe paclieIuIeHHe COOTBETCTBYET TEOPETH-
gecku oxunaemomy 3:1, p = 0.36). Taxkxe Obl1a mpoBeaeHA
OLIEHKAa YPOBHs dKcpeccuu reHa FaOMT B 3pensIx miIogax
KOHTPACTHBIX IO cofiepkanuio Me3udypana ¢popm. OOHapy-
KEH BBICOKHH ypoBeHb 3kciipeccun FaOMT y ¢opm ¢ BbI-
COKHM cofiepkaHneM Me3udypana B IJI0/1aX ¥ O4eHb crrabast
sKcnpeccust y GpopM, XapaKTepU3YIOIIMXCSI OTCYTCTBHEM
Me3udypaHa B IUIOJaxX, YTO MOATBEP/KAACT KIIIOUEBYIO POIIb
rena FaOMT B n3MeHEHNH COAEpKaHUs Me3u(ypaHa B IIIO-
nax 3emistHukY (Zorrilla-Fontanesi et al., 2012).

B n3ydaemoil KOJUIEKIIMM T€HOTHUIIOB 3€MIISTHUKN (DYHK-
UOHANBHBIA (aKTUBHBIN) amienb reHa FaOMT (FaOMT+)
uaeHTudunuposan y 86.1 % dhopwm u3 43 npoaHaIn3upoBaH-
HBIX TeHOTHITOB. HedyHKIIMOHANBHBIN (HEaKTUBHBIHN ) aJlIeNb
(FaOMT-) BoisiBnen y 48.8 % o0Opasos. CoueTaHuEeM aKTHB-
HOTO U HeaKkTuBHOTO anieneil (renotun FaOMT+FaOMT-)
xapaxrepusytores 34.9 % dopm. TomozurorHoe cocrosiane
akTuBHOTO ayuenst (renotun FaOMT+FaOMT+) BbIsBICHO
y 51.2 % 00pa3siioB, FTOMO3UTOTHOE COCTOSIHUE HEAKTHUBHOTO
annenst (renotun FaOMT-FaOMT-) —y 13.9 % (npumep
UACHTU(UKAINN TTPUBEJCH HA PUCYHKE, d, PE3yJIbTaThl —
B TaOI. 2).

Cpenu npoaHann3npoBaHHBIX JUKOPACTYIINX BUIOB poJia
Fragaria L. annens FaOMT+ (reaotunt FaOMT+FaOMT+)

Polymorphism of the FlOMT and FaFADT genes
in strawberry from the collection of the Michurin FRC

BbIsIBJICH Yy F. orientalis Los., F. moschata Duch. u F. virgini-
ana Duch. ssp. platypetala. TIpu 5TOM HEOOXOTUMO OTMETHUTB,
yto y Capron Royale — kynsTuBrpyemoro Bo ®dpanmmn copra
F. moschata Duch., neneBbie nponyktel Mapkepa FaOMT-
SI/NO He aMImmuHUIUPYIOTCS, XOTS OTMEUAeTCs] BBICOKUI
ypoBeHb OnocuHTe3a Mezudypana (Cruz-Rus et al., 2017).
[TonyueHHble pe3ynbraTbl MOI'YT OBITH OOYCIIOBJICHBI 3aMe-
HaMH{ B MECTE OTXKHTa IIPaliMepOB WM BIUSHUEM JIOTIOIHHU-
TEJILHBIX TeHETHYECKUX (DPaKTOPOB HA YPOBEHb OMOCHHTE3a
Me3udypaHa 1 TpeOyIOT MPOBEICHHUS JONOJIHUTEIbHBIX HC-
CJIEJIOBAHUM.

Cpenu mpoaHaIN3UpPOBAHHBIX 22 OTEYECTBEHHBIX COPTOB
3eMJISHUKH TOMO3HMTOTHBIM COCTOSTHHEM (DYHKIIMOHAJIBHOTO
annenst FaOMT+ xapakrepusyrorest 59.1 % ¢opwm, rerepo-
3UTOTHBIM codyeTaHueM amneneil —27.3 % renorunos. ['omo-
3UTOTHOE COCTOSHUE HEeaKTUBHOrO amiens FaOMT— unen-
tuunuposaHo y 13.6 % (opm 0TeueCTBEHHOH CEJIEKIHH.
Cpenu npoaHalIM3UPOBaHHBIX 16 copToB 3apyOexkHO ce-
nekiun 56.3 % dopm umeror renorun FaOMT+FaOMT—,
37.5 % — renorunn FaOMT+FaOMT+, 6.2 % — reHotun
FaOMT-FaOMT-. Ilpeobnasanne reTepo3uroTHOro coueTa-
Hust aened rena FaOMT'y 3apy0OesKHBIX COPTOB 3eMIISTHUKH
MOATBEPKIAETCSI TaKKe APYruMu uccienosarensmu (Cruz-
Rus et al., 2017).

CozeprkaHue y-JeKaJlakTOHa B TUIOJaX 3eMJISIHUKH KOHT-
pommpyetcst reHoM FaFADI (ren-kanaunar 24414), moxamu-
30BaHHBIM B JIMUCTAILHOM pailOHE JUIMHHOTO TuIeda XpOMO-
comer 11-2 reHoma F. x ananassa Duch. (Sanchez-Sevilla et
al., 2014). B pesynsrare cpaBHeHHs TeHOMOB copTta Elyana
(y-mexanmaktoH npoxymupyercs) u copra Mara des Bois (y-zme-
KaJIaKTOH HE MPOYLUPYETCs1) yCTAHOBICHO, YTO OMOCHHTE3
Y-ACKaJaKTOHA B IUIOAAX 3EMIITHUKU OIPEIEINAETCS JKC-
npeccuedl omHOTO (pyHKIHOHATBHOTO amens FaFADI, a
OTCYTCTBHE Y-JIeKaJaKTOHA 00YCIIOBIICHO MO0 OJIOKMPOBKOMA
tparckpunuun MPHK rena FaFADI, mubo OTCYyTCTBHEM B
reHoMe aktuBHOTro ayuresst (Chambers et al., 2014). [paiimepst
FaFADI1-F/R ammnudunupytor ¢ 5'-konna rena 24414 ¢par-
MeHT pazmepom 500 m.H. Y TEeHOTHIIOB, B TUIOaX KOTOPHIX
Y-ZIeKaJIaKTOH HE CHHTE3UPYeTCs, TaHHBIA (parMeHT He aM-
wmdunupyetcs (Chambers et al., 2014). 3aBUCHMOCTh MEXKITY
HaIA9YHEeM B TeHOoMe (YHKIMOHANBbHOTO amens FaFADI n
OMOCHHTE30M Y-AeKaJIaKTOHA B TIJI0/Iax OblLIa MPOTECTHPOBAHA
Ha Tpex ruopuaHbIX komOuHanmsx: Elyana (y-mexanakroH
nponynupyercs) X Mara des Bois (y-aekagakToH He MPOIy-
mupyercst), Elyana (y-nekanakToH mpoaynupyercs) X cesi-
Her Ne 98 (y-mekanaktoH mpoayiupyetcs), Mara des Bois
(y-mexamakToH He mpoxynupyetcs) X cessuery Ne 98 (y-me-
KaJIaKTOH TIPOyupyeTcs). Bce reHOTHITBI ¢ BBICOKHM CO-
JIepKaHUueM Y-JieKaJlakToHa B TUI0JaX XapaKTepPH30BaINCh
HaJU49ueM AOMUHAHTHOTO amnens FaFADI. Koppemsmus
Mexay Hanuuuem amens FaFADI u cuHTe30M Y-IeKajak-
TOHA MOATBEPK/ICHA TaKXKe aHaM30M coptoB: Radiance, Al-
bion, Winter Star, Sweet Charlie (y-mexaxakToH MpoOmyIH-
pyercs); Deutsch Evern, Strawberry Festival, LF9, Mieze
Schindler (y-nexanakron He nmpoayirpyercs) (Chambers et al.,
2014). ITo manneM (Zorrilla-Fontanesi et al., 2012), Beicokoe
coziepKaHue y-JIeKaJlakToHa B tuoaax B 93.3 % ciryyaes o0y-
CJIOBJICHO Hayn4uueM reHa FaFAD].

B ananm3upyemoii KoyueKnnu n3 43 reHOTUIIOB 3eMIITHUKN
reH FaFAD 1 npentndunuposan y 25.6 % dopM, B TOM uncie
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A.C.JToikuH, U.B. JlyKbAHUYK Monumopdram reHoTUNOB 3EMAAHNKI KONNeKLun 2020
E.B. K6aHoBa OHLU um. N.B. MnuypuHa no renam FaOMT v FaFAD1 24.1

FaOMT+ —>
FaOMT- —>

FaFAD1 —>

SnekTpopopeTtnyeckuii npodpunb Mmapkepos FAOMT-SI/NO (a) n FaFAD1 (6) reHOTVMNOB 3eMNAHNKM:

1 - Red Gauntlet; 2 - NlacTouka; 3 - Topnepa; 4 — 3eHuT; 5 - Sonata; 6 — Karmen; 7 - BbinnHHas; 8 — Samson; 9 — borema; 10 - CypapyLuka;
11 - Kynumxa; 12 - F. ovalis Rydb.; 13 - F. virginiana Duch. ssp. platypetala; 14 - F. moschata Duch.; M — mapkep mMonekynspHoro Beca.

Tabnuua 2. AnnenbHoe pazHoobpasye reHoB apoMata nnoaos FAOMT n FaFAD1 y auKkopacTyLwyx BUGOB U COPTOB 3€MIISIHVKI
(1 - annenb npucyTcTBYeET, 0 — OTCYTCTBYET)

N2 TeHoTun FaOMT FaFAD1 |[Ne  TeHotun FaOMT FaFAD1
nn 217nm. 248nm. 500mm. |7 217 n.H. 248 n.H. 500 M.H.
1 F orientalis Los. 0 1 1 23  Topnepa 0 1 0
2 F.moschata Duch. 0 1 1 24 QecTmBanbHas 0 1 0
3 Fovalis Rydb. 1 0 1 25  @ecTmBanbHasa anoMUKT 0 1 0
4 Fvirginiana Duch. ssp. platypetala 0 1 0 26  QecTvBanbHaa poMallka 1 1 0
5 AnéHa 0 1 0 27 Onopa 0 1 0
6 borema 0 1 0 28 Uapckocenbckas 1 1 0
7  BbinvHHaA 1 0 1 29 Barlidaun 0 1 0
8 Burasb 1 1 0 30 Elianny 0 1 0
9 Tupnanga 0 1 0 31 Gigantella Maxim 1 0 1
10 [OuBHas 0 1 0 32 Karmen 0 1 0
11 3enut 0 1 0 33 Marshall 1 1 1
12 KapHaBan 0 1 0 34 Maryshka 1 1 0
13 KpblmuaHka 87 0 1 0 35 Polka 1 1 0
14 Kynuuxa 1 0 1 36 Samson 0 1 0
15 Jlactouka 0 1 0 37 Sonata 1 1 1
16  He3HakomKa 1 1 0 38  Symphony 1 1 0
17  Onumnuinckana Hagexaa 1 0 0 39 Tokado 1 1 1
18 MMpusnekatenbHas 1 1 0 40 Troubadour 1 1 0
19 Pycny 1 1 0 41  Red Gauntlet 0 1 1
20 ConosyluKa 1 1 0 42  VimaTarda 1 1 1
21 CrypeHueckas 0 1 0 43 Vima Zanta 0 1 0
22  Cypapyuwka 1 0 0
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y IUKOpacTyIux BUIOB F. orientalis Los., F. moschata Duch.,
F ovalis Rydb. (mpumep naeHTH(UKAIINN CM. HA PICYHKE, 0,
pe3yabrarsl — B Ta0. 2). [en FaFAD I mpucyTCTBYET TaKxKe y
KyJIETUBUPYEMOT0 (hpaHILy3CKOTO COpPTa 3eMIISIHUKH MyCKar-
Hoii Capron Royale (Cruz-Rus et al., 2017). Cpenu 22 reHo-
TUIIOB 3EMIITHUKH OTEUECTBEHHOM CeJeKIuu reH FaFADI
npucytctByer y 9.1 % dopm (copra beumnnas u Kymuuxa).
Cpenu m3y4eHHBIX 16 3apyOeHBIX COPTOB OIS TEHOTUIIOB
c reHoM FalFAD] coctasuna 37.5 %. B npoBeneHHOM paHee
CKpUHHHIE TeHOTHIOB F. X ananassa Duch. 3apy0exHoi
cenekiyu red FaFADI uneatuduimposan y 40.0 % ¢opm
(Cruz-Rus et al., 2017).

Bonee mmpoxoe pacnpoctpanenue rena FaFADI B reHo-
IUIa3Me 3apyOeXHBIX COPTOB 3EMIISTHUKH MPEAIONI0KHTENb-
HO OOBSICHSICTCS TEHETHUECKOW OM30CTHI0 MHOTHX COPTOB
BCJIEJICTBHE IIUPOKOIO HCIIOJIB30BaHUS B CEJIEKIIUU OJHHUX
U TeX e POMUTENBCKUX (opM (OOIBIIMHCTBO CO3MAHHBIX
nociue 1960 r. copToB MHOCTPAHHOH! CENEKIUH MOTyYeHO OT
cKkpernBaHus ceMu ucxoaubix Gpopm (Lei et al., 2002)), onxa
VI HECKOJIBKO M3 KOTOPBIX MOTJIH OBITh JOHOPOM (pyHKIIHO-
HajbHOro amens reva FaFADI.

Apomar IIoJ10B 3€MJISHUKH — 3TO CJIOKHBIH MHOTOKOM-
MIOHEHTHBIH NPHU3HAK, IPOSBIEHHE KOTOPOTO JAeTEPMUHHUPO-
BaHO KCTIPECcCHEl MHOTHX I'eHeTHIeCKnX (hakTopoB. B cBsi3zn
C 5TUM HauOoJee MepPCHeKTUBHBIMU IO TIPU3HAKY «apomar
IUIOZIOBY (POPMaMM SIBIISIOTCSI TEHOTHITBI, COBMEMIAIOIINE B
TeHOME HECKOJIbKO T'€HOB apomara. B ananmsupyemoil koi-
JICKLIMH TEeHOTHIIOB 3EMIISTHUKHU COYeTaHHe (PyHKIIMOHATIBHBIX
anneneit reHoB FaOMTw FaFADI BeisiBneHo 'y 16.3 % dopm
(cm. Tabm. 2). [Ipu aTom nukopactymue BUIBI F. orienta-
lis Los., F. moschata Duch., a Taxoke copT 3eMJISIHUKH CaJI0BOU
Red Gauntlet coBmemniaroT (GpyHKITMOHATBHBIA aliens TeHa
FaFADI ¢ rOMO3UIOTHBIM COCTOSIHUEM AKTUBHOTO aJlIeNs
rena FaOMT. Copra 3apy0OexHoii cenekuun Marshall, So-
nata, Tokado n Vima Tarda xapakTepm3yroTcsi coueTaHHEM
(yHKIMOHANBHOTO ajuiens reHa FaFAD] ¢ reTepo3uroTHBIM
coctosiHuueM rea FaOMT. Cpean OTe4eCTBEHHBIX COPTOB
3eMJISTHUKN COYeTaHnsl (DyHKIIMOHAJIBHBIX ajiesiel TeHOB
FaOMT v FaFAD]I ne BbISIBIEHO.

3aknioueHue

Takum 00paszoMm, 1Mo pe3yabraTaM MOJCKYISIPHO-TCHETHYC-
CKOTO aHalM3a aJuIeJIbHOTO COCTOsHUA reHa FaOMT nns
CEJICKITIH Ha apOMaT IIOIOB ITePCIIEKTUBHBIMHU HCTOYHUKAMH
BBICOKOTO COZICpKaHUSI MEe3U(ypaHa SBISIOTCS OTCUYCCTBCH-
ueie (Anéna, borema, I'upnauna, Jlusnas, 3enut, Kapnasai,
Kprsimuanka 87, Jlacrouka, Ctynenueckas, Topmena, dectu-
BasbHas, Priopa) n 3apyoesxusie (Barlidaun, Elianny, Karmen,
Samson, Vima Zanta) copra 3eMJISTHUKH CaJ0BOM, XapaKTe-
PH3YIOIIHECS TOMO3UTOTHBIM COCTOSTHIEM (DYHKITHOHATIHHOTO
amens (rerotun FaOMT+FaOMT+). IcTOYHUKOM BBICOKO-
r0O COlepKaHUs Y-IeKaJaKTOHA B IUIOJAX SIBISIOTCS COpTa
brumanas, Kymanxa, Gigantella Maxim, Marshall, Sonata,
Tokado, Vima Tarda, xapakrepusyromuecs HaTHIueM aKTHB-
Horo amens rena FaFAD 1. [lukopactyuue Bujibl F. orienta-
lis Los., F. moschata Duch. u copt 3emnsaanky canosoit Red
Gauntlet, copmemaronue (HyHKIIMOHATBHBIA aJlIe)b TeHA
FaFADI ¢ roMO3UTOTHBIM COCTOSTHUEM aKTMBHOTO aJljIelis
rera FaOMT, cmy»ar KOMIDIEKCHBIMH HCTOYHHUKAMH BBICO-
KOTO conepkaHus Me3u(ypaHa  y-JIeKaTaKTOHa B TUIOIAX.

Polymorphism of the FlOMT and FaFADT genes
in strawberry from the collection of the Michurin FRC
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The study of organelle DNA variability
in alloplasmic barley lines in the NGS era
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Abstract. Alloplasmic lines are a suitable model for studying molecular coevolution and interrelations between
genetic systems of plant cells. Whole chloroplast (cp) and mitochondrial (mt) genome sequences were obtained
by the MiSeq System (lllumina). Organelle DNA samples were prepared from a set of 12 alloplasmic barley lines
with different cytoplasms of Hordeum vulgare ssp. spontaneum and H. vulgare ssp. vulgare, as well as from their
paternal varieties. A bioinformatic approach for analysis of NGS data obtained on an organellar DNA mix has
been developed and verified. A comparative study of Hordeum organelle genomes' variability and disposition of
polymorphic loci was conducted. Eight types of chloroplast DNA and 5 types of mitochondrial DNA were distin-
guished for the barley sample set examined. These results were compared with the previous data of a restriction
fragment length polymorphism (RFLP) study of organelle DNAs for the same material. Formerly established data
about a field evaluation of alloplasmic barley lines were revised in the light of information about organelle ge-
nomes gained after NGS. Totally 17 polymorphic loci were found at exons of chloroplast genomes. Seven of the
SNPs were located in the genes of the Ndh complex. The nonsynonymous changes of nucleotides were detected
in the matK, rpoC1, ndhK, ndhG and infA genes. Some of the SNPs detected are very similar in codon position and
in the type of amino acid substitution to the places where RNA editing can occur. Thus, these results outline new
perspectives for the future study of nuclear-cytoplasmic interactions in alloplasmic lines.

Key words: barley; alloplasmic lines; chloroplast DNA; mitochondrial DNA; next generation sequencing (NGS).
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3yueHne nsmeHunBocTtu JJHK opraHesnn
aJUIOIIa3MaTUYECKIUX JIMHUI SYMeHS
B 3IIOXY BBICOKOITPOVI3BOAUTE/NIBHOI'O CEKBEHIIPOBAHIUA

M.I. Cunsisckas @, A.M. Makxkapesny, VI.M. Toaoenko, B.C. TTankpartos, O.A. AeBpanckmit, H.I. Aannaenko, H.B. AyxaHuna,
A.M. llInmkeBuy, O.I. AaBbipA€HKO

WNHCTUTYT reHeTVKM 1 uutonorum HaumoHanbHom akagemnm Hayk benapycu, MuHck, benapycb
& e-mail: cytoplasmic@mail.ru

AHHOTOLMA. AnnonnasMaTnyeckne NMHNN ABAAITCA NOAXOAALLEN MOAENbIO ANA N3YyYeHNA MONEKYNAPHON KO-
3BONIOLMUN 1 B3aUMOAENCTBUN MeXAY FreHeTUYeCKMN CMCTeMaMun pacTutenbHon kneTkn. C ncnonb3oBaHrem
MiSeq System (lllumina) 6bInn onpeaeneHbl NONHOreHOMHble nocnegosatenbHocTn JHK opraHenn knetku —
XN0pOonnacToB u MutoxoHapuin. JHK opraHenn BbigeneHa u3 12 o6pa3uoB KOMIEKUUM annoniasmaTnyeckmx
NNHWIA AYMEHA C uuTonnasmammn Hordeum vulgare ssp. spontaneum (H. spontaneum) w H. vulgare ssp. vulgare
(H. vulgare), a Tak»e 13 COpTOB AYMEHSA AOHOPOB Afpa. PazpaboTaH 1 BepndnLMpPOBaH NOAXOL K aHanM3y pe-
3ynbtaTtoB NGS cMecei XJIoponnacTHOM 1 MUTOXOHApUanbHoi JHK ans c6opKu HOBbIX MOMHbIX CUKBEHCOB MJla-
CTUAHBIX Y MUTOXOHAPWANbHbIX reHOMOB H. vulgare n H. spontaneum. NpoBefeHO CpaBHUTENIbHOE MU3yyeHune
MN3MEHUYMBOCTY FrEHOMOB OpraHessl, NoKann3oBaHbl NoAnMopdHble yyacTku. BoigeneHo Bocemb Trnos xnHK n
natb Tnos MTAHK. MonyyeHHas nHGopmaLma conoctaBneHa C pesynbratamy NpeablayLwmx UCcnefoBaHnin 3TUx
e NMHUI MeToLOM NoNUMOopdr3Ma ANUH PECTPUKUMOHHBIX dparmeHToB IHK opraHenn. Ha ocHoBaHun cpas-
HEHWA NOJTHOreHOMHbIX nocnegoBatenbHocTer XxnAHK n mTHK annonnasmatnyeckmx IMHUN n COPTOB AOHOPOB
AfepPHbIX FeHOMOB NePeCcMOTPEHbI MOJTyUYEeHHble ANA HUX paHee AaHHble Mo GOPMUPOBAHMIO NPU3HAKOB, CBA3aH-
HbIX C MPOAYKTUBHOCTbI0. CeMHaaLaThb MONMMOPOHbIX JIOKYCOB 0OHapYKeHO B 9K30HaX NnacTUAHbIX reHoB. Cemb
13 HMX pacnonioxeHbl B reHax Ndh komnnekca. HecMHOHMMMYeCKne 3aMeHbl HyKIeoTUA0B MAEHTUGULMPOBaHbI
B reHax matK, rpoC1, ndhK, ndhG, infA. BepoaTHo, HekoTopble SNP ABNAIOTCA TOUKaMU, FAe NPOUCXOAUT SAUTUHT,
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M3yueHne namernunsoctn IHK opranenn
annonnasmaTnyecknx TIMHNA AYMeHA

O 4YeM CBMAETENbCTBYHOT NO3NLNN 3aMeHbl B KOQOHE U TuM AMVNHOKMCJTIOTHOW 3aMeHbl. I'IposeneHHoe ncaneno-
BaHMe OTKpPbIBae€T HOBble€ NepPCneKTUBbI AN1A N3yYeHUA AAepHO-LMTOoM/1a3MmaTnyeCckmnx B3aVIMOAENCTBUIM Ha npu-

Mepe annonsiaamatnyecknx JIHWIA.

KnioueBble crioBa: AUMeHb; annonsasmatnyeckmne nuHuM; xnoponnactHaa HK; mutoxoHgpuanbHasa JHK; Bbico-

KonpoussoaguTesibHoOe CeKBeHUPOBaHMe.

Introduction

Barley is one of the most important cereals in the world, after
wheat and rice. The history of its cultivation stretches from
ancient times (Pankin, von Korf, 2017). Peculiar distribution
of different nuclear and cytoplasmic gene loci of barley across
localities occurred together with the process of migration of
humans (Saisho, Purugganan, 2007). In parallel with the pro-
cess of barley spreading from the centers of origin to different
climatic zones, definite changes in nuclear and cytoplasmic
genes have happened. This led to change in the interactions of
the nucleus and cytoplasm, the establishment of new nuclear-
cytoplasmic relations.

Chloroplasts and mitochondria are essential organelles in
plant cells and play an important role in sustaining life. The
genomes of organelles have a number of properties that make
them indispensable for studying in various areas of modern
biology: a large number of copies per cell; relatively conserva-
tive sequences; lack of recombination; maternal inheritance;
coding the proteins for photosynthesis and respiration; en-
dosymbiotic origin (Danilenko, Davydenko, 2003; Daniell
etal., 2016).

The efficiency of photosynthesis (the cooperative work
of chloroplast and nuclear genes) and the functioning of the
mitochondrial respiratory chain complexes (the joint work of
different subunits of mitochondrial complexes coded by nDNA
and mtDNA) basically determine the productivity of plants.

Among the suitable models for study of nuclear-cytoplasmic
interactions are allo- and isoplasmic plant lines. Alloplasmic
lines are usually created via hybridization when the nucleus
from one plant (species or subspecies) are placed into the
cytoplasm of another plant through substitution backcross-
ing. Evolutionarily established relations between nucleus and
cytoplasm are disrupted at this case, and various consequen-
cies could arise as the result. There is the big set of data about
different effects of nuclear-cytoplasmic interactions. Wheat
alloplasmic lines with the nucleus from Triticum aestivum
and cytoplasm from different Aegilops and Triticum species
were studied (Kihara, 1951; Fukasawa, 1959; Mukai et al.,
1978; Maan, 1979; Tsunewaki, 1980, 1993). Barley alloplas-
mic lines were also created and thoroughly studied (Batura
et al., 1989; Krepak et al., 1996). Different manifestations
of nuclear-cytoplasmic interactions were investigated with
the help of the alloplasmic lines collections: the influence of
plasmon on morphogenesis, photosynthesis and respiration,
fertility, different stress conditions, transmission and recom-
bination of nuclear genes of plants (Palilova, Sylkova, 1987;
Nakamura et al., 1991; Sychjova et al., 1998; Goloenko et al.,
2002; Tsunewaki et al., 2002, 2019).

NGS of the whole chloroplast (cp) and mitochondrial (mt)
genomes from different matrices (either total cell DNA, or a
mixture of organelle DNA, or pure plastid and mitochondrial
DNA) allows to explore large number of samples simultane-
ously, to obtain qualitatively new comparative data about the
variability of cytoplasmic genomes (Nock et al., 2011; Twy-

ford, Ness, 2017). Especially the sequencing of pure organelle
DNA templates — chloroplast or mitochondrial (or mixture of
organelle DNAs), gained after organelle lysis appears to be
the most promising for organelle genome studies. In this case
numerous genomic and organelle DNA-like sequences from
nucleus are drawn away from analysis facilitating the process
of organelle genomes assembly.

Complete chloroplast and mitochondrial genome sequences
are essential for realizing and reshaping the phylogenetic
relationships between closely related taxa and for improving
our understanding of the evolution of plant species (Gornicki
et al., 2014; Givnish et al., 2018).

The comparative study of the plastid genomes variability in
alloplasmic barley lines (differing in origin of the cytoplasm
donor) and their euplasmic analogues were performed.

Materials and methods

Study material. Three barley varieties Vezha, Roland, Visit
as well as twelve alloplasmic lines created and maintained
in the Lab of Cytoplasmic Inheritance (Institute of Genetics
and Cytology, NAS Belarus) were used for organelle DNA
isolation (Table 1).

We explored alloplasmic barley lines with cytoplasm of
H. spontaneum and H. vulgare, as unfortunately we lack the
original seeds of H. spontaneum and H. vulgare donors of
cytoplasm (maternal parent). This plant material was created
in 1990th and then maintained by self pollinating.

The maternal inheritance of organelle genomes is well
documented in angiosperms, and considered as one of the laws
of cytoplasmic inheritance (Birky, 2008), though very seldom
occasional paternal transmission can occur (Reboud, Zeyl,
1994). We considered the plasmon of definite alloplasmic
line is equivalent to the original plasmon of corresponding
wild H. spontaneum, H. vulgare. Moreover, one of the recent
studies of alloplasmic lines in Triticum-Aegilops complex
demonstrated the stability of organellar DNA characteristics
between native euplasmic plants and alloplasmic line, indicat-
ing generally the usefulness of organellar genome in tracing
the maternal lineage of species (Tsunewaki et al., 2019).

The whole sequences of H. vulgare chloroplast (NC 008590,
Saski et al., 2007) and mitochondrial (AP017301, Hisano et
al., 2016) genomes accessible in NCBI nucleotide database
(GenBank) were used as references for assembly of new barley
organelle genomes.

DNA extraction. Organelles were extracted from 7 days
seedlings. The fraction of organelles was obtained by dif-
ferential centrifugation (Triboush et al., 1998). Chloroplast
and mitochondrial DNA were obtained by lysis of isolated
organelles with subsequent phenol-chloroform deproteiniza-
tion. This approach allowed simultaneous sequencing of both
genomes from each sample. The quality and concentration of
DNA was evaluated after 0.8 % agarose gel electrophoresis
and at NanoDrop 8000 spectophotometer (Thermo Fisher
Scientific).
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The study of organelle DNA variability
in alloplasmic barley lines in the NGS era

Table 1. Sources of nucleus and cytoplasm at the alloplasmic lines of barley

The nuclear donor
(H. vulgare ssp. vulgare)

Alloplasmic line

The cytoplasmic source

Subspecies Working code  CPINo Origin
Vezha(w3)BC7VezhaHvu/garesspsponmneumw377129 .......... | Srae|At“t37 ..................
Ro|and(w3)Bc7 ...................... R o|and ..............................

V|s|t(W3)BC7V|z|t ..................................
Roland(w4)Bc7 ...................... . olandHvulgaresspspontaneumW477129 .......... | sraeIAt||t55 .................
v|s|t(w4)Bc7v|z|t ..................................
Vezha(wg)Bc7VezhaHvu/garesspspomaneumws77135 .......... | sraeIWad|Qu||t23 ........
- oland ( Ws) ; BC7 ...................... R oland ..............................
V|s|t(W8)BC7V|z|t ..................................
Roland(w1)Bc7 ...................... R olandHvu/garesspsponmneumw177133 .......... | sraelHermong .............

Roland

Himalaya) BC;,

NGS. The NGS was perfomed on the MiSeq System (II-
lumina Inc., SanDiego, CA, USA), library preparation kit
NexteraXT, MiSeq Reagent Kit v3, read lengths 300 bp.

NGS data processing. The raw data were exported for
the primary analysis. The algorithm of sequencing data pro-
cessing included the following steps: trimming of raw reads
(Trimmomatic; Bolger et al., 2014); aligning reads to the
“double” reference, containing full sequences of chloroplast
and mitochondrial barley genomes (Bowtie2, http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml); obtaining mapping
statistics (bash scripts, BCFtools, https://samtools.github.io/
beftools/beftools.html); alignment visualization (Tablet; Milne
etal., 2013); generating VCF files (Samtools; Li et al., 2009);
filtering VCF files (VCFlib, https://bio.tools/vcflib). The
algorithm was tested on artificial Illumina reads synthesized
using the ART program. Ultimately, VCF files containing
all polymorphic loci of the chloroplast and mitochondrial
genomes were obtained (Makarevich et al., 2018).

Comparative analysis of cp genomes. The VCF files
for cp genomes of all studied samples as well as accessible
complete cp genome sequences of H. vulgare ssp. vulgare
(NC_008590) and H. vulgare ssp. spontaneum (KC912688,
KC912689) taken from the NCBI GenBank database were
involved in whole-genome comparison analysis. To visually
display the phylogenetic relationships between the studied
samples and divide them into groups by the types of chlo-
roplast genomes, the maximum parsimony-cladogram was
constructed on the base of all founded SNPs and INDELs.
Complete chloroplast genome sequences of H. jubatum
(KM974741) and H. bulbosum (KY636105) available in NCBI
GenBank acted as outgroups. The cladogram was built in Ex-
cel (Version 14.0.6112.5000) with searching for homologous
regions in the outgroup genomes using the SnapGene V.4.3.10.

Results and discussion

15 chloroplast and 15 mitochondrial genome sequences were
obtained after NGS (Illumina, MiSeq) of organelle DNA
samples (plastid +mitochondrial fraction). Bioinformatics’
approaches have been optimized for the processing of the
“raw” data after sequencing the mixture of cp and mtDNA.

H. vulgare ssp. vulgare

The comparative analysis of the obtained sequences as well
as available in NCBI nucleotide database (GenBank) was
carried out, that promoted the assessment of the total level
of sequence variation between samples of the same species,
defined the regions, where changes more often occur.

Generally, 103 polymorphic loci of cpDNA were revealed
after comparison analysis of 15 obtained new full organelle
sequences and 4 sequences from GenBank (see Materials and
methods). Among them 78 differences for the alloplasmic lines
and barley paternal varieties were detected: 56 SNP (39 of
them at introns of various genes, 17 — at exons (see Table 4)),
14 SSR loci and 8 indels.

The cladogram for the complete chloroplast genomes of
barley was constructed on the base of polymorphic loci found,
except for the SSR regions (see the Figure). It displays the
diversity of chloroplast genomes of H. vulgare and H. spon-
taneum, which allows to subdivide the plasmotypes in the
study set of barley (see below Table 2).

20 loci of mtDNA variability were identified. The level of
sequence variation was much lower compared to chloroplast
DNA. Only two types of changes were detected — point nucleo-
tide substitutions (19) and insertion (1). All the indels and the
most significant SNP were checked by Sanger sequencing to
verify the assembly of both genomes.

Qualitatively new data about the variability of Hordeum
organelle genomes and disposition of polymorphic loci were
obtained after NGS. It turned out to be higher than described
in earlier reports based on RFLP data or SSR analysis of
relatively few loci (Neale et al., 1988; Provan et al., 1999;
Russell etal., 2003; Lukhanina et al., 2006; Sipahi et al., 2013).

Differentiation of the alloplasmic lines collection
according various molecular methods
As a result of NGS study, eight types of chloroplast DNA
and five types of mitochondrial DNA were distinguished for
the examined barley sample set (Table 2). We were able to
highlight eight plasmotypes totally.

Earlier in 1984 the same set of cytoplasms as well as some
others: W1, W3, W4, W5, W7, W8, W9, W10, Atlas, Hi-
malaya, L1, L2 — were studied via restriction of cpDNA with
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A1888G C31132G
C2634T matK Val>lle 45315 delAATAT
C5516T A79524T
A8455C
C12907A
T25067G rpoC1 Asn>Lys A14645C G1978A
T46637G A26959C 105599 del63N! A3242G matK Leu>Pro
T49408C ndhK Lys>Asn G27322T A49301C A14122G
G51395T A36905C €110365T G24494T
57383 insAGTA G33315A A112780G T42365C
A62030G G49328C G113214A A58184G
A75218C C54417T TTT94465-94467AAA!
T78993C C70942G | >102707 insTGGG
T79838G 110357 dupl7N €105523T T5767G 105599 del44N
T79839A C113621T 18319 delCTAT
C€105524T T115228G A29020C H. vulgare subsp. spontaneum
T106599G | C13751A T72059A A42892C (KC912688)
C111390T ndhG Gly>Glu [ | C40894T A72060T C61583G
A65107C T105126A 46244 delCT  T79692C G114148A
Roland (W9)  |G76884AnfA Ser>Leu A105265C €79693T C114340T
T108765A Vizit (W8) A5389C T114686G
Vezha (W8) Roland C12643T >102707 insTGGG
Roland (W8) A17501T
>102707 insTGGG 18307delATACG  Vezha A19776G H. vulgare subsp. vulgare
C48373T! A35771G G109443T (NC_008590)
G8069A C61583G
C111622T H. vulgare subsp. spontaneum | |
Vizit (W3) (KC912689) T7969G 56483 inv 5N T69014G C35570T
Vezha (W3)
Roland (W3) Vizit Roland (Atlas) Roland (Himalaya) H.vulgare subsp. vulgare
Vizit (W4) (KT962228)
Roland (W4)
Roland (W1)

The cladogram for the complete chloroplast genomes of barley (based on variability regions).

Maximum parsimony-cladogram was constructed on the base of founded SN

Ps and INDELs. Chloroplast genome sequences of H. jubatum (KM974741) and

H. bulbosum (KY636105) available in NCBI GenBank were used as outgroups. The polymorphic loci are given according to reference H. vulgare (NC_008590).
Highlighted in green — synonymous nucleotide substitutions, grey — nonsynonymous substitutions. Indels are written in bold. Exclamation mark (!) - reverse

replacements ,“>" - parallel mutations.

Table 2. The specific combinations of chloroplast
and mitochondrial DNA types in the collection
of alloplasmic barley lines (NGS data)

Cp DNA Mt DNA type
BY@ T e s
ype 1 2 3 4 5
1 |
Roland (W9)
2 ]
Vezha (W3),
Vizit (W4),
Roland (W3),
Roland (W4),
Roland (W1)
3 1l
Vizit (W3)
4 \
Vizit (W8),
Vezha (W8),
Roland (W8),
Vezha
5 \%
Roland
6 \
Vizit
Vil
7 Roland
(Atlas)
8 Vil
Roland
(Himalaya)

4 endonucleases BamHI, Bcll, EcoRI, HindlIl (Clegg et
al., 1984). Five different chloroplast RFLP patterns were
detected. Afterwards mtDNA endonuclease digestion was
performed for 12 alloplasmic lines with the above men-
tioned cytoplasms and nucleus from barley variety Vezha.
Four groups of mtDNA types were detected (Sychjova et al.,
1998). Combining these results, 9 specific plasmotypes were
distinguished (Table 3).

NGS data for chloroplast genome (this work) and earlier
obtained RFLP data (Clegg et al., 1984) were compared.
RFLP analysis having quite low resolution was not able to
show all the differences between samples. So, we expected
that sequencing of full chloroplast and mitochondrial genomes
of alloplasmic lines will shed light on the organelle genome
variability of this collection.

Specific motifs for BamHI, Bcll, EcoRI, HindIIl endonu-
cleases were determined in obtained full chloroplast genomes
(SnapGene V.4.3.10). Despite many variability positions be-
tween samples detected by NGS (see the Figure), they mainly
didn’t affect the enzyme cutting sites (c.s.). All samples bear
the same endonuclease digestion points for BamHI (54 c.s.),
Bell (53 c.s.), EcoRI (97 c.s.), HindIII (40 c.s.). Just only
G33315A substitution led to appearance the new cutting site
for Bell in W1, W3, W4, W8 and Vezha cytoplasm (Bc/l is
Dam methylation-sensitive enzyme, so it could influence the
RFLP results). All together they bear 54 Bcll sites.

The Roland (W9) appeared to be especially unique, because
only this line had four new SNP: A1888G (created the new
digestion site for HindII), T25067C, T79838G and T79839A

FEHETUKA PACTEHUI / PLANT GENETICS 15



M.G. Siniauskaya, A.M. Makarevich, |.M. Goloenko ...
N.V. Lukhanina, A.M. Shimkevich, O.G. Davydenko

Table 3. The specific combinations of chloroplast
and mitochondrial DNA types in the collection

of alloplasmic barley lines (according to previously
published data of RFLP analysis)

Cp DNA type Mt DNA type
A C D E
1 |
W10, Atlas, Himalaya
2 Il
L1,L2
3 11l " Vi
W7, W4 W8 W9

4 Vil Vil

W1 W5
5 IX

W3

(that promote the emergence of two new EcoRI cutting points).
Thus Roland (W9) bears 41 HindlIl and 99 EcoRI cleavage
points.

We tried to collate the types of cytoplasms obtained by
two different methodological approaches — RFLP and NGS
sequencing (see the Figure and Table 2, 3).

Roland (Atlas) and Roland (Himalaya) refer to the same
plasmotype according to RFLP data, but NGS differentiated it.

The study of organelle DNA variability
in alloplasmic barley lines in the NGS era

According to Clegg (Clegg et al., 1984), W3 and W4 belong
to different RFLP because of different cpDNA types and one
common mitochondrial. However, the NGS study combined
them in one group, with one exeption — Vizit (W3). Note an
interesting fact — W3 and W4 lines originated from one locality
Atlit at Israel and they are most likely closer genetically than
other lines studied. Sequencing data put alloplasmic lines with
W3 and W4 cytoplasm at one subcluster. So, Vezha (W3),
Roland (W3), Roland (W4), Vezha (W4) are identical for all
polymorphic loci and Vizit (W3) is very similar to other al-
loplasmic lines with W3 cytoplasm, bearing variability only
at 7 polymorphic loci.

Alloplasmic lines with W8 cytoplasm formed separate
group according to both methods.

Roland (W9) line was placed into the special RFLP group;
according to NGS data, this line has more than 20 specific
SNP, thus it appears to be remote from all other lines studied
(see the Figure).

SNP detected at chloroplast genome sequences,

their possible importance for plants

Only single nucleotide substitutions were revealed at exons of

chloroplast genes, 12 of them were synonymous: rpoA, rpoC1,

rpoC2, ndhA, ndhD, ndhG, ndhH, ndhK, atpA, psaA genes.

The 5 nonsynonymous changes of nucleotides were detected

in matK, rpoC1, ndhK, ndhG and inf4 genes (Table 4).
Some of SNP detected are very similar (position in codon

and also the type of amino acid substitution) to the places

Table 4. List of SNP detected at exons of cpDNA after comparative analysis of obtained whole genomes

No. Location Gene  Gene function Nucleotide Aminoacid Codon  Samples in which SNP was detected
at cpDNA substitution replacement position

1 ...... 2534 ........... matK ...... Maturasew|th|ntrnK|ntron ........... C>T ................ Va|370||e1Ro|and(W9) ................................................

2 25067  poCl RNA polymerase betasubunit-1 T>G Asns71lys 3

326950 rpoC2 RNApolymerase beta'subunit2 A>C Sera49= 3 LineswithW1,W3,W4, W8 cytoplasms,

4 ..... 27322 ........... G>T ................ G|y570: ........... 3 ............... Vezha

s 20020 ASC Seri136= 3 Vizit, Roland (Atlas), Roland (Himalaya)

6 35771  apA  ATPasealphasubunit ASG Gysi= 3 Vezha (W3), Roland (W3), Vizit (W4),

Roland (W4), Roland (W1)
7 ..... 40894 ......... psaAp5|p700apoprotemA1 .................. C>TPF°329= ........... 3R0Iand .........................................................
8 ..... 49408 ......... ndhKNADHdehydrogenase27kD .......... T>c|_y5233/.\5n ........ 3Ro|and(W9) ................................................
subunit

9 ..... 75218 ......... rpoARNAp0|ymerasea|phasubun,t ..... /.\>c|_eu227: ........... 3Ro|and(vv9) ................................................

10 76884  infA Initiationfactor1 G>A Serg7les 2 Al lines with W1, W3, W4 cytoplasms

11 108765 ndhD NADH-dehydrogenaseND4  T>A Gly2s7= 3 Alllines with W1, W3, W4 cytoplasms

121”390 ....... nthNADHdehYdrogenaseND6 ........... C>T ................ G|y16G|u .......... 2Ro|and(wg) ................................................

13”2780 ....... ndhANADHdehydrogenaseNm ............ /.\>G ............... G|y213: ........... 3 ............... V,thRo|and ................................................

exon2

14 114148  ndhA  NADH-dehydrogenaseND1 ~ G>A  Prolol= 3 Vizit, Roland (Atlas), Roland (Himalaya)

15”4340 ....... exon] C>T|_eu37= ............. 3 ...............

16 114686 ndhH NADH-dehydrogenase49kD  T>G Ser3te= 3 Vizit, Roland (Atlas), Roland (Himalaya)

17”5228 ....... subunit T>G ................ Arg136=1 ................ A||||nesw|thw1w3w4wg ...................

cytoplasms, Vezha

Note:The grey filling in the table - marked SNP, where nonsynonymous changes of nucleotides occurred.
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where RNA editing can occur. Editing usually appeared
to be C-U replacement at the mRNA level, it corrects the
“wrong” nucleotide at the DNA level. It leads to restoration
of phylogenetically conservative amino acid sequences of the
proteins (Maier et al., 1996; Danilenko, Davydenko, 2003).
Editing is the important posttranscriptional control of the
gene expression. It is necessary for plastids functioning and
plants survival (Takenaka et al., 2013). Nucleotide substitu-
tions in matK 2634 C>T (p.Val370lle), ndhK 40894 C>T
(p-Lys233Asn), infA 76884 G>A (p.Ser87Leu), ndhG
111390 C>T (p.Glyl16Glu), ndhA exon2 112780 A>G
(p-Gly213=), ndhA exonl 114148 G>A (p.Prol01=), ndhA
exonl 114340 C>T (p.Leu37=) possibly mark positions
where editing could take place.

According to Table 4, SNP at cpDNA 76884 nucleotide
position resulted in amino acid substitution p.Ser87Leu at infA4
gene for lines Hordeum vulgare subsp. spontaneum with W3
and W4 cytoplasm. inf4 is the factor 1 of translation initia-
tion (IF1) encoded in chloroplast. It is highly conserved and
universal in all living organisms (Roll-Mecak et al., 2001).
Remarkably we found polymorphic loci at inf4 gene, posi-
tion 76884 G>A of cpDNA. This SNP occurred at the second
position of codon, usual position for editing (87 % of all edited
sites — the second nucleotide positions of triplets encoding
amino acids). The barley with cytoplasms W3, W4, and W1
bear A (or T at opposite DNA strand) and they needn’t correc-
tion C>T at the RNA level (editing), but all the other samples
studied possess C and it can be corrected by editing machinery.
This substitution will lead to Ser>Leu change — most com-
mon conversion during editing (Tsudzuki et al., 2001). Some
further work to support this idea and to determine functional
peculiarities of this event is needed.

About half of SNP (7 out of 17) are located at the genes of
NADH complex. Chloroplast DNA of barley encodes 11 Ndh
genes. Of note that these genes are quite variable in different
taxons and still remain between the relatively few number
of genes retained at cpDNA of higher plants in comparison
with genome of prokaryotic Cyanobacteria ancestor. They
have been lost in Gnetales, pines, Erodium species, some
parasitic plants, endowing their characteristic cpDNA features
(Peredo et al., 2013; Sabater, 2018). Nevertheless, most land
photosynthetic plants contain these genes. It is considered,
that they are important for adaptation of plants to photosyn-
thesis (Martin, Sabater, 2010; Shikanai, 2016). Ndh complex
function is necessary to optimize photophosphorylation rates
under different stress conditions (Rumeau et al., 2007; Martin,
Sabater, 2010).

Nearly 50 % of editing sites of flowering plants concentrate
at the ndh group of genes (Martin, Sabater, 2010). We found
loci of variability at five of them. Possibly nucleotide substi-
tution C>T at 111390 position of cpDNA resulted in amino
acid change Gly16Glu, can be the place of editing event which
needs future verification.

The productivity characters of substituted barley lines with
five different nuclear genomes and six plasmotypes were thor-
oughly tested in field conditions for several years (Goloenko et
al., 2000). The direct correlation between productivity and dif-
ferences in the structure of organelle genomes was not found.
The effects of cytoplasm substitution on the economically
valuable traits of plants varied greatly depending on nuclear
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genome, significant impact for various traits was revealed for
definite nuclear-cytoplasmic combinations. Nevertheless, two
groups of cytoplasms with minimal — W4, W8, and highest
influence on productivity — A, L1, W3, W5 were defined on
the basis of comparative analysis.

Conclusion

We have got detailed information about sequences of barley
organelle genomes of set of alloplasmic lines. At present we
cannot precisely foresee which cytoplasm type gives definite
phenotypic effect. The results prove that interaction of definite
nucleus with specific organelle genome in every case can be
unique. Nevertheless, each line was marked and its peculiar
features were defined. It represents the new type of starting
material for prospective studies in breeding and molecular
genetics in Poaceae.

Furthermore, alloplasmic lines appeared to be the promis-
ing material for the study of molecular coevolution between
genetic systems of plant cell. If editing really occurs at
some loci of organelle genes of definite barley cytoplasms
it needs special transfactors, at least PLS-type PPR proteins
(encoded in nucleus). These proteins are highly specific
for their RNA targets. If we combine in alloplasmic lines
cpDNA which needs editing and nucleus where transfactor
for this event is not encoded, how could plants overcome
this inconsistency? Another case — the cytoplasm loci need
no editing, but transfactor is encoded in nucleus. Amazingly,
phylogenetic comparison of editing sites and corresponding
PPR proteins leads to the very interesting fact: if conversion
C to T at the DNA level takes place, no need in editing exists
and PPR protein can gradually disappear from the nucleus of
this taxon. Moreover, as revealed for DOT4 PPR protein — the
loss of editing target site through C to T conversion allowed
DOT4 in Poaceae to adapt for new function. Also some cases
were described where the target sequences for editing exist,
but no corresponding PPR is encoded by nucleus (Hein et al.,
2019).

Thus, the field for further studies of nuclear-cytoplasmic co-
operation is quite large. Possibly editing (PLS-PPRs) or other
processes and their players both from nucleus and cytoplasm
are involved, that bring us to discovery of fine mechanisms
of different cell genetic systems interaction.

References

Batura F.N., Davydenko O.G., Kadyrov M.A. The substitution of cy-
toplasm in barley varieties and it breeding impact. Doklady AN
BSSR = Reports of the Academy of Sciences of the BSSR. 1989;
33(7):657-659. (in Russian)

Birky C.W. Uniparental inheritance of organelle genes. Curr. Biol.
2008;18(16):R692-R695. DOI 10.1016/j.cub.2008.06.049.

Bolger A.M., Lohse M., Usadel B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics. 2014;30(15):2114-2120.
DOI 10.1093/bioinformatics/btul 70.

Clegg M.T., Brown A.N.D., Whitfeld P.R. Chloroplast DNA diversity
in wild and cultivated barley: implication for genetic conservation.
Genet. Res. 1984;4:339-343. DOI 10.1017/S0016672300026112.

Daniell H., Lin C.S., Yu M., Chang W.J. Chloroplast genomes: diversi-
ty, evolution, and applications in genetic engineering. Genome Biol.
2016;17(1):134. DOI 10.1186/313059-016-1004-2.

Danilenko N.G., Davydenko O.G. Worlds of Organelle Genomes,
Minsk: Tekhnalogiya Publ., 2003. (in Russian)

FEHETUKA PACTEHUI / PLANT GENETICS 17



M.G. Siniauskaya, A.M. Makarevich, |.M. Goloenko ...
N.V. Lukhanina, A.M. Shimkevich, O.G. Davydenko

Fukasawa H. Nucleus substitution and restoration by means of succes-
sive backcrosses in wheat and its related genus Aegilops. Jpn. J. Bot.
1959;17:55-91.

Givnish T., Zuluaga A., Spalink D., Soto Gomez M., Lam V.KY., Saa-
rela J.M., Sass C., Iles W.J.D., de Sousa D.J.L., Leebens-Mack J.,
Chris Pires J., Zomlefer W.B., Gandolfo M.A., Davis J.I., Steven-
son D.W., dePamphilis C., Specht C.D., Graham S.W., Barrett C.F,
Ané C. Monocot plastid phylogenomics, timeline, net rates of species
diversification, the power of multi-gene analyses, and a functional
model for the origin of monocots. Am. J. Bot. 2018;105(11):1888-
1910. DOI 10.1002/ajb2.1178.

Goloenko .M., Davydenko O.G., Shimkevich A.M. The disturbance
of splitting by nuclear marker genes in allo- and isoplasmic barley
lines. Genetika = Genetics (Moscow). 2002;38(7):944-949. (in Rus-
sian)

Goloenko .M., Teljatnicova A.A., Davydenko O.G. Some nuclei cyto-
plasmic combinations of barley substituted lines collection change
the productivity characteristics. Barley Genet. Newsl. 2000;30:28-31.

Gornicki P., Zhu H., Wang J., Challa G., Zhang Z., Gill B., Li W. The
chloroplast view of the evolution of polyploid wheat. New Phytolo-
gist. 2014;204(3):704-714. DOI 10.1111/nph.12931.

Hein A., Brenner S., Knoop V. Multifarious evolutionary pathways of
a nuclear RNA editing factor: disjunctions in coevolution of DOT4
and its chloroplast target rpoC1eU488SL. Genome Biol. Evol. 2019;
11(3):798-813. DOI 10.1093/gbe/evz032.

Hisano H., Tsujimura M., Yoshida H., Terachi T., Sato K. Mitochon-
drial genome sequences from wild and cultivated barley (Hordeum
vulgare). BMC Genomics. 2016;17(1):824. DOI 10.1186/s12864-
016-3159-3.

Kihara H. Substitution of nucleus and its effects on genome manifesta-
tions. Cytologia. 1951;16:177-193. DOI 10.1508/cytologia.16.177.

Krepak .M., Davydenko O.G., Triboush S.O., Danilenko N.G. The
creation of allo- and isoplasmic barley lines. In: Molecular-Genetic
Markers in Plants: Abstracts of Int. Conf. Yalta, Nov. 11-15, 1996.
Kiev: Agrarna Nauka Publ., 1996;74. (in Russian)

Li H., Handsaker B., Wysoker A., Fennell T., Ruan J., Homer N.,
Marth G., Abecasis G., Durbin R. 1000 Genome Project Data
Processing Subgroup. The Sequence Alignment/Map format and
SAMtools. Bioinformatics. 2009;25(16):2078-2079. DOI 10.1093/
bioinformatics/btp352.

Lukhanina N.V., Siniauskaya M.G., Goloenko .M., Davydenko O.G.
Chloroplast microsatellites in barley: the reduction of variability
spectrum in cultivated forms. Ekologicheskaya Genetika = Ecologi-
cal Genetics. 2006;1V(1):17-21. (in Russian)

Maan S.S. Specificity of nucleo-cytoplasmic interactions in Triticum
and Aegilops species. Wheat Inform. Service. 1979;50:71-79.

Maier R., Zeltz P., Kossel H., Bonnard G., Gualberto J., Grienenber-
ger J. RNA editing in plant mitochondria and chloroplasts. Plant
Mol. Biol. 1996;32(1-2):343-365. DOI 10.1007/BF00039390.

Makarevich A., Pankratov O., Sinyavskaya M., Lukhanina N., Shym-
kevich A., Liaudansky A., Goloenko I., Danilenko N., Davyden-
ko O. NGS data processing method for the mixture of chloroplast
and mitochondrial DNA of barley. In: Systems Biology and Bio-
informatics (SBB-2018): The Tenth International Young Scientists
School (27-31 Aug. 2018, Novosibirsk, Russia): Abstracts. Novosi-
birsk, 2018;29. DOI 10.18699/SBB-2018-23.

Martin M., Sabater B. Plastid ndh genes in plant evolution. Plant Phy-
siol. Biochem. 2010;48(8):636-645. DOI 10.1016/j.plaphy.2010.
04.009.

Milne 1., Stephen G., Bayer M., Cock P.J.A., Pritchard L., Cardle L.,
Shaw P.D., Marshall D. Using Tablet for visual exploration of second-
generation sequencing data. Brief. Bioinformatics. 2013;14(2):193-
202. DOI 10.1093/bib/bbs012.

Mukai Y., Maan S.S., Panayotov I., Tsunewaki K. Comparative stud-
ies of the nucleus-cytoplasm hybrids of wheat produced by three
research groups. In: Proc. Sth Int. Wheat Genet. Symp. 1978;1:
282-292.

The study of organelle DNA variability
in alloplasmic barley lines in the NGS era

Nakamura Ch., Yamakawa S., Suzuki T. Recovery of normal photo-
synthesis and respiration in common wheat with Agropyron cyto-
plasms by telocentric Agropyron chromosomes. Theor. Appl. Genet.
1991;81:514-518. DOI 10.1007/BF00219442.

Neale D.B., Saghai-Maroof M.A., Allard R.W., Zhang Q., Jorgen-
sen R.A. Chloroplast DNA diversity in populations of wild and cul-
tivated barley. Genetics. 1988;120(4):1105-1110.

Nock C.J., Waters D.L.E., Edwards M.A., Bowen S.G., Rice N., Cor-
deiro G.M., Henry R.J. Chloroplast genome sequences from total
DNA for plant identification. Plant Biotechnol. J. 2011;9:328-333.
DOI 10.1111/j.1467-7652.2010.00558.x.

Palilova A.N., Sylkova T.A. Formation of productivity in the new series
of alloplasmic wheat lines under the influence of alien cytoplasm.
Selskokhozyaistvennaya Biologiya = Agricultural Biology. 1987;
12:3-5. (in Russian)

Pankin A., von Korff M. Co-evolution of methods and thoughts in ce-
real domestication studies: a tale of barley (Hordeum vulgare). Curr.
Opin. Plant Biol. 2017;36:15-21. DOI 10.1016/j.pbi.2016.12.001.

Peredo E.L., King U.M., Les D.H. The plastid genome of Najas flexilis:
adaptation to submersed environments is accompanied by the com-
plete loss of the NDH complex in an aquatic angiosperm. PLoS One.
2013;8(7):¢68591. DOI 10.1371/journal.pone.0068591.

Provan J., Russell J.R., Booth A., Powell W. Polymorphic chloroplast
simple sequence repeat primers for systematic and population stu-
dies in the genus Hordeum. Mol. Ecol. 1999;8(3):505-511. DOI
10.1046/j.1365-294X.1999.00545 .x.

Reboud X., Zeyl C. Organelle inheritance in plants. Heredity. 1994;72:
132-140. DOI 10.1038/hdy.1994.19.

Roll-Mecak A., Shin B.S., Dever T.E., Burley S.K. Engaging the ribo-
some: universal IFs of translation. Trends Biochem. Sci. 2001;26:
705-709.

Rumeau D., Peltier G., Cournac L. Chlororespiration and cyclic elec-
tron flow around PSI during photosynthesis and plant stress re-
sponse. Plant Cell Environ. 2007;30(9):1041-1051. DOI 10.1111/j.
1365-3040.2007.01675.x.

Russell J.R., Booth A., Fuller J.D., Baum M., Ceccarelli S., Grando S.,
Powell W. Patterns of polymorphism detected in the chloroplast and
nuclear genomes of barley landraces sampled from Syria and Iordan.
Theor. Appl. Genet. 2003;107(3):413-421. DOI 10.1007/s00122-
003-1261-9.

Sabater B. Evolution and function of the chloroplast. Current investiga-
tions and perspectives. Int. J. Mol. Sci. 2018;19(10):3095.

Saisho D., Purugganan M.D. Molecular phylogeography of domesti-
cated barley traces expansion of agriculture in the Old World. Ge-
netics. 2007;177(3):1765-1776. DOI 10.1534/genetics.107.079491.

Saski C., Lee S.B., Fjellheim S., Guda C., Jansen R.K., Luo H., Tom-
kins J., Rognli O.A., Daniell H., Clarke J.L. Complete chloroplast
genome sequences of Hordeum vulgare, Sorghum bicolor and
Agrostis stolonifera, and comparative analyses with other grass ge-
nomes. Theor. Appl. Genet. 2007;115(4):571-590. DOI 10.1007/
s00122-007-0567-4.

Shikanai T. Chloroplast NDH: a different enzyme with a structure
similar to that of respiratory NADH dehydrogenase. Biochim. Bio-
phys. Acta. Bioenergetics. 2016;1857(7):1015-1022. DOI 10.1016/
j.bbabio.2015.10.013.

Sipahi H., Meydan H., Ozbek K. Genetic variation of barley germ-
plasm from Turkey assessed by chloroplast microsatellite mar-
kers. Int. J. Biodivers. Conserv. 2013;5(11):775-781. DOI 10.5897/
1JBC2013.0613.

Sychjova I.M., Aksjonova H.A., Davydenko O.G. The effect of intra-
specific cytoplasmic substitution on the frequency of chiasmata and
sister chromatid exchanges and on marker gene segregation. In: Lel-
ley T. (Ed.). Current Topics in Plant Cytogenetics Related to Plant
Improvement. Wien: WUV-Universitatsverlag, 1998;168-174.

Takenaka M., Zehrmann A., Verbitskiy D., Hartel B., Brennicke A.
RNA editing in plants and its evolution. Annu. Rev. Genet. 2013;
47(13):335-352. DOI 10.1146/annurev-genet-111212-133519.

18 BaBunoBckuii xKypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding < 2020 - 24 - 1



M.T. CuHasckas, A.M. Makapesuny, .M. TonoeHkKo ...
H.B. lyxaHnuHa, A.M. lnmkesny, O.I. [aBbiaeHKo

Triboush S.0., Danilenko N.G., Davydenko O.G. Method for isolation
of chloroplast DNA and mitochondrial DNA from sunflower. Plant
Mol. Biol. Rep. 1998;16:183-189. DOI 10.1023/A:1007487806583.

Tsudzuki T., Wakasugi T., Sugiura M. Comparative analysis of RNA
editing sites in higher plant chloroplasts. J. Mol. Evol. 2001;53:
327-332. pmid: 11675592.

Tsunewaki K. (Ed.). Genetic Diversity of the Cytoplasm in T7riti-
cum and Aegilops. Tokyo: Jpn. Soc. for the Promotion of Science,
1980.

Tsunewaki K. Genome-plasmon interactions in wheat. Jpn. J. Genet.
1993;68(1):1-34. DOI 10.1266/jj2.68.1.

ORCIDID
M.G. Siniauskaya orcid.org/0000-0002-9800-4725

2020
2441

M3yueHne namernunsoctn IHK opranenn
annonnasMaTUYecKnX IMHUIN AYMEHA

Tsunewaki K., Mori N., Takumi S. Experimental evolutionary studies
on the genetic autonomy of the cytoplasmic genome “plasmon” in
the Triticum (wheat)-Aegilops complex. Proc. Natl. Acad. Sci. USA.
2019;116(8):3082-3090. DOI 10.1073/pnas.1817037116.

Tsunewaki K., Wang G.-Z., Matsuoka Y. Plasmon analysis of 7riti-
cum (wheat) and Aegilops. 2. Characterization and classification of
47 plasmons based on their effects on common wheat phenotype.
Genes Genet. Syst. 2002;77(6):409-427. DOI 10.1266/ggs.77.409.

Twyford A.D., Ness R.W. Strategies for complete plastid genome se-
quencing. Mol. Ecol. Resour. 2017;17(5):858-868. DOI 10.1111/
1755-0998.12626.

Acknowledgements. The work was financed by GPNI “Biotechnology” 2016-2020 years. Subprogramme 2 “Structural and functional genomics,

projects 2.06, 2.29.
Conflict of interest. The authors declare no conflict of interest.

Received June 13, 2019. Revised September 6, 2019. Accepted October 2, 2019.

FEHETUKA PACTEHUI / PLANT GENETICS 19



BUOTEXHONOIMA U CENEKLNA PACTEHUI BaBrnoBcKum XXypHan reHeTukmn 1 cenekunn. 2020;24(1):20-30

0630p / Review DOI 10.18699/VJ20.591

YOK 634.711+634.717:631.523.5

MojJiekyIsIpHble MapKepbl B CCIeJO0BAHMIX
reHeTMYeCcKOro pasHooOpasus mpeacraBuTeneii poga Rubus L.
1 TIEPCIEKTUBLI X IPUMEHEHUS B CeJIeKIUN
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T DepepanbHbIi nccneaoBaTenbCKMil LEHTP BCepOCCUCKI MHCTUTYT reHeTUYeCKIX PecypcoB pacteHuii umenu H.W. Basunosa (BUP),
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AnHoTouwms. Pog Rubus L. (cemennctBo Rosaceae Juss.), No oLeHKaM pasHbiX CUCTEMATMKOB, COCTOUT 13 12-16 noa-
ponos, o6beauHalWMxX ~750 BraoB. Camble KpymHble MO Yicay BULOB nogpogabl — Idaeobatus (Focke) Focke, K koTo-
POMy OTHOCATCA MasHbI, U TUNOBOW nogpop Rubus (=Eubatus Focke), Bkntoyatownin Buabl exesuk. MNpeacrasutenu
poaa Rubus 06nafatoT BbICOKOIN NULLEBOI 1 XO3ANCTBEHHOW LIEHHOCTbIO, @ TakXKe fleKapCTBeHHbIMK cBocTBamu. Ce-
NEKLUMOHHbIe NCCNIef0BaHMA HAMpPaBeHbl HA paclIpPeHre reHeTNYEeCKOro pa3Hoobpasns 1 co3fjaHme HOBbIX COPTOB
MaJIMH 1 eXeBUK, YCTONUMBbLIX K BUOTUYECKNM 1 aBNOTUYECKUM CTPECCopaM U OTIMYAIOLLMXCA BbICOKMM KauyeCcTBOM
nnopo.. CoBpeMeHHble ceneKkLMOHHO-TeHeTUYEeCKMe NPOorpaMMbl BCe LUMPE BKIIOYAIOT JOCTUXKEHNA MONEKYNAPHOW
reHEeTUKN 1 FeHOMVKI. B aHHOW cTaTbe npefcTaBieH 0630p GpyHAAMEHTaNIbHBIX U MPUKIAAHbIX NCCIEAOBAHWN reHe-
TUYECKOTo pa3HOO6pa3smns KynbTMBMPYEMbIX U AUKOPACTYLLNX BUAOB pofa Rubus, BbINONHEHHbIX HA OCHOBE METOLOB
MOJIEKYNIAPHOIO MapKMpPOBaHWA. PaccMoTpeHbl OCHOBHble TUMbl MoNeKynsApHbIX MapkepoB (RFLP, RAPD, SSR, ISSR,
AFLP, SCAR, SSCP, peTpoTpaHCMO30HHble MapKepbl 1 T.4.) 1 06nacTy X NPUMEHEHNA B U3yYeHUN NpeacTaBuTenen
pogaa Rubus. MprBefeHbl pe3ynbTathl PaboT Mo UCNonb3oBaHMio MeToaos AHK-MapKknpoBaHua Ans pelleHns caMmbix
pasHbIX 3a4ay, BKIoYas: NCCefoBaHNE MEXBUOBOIO U BHYTPVBMAOBOIO FEHETUYECKOrO pasHoobpasus, dbunoreHe-
TUYECKMX CBA3eN BUAOB 1 HaABUAOBbIX TAKCOHOB, BbIACHEHWE CMOPHbIX BOMPOCOB CUCTEMATUKN, FEHOTUMMPOBaHME
1 YTOUHEHWE POAOCOBHbIX COPTOB MaJIH U EXXEBWK, M3yUYeHVe COMAKIIOHANbHOM M3MEHUMBOCTY 1 Ap. Hanbonee
BaXXHbIM Pe3yNbTaTOM B MPaKTMYECKOM MaHe ABNAETCA CO3AaHMe HACbILWEHHbIX MONIEKYNAPHO-TEeHETUYECKNX KapT
[NA pa3HbiX BUAOB MaH 1 eXeBUK, Ha KOTOPbIX IOKaNM30BaHbl MHOTOUKCIIEHHble reHbl 1 QTL, AeTepMuHMpyoLme
|Pa3nnyHble X035ANCTBEHHO LieHHbIE MPU3HAKN. B TO e Bpema HeobXo4MMO OTMETUTb, YTO YNCI0 MapKepOoB, MepcreK-
TUBHbIX AN1A NpoBeaeHns 3GPeKTUBHOrO MONEKYNAPHOro CKPVHUHTA, MOKa eLle HeAoCTaTOuYHO.

KnioueBble cnosa: Rubus; manuHbl; exeBuky; [JHK-mapKkupoBaHue; nonnmop¢riam; MoneKynsapHO-reHeTuYeckue
KapTbl; MAS.

AnayutuposaHusa: KamHes A.M., AHToHoBa O.10., lyHaeBa C.E., [aBpuneHko T.A., YyxrHa U.I. MoneKkynapHble MapKepbl
B MCCNEef0BaHMAX FreHETUYECKOro pa3Hoobpasua npeactasutenein poga Rubus L. n nepcnekTrBbl X NPUMEHeHNA B
ceneKkumn. BaBnnoBCKuii XypHan reHeTukm n cenekumn. 2020;24(1):20-30. DOI 10.18699/VJ20.591

Molecular markers in the genetic diversity studies
of representatives of the genus Rubus L.
and prospects of their application in breeding

A.M. Kamnev! 2, O.Yu. Antonoval, S.E. Dunaeval, T.A. Gavrilenko! ®), I.G. Chukhinal ®

T Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
2 Altai State University, Barnaul, Russia
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Abstract. According to estimates of various taxonomists, the genus Rubus L. (Rosaceae Juss.) consists of 12-16 sub-
genera comprising ~750 species. The two largest subgenera are Idaeobatus (Focke) Focke, which includes raspberries,
and the type subgenus Rubus (=Eubatus Focke), which contains blackberry species. Representatives of the genus
Rubus have high nutritional and economic values, as well as medicinal properties. Breeding programs are aimed at
broadening genetic diversity and creating new varieties of raspberries and blackberries that are resistant to biotic and
abiotic stressors and have high fruit quality. Modern breeding and genetic programs increasingly use the achieve-
ments of molecular genetics and genomics. This paper reviews the literature data on the application of molecular
markers in fundamental and applied research aimed at studying the genetic diversity of cultivated and wild species of
the genus Rubus. The review describes the main types of molecular markers (RFLP, RAPD, SCoT, SSR, ISSR, AFLP, SCAR,
SSCP) and their application for studying the species of the genus Rubus. The results of the work on the use of DNA
markers for solving different tasks are presented, including: studying the phylogenetic relationships of species, clari-
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fying controversial issues of taxonomy, analyzing interspecific and intraspecific diversity, genotyping and pedigree
analysis of raspberry and blackberry varieties, studying somaclonal variation and others. The most important applied
result is the development of molecular genetic maps for raspberry and blackberry species, on which numerous genes
and QTLs conferring various valuable traits have been mapped. At the same time, the number of markers that are
promising for effective molecular screening is still insufficient.

Key words: Rubus; raspberries; blackberries; DNA markers; genetic diversity; molecular maps; MAS.
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BBepeHune

Pon Rubus L. (moncemetictBo Rosoideae Focke, cemeiicTBo
Rosaceae Juss.), 110 o11eHKaM pa3HbIX CHCTEMATHKOB, COCTOUT
u3 12—-16 noapomnos, oobeaunstonux ~750 sumos (Focke,
1910, 1911, 1914; Robertson, 1974; Kpacosckas, 2001). Ca-
MbI€ KPYIIHBIE [10 YHCITY BUJOB ITOApOsisl — ldaeobatus (Focke)
Focke, kK KOTOpPOMY OTHOCSITCSI MQJIMHBI, U THIIOBOH MOIPO
Rubus (=Eubatus Focke), BKIIOYAONIUNA BHUJIBI CKEBHK.
[IpeacraBurenyu poaa Mpou3pacTaroT Ha BCeX KOHTHHEHTAX,
3a UCKITFOYeHHEeM AHTAPKTHUIIBI U apUIHBIX TeppuTopuil. Ham-
Oompmiee pazHooOpasme BUIOB monpona Rubus (=Eubatus)
COCpEIOTOYEHO B ceBepo-BocTOUHOM Amepuke u EBpore, a
noapona Idaeobatus — B yMEpeHHOM U CyOTPOTTMUYECKON YaCTH
Bocrtounoit Azum (ot ['mmanaeB o SImoHWM) W B 3amaaHON
u neHTpanpHoi yactu Kuras (Bomorosckas, 1936). Jlo cux
MOp HE CYIIECTBYET €AMHOTO MHEHHUSA 00 oObeme M uucie
BHUJOB pona Rubus, 9T0 BEChMa 3aTPYOHSCT OIpEIEICHHE
10 (PIIOPUCTUYECKUM CIIMCKaM TOYHOTO YHCIIa Ipou3pacTa-
IOIINX Ha TeppUTOpUH Poccuy BUOB. AHATN3 HOBEHININX pe-
THOHAIBHBIX (PIIOPHCTHIECKUX CBOIOK — «KOHCIIEKT (Iops
Asznarckoit Poccun» (2012) u «®nopa Bocrounoii EBpornbi»
(2001) — moxkazau1, uto B Poccuiickoii denepannu Hanodosbliee
BHIOBOE pa3zHOOOpasue moapona Rubus (53 Buma) npeacras-
JIeHo B eBporeickoil yactu ctpanbl (Kpacosckas, 2001), a
noapoxa Idaeobatus (9 BunoB) — B a3uarckoii (OBUNHHHUKOBA,
2012).

Tpu Hambosee pacnpocTpaHEHHBIX KYJIbTYPHBIX BHIA
MauH — R. idaeus L. (ManuHa OOBIKHOBEHHAs), R. Strigosus
Michx. (ManuHa meTuHUCTast) U R. occidentalis L. (manuHa
3amajiHas) oTHocsTCs K cekuuu Idaeanthi Focke mompona
Idaeobatus (Knight, 1993). BosbIIMHCTBO KYJIBTUBHPYEMBIX
BUJIOB €)KEBUK BXOIST B CeKInH Allegheniensis, Arguti, Fla-
gellares, Rubus, Ursini u Verotrivialis noapona Rubus (Gus-
tafsson, 1943; Finn, 2008). CopTa MaJuHbI U ©KCBHKH BO3/IC-
JIBIBAIOT BO MHOTUX cTpaHax. [1o nanubiv Ha 2017 1. Begymu-
MU Tpou3BoauTessiMe sBIsitoTcs: Mekenka, Cepoust, CILIA,
PO u Ionbwma (https://www.wikizero.com/en/Raspberry;
Strik, Finn, 2012). TToMrMO MUIIEBOM IIEHHOCTH, BUIBI MAJTUH
M ©XKEBUK 00J1a/1al0T JIEKAPCTBEHHBIMH CBOHCTBAMH.

HcxonHo ceneknusi MajMHBI B €BPOMEHCKUX CTpaHax
OCHOBBIBaJIach Ha 0TOOPax M BBEACHUH B KYJIBTYPY JIECHBIX
tdop™m R. idaeus. B XIX B. B EBporny Obli1a 3aBe3eHa MajinHa
mierunucras u3 CesepHoit Amepuku (Jennings, 1988). Ha-
4ajo LeJIEHAIPAaBICHHON CEJIEKLUUHU MaJIMHbl, OCHOBAHHON
Ha MECKBUJIOBOU THOPUAM3ALNU OTOOpaHHEIX (hopM R. idaeus
u R. strigosus, MO)XHO oTHecTu K koHLy XIX B. McTouHu-
KaM{ TeHeTHYECKOTO Marepuana R. strigosus TIO0CTYKUIA
BCero Jinib yetsipe copra — ‘Cuthbert’, ‘Latham’, ‘Herbert’
u ‘Ranere’ (Daubeny, Anderson, 1989). B EBpomne Takke

HCTIOIH30BAIOCH MPEACITHFHO OIPAaHUYCHHOE YUCIO COPTOB
R. idaeus (Jennings, 1988). B OOJIbIIMHCTBE MEKBUIOBBIX
ckpenuBaHnii yaactBoBai copt ‘Lloyd George’ (cesHern ma-
JIMHBI OOBIKHOBEHHOM R. idaeus), KOTOPBIH SIBISCTCS IPSIMBIM
npenkom Oosiee 30 % CeNeKIMOHHBIX COPTOB, BHIBEIICHHBIX
1m0 1970 1. (Oydvin, 1970). Mcnonp30BaHue OTpaHIYCHHOTO
YHUCIIa OOMAITHCHHBIX QopM R. idaeus u R. strigosus Ha
MEPBBIX JTalax CEJICKIHOHHOTO Mpoliecca 1 MHOTOKPATHOE
BKITIOYEHUE UX B ITOCIIEAYIONINE CKPEIIMBAHUS MPHUBETH K
PE3KOMY COKPAIICHUIO TEHETHYECCKOTO Pa3HO00pa3usi COPTOB
MaJIMHBI, YTO JI0 CHX MOP MPEJICTABIISIET CEPbE3HYIO IPodIIeMy
B CEJIEKIINH 3TOH KynbTypsI (Jennings, 1988; Dale et al., 1993;
Graham et al., 1996).

B nacrosiee Bpemsi Hanbosiee akTyalbHBIMU HaIlpaBlie-
HUSIMH CENIEKITMOHHON PabOTHI SBISIOTCS: CO3JaHUE COPTOB
MAaJIMHBI, YCTOHYUBBIX K aOMOTHYECKHM CTPECCOpaM, rpuo-
HBIM U BUPYCHBIM OOJIE3HSIM (HAIIPUMeEDP, OOTPUTHO3Y, AHTPaK-
HO3Y, KOPHEBBIM THHJISIM, BUPYCY KYCTHCTOH KapJIHKOBOCTH
manuasl (RBDV — Raspberry Bushy Dwarf Virus)), u BeiBe-
JICHUE COPTOB C BHICOKUM KadecTBOM 110/10B (EBIOKMMEHKO
u ap., 2012). {ns paciupeHust TeHeTHYECKOTO pa3Ho00pasns
BO3JICITBIBAEMBIX COPTOB CEIICKITHOHEPHI BCE OOTbIIICE BHUMA-
HUE YACISIFOT MPUBJICUCHUIO B THOPUIN3AIIIO TUKOPACTYIIIX
BUOB Tiofipoaa Idaeobatus, a Takxke peAcTaBUTENeH Ooee
OTHAJICHHBIX BUJIOB U3 IPYTUX MOIpooB poxa Rubus (Knight
et al., 1989).

B P® cenekumoHHbBIE UCCIIENOBAHMSI, HAIIPABICHHbBIE HA
CO3/IaHHEC HOBBIX COPTOB MAJIMHBI, BBIIOIHSAIOTCS BO Bee-
POCCHIICKOM CEJIEKIIMOHHO-TEXHOJIOTUYECKOM HHCTUTYTE
CaJI0BOJICTBA M TMTOMHHUKOBOJICTBA B MockBe, KoknHCcKkOM
OIIOPHOM ITYHKTE 3TOT'0 HHCTUTYTA, B TOCYIapCTBCHHOM OFOI-
»eTHOM yupexaennu Camapckoit obnactn «Hay4aHno-uccie-
JTOBaTeNbCKUN MHCTUTYT «OKuryneBckue caap» B Camape,
Ha CBEpIJIOBCKOW CENIEKIIMOHHON CTaHIUU CaJOBOJCTBA,
BO BcepoccuiickoM Hay4HO-MCCIEA0BATEIbCKOM UHCTUTYTE
cagoBozacTea uM. M.B. Muuypuna (Muuypunck) u Ha Ho-
BOCHOMPCKOW 30HAJBHON cTaHIMK camoBoxacTBa. Ha Anrae
CeJIeKIMOHHAs paboTa 1mo ManuHe Benercs ¢ 1935 . B Ha-
YYHO-HCCIIEIOBATEILCKOM WHCTUTYTE cafoBoacTBa Cubupn
uM. M.A. JIucasenko B ['opHo-Anraticke u ¢ 1951 . — B bap-
Hayne (EBmokumMenko u ap., 2012).

B cenexnmoHHO-TeHeTHIECKIX MPOTpaMMax, HalpaBIIeH-
HBIX Ha CO3JJaHIE HOBOTO ITOKOJICHHSI COPTOB MAITMHBI U €¥Ke-
BUKHU, BCC IIUPEC UCTIOIB3YIOTCA JOCTUKCHUS MOHeKyHﬂpHOﬂ
TeHETHKH, ONOTEXHOIOTHH X TeHOMUKH. B HacTosteit pabore
MIPEACTaBICH 0030p JUTEPATyPHI IO IPUMCHEHUIO MOJICKY-
JISIPHO-TCHETHUECKUX METOJIOB B U3yUCHUH OHOPa3HO00pa3us
npencTaBuTeneil poga Rubus W NCTIONB30BAaHHUIO 3THUX TMOA-
XOJIOB B CEJICKIIMOHHOM TIpoIIecce.
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HN3odepmenTHbie MapKkepbl. IIepBbIM [IOKOIEHUEM MO-
JIEKYJSIPHBIX MapKepOB, MCIIOIb30BABIIUXCS JUI N3yUYEHUS
MEXXBH/IOBOTO ¥ BHYTPHUBUIOBOTO HOJIMMOp(HU3Ma Hpe-
craBuTelneil poga Rubus W MOJIEKYJISIPHOM MacrlopTH3aluu
COPTOB, SIBJISAIHNCH Pa3INYHbIC N30()EPMEHTHBIE CHCTEMBI:
MDH (malate dehydrogenase — manaraerunporenasa), PGI
(phosphoglucose isomerase — pocdorirokozonzomepasa),
PGM (phosphoglucomutase — ¢ocdormoxomyTasza), TPI
(triosephosphate isomerase — Tpuozodocharnzomepasa),
IDH (isocitrate dehydrogenase — nzonurparaeriuaporeHasa),
SKDH (shikimate dehydrogenase — mmkumarmeruapore-
Ha3a) (Cousineau et al., 1993; Kollmann et al., 2000) u EST
(esterase — actepasa), PX (peroxidase — nepokcuasa), LAP
(leucine aminopeptidase — neifmmramMuHoenITHAa3a) (y-
HaeBa u 1p., 2005). 3odepMeHTHBIN aHAMN3 Takke ObLI
[IPUMEHEH B MCCIIEJIOBAHUSIX TUIIA PA3MHOXKCHUS PACTCHUI
(momoBoe pasmuoxenne win anomukcnc) (Kollmann et al.,
2000). CrietyeT OTMETHTB, 4TO 001IeH MPoOIeMOi B HCTIOJb-
30BaHUM N30(DEPMEHTHBIX MAPKEPOB SIBJISIETCSI UX CE30HHAs U
OHTOTCHETUYECKAsl 3aBUCUMOCTb, YTO OTPAHUYMBACT BO3MOXK-
HOCTH U3Y4EHHsI BHYTPUBH/0OBOTO U MOIYJISIIIHOHHOTO TeHe-
THYECKOTO Pa3HOOOPa3usl.

Yenexu MONEKYISIPHON T€HETUKH MPUBEIH K Pa3BUTHIO
metonoB JJHK-MapkupoBaHusi, TO3BOJISIOMINX UCTIONI30BaTh
Jro0ble TKAHHU U OPTaHbl HA BCEX CTaIUSIX Pa3BUTHUS paCTCHUI
KakK B )KUBOM, TaK 1 B repOapHOM MaTepuase 1 aHaIN3upOBaTh
HE TOJILKO OEJIOK-KOIMPYIOIINE, HO M HEKOANPYIOIIHE yJacT-
KU TeHOMA, a TAK)Ke OBTOPSIOIUECS OCIIEI0BATEIBHOCTH.
B MonexynspHO-TeHeTHYECKOM aHaIW3e BUAOB poma Rubus
MPUMEHSIOT pasnuuaHble THITB JJTHK-MapkepoB — ot cTaBmmx
yxe knaccuueckumu AFLP, SSR, SCAR 1o HoBelmux map-
KEpOB, OCHOBAaHHBIX Ha METOJAaX CEKBECHHPOBAHMS HOBOTO
nokoneHus (NGS — next generation sequencing).

RFLP (restriction fragment length polymorphism —nosau-
MOpP(}HU3M JVIMH PeCTPUKIHOHHBIX (pparmMeHTOB, I1/IPD).
B nensix u3ydeHust MEXBH0OBOTO M BHYTPHUBH/IOBOTO F€HETH-
YEeCKOTo pa3HooOpasus npenacraBureieit poga Rubus RFLP-
MapKephl HadaJy MPUMEHATS erie B 90-X IT. MPOoIuIoro Beka,
Kora HHpOpMANUs 0 HyKJICOTHTHBIX ITOCIIEJ0BATEIILHOCTIX
IeHOMOB BHJIOB MaJIMH U €XKEBUK OTCyTCTBOBaa. [loaToMy B
KadecTBE 30H/IOB MCTONB30BaIN MPoOs! uyxepoanoit JJHK,
narpumep ¢parmentst JJHK dara M13 (Nybom et al., 1990;
Nybom, Hall, 1991; Hoepfner et al., 1993), npoOst MmuHu-ca-
temmutHOM JIHK rena mmormoOuna uenoseka (Parent, Pagé,
1992), a takxe npoObl n3 6ndaMoTeK XiopornactHoi JJHK
tomaroB (Moore, 1993) u sumens (Waugh et al., 1990). [1po-
651 gyxeponuoit JIHK Ot ycmenrHo MCTONb30BaHbI s
TEeHOTUIIMPOBAHUS COPTOB MAJIMHBI U €XKEBUKU W aHAIHM3a
ux pomocioBHbix (Nybom, Hall, 1991; Parent, Pagé, 1992;
Moore, 1993); nccnemoBaHus TeHETHIECKOTO Pa3HOOOpa3Us
nonynsiuuid R. idaeus, pacTyIux Ha 3arpsi3HEHHBIX M 9KOJIO-
rudyecku uucThix Teppuropusix (Keane et al., 1998); usyuenus
COMAKJIOHAJIbHOW U3MEHYNBOCTH COPTOB MAJIMHBI B KYJIBType
in vitro (Hoepfner et al., 1993) u B ananmise noaumopduszma
MOTOMCTBa Pa3HbIX BUJIOB €KEBHK, CIIOCOOHBIX K alTOMHKTHY-
HoMy pasmHokeHUIo (Kraft, Nybom, 1995; Kraft etal., 1996;
Nybom, 1998; Werlemark, Nybom, 2003).

RAPD (random amplification of polymorphic DNA —
ciayyaiiHo amiiiMpuuuposanHas noaumoppuasa JHK).
[Tockonbky pabora c RAPD-mapkepamu He TpebyeT uadop-

Molecular markers in the genetic diversity studies
of representatives of the genus Rubus

Malli1 O HYKJICOTHIHBIX ITOCJIEI0BATENBHOCTSX, IIPAKTHIECKH
y BCEX KyJbTYp, B TOM YHCJIE Y MAJIUH U €XKEBUK, 3TO ObUTH
nepBbie U3 npuMmensemsix [I1[P-mapkepos. HanbGonee ax-
TUBHO WX NPHBJIEKAIN JUIsl TCHOTHUIIMPOBAHUS M YTOUHEHUS
POIOCIOBHBIX CEJIEKIIMOHHBIX COPTOB: MAJIMHBI OOBIKHOBEH-
Ho#t (Graham et al., 1994; Stafne et al., 2003; Umar et al.,
2010; Simlat et al., 2018), manuns! 3anagnoi (Weber, 2003)
n exxeBukH (Stafne et al., 2003; Karan u ap., 2014), a Taxoke
JKopacTymux nonymsinnit R. idaeus (Graham et al., 1997).

B pabore kopeiickux uccienonareneid RAPD-ananu3 Obu1
MIPUMEHEH JJIs1 yTOYHEHHS TIPOMCXOXKICHNSI MECTHOTO COPTa
KCB (Korean Cultivated Bramble — exxeBuKa, Ky1bTHBUpYe-
mast B Kopee) (Eu et al., 2008). Pe3ynbrarsl ykas3pIBaloT Ha
BHYTPHUCOPTOBYIO rereporeHHOCTs KCB, 60ompmmHCTBO 00-
pasnoB koroporo (13 n3 14) kinacrepuzoBalUCh BMECTE C
oOpasiamu BUIOB R. occidentalis u R. crataegifolius Bunge,
1 TonbKo ouH obpaszerr KCB moman B oguH Kitactep BMecTe
¢ R. coreanus, KOTOPBI paHEEe CYUTAJICS €TI0 MPEIKOM.

B 1ieniom MHOTHE aBTOpBI OTMEYaroT, 4To MeToa RAPD-
aHaJIN3a OTIINYAeTCsl HeCTaOMIBHOCTBIO U C1a001 BOCTIPOM3-
BOJMMOCTBIO PE3YJIbTaTOB, IO3TOMY Ha COBPEMEHHOM 3TaIle
MPEANOYTEHNE OTAACTCS APYTUM THUIIaM MapKEpPOB.

AFLP (amplified fragment length polymorphism — no-
JIMMOP(GH3M VIMHBI aMILTH(PUIMPOBAHHBIX ()PATMEHTOB).
Beicokononumopusie AFLP-mapkepb! uacTo npuBJIeKaIncCh
B CCJIEZI0OBAHHS TEHETHUECKOTO Pa3HOOOpa3Hs peICTaBUTe-
neii pona Rubus. B pabore Miyashita et al. (2015) ux ucros-
30BaJIH ISl (PUIIOTEHETHYECKOTO aHalli3a 00paslioB Pa3sHbIX
BUJOB pona Rubus, pacTyIIMX Ha pa3idHYHBIX ATOHCKUX
ocrpoax. Marepunas BKIIFOYaJI COpTa MaJIMHBI OOBIKHOBEHHOH
U €KEBUKH, 00pa3lbl JUKOPACTYIIUX MOMyJsiuuil R. idaeus
var. aculeatissimus v 00pa3pl 10 TUKIX BHIOB, OTHOCSIITIXCS
K ueTslpeM noaponam: Anoplobatus, Eubatus, Malachobatus
u Idaeobatus. O6pa31ibl BBIOOPKH pa3Ie/IMINCh Ha CEMb KIIAJI.
Bunbl, oTHOCsIMECS K MEPBBIM TPEM MOApoAaM, chopMu-
pOBaJIM TPH OTHENIBHBIC KJaJbl, TOTAA KaK BHJIBI MOJPOIA
Idaeobatus paznenumich Ha YeThlpe Kiactepa. MHTepecHo,
4yT0 00pasusl R. idaeus var. aculeatissimus, coOpaHHBIC Ha
0. XOKKaii/10, 0OKa3annch OoJee reTeporeHHb! (YpOBEHb MO~
Mopduzma 95.0 %), uem 00pa3Ibl MOMYIISAIUA TUKOPACTY X
BUIOB R. crataegifolius, R. parvifolius u R. phoenicolasius
Maxim., KoTopble ObITH cOOpaHBI Ha TPEX OCTPOBAaX — XOH-
cto, Krocro u Xokkaiino. Ha ocHoBanuu pesynsraroB AFLP-
aHaJIM3a aBTOPaM yAaJI0Ch OTACINUTh JUKOPACTYIIHE 00pa3IIbI
R. idaeus ot copToB MasmHBI 00BIKHOBEHHOH (Miyashita et
al., 2015).

J. Kollmann ¢ xomeramu (Kollmann et al., 2000), u3y4ns
BHYTPHBHIOBYIO IT€HETHUECKYTO N3MEHUYUBOCTD EBPONICHCKHUX
BUIOB R. armeniacus Focke u R. bifrons Vest., cienanu BoIBOJ
0 TOM, YTO YPOBEHb MOINMOpP(H3Ma 3aBUCHUT MIPEXK/E BCETO
OT THIIAa Pa3MHOKEHHS PACTCHHUH (alTOMHKCUC WM TIOJIOBOE
pasMHOXKEHHE). DTOT BbIBOA noATBepawt u M.L. Marulanda
(Marulanda et al., 2007), u3y4aBImuii TEHETHIECKOE pa3-
HOOOpasue KyJIbTypHBIX M JJMKHX BU/I0OB MAJIMH U €KEBUK W3
peruona L{entpanbubix Aun KOxuoit Amepuku (R. glaucus
Benth., R. adenotrichos Schltdl., R. bogotensis Kunth, R. ro-
bustus C. Presl., R. rosifolius Sm., R. urticifolius Poir.).

C nomoripio AFLP-mapkepoB ObL1a McciejoBaHa FCHETH-
yecKasl CTPyKTypa MOIMYIALUI WHBa3UBHOTO Buaa R. alcei-
folius Poir. u BoccTaHOBIIEHA UCTOPHS €r0 HHTPOAYKIINU U3
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IOro-BocTtouHoit A3un, rjie BbIBIEH MaKCUMaIbHbIA yPOBEHb
MEX- ¥ BHY TPHITOIY/IAIIOHHOH N3MEHUHBOCTH, B ABCTPAIIHIO
(an3KUi ypoBeHb nomMopdu3ma) u Ha ocTposa Muauiickoro
OKCaHa, Ha KOTOPbLIX MOMYJIAIXWU 4aCTO MPCACTABICHBI €11~
HnaHbIMH AFLP-renotumamu (Amsellem et al., 2000).

Typeukue uccinenoBarenu npuMenuwin AFLP-mapkepst
JUISl N3yYEHUS TEHETUUECKOTO pa3HOO0pas3 st ANKOPACTYLIHX
00pa3oB MauHEI R. idaeus, COOpaHHBIX B pa3HBIX PETHOHAX
Typruu (Ercisli et al., 2008), u cenexuonHoro reHodonma
exeBuk (Ipek et al., 2009; Agar et al., 2011). B aTtux padorax
MPOAEMOHCTPUPOBAH BBICOKHI ypOBEHb MoIuMopdu3mMa
MECTHBIX TOMYJISALUHA. ABTOPBI OTMETHIIH, YTO MTOIMMOpP(HBIE
CEJICKIIMOHHBIE KIIOHBI, OTOOpaHHBIE 110 ITPHU3HAKaM Ka4yecTBa
U YCTOMYMBOCTHU K OOJIE3HSIM M3 AUKOPACTYIIUX IOy SN
©)KEBHKH KaBKa3CKoil — R. caucasicus L. (Agar et al., 2011)
U MaJIMHO-CXKEBUYHBIX THOPUIOB (R. idaeus* R. ursinus —
6oitzenona srona) (Ipek et al., 2009), 10BOIBHO CHIBHO OT-
JMYAINCh OT IIMPOKO PACIpPOCTPaHEHHBIX B TypLUY reHeTH-
YEeCKH OJIHOPOJAHBIX CEBEPOAMEPUKAHCKUX CEIEKIIMOHHBIX
COPTOB €KEBUKH.

Mapkepsl, 0CHOBAHHbIE HA MHKPOCATEJJUTHBIX MO-
BTOPaXx. 1151 BBISIBIICHUS TOTUMOP(pH3Ma MUKPOCATEIIIUTHBIX
JIOKyCOB Hanboee yacTo ucrmoib3yioT SSR- n ISSR-mapkepsr
(SSR, simple sequence repeats — MpoCTbIE MOBTOPSIOMINECS
nocnenosarensHocTH; ISSR, inter simple sequence repeats —
MEXMHKPOCATEJUTUTHBIE MTOCIEeA0BAaTeIbHOCTH). B mepBoit
pabore o m3ydennto SSR-momumopdusma y mpeacTaBu-
Tenel pona Rubus MUKPOCATCIUIUTHBIC YYaCTKU BBISIBIISUIN
MeTozoM OnmoT-rudpuam3anuu o Cay3epHy, UCIONB3YS B
KadecTBe 30H7a aBe cunTernyeckne JJHK-poOs! ¢ TanaemMuo
noBTopsiroruMucs nocienoareabHocTaMu GACA u GATA
(Bussemeyer et al., 1997).

B nacrosee Bpems mpaiimeps! 11 SSR-ananusa pas-
pabaThiBalOT Ha OCHOBE MH(pOpMaNUU O (IIAHKUPYIOIIUX
MHKPOCATEJUTUTHBIE OBTOPBI y4acTKax. JJjist 3Toro mpoBozsT
MIONCK TIOBTOPOB B U3BECTHBIX MOCIIEIOBATEIILHOCTSX WIIH B
CHUKBCHCAX, MOJYUYCHHBIX B 3KCHECPHUMCHTAJIbHBIX HCCJIICOO0-
BaHmsIX. Hampumep, B pabote J.M. Bushakra ¢ coaBropamu
(Bushakra et al., 2015b) mo pe3ynsraraMm CeKBEHHPOBAHHS
outmmotex kJ{HK O0but pazpadboransl Habops! SSR-MapkepoB
s R. idaeus (copt ‘Heritage’) u R. occidentalis (copt
‘Bristol”) — 131 u 288 map npaiiMmepoB COOTBETCTBEHHO.

CyuiecTByeT, OJJHAKO, ¥ JIPyTrod CIOCO0 MOMCKa MHKPO-
CaTeJUTUTOB, He TpeOyromuil nHpopManuu 00 aHAIN3HpYe-
MOM T'e€HOME, C MCITOIb30BaHNEeM OMOIMOTEK, 000TAICHHBIX
SSR-noeropamu. ['enomuyto JIHK nonsepratot Bo3neicTBHIO
pECTpUKTa3, MOCHe YeTr0 PeCTPUIMPOBAHHBIE (PparMeHTHI
kioHupytoT B BAC-BekTopax (BAC, bacterial artificial chro-
mosome — UCKYCCTBEHHasi OakTepualibHasi xpomocoma). [To-
nyyeHHble 0mOmoTexn BAC-KIIOHOB CKPUHUPYIOT MyTEM
THOPHUIN3ALIIH C OJIMTOHYKJICOTHIHBIMH ITPOOAMH, HAIIpIMeEp
(GA),(, (CA),, (AT),, (GC),(, (AGC),5 u ap. Ilo3utusnbie
BAC-k70HBI, comeprkaniye COOTBETCTBYIOIMINE MUKPOCATEN-
JUTHBIE YYaCTKH, OTOMPAIOT, CEKBEHUPYIOT M, OCHOBBIBAsICh
Ha nHdopManuu 00 UX MOCIEOBaTEILHOCTIX, pa3padarhbl-
BatoT SSR-mpaiimepst. [1og00HBIH MOAX0A U1 MaTHHBI OBLT
npuMeHeH B psije pador (Graham et al., 2002, 2004, 2006;
Lopes et al., 2006; Lee et al., 2015). B wactHocth, J. Graham
¢ coaBropamu (Graham et al., 2002) BeisiBrm SSR-paifoHBI
ITyTEM CEKBEHHUPOBAHHS KIIOHOB U3 OMOIMOTEK, 000TallIeHHBIX
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nocnenosarensHocTAMU (AC)n u (AG)n. PazpaboranHbie
mpaiMepsl ObUTH anpoOUpOBaHEl Ha BEIOOPKE W3 50 TeHo-
THUITOB, BKJIIOYAIOIICH COpTa MaJIMHBI OOBIKHOBEHHOW M Ma-
JIMHBI 3alaJ{HOM, copTa eXEeBHKH, 00pa3ibl TUKOPACTYIIHX
BUIOB R. grabowski, R. deliciosus 1 MeXBUIOBBIC THOPHIBL.
B urore 65u10 0TOOpaHO AECATH HanOoIee NHPOPMATHBHBIX
nap npaiMepoB, TEHEPUPYIOIINX Y U3yUEHHBIX 00pa3IoB
3HAYUTENBbHOE 9UCIIOo (0T 7 10 16) momnMoppHBIX TPOAYKTOB
(Graham et al., 2002).

B nanbHeiiniem MHOTOYMCIIEHHBIE TPYIIIbI UCCIEI0BaTe-
nei co3maBany Habopbl SSR-MapkepoB Ui pasHBIX BHUIOB
MalliH U eXeBUK: R. hochstetterorum (Lopes et al., 20006),
R. occidentalis (Dossett et al., 2012a), R. coreanus (Lee et
al., 2015), R. glaucus (Lopez et al., 2019), a Taxxe copToB
exesukn (Lewers et al., 2008). B psne pador Obim paspa-
6oTanbl MynbTHIUIEKCHBIE cucTeMbl (Fernandez-Fernandez
etal., 2011; Zurn et al., 2018), pa3pemrarouryro criocoOHOCTh
KOTOPBIX ITPOBEPSUTH Ha pa3HbIX MoAessix. Tak, J. Zurn et al.
(2018) anpoOupoBanu MyIBTUIUIEKCHYIO CUCTEMY U3 IIECTH
nmap SSR-mpaiiMepoB B SKCIIEPUMEHTE 110 ICTEKITIH TSHETH-
YECKOT0 MarepHala poauTeNbCKuX copToB y 489 F| cesnues
exeBUKkH U3 18 komOuHanuii ckpenuBanuii. [1o pesyiapraram
SSR-ananmm3a 94.5 % noromMKoB ObUTM NTPHU3HAHBI THOPHIA-
mu F,, ocTanbHble reHepupoBanu GparMeHThbl, OTCYTCTBYIO-
IIME Y POJUTENILCKUX COPTOB, U OBLTH OTHECEHBI K KATETOPUH
“off-cross” — ¢ alOMHUKTHYHBIM CIIOCOOOM Pa3MHOKEHHS.
C uncronp30BaHNEM MYJIBTUIUICKCHOW CHCTEMBI U3 BOCHMH
nap SSR-mpaiiMepoB ObUTM TCHOTHITUPOBAHBI TOTYYCHHBIC
13 Pa3HBIX TeHOAHKOB 177 00pa3oB eKeBHK, CPEIH KOTOPBIX
BBISIBJIEHBI TyOneTs! (Zurn et al., 2018).

M. Woodhead ¢ coaBropamu (Woodhead et al., 2008) mpo-
Besmm onck EST-SSR-mapxepos (EST, expressed sequenced
tag — 9KCIPEeCCUPYIOINECS ITOCIIeI0BATEILHOCTH) B OnOINo-
tekax k/IHK, monyueHHbIX n3 kopHel u noyek coptoB ‘Glen
Moy’ (R. idaeus), ‘Latham’ (R. strigosus) ¥ TOTOMKOB OT UX
ckpemmBaHus B KonuuecTBe 188 cesnnes. [lomumopdusm
EST-nocnenoBatenbHOCTEH OBIT aCCOIMMPOBAH C U3MEH-
YMBOCTBIO CJICIYIOUIMX MPU3HAKOB: CPOK PACITyCKAHHS I0-
YeK, MOIIHOCTh PACTeHUH, yCTOHUMBOCTH K Oorne3nsaM. [lo
pe3ysbTaTaM JaHHOTO WCCIIeNOBaHUS MIICHTU(UIIMPOBAHBI
YYacTKH MCEBIOXPOMOCOM, CBSI3aHHBIE C TPU3HAKAMHU Kade-
CTBa IUIOJIOB U yCTOHYMBOCTBHIO K (PUTO(PTOPO3HOI KOPHEBOH
THUJIM MaluHbL. 3HauuTenbHas yactb EST-SSR-mpaiimepos,
Pa3pabOTaHHBIX AJISI CENEKIIMOHHBIX COPTOB MAJTMHBI OOBIKHO-
BeHHOM (R. idaeus), Obina ciocobHa k ammumidukanmn JJHK
y psiia TUKUX BUIOB poaa Rubus, 4To, 10 MHEHHIO aBTOPOB,
YKa3bIBaeT HA HAJIMYNE Y HUX (DYHKIHMOHAIBHBIX aJuIeNel
T€HOB, KOHTPOJIMPYIOIINX X035HCTBEHHO IIEHHbBIE TIPU3HAKH,
Y Ha NePCTIEKTUBBI BOBJICYCHUSI STHX BUJIOB B CEJICKIIMOHHBIH
nporecc (Woodhead et al., 2008).

Co3nannbie Ha0Opsl SSR-MapkepoB MHPOKO HCIIOIB30-
BAJINCH JUISL U3yUSHHs] TE€HETHYECKOro pa3HooOpas3us U re-
HOTHITUPOBAHMS CEJICKIMOHHBIX COPTOB €XKEBUKH 1 MAJIMHEI
(Castillo et al., 2010a; Jlebenes u ap., 2018), MaTHHBI 0OBIK-
HosenHoi (Badjakov et al., 2009; Lamoureux et al., 2011;
Girichev et al., 2015; Lacis et al., 2017) u ManuHBI 3an1aTHOK
(Dossett et al., 2012a, b).

N. Castillo ¢ komneramu (Castillo et al., 2010a) mpoanann3zu-
poBam 48 COPTOB MATHUHBI U1 48 COPTOB €KEBUKH C TIOMOIIHIO
13 map SSR-mpaiiMepos, o1Ha 13 KOTOPBIX ObLIa pa3padoTaHa
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Ha OCHOBe nocliefjoBarensHocTi n3 GenBank HanponanbsHoro
neHTpa omorexuonornueckoit madopmarmm CIIA (National
Center for Biotechnological Information, NCBI (http://ncbi.
nlm.nih.gov), a ocrasnbHbIe — Ha 6a3e FeHOMHBIX OUOINOTEK
copta ManuHbI ‘Meeker’ u copra exxeBukn ‘Marilon’. TTo pe-
3ynbTaTaM KJIaCTepHOTO aHaIN3a MOJUIUIONIHbIe (4X — 10X)
COpTa ©XKEBHMKH pa3/e/IMINCh Ha JIBa OCHOBHBIX KJlacTepa
COINIACHO MX MPUHAJIEKHOCTH K PA3JINIHBIM CEJIEKIIMOHHBIM
IporpaMMam, peajln3yeMbIM Ha BocToke U 3amane CIIA.
ABTOpPBI OOBACHSIOT TONTYy4YEHHBIE PE3yNbTaThl UCIOJIB30Ba-
HHUEM CEJIEKIIHOHEPAMH BOCTOUHBIX M 3alaJHBIX INTATOB B
MHTPOTPECCUBHOM rMOpUAN3AMN PA3IMYHbIX UKUX BU/IOB
pasnoro yposHsi miongnHoctH (Castillo et al., 2010a). O60c06-
JIEHHBIE TPYIIIBI ObUTN CPOPMHUPOBAHBI COPTAMHU, CXOAHBIMHU
TI0 TIPOMCXOJK/ICHHIO (CO3/ITaHHBIMU C YHacTHeM R. strigosus,
R. idaeus vy MEXBUIOBBIX THOPUIOB), a TAKIKE COPTAMH,
MMETOIIUMH OO MTPU3HAK — CIIOCOOHOCTH K TUTOJOHOIIIe-
HUIO Ha roberax nepsoro rona (Castillo et al., 2010a).

C nomompio SSR-MapkepoB MPOBEAECHO T€HOTUIIHPOBA-
HHE POCCUICKHUX COPTOB MaJHMHBI OOBIKHOBEHHOH M COPTOB
CeJICKINH compenenbHbix crpad (Lamoureux et al., 2011;
Lacis et al., 2017), a Taxke eBporneiickux copros (Girichev
et al., 2015). B »Tux uccreqoBaHUSIX HE OBLIIO MOITYYCHO
YETKOH KJIacTepU3alik COPTOB, CO3/IaHHBIX B CEIEKIIHOHHBIX
IporpamMmax pasHbIX CTpaH, U COPTOB, HMEIOIIUX PA3IMYHOE
TEHETHIECKOE TIPOUCXOXKICHHUE.

Hpyras obnacts nmpumeneHus SSR-mapkepoB cBsizaHa ¢
M3y4eHHEeM reHeTHUECKOTrO pa3Ho00pasust JMKOPACTYIIHX MO-
MyJANAHN pa3HBIX BUIOB MaJIUH U €XKeBUK: R. idaeus (Graham
et al., 2009), R. mollucanus L. (Bussemeyer et al., 1997),
R. crataegifolius, R. fruticosus L., R. coreanus Miq. (Lee
et al., 2016), abopurennsix exeBuk Kennn (Ochieng et al.,
2018). Ananu3 pazHooOpazus aukopactymux B [loTmanann
nomysisiiiuid R. idaeus (Graham et al., 2009) BbISIBUII BBICOKHIA
YpOBEHb TeHeTHYecKoro pazHooOpasms: 10 map SSR-mpaii-
MepoB renepupoBanu 80 ajeneil y u3ydeHHbIX 00pasioB
12 nonyssiumii. [TpumeuarenbHO, 4TO TONBKO 18 M3 HUX ObLIH
BBISBJICHBI Y KyJIBTHBUPYEMBIX 00pa3110B MaTUHBI OOBIKHO-
BEHHOH, 4TO YKa3bIBAaeT Ha HEOOXOJMMOCThH PACHIMPEHHUS
TEHETHYECKOT0 pa3HOOOpa3usi COPTOB, B TOM YHCIIE 33 CUET
MIPUBJICUCHNS B CKPEUIMBAHKS 00Pa3lOB U3YUYEHHBIX JNKO-
PacTYIIVX IOIYIISIUHN, U, CIIGA0BATENbHO, YKa3bIBACT Ha BaXK-
HOCTb UX in Situ COXPaHEHUS.

OOparHast cuTyauusi BbIsIBIIEHA TPU HCCIEIOBAHNU MO-
auMopdu3Ma TUKOpACTYIHMX nonyasinuid R. occidentalis,
coOpannbix B 27 mrarax CIIA u B 1ByX KaHa/ICKUX [TPOBHH-
usix. OKa3anock, 4To y TUKOPACTYIINX HOMyJISIINI TeHEeTH-
Yyeckoe pazHooOpasue ObIIO HIKE, YEM Y KyJIBTYpPHBIX (popM
MaJIMHbI 3aMa HOW, IOATOMY, [0 MHEHHIO aBTOPOB, JIaHHbIE
MIPUPOJIHBIE MOMYJISIIAN ISl JATbHEHITNX CEJEKIIMOHHBIX
paboT He npexacTasisIoT Oonbiroro naTepeca (Dossett et al.,
2012b).

SSR-mapkepsl HCITOTB30BATH TAKXKE /IS OLIEHKH TeHEeTH-
YeCKOW CTaOMIBHOCTH KPHOPETCHEPAHTOB MAJIMH U €XKEBHK
(Castillo et al., 2010b). ABTOpBI CpaBHUBAIN MOJICKYJISIPHBIE
CTEKTPbI HCXOJHBIX PACTEHUH, KPHOPETEHEPAHTOB U X Vitro
pacrenuii ¢ nomousto 10 map SSR-mapkepos u 10 map AFLP-
npaiiMepoB. SSR-mMapkepb! He 00HAPYKHUIIN PABITUUUI MEKTY
aHAJIM3UPYEMBIMU reHoTunamu, torga kak AFLP-mapkepbt
MIO3BOJIMIIM BBISIBUTH MOJIMMOP(H3M Y KPHOPETeHEPAHTOB.

Molecular markers in the genetic diversity studies
of representatives of the genus Rubus

OjiHaKoO MOCJe OJHOTOJWYHOIO BBIPAIMBAHUS B IOJIEBBIX
YCIIOBHAX KPUOPETeHEPAHThl OKA3aJNCh MIAEHTUIHBI HC-
XOJIHBIM PAacTEHUsIM. BBISBICHHBIN y KPHOPETEHEPAHTOB
noMMOp(U3M aBTOPBI CBS3BIBAIOT C AIUTCHETHYECKOW U3-
MEHYHBOCTBIO.

Hacrosimuii mpopsIB B pa3paboTKe MHUKPOCATEIUINTHBIX
MapKepoOB CBSI3aH C TOSBJICHUEM METO/IOB CEKBEHUPOBAHUS
HoBoro moxoneHust (NGS): SSR-moKycsI cTajgo BO3MOXKHO
BBISBJIATH B TIOJIHOTEHOMHBIX CHKBEHCaX. TaK, Ha OCHOBaHUH
6osiee 40 MUJUTMOHOB KOPOTKHMX MPOYTEHUH [TOCIIEI0BATEIb-
HocTelt BUIOB R. occidentalis n R. idaeus ObIITO BBISBIEHO
oxoso 6000 SSR-nokycos (Dossett et al., 2015), 13 KOTOpBIX
JUTst aHau3a oroopano 288 (o 144 mist kaxkaoro Buaa). [lo-
Ka3aHo, 9TO TpaiiMepsl, pa3paboTaHHbIe Ha 0a3e CHKBEHCOB
MaJIMHbI 3aMajHoN, OKa3aauch Oolsiee CreU(MUIHBIMU IS
3TOro Buja: UX aMmiutkdukaus y o0pasinoB R. occidentalis
npoxoauia 6oree 3(h(eKTHBHO IO CPAaBHEHHIO € TIpaiiMepam,
paszpaboTaHHBIMHU Ha 0a3e CUKBEHCOB R. idaeus. B To e Bpemst
JUISI MAJTHBI OOBIKHOBEHHOH MCTOUHHK TTOCIIE0BATEIbHOCTEN
TIPY CO3JAHWU TIpaiiMepoB 3Ha4deHHs He uMmeln. Beero ObIo
orobpano 166 map SSR-mpaiiMepoB, JETEKTHPYIOMINX Kak
BHYTPHUBHIOBOH, TaK ¥ MEXKBH10BOH ronumMopdu3sm (Dossett
etal., 2015).

Just pazpaborkn ISSR-mapkepoB He TpeOyercst nHOp-
MallMM O T€HOMHBIX IOCJIE0BATEIBHOCTX Y M3y4aeMbIX
00BeKTOB. AHaJH3 00pa3I0B AUKOpacTyIe ManuHsl (R. ida-
eus) n3 19 mynkroB YepHomopckoro mobepexnbst Typuuwu,
npoBeneHHbIN npu nomomm 15 ISSR-npaiimepos, mokasain
MIEPCTIEKTUBHOCTH BCEX anpOOMPOBAHHBIX B 3TOH paboTe Map-
KkepoB. Hawmryuimme pesynbrarsl (BBICOKHH monumopdusm,
PIC > 0.3) noxasanu npaiimepsl (GGGT),, BDB(CA); n
(AG){YC (Cekicetal., 2018). Pabora B.B. CoGonena u kosier
(2009) 6pu1a HampaBiIeHa HA TCHOTUITMPOBAHUE POCCUHCKHUX
copToB MaJIMH (15 peMOHTaHTHBIX U 12 HEPEMOHTAHTHBIX) U
00pa3moB maTH BUIOB ManuH. Vccmemyembie o0pasnbl pas-
JICTIMIINCH T10 TPYTIIaM Ha PEMOHTAHTHBIE COPTa M COPTa C JIeT-
HHUM THIIOM Tutof1oHo1IeHus1. [To pe3ynbraram oribiTa BbIcKa3a-
HO TIpenmnoaokeHue, uto oauH u3 ISSR-mapkepos (a mMeHHO
K19 ¢ nocnenosarensnoctbio (AC)YA) accouunposan ¢
reHeTnueckum(u) Gpakropom(-amu), JeTEPMHUHUPYIOINM(H)
npu3Hak peMoHTanTHOCTH (Cobones u ap., 2009).

SSCP (single-strand conformation polymorphism —
nogumMopdusm kondopmanuu ognouenoveynoi JTHK).
SSCP-ananu3 ocHOBaH Ha M3MEHEHHH KOH(OpMaIiu OHO-
HuteBoil /IHK npu MOHOHYKIIEOTHIHBIX 3aMeHaX, T.€. IpU
HaJIMYUK OJTHOHYKJICOTHUIHOTO nosmMopdusma. 3meHnenue
xoH(opmannu JTHK, B cBOIO ouepenp, MPUBOIUT K N3MEHE-
Huro noaBkHOCTH [ILIP-mipoykTa B MONMaKpUIIaMHTHOM
rejie OTHOCUTEIBHO aMIUTU(HUKATOB Y UCXOJHOTO F'€HOTHIIA.
W3BecTHA paboTa KOPEHCKHUX HCCIIeI0BaTeNeH, B KOTOPO BBI-
SICHSUTOCH TTPOMCXOXKICHNE KyIbTHBUpYyemoro B Kopee mect-
Horo copra KCB (=Korean Cultivated Bramble) ot ogrHoro
u3 BUIOB — R. coreanus wiu R. occidentalis. I1o pesynbraram
SSCP-ananu3a Tpex MEXKIeHHBIX CHEHCEpOB MIACTUAHON
JHK (atpB~rbcL, trnT~trnL u trnL~trnF) obpa3isl KCB ¢
OoIbIei BepoATHOCTBIO OTHOCATCS K BULY R. occidentalis,
yeM K R. coreanus (Eu et al., 2010).

SCAR (sequence characterized amplified region — am-
NJIU(PUIIPOBAHHAS 00,1aCTh € H3BECTHON HYKJICOTHIHOM
MOCJIeI0BATEIbHOCTHIO). B 3aBHCHMOCTH OT ypOBHSI CIIeTIn-
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¢uunoctn SCAR-mMapkepsl yaiie BCEro UCIONB3YIOT JJIs
UIeHTH(UKALIIY ONPEICNICHHBIX aJlIeliel TeHOB (Harpumep,
JIOMMHAHTHBIX ajjieneld R TeHOB yCTOHYMBOCTH, CM. Jajee
pasnen MAS (marker-assisted selection — mapkep-Bcriomora-
TENbHAS CEJIEKIHA), @ TAKXKE AJIST JETCKIINU WHAUBHIYaTbHBIX
XPOMOCOM, ITOCTPOCHHUSI TEHETHYECKHUX KapT, BBISIBIICHUS T'e-
HETHYECKOTo Marepualia onpeiesieHHbIX BioB. Harpumep,
SCAR-mapkepsbl, pa3paboTaHHBIE Ha OCHOBE CTHIEIH(UIHBIX
RAPD-dparmenToB R. caesius L., O3BONIHIN BBISIBUTH B
KOMMepueckux obOpasuax sananuuka Cistus incanus L. ot 0
10 2 % mpuMecel pacTUTEIBHOTO MaTepraa JaHHOTO BHUa
exeBukn (Marieschi et al., 2010). B pamkax ceaekunoHHOH
porpamMMbl KaHaJckol npoBuHIMU KBebek ¢ ncrosb3oBa-
aueM SCAR-mapkepoB mpoBeneHa WACHTH(PHUKALNSA COPTOB
MaJIMHbI OOBIKHOBEHHOW M MaJIMHBI IypPIypHOH (THOpnz
R. idaeus u R. occidentalis) (Parent, Pagé, 1998).

Perporpancno3onHble MapKepbl. B otianune ot apy-
TUX KyJbTYp, JUISL TIpeCcTaBUTENeH poxa Rubus paboT 1mo
PETPOTPAHCIIO30HHBIM MapKepaM M3BECTHO HeMHOro. Tak,
Y. Liang ¢ xomneramu (Liang et al., 2016), n3ygas LTR-mo-
cienosarenpHocTd (LTR, long terminal repeat — aiauHHBIH
KOHIIEBO MIOBTOP) B FTEHOME uepeMyXHu, pazpabotanu 336 map
paiiMepoB, 9acTh M3 KOTOPHIX ObIIa CIIOCOOHA aMITTH(H-
nuposats JJHK coproB mamunsl u exeBuku — 8.6 u 6.5 %
coorBercTBeHHO. OT™MeTHM, uto B GenBank nenoHupoBansl
HEKOTOPBIE TOCJIEA0BATEIbHOCTH TPAHCIIO30HOB MAJIMHBI,
Harpumep perporpancrno3on Cassandra (https://www.ncbi.
nlm.nih.gov/nuccore/AY860317).

JHK-mrpuxkonuposanne. /[yt JIHK-mrpuxkonuposanus
y PacTeHUIl Yalie BCEro MCIOIb3YIOT MOCIIEI0BATEIHOCTH
BHYTPEHHHX TPAHCKPUOMPYEMBIX ClieiicepoB pudocoMaIbHOM
JHK (ITS1 u ITS2; ITS — internal transcribed spacer) u pa3-
mussble Tokycsl wactuanoi JJHK (Iureep, Ponronos, 2018;
Saddhe, Kumar, 2018). Meroxst JIHK-mrpuxkonupoBanus
TOJIBKO HAYWHAIOT NPUMEHSTH B M3YUEHUH CIIOXKHOTO Poja
Rubus, hopMupoBaHHe TEHETHIECKOTO pa3HOOOpa3ust KOTO-
poro o0yCIIOBJIEHO MpOLEccaMi MEXKBUAOBOW IHOpUaAN3a-
IIUH, Pa3IMIHBIMI (GOPMaMHU Pa3MHOXKEHHS pacTeHUH (Imo-
JIOBOE, BETETaTHBHO-KJIOHAIBHOE, araMHOE, BKITIOUast allOMHK-
CHC) ¥ MOJUILIOUINU (XPOMOCOMHBIE YHCIIa BAPBUPYIOT OT
2n=2x =14 no 2n = 12x = 84) (Jennings, 1988; Kpacosckas,
2001; Meng, Finn, 2002). Bonpockl TakcoHOMUM 1 (uiore-
HETUYCCKHUX OTHOIIICHUI BUIOB pojia Rubus TpeOyrOT OTICIIb-
HOTO OOCYXIIEHHS, B HACTOAIICH paboTe MBI OCTAaHOBHMCS
JVIIb Ha HEKOTOPBIX HCCIIETOBAHUAX, B KOTOPBIX METOIbBI
IeHETHYECKOr0 OapKOANHra HCII0JIb30BAIH JIJIsI OTIPECIICHUS
TPaHMI] ¥ U3yYCHUSI TAKCOHOMHUYECKOTO CTaTyca MOIPO/IOB,
CEKIIH, BUIOB.

L.A. Alice u C.S. Campbell (1999) nposenu cexBeHH-
pOBaHUE U CPaBHUTEJIbHBIN aHAJIU3 [OCIEN0BATEIBHOCTEN
ITS1 u ITS2 mnst 56 BumoB u3 12 moaponos poma Rubus,
a Taoke 5 BunoB pona Dalibarda L. (B npyrux cucremax
Dalibarda paccmaTpuBaroT Kak monapoxa pona Rubus). Pe-
3yJBTAThl MOJICKYJISIPHO-(HUIOTEHETHUECKIX HCCIIEI0BAHUH
HE COMIACyIOTCS C TPAJIMIIMOHHBIM paszeieHueM pona Rubus
Ha 12 momponos. Ha ¢umoreHeTnaeckoM IpeBe M3ydICHHBIC
BU/IBI YETKO Pa3IeIMINCh Ha YeThIpe rpynmsbl. [lepsas kinana
cozieprKaiia BCe 3y4YeHHbIE BUbI 9 MOPOJIOB; B OTICIbHYIO
TPYIIITY C BBICOKOH MOEPKKOM BBIICITHITHCEH BUJIBI €I1E TPEX
nopponos Comaropsis, Dalibarda v Lampobatus, nponspac-

2020
2441

MonekynapHble MapKepbl B NCCIEA0BaHNAX
reHeTMYecKoro pasHoobpasunsa npegcTaBuTenelt poga Rubus

tatorye B HOHOM monymiapuu; TperThsl Kiajga BKIIOYaia
BUBI Tofiposia Rubus m R. alpinus w3 noapona Lampobatus.
MoHo}uneTHIHY0 Ki1aay chopMHUPOBAIIH TOIBLKO BUJIBI ITOA-
pona Orobatus (Alice, Campbell, 1999).

B pabote Y. Wang et al. (2016) n3yden nonmumophusm siep-
HbIX ITS- u mmactuansix (rbel, rpl20-rps12, trnG-trnS) no-
CIIe/IOBATEILHOCTEH /ISl IPOBEPKH THITOTE3 O IPOUCXOKICHUH
BUJIOB MJIMH U €XEBUK, Ipouspacraromiux B Kurae. [Tokaza-
HO, 9T0 ionipon Malachobatus siBISIETCSI MOHO(HIICTHUCCKUM,
a noapoabl Idaeobatus u Cylactis — nonupUICTUYCCKUMH.
BeisiBiIeHHBIE B JaHHOM paboTe HECOOTBETCTBHS B TOTIOJIOTUH
JICHPOTPaMM, TIOCTPOEHHBIX 110 IaHHBIM O MOJIMMOp(HU3ME
anepHbix reHoB pPHK u yuacTkoB miacTugHOro reHoma,
YKa3bIBaIOT HA THOPUAOTCHHOE TIPOUCXOKICHUE H3yUCHHBIX
BUJI0B U3 cekunit Rosaefolii, Leucanthi, Corchorifolii (Wang
etal., 2016).

A.J. Fazekas ¢ xomnmeramu (Fazekas et al., 2008) mpoana-
JM3UPOBAIIH TTOCIIEIOBATEIEHOCTH 9 JIOKYCOB OpPTaHEIbHBIX
JIHK y MasnuHbI 00BIKHOBEHHO#, MaJIMHBI 3114 IHOU, ©KCBUKU
ayuteranckoil (R. allegheniensis L.) m ManuHBI TyIIACTON
(R. odoratus L.). bputn anpoOupoBaHsb! 8 JIOKYCOB IIIACTHAHON
JHK, a taixke MUTOXOHApUATIHLHOTO reHa cox/. bompimH-
CTBO (6 M3 8) M3YUYEHHBIX JIOKYCOB HE MOICP>KUBAIIN THITO-
Te3y 0 MOHO(DMICTHIECKOM IPOUCXOXKICHUN BUI0B MAJIVH,
HCKJIFOUEHHE COCTaBUIIM JiBa JIOKyca — reH matK u crielicep
atpF/atpH (Fazekas et al., 2008).

Pe3ynbraThl INTHPOBAHHBIX BBIIIE pabOT yKa3bIBAIOT Ha
HEOOXOIUMOCTh TAKCOHOMHYCCKON pEeBU3UH poja Rubus.

WGS u SNP (whole genome sequencing — moJitHoreHoM-
HOe CeKBeHHUpOBaHue, single nucleotide polymorphism —
OHOHYKJICOTHAHBII moaumopdusm). B nocneqnee Bpems
METO/IbI BBICOKOTEXHOJIOTMYHOTO CEKBEHUPOBAHUSI CTAJIH IIPHU-
BJICKATHCS M B MICCIJICIOBAHMS BUJIOB poaa Rubus. Hackonbko
HaM HM3BECTHO, Ha CErOJHS CYIIECTBYIOT NOJIHOTCHOMHBIE
CHKBEHCHI IByX BUIOB 3TOTO poxa — R. idaeus (Wight et al.,
2019) n 6muskoro emy R. occidentalis (VanBuren, 2016).
C 1OMOIIIBI0 COBPEMEHHBIX TEXHOJIOTUI CEKBEHUPOBAHUS U
TEHETUIECKOTO aHAJIN3a BBISBICH BHICOKHH YPOBEHb CHHTE-
HHUH TeHOMOB R. occidentalis v 3eMISIHUKY JecHOU Fragaria
vesca L. (VanBuren, 2016).

ITonHOreHOMHOE CEKBEHUPOBAHNE ITO3BONISET OHOBPEMEH-
HO reHepupoBaTh OrpoMHoe KomyecTBo SNP-mapkepoB, Ko-
TOpBIE IIPUMEHSIIOT JUIs CO3/IaHusI reHeTHYecKux kapt (Ward et
al., 2013; Hackett et al., 2018), nneHTH)HUKAITNH TCHOB YCTOH-
YMBOCTH K aToreHaM, Hanpumep K Verticillium (VanBuren et
al., 2018), a Taroke JJ1s1 KAPTHUPOBAHUSI XO3IHCTBEHHO [IEHHBIX
npusHakoB (Lopez et al., 2019). B pabore J. Ryu et al. (2018)
SNP-mapkeps! ObUTH HCITONB30BaHbI M IS pETUCTPALIIH MY-
TaI[MOHHBIX W3MEHEHUH, WHAYIIMPOBAHHBIX BO3/IEHCTBHEM
ramMMa-Jryudel, y pacteHuii 14 o0pasioB eXeBUK 1 THOPHIOB
Boysenberry.

Microarray texnosoruu (JAHK-uunbi). M3BecTHO He-
CKOJIBKO pa0oT, BHINOJHEHHBIX HA MAJIMHE C MPUMEHEHNEM
JTAaHHOW TEXHOJIOTHH. B 0/1HOM M3 HUX M3y4asln SKCIIPECCUI0
I'€HOB C LIEJIbIO BBISICHEHHSI IPUYUH OCTAHOBKHU IIPOLIECCOB
JKU3HEESTeNbHOCTH B TIOUKaX y copTa MaiuHH ‘Glen Ample’
(Mazzitelli et al., 2006). Bsiio BeIsIBIIEHO CBBITIE 80 TEHOB,
MMEIOIINX OTHOUIEHHE K KIETOYHOMY METadoJIM3My, TpaH-
CKPHUMIIMOHHBIM TIPOIIECCaM U Jp. W, BEPOSTHO, PETYIH-
pytomux mpouecc pacmyckanus nodek. T.P. Gotame et al.
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(2014) n3yuanu 3KCIPECCUIO FTEHOB Y YETHIPEX COPTOB MaJIH-
HBI OOBIKHOBEHHOH B 3aBUCHMOCTH OT TEMIIEPATYypPhl OKPY-
JKaromel cpenbl. ABTOpsl maeHTHGUIIpoBanu 644 reHa,
IKCIIPECCHsI KOTOPBIX 3aBHCENA OT TEMIIEPaTyPHBIX YCIOBHH,
HO U3 HUX TOJNBKO 12 TpaHCKpUOMPOBAIMCH Y BCEX YETHIPEX
coptoB. Pabora G.E. Fernandez (Fernandez et al., 2018)
Obula HarpaBjeHa Ha BBISICHEHHE I'EHETHMYECKHX MEXaHU3-
MOB BO3HMKHOBEHUS O€JIBIX KOCTSHOK B IIJIO/IaX €XKEBUKH.
BrusiBneno 6osee 12 ThIc. reHOB, MU PEpeHINATBHO IKC-
MPECCUPYIOLINXCS B YEPHBIX U OJIbIX KOCTsIHKaX. OKa3aioch,
yto KonmdecTBo PHK B GexpIx KOCTSHKaxX CyIIeCTBEHHO
CHIDKEHO 110 CPAaBHECHHUIO C YEPHBIMHU; B KadeCTBE NPUYUHBI
BO3HHMKHOBEHHMSI JAHHOTO (DEHOMEHA aBTOPBI PACCMaTPHBAIOT
CYIPECCHIO TEHOB, OTBETCTBEHHBIX 32 OMOCHHTE3 HYKJIEHHO-
BBIX KHCJIOT, B OTBET Ha BO3JCHCTBHE CTPECCOBBIX YCIOBUI
(Fernandez et al., 2018).

Hcnonb3oanne JHK-mapkepoB A/l NOCTPOeHUs Tre-
HeTH4eckHux KapT. [lepas xapra renoma R. idaeus Oblna
CKOHCTPYHPOBaHA Ha OCHOBAHHMHM aHAJIN3a PACIIEIUIAIONnIencs
MOMYJISIIIMY TOTOMKOB OT CKpEIIMBaHuUs IBYX copToB: ‘Glen
Moy’ (R. idaeus) n ‘Latham’ (R. strigosus). I3nagansHo Ha
kapty Obuto HaneceHo 30 SSR-, 4 EST- u 206 AFLP-mapke-
poB. Ha mosry4eHHBIX TpyTIax CHETIeHHUs ObITH KapTHPOBa-
HBI JIOKYCBI KONn4ecTBeHHBIX pu3HakoB (QTL, quantitative
trait loci — JIOKyCBI, BOBJIGYEHHbIE B KOHTPOIIb KOJTMYECTBEH-
HBIX IPU3HAKOB), TAKMX KAK «HAJINYME IITUIIOB Ha MOOErax»,
«IUTOTHOCTB ¥ pacrpeieieHIe KOPHEBBIX BOITOCKOB) (Graham
etal.,2004). B nanpHeliem 5Ta KapTa COBEpIICHCTBOBAIACH
¢ npusnedenrneM HoBbIX JIHK-mapkepos (Graham et al., 2006,
2015; Raluca et al., 2006; Woodhead et al., 2008; Simpson et
al., 2017). ITo mepe HachlleHUs] KapThl MapKepamMy Ha Heil
ObUTH JTOKanu30BaHbl MHOTHE TeHbl 1 QTL X03sHCTBEeHHO
[IEHHBIX MTPU3HAKOB, HAIPUMEp TeH OIyIIeHUsI oderos H,
OTBETCTBEHHBIH TaKKe 332 YCTONYMBOCTH MaJHMHBI K Psay
3a00JeBaHUi (B TOM YHCIIE K CEpON THHIIN TIOOETOB), TEHBI U
QTL ycToiuMBOCTH K MATHUCTOCTH 1TOOETOB (IPYIIIBI CIICTI-
nenus (linkage groups) LG2 u LG4), pxaBunne (LG3 u
LG5) (Graham et al., 2006), a Taxke K BUpycaM MATHIUCTOCTH
mcTheB M xiopo3a cocynoB (LG2 u LG7) (Raluca et al.,
2006). Pa3paboranHas kapra Oblia TaKKe HCIOJIb30BaHA
JUIs TIoMcKa B reHoMe ManuHbl QTL, oTBedaromux 3a CHHTE3
AHTOIIMAHOB; COOTBETCTBYIONINE YYACTKH OBLIM HAaWCHBI
B rpynnax cuemienuss LGl u LG4 (Kassim et al., 2009).
B pa6ore J. Graham et al. (2015) Opumi xapTHpoBansr QTL,
CBSI3aHHBIC C MPU3HAKOM KPOIIAIINXCS IUIOJI0B; JaHHbIE JIO-
KyChl ObITM OOHapy»keHbI B rpynnax crueruienus LG1 n LG3.
W3 mocnennux wuccienoBaHuid ynomsiHeM (Simpson et al.,
2017), B KOTOPOM MPEUMYIIECTBEHHO B TPYIIE CLETIIICHUS
LG3, a taxke LG1 u LGS BesiBnens QTL, oTBEeTCTBEHHBIE
3a CO3pEBaHME U Pa3MSTICHHUE TUIOA0B.

M. Woodhead et al. (2010) ananu3upoBaiu Ty e camMylo
nonyssinuio ‘Glen Moy’ % ‘Latham’ ¢ ucrionip3oBanuem 43 nap
paliMepoB, YaCTh U3 KOTOPBIX OBLTa pa3paboTaHa Ha OCHOBE
HoCIeI0BaTeNIbHOCTEN reHoB poaa Prunus L. B pesynsrare
obutH KapTrpoBaHbl 15 QTL, accounupoBaHHBIX ¢ MPU3HA-
KaMH CO3PEBAHUS IUIOJI0B M YCTOMYMBOCTBIO K PSIy Haro-
reHoB. [lo3aHee B 3TOH ke MOMYIANUK OBUTH KapTHPOBAHbI
QTL, accouunpoBaHHbIE C IPU3HAKOM BETBIICHHS TOOETOB,
1 N3yYeHBI BKJIAbl TEHETHYECKOH 1 HKOJIOTHYECKON COCTaB-
nsronux B popmupoBanue ganHoro npusHaka (Woodhead et

Molecular markers in the genetic diversity studies
of representatives of the genus Rubus

al., 2013). ®eHOTHITM3AIIMIO TPOBOAMIH B PA3JIUYHBIX YCIIO-
BUSIX OKPY’KaroLel Cpe/ibl: B TETIIMIIE, B MOJI€ U B YCIOBHAX
3apakeHus1 pacteHuil Phytophthora rubi — Bo30ynnTenem
KOPHEBOM THUJIM MajuHbl. JIMBIIMICSA Ha NMPOTSKEHUU
IIECTH JIET 3KCIEPHMEHT MO3BOJIHII KAPTUPOBATH HECKOJIBKO
QTL, BoByICUCHHBIX B KOHTPOJIb BETBJICHHUS TIOOETOB, B IPYTI-
nax cuemnenus LG2, LG3, LGS u LG6, npuuem B LG3 u
LGS BrraBiena xonokanu3zaius ¢ QTL, BIHASIOMNAM Ha MOTIT-
HOCTb pacTeHuil, a B LG6 — ¢ QTL ycToHunBOCTH K KOPHEBOH
THUJIN.

Hpyras kapra Opia co3mana B padore D.J. Sargent et al.
(2007) Ha ocHOBE pe3yabTAaTOB KOCETPEralliOHHOTO aHAIN3a
95 AFLP- u 22 SSR-mapkepoB B IOTOMCTBE, ITIOJIy4€HHOM OT
ckpemuBanus copToB ManuHbl ‘Malling Jewel” u ‘Malling
Orion’. Ha 970l KapTe ObLIH JIOKaJIN30BaHbI TeH A ;, KOHTPO-
JHUPYIOIIUH ycTOWYMBOCTh K MasmHHOM Tiie (LG3), u reH dw,
OTBETCTBEHHBIN 3a KapIMKOBEIH radbutyc pacrenus (LGO).

B mccrnenoBanyst o MOJIEKYIIPHOMY KapTHPOBAHHUIO BO-
BJICKAJIUCh U J{pyrue BUabl poaa Rubus. Tak, J.M. Bushakra
et al. (2012) ckoHCTpyHpOBaIH KapTy CIETJICHNS MapKepoB
JUIsl THOPUIHON TOIYJISAINH, ITOTYYEHHOW OT CKPEIIUBAHUS
00pa3IoB MaJTUHbI 3aITaJHON 1 MaJIMHbBI OOBIKHOBEHHOH. BbuT
KaptupoBaH 131 Mapkep, B ToM unciie 14 OpTOTOTHYHBIX, BBI-
SIBIICHHBIX y BCEX M3yUCHHBIX IpeJicTaBuTENEeH cemelicTBa Po-
3ouBeTHbIe. [To3Hee nosiBIIach padoTa 110 CO3/1aHUI0 TeHETH-
YecKol KapThl MaTMHEI 3anafHoi (Bushakra et al., 2015a). [{is
KapTUPOBaHUs HCIIOIB30BaIU MOMYIANuUIo u3 115 ceanues F,
komOunaru ORUS 3021-2 x ORUS 4153-1. Oqun u3 poau-
Tenel ObUT yCTOHUMB K TIe — Amphophora agathonica, 9to
HO3BOJIMJIO JTIOKAIM30BaTh HA KAapTe reH yCTOMYHBOCTH Ag,.
[lepBoHa4anbHO KapTa copepkaia 566 monuMophHBIX Map-
kepoB. [To3gHee ona Opia HackimeHa 468 SNP-mapkepamm,
PpacrpeneICHHBIMU IT0 CEMH TICEBI0XPOMOCOMAM, 1 COTIOCTAB-
neHa ¢ ¢usnveckoii kaptoi (Jibran et al., 2018). [Ipu 3Tom
MOKa3aHa BBICOKAs CTETIEHb KOJUTMHEAPHOCTH T€HETHIECKOH
1 QU3NYECKHUX KapT MAJIMHBI, a TAKKE TEHOMOB MAJHHBI U
3EMJISIHUKH. YCTOMYMBOCTbH MaJIMHBI 3allaJHOW K TJIE U3y4da-
Jack U Janee; ObUIM KapTUPOBAHBI TPU I'€Ha, OTBETCTBEHHBIX
3a nanHblid npusHak (Bushakra et al., 2018).

Emre onna kapra OblLia MocTpoeHa Ha OCHOBE aHaJIM3a I10-
MYJALUN TTOTOMKOB CKPEIINBaHMUSA MEXBHOBOTO IrHOpHIa
[R. idaeus (copt ‘Tulameen’) x R. parvifolius] x copT MaauHbI
‘Qualicum’ ¢ ucnonb3oBanuem 161 AFLP- u 17 SSR-map-
kepoB (Molina-Bravo et al., 2014). B stom uccrnemoBanun
OTIpe/IeIeHbl YYaCTKH, OTBETCTBEHHBIC 32 aIalTAINIO pacTe-
HUH K HU3KHM TeMIleparypaM M KoyieOaHHsSIM 3UMHHUX TeM-
nepatyp (LG1, LG4, LG5 u LG6), a Taroke 3a pasmep miona
(LGS), ero popmy (LG6), neer (LG1, LGY), 32 okpacky BeH-
gnka (LGS u LG6) u mnorHocTs munos (LG4 u LG6).

Jns exeBUK nepBasi Kapra Obula CKOHCTPYHPOBAaHA B
2013 r. (Castro et al., 2013) Ha ocHOBe aHaJIM3a Cerperanuy
B TIONYJISILIMU [TOTOMKOB CKpelInBaHusi copToB ‘Arapaho’ u
‘APF-12’. Y4acToK, OTBETCTBEHHBIH 32 OTCYTCTBHE IITHIIOB,
nokanus3oBaH B rpymnne cuemienus LG4, a QTL, kontpomnu-
pyromui TN mogoHouenus, — B LG7.

MAS (marker-assisted selection). HecmoTps zHa T0 9TO ¥
Pa3HBIX BUI0B MAJIUH 1 €KEBUK KapTUPOBAHBI MHOTHE TEHBI
QTL ceneKImoHHO-IIEHHBIX TPU3HAKOB U OIPEIEIIEHBI TECHO
CIICTUIEHHbIE C HUIMHU MapKepbl, CTaTel 1o MapKep-BCIOMOra-
TEJIFHOH CEJISKIIMH U3BECTHO KpaifHe Mallo.
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Boubiioe 3HaYeHUE [UIsl CENIEKIIMU UMEET pa3paboTka Map-
KEpOB reHa Bu, KOHTPOIHMPYIOIIEr0 YCTOMUYNBOCTh K BUPYCY
RBDYV —kpaiine onacHOMy 1aToreHy, HaHOCSIIEMY OO
sKOHOMHYECcKuit yimep0. st perenus atoit 3agaun J.A. Ward
et al. (2012) mpumennim MeTox cerperaniorHoro bulk-ana-
mu3a npu oMo RAPD-mapkepos. Cnenndudnsie ams
ycroiunBbIX reHoTUnoB ¢parmentsl (BC002-900, BC296-
425, BC615-600) 6putnn cexBeHnpoBanbl. Ha ocHOBe moiry-
4YEHHBIX NoclenoBaTenbHOCTeRl co3nanbl CAPS-Mapkepsl,
U3 KOTOPBIX HAWJIYHIIYIO CBSI3b C YCTOWYMBOCTBIO MMOKA3al
Mmapkep BC615 553 Alu I, orcyTcTBytommii, oqHaKO, Y APY-
THX yCTOHYMBBIX COPTOB. Jlanee mocie0BaresIbHOCTh ATOTO
Mapkepa Oblila BHIPaBHEHA M0 CEKBEHHPOBAHHOMY I€HOMY
3eMIISIHUKH, TIPU 3TOM OJIMH U3 T€HOB-KaHANAATOB OKa3aJCs
TOMOJIOTHYEH IOCIIeI0BaTeIbHOCTH N-TeHa Tabaka, KOHT-
POJIUPYIONIET0 YCTOWYUBOCTh K BUPYCY TabauyHON MoO3au-
Ku. B pesynberare ObUT NMpeayiokeH BHYTPUTCHHBIH MapKep
raspN_gene 1202, kotopsiii B 96.7 % ciyuyaeB cBsi3aH ¢
ycroitunBocTbio K RBDV. DhdexruBHOCTS TaHHOTO Mapkepa
MOATBEP>K/ICHA U TIPH aHAIIU3€ PACIIMPEHHOH TPYTIITBI CElleK-
IIMOHHBIX COPTOB: JJMarHOCTUYECKUH ()ParMEHT BBISBICH y
ycroituuBsix coptoB (‘Nootka’, ‘Haida’, ‘Willamette’, WSU
78117-1, ‘Newburgh’, ‘Cowichan’, ‘Chilcotin’, ‘Malling
Promise’, ‘Latham’) u orcyTcTBOBaN y nopakaemeix RBDV
reHoruros (Ward et al., 2012).

C menpio pa3paboOTKH MapKepoB T€HOB YCTOHYHUBOCTHU
K (urodToposnoit rammm xopHer J. Graham c koyureramu
(Graham et al., 2011) oroOpanu BAC-kj10HBI ¢ (parmMeHTa-
MH XpOMOCOM 3 1 6, Ha KOTOPBIX paHee ObIIH KapTHPOBAHBI
QTL ycroitunBoctn k Phytophthora rubi. Ciennduansix
mapkepoB it QTL ycroiiunBoctu kK puTodTOpO3HOI IHU-
T KOpHEH MOITydeHO He ObII0, OJHAKO aBTOPBI OTMETHIIN
accoluanuio ¢ 3THM npusHakoM SSR-mapkepa Rubl18b,
(Graham et al., 2011). B uccnenosanusix C.A. Weber et al.
(2008), HampaBIeHHBIX HA pPeIICHHUE STON e 3a/1a4n, OOHa-
pykeHbl Ba 0CHOBHBIX QTL, CBS3aHHBIX C yCTOHUUBOCTBIO K
¢urodropo3noii rHMIM KopHEH. K TaHHBIM y4acTKaM aBTOPEI
coznamu SCAR-u CAPS-Mapkepsl, KOTOpBIE IPH anpoOarn
Ha 18 copTax MpoIeMOHCTPUPOBAIIN YPOBEHb ACCOLMAINH C
ycToituuBocThIO 76 %.

3aknioyeHmne

CoBpeMeHHBIH HHCTPYMEHTapuil MOJIEKYJIsPHO-T€HeTHYe-
CKHMX METOZIOB ITPUMEHSIETCs KaK B (DyHIaMEHTAIIbHBIX, TAK U B
MPUKIAHBIX UCCIEA0BAHUAX NPEICTABUTENE MHOTOUHCIICH-
HOTO poza Rubus, XOTs YMCIIO BOBJICUSHHBIX B HCCIIEI0BAHUS
BHUJIOB IOKa ele Heseiuko (cM. Ipusoxenue)'. Haubonee
BaKHBIM PE€3yJbTaTOM B IMPAKTUYECKOM IUIaHE SIBISIETCS CO-
3/1aHHME HACHIIIEHHBIX MOJICKYIIIPHO-T€HETUUECKUX KapT pa3-
HBIX BHJIOB MaJMH U €XKEBUK, HA KOTOPBIX JIOKATH30BaHbI
MHorouucyeHHnsle rensl 1 QTL, neTepMuHUpYrOIIUE XO351ii-
CTBEHHO IIEHHBIE IPU3HAKU. B TO ke BpeMs Ha ceroaHs s
MOJIEKYIISIPHOTO CKPHHUHTA JIOCTYITHO JIUIITH HEOOJIbIIOE YHC-
JI0 MapKepoB, pa3padOTaHHBIX sl AMHUYHBIX TeHOB. briaro-
Jlapsl pa3BUTHIO COBPEMEHHBIX TEXHOJIOTHI CEKBEHUPOBAHUS,
KOTOpbIE HAYMHAIOT IPUMEHSITCS U [T ITPeICTaBUTENIeH posia
Rubus, B 6mxaiiniee BpeMst MOXKHO OXKHIATh ITPOTpecc U B
HalpaBJIEHUH MapKep-BCIIOMOTaTeIbHON CEJIEKIIUH.

1 MNpunoxexne cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2020-24/appx1.pdf
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AHHOTauuA. B nocnegHve roapl pesko NoBbicMacb NOTPEOHOCTb PbIHKA B YBEIMYEHUN NPOW3BOACTBA COPTOB U
rmbpuaoBs peanca esponeickoro (Raphanus sativus L.) Ans oTKPbLITOro 1 3aKpbITOro rpyHTa, pasHO0bpasHbIX Mo rpyn-
nam cnenoct, opme 1 oKpacke KopHernnogaa. [o3Tomy BaxKHO paclUMPATb reHeTuyecKoe pasHoobpasue 1 ycKopaTb
ceneKUMOHHbIN npoLecc. TexHONOrMA NONy4YeHUa yABOEHHbIX raniongos CyLeCTBEHHO COKpallaeT BpeMaA Npu co3-
LaHUV FOMO3UMOTHBIX KOHCTAHTHBIX POANTENBbCKMX JIMHUIA, [NA NONYyYEHNA KOTOPbIX Hanbonee nepcrekTMBEH METOg,
KYNbTYpbl MMKPOCNOP in vitro. Ham BnepBble yAanocb ocywecTBUTb NOMHbIV LKA nonyyeHua DH-pactennin pegrca
€BPOMNeNCcKoro B KysibType MUKPOCMOP in Vitro, A0 BKNOYEHMA MaTepuana B ceneKkUMOoHHbIN npouecc. NMogobpaHbi:
ONTUMAasbHbIN pa3mep 6YyTOHOB, MAapaMeTPbl TEMMOBOTO LWOKa, CPEAbI ANA MHAYKLWW U pereHepauun. BoiasneHo, uto
NUHelrHasa annHa 6yTOHOB C ONTUManbHOW CTagueln PasBUTUA MUKPOCMOP reHoTun-cneymdnyHa. Tak, Ana copTo-
obpasua Pofoc onTUManbHbIM ABNAETCA NMoKasaTenb 2.8-3.3 MM, a Ana copToobpasua TennnyHbiii PMOOBCKMiA —
3.7-4.2 Mm. ina 60nbLIMHCTBA FEHOTUMOB ONTMMAJIEH TemMnepaTypHbI Wok 32 °C B TeueHre 48 u. Bnepsble ana nH-
AyKUMM SMbprioreHesa ncnonb3oBaHa moanduurpoBaHHasa cpefa Mypacure-CKyra 1 06Hapy»KeHO CylliecTBeHHoe
BAVAHME B3aMMOAENCTBNA GaKTOPOB «reHOTMMN X CpeAar» Ha MHAYKUMo SmOpuroreHesa. [ind stana pereHepaumm pac-
TEHWI 13 SMOPVONLOB PEKOMEHAYeTCA fobaBneHue K cpefe 1 Mr/n 6eH3unamuHonypuxa v 0.1 mr/n ru66epennnHo-
BOW KNCIOTbI, YKOPEHeHVe MUKPONoberoB npoBoamTcA Ha 6e3ropmMoHanbHON cpefie. AHanM3 nonyyeHHbIX pacTe-
HUN-pereHepaHToOB METOLOM MOACYETa XPOMOCOM 1 METOAOM MPOTOYHOW LIUTOMETPUN KNETOUHBIX AfeP NoKasaJl, YTo
69 % pacTeHWin UMeny AUNNOULHbIN Habop XPoMocoMm, 9 % — ranNonLHbIN, 22 % — MAKCOMIONAHbIN 1 aHeYMIOUAHbIN.
CemeHHOe NOTOMCTBO YAaNnocCh MoJly4YnTb CaMOOMbIIEHNEM U3 YABOEHHbIX rarnjonaos 1 MUKCOMNIONA0B, NpUyem Bce
pacteHna R1 umenun yaBoeHHbIN Habop XPOMOCOM. ITO NCCIefOBaHMe ABNAETCA HayaslbHbIM 3TanoM B pa3paboTke
3bdeKTUBHOM MEeTOAVKM NONYyYeHUA YABOEHHbIX raniionaoB peaunca Ana NprMeHeHraA B CeNeKLMoHHOM npoLiecce.
KnioueBble cnioa: DH-pacteHus; Raphanus sativus; KynbTypa MUKpocnop in vitro; dakTopbl SMbprioreHesa; pereHepa-
LA B Ky/bType in vitro; TemnepatypHas 06paboTka; aHaporeHes.
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Abstract. Over the recent years the market demand for scaling up the production of European radish (Raphanus
sativus L.) varieties and hybrids for open and protected production, varying in ripeness group, root shape and color,
has drastically increased. Therefore, the expansion of genetic diversity and acceleration of the selection process are
important. Doubled haploid technology considerably curtails the time required for creation of homozygous constant
parental cell lines when in vitro microspore culture is used as the most promising method. For the first time, we were
able to realize the full production cycle of DH plants of European radish by in vitro microspore culture up to inclu-
sion of the produced material into the selection process. We have selected: preferable flower bud size, heat shock
parameters, induction and regeneration media. It was revealed that linear length on the flower buds with the best
possible stage of microspore development is genotype-specific: the flower bud length 2.8-3.3 mm is optimal for ac-
cessions of Rhodes and 3.7-4.2 mm is optimal for accessions of Teplichny Gribovsky. Heat shock at 32 °C for 48 hours
is the most suitable for most genotypes. For the first time Murashige and Skoog based culture medium has been used
for embryogenesis induction, and a major dependence of embryogenesis induction on the genotype x medium inter-
action was found. At regeneration and tiller stage it is advisable to add 1 mg/mL of benzylaminopurine and 0.1 mg/L
of gibberellic acid to the medium, and rotting of micro-sprouts is performed with the use of hormone-free medium.
Analysis of the produced regenerant plants by chromosome count and cell nucleus flow cytometry showed that 69 %
of plants have a diploid chromosome set, 9 % have a haploid chromosome set, and 22 % have mixoploids and aneu-
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ploids chromosome sets. The seed progeny from doubled haploids and mixoploids were obtained by self-pollination,
where all R1 plants had a doubled set of chromosomes. This study launches the development of an efficient method
of radish doubled haploid production to be used in the selection process.

Key words: DH plants; Raphanus sativus; in vitro microspore culture; embryogenesis factors; regeneration from in vitro

culture; heat treatment; androgenesis.
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BBepeHune

B coBpemMEeHHON ceneKLIuu CeNbCKOXO3SCTBEHHBIX KYJIBTYP
IIPUOPHUTETHBIM SIBIIAETCS co3nanue ruopunos F1, ommyato-
IIUXCS OT COPTOB BBICOKOH YPO)KaiHOCTBIO, BHIPABHEHHOCTHIO
PACTEHMI 10 CPOKAM CO3PEBAHUS U KAYECTBY IIPOAYKTHUBHBIX
opranoB. Haubomnee ciiokHOE, TPyJOEMKOE M MPOJOIIKHU-
TEJIFHOE 3BEHO B ATOM ITPOIIECCE — BBIBE/ICHNE KOHCTAHTHBIX
POAMTENBCKUX JIMHUHN, Ha CO3aHHE KOTOPBIX YXOTUT OT 6
0 12 jier mpu MCTONIB30BaHUHU TPATUIMOHHBIX METOIOB
cesieKIH. B OONBIIMHCTBE Pa3BUTHIX CTPaH B HACTOSIIEE
BpeMsl JIUIsl YCKOPEHHUsI CEJIEKIUH IIHPOKO HCIOJIb3YOTCS
DH-texnonmoruu (Dunwell, 2010), 4To I03BOJIIET YCKOPHUTH
CEJICKIIMOHHBIN MPOLIECC 0 MEHBIIEH Mepe Ha TPU-UeThIpe
rona (Ferrie, Mollers, 2011).

OCHOBHBIE METOAIBI IOy YEHHS FAIUION/IOB U KJIacCu(pUKa-
IIUsI METO/IOB PACCMOTPEHBI B psizie 0030poB (Maluszynski et
al., 2003; Dunwell, 2010; Asif, 2013). I'arutongHbIe TEXHOIIO-
THH PaCIIUPSIOT CIIEKTP (hopM0ooOpa3oBaTeILHOTO IpoIecca,
o0seryaroT 0TO0p MOJIE3HBIX TEHOB, CIOCOOCTBYIOT OOHApPY-
KEHHIO PEAKHX PELECCUBHBIX aJUIeNei, IOMOralT CO3/aTh
YHHUKaJIbHBIE POPMBI U, TAKAM 00pa30oM, MTOBBIIIAIOT (P dek-
TUBHOCTB Npaktuueckoit cenexkunu (Forster, Thomas, 2005).
B xpynHeHWIIMX MHOCTPAHHBIX CEJICKLUOHHBIX KOMIIAHUAX
(Syngenta, Bayer u ip.) Mpon3BOICTBO YABOCHHBIX TAIIONIOB
HEKOTOPBIX BHIOB PACTEHHUH YK€ CTaNO0 PYyTHHHBIM, HEOO-
XOAUMBIM 3TaIrlOM CCJICKIWH, B Poccun taxke JOCTUTHYTHI
YCIEXH B TOH 00NacTu 1o psay 3epHoBbIX (Mruaroa, 2011)
1 OBOIIHBIX KynbTyp (Bropri u np., 2017; IlnoBapos u 1p.,
2017). B ®I'bHY ®HIIO (panee BHUMCCOK), otmeuaro-
mieM B 2020 1. cToneTHHH F0OMIIeH, ¢ HCIIOIh30BAHUEM YIIBO-
CHHBIX TaluION/I0B CO3/1aHbl THOPHBI OCHOBHBIX OBOIIHBIX
KYJIBTYp: KaIlyCTbl OeJIOKOYaHHOH, OpOKKOIH, IIepIia CIaAKoro,
THIKBBI KpynHOIUTOqHOH 1 1p. (Domblides et al., 2017).

YIBOEHHBIE I'alUION/IBI MOXKHO TOJYYUTHh HA OCHOBE aH-
JiporeHesa (KynbTypa IbUIbHUKOB HIIH KYJIBTypa MHEKPOCTIOP),
THHOTeHe3a (KyJIbTypa HEOIJIONOTBOPEHHBIX CEMAIOUEK) U
napTeHoreHesa (oInblUIeHne 00y4eHHO#/00paboTaHHOH Xu-
MHWYCCKHMHU BCIICCTBAMU HLIHBHOﬁ HJIn HBIHBHOﬁ OTJaJICH-
HBIX BHJIOB). YCIIE€X 3THX TEXHOJOTHH ONPEAEIACTCS ABYMS
MpoLeccCaMu: NHIYKINEeH sMOpHOTreHe3a U3 MUKpOCIIop/Ta-
TUTOM/IHBIX KJIETOK 3apOIbIIIEBOI0 MEIKa M pereHepalmeit
pacteHui n3 sMOpronoB. Ha ykazaHHBIE IPOIECCHI BIUSCT
MHOXKECTBO (DaKTOPOB: YCJIOBHS BBIPAIIMBAHUS JOHOPHBIX
pacTeHuit, TeHOTHUI, CTaHsl PA3BUTHS MUKPOCIIOP/KIIETOK 3a-
POMBIIIEBOTO MEIIKA, TpenoopadoTka Oy TOHOB I MUKPOCIIOP,
MUTaTeIbHbIC Cpelbl U ycnoBus KyibsTuupoBanus (Ferrie,
Caswell, 2011), B cuity uero HeBO3MOXHO pa3paboTarh yHHU-
BEPCAJIbHYI0 METOIHUKY /ISl BceX KyabTyp. Ee HeoOxomumo
ONTHUMHU3UPOBATh HHIMBHIYAIBHO ISl KaXK/I0TO BUJIA U JTaXKe
copra. KileTouHble TeXHOIOTUH aKTUBHO Pa3BUBAIOTCS, TEM

HE MEHEE B JIUTEpaType MPEACTaBICHO OTPAaHUIEHHOE YHCIIO
3¢ PEKTUBHBIX TPOTOKOJIOB MOTYYEHHS YABOCHHBIX I'alllION-
JIOB OBOIIHBIX KyJIbTYp ceMmeiicTBa Brassicaceae Burnett,
4acTh M3 KOTOPBIX 3aliuiieHa nmateHTaMu. OCHOBHAs Mpo-
6nema — Hu3KHi Beixon DH-pacTenuii, To3ToOMy MOBBIIIICHUE
3 PEeKTUBHOCTH METOJIMK OYE€Hb BAKHO M JIAHHOMY BOIIPOCY
YAETSIOT BHUMAHUE BO BCEM MHPE.

Benymiee MecTo B CeNeKIMOHHBIX IPOrpaMMax 1o YCKope-
HUIO MPOIIecCca CO3/1aHHsI BEICOKOITPOIYKTHBHBIX THOPHUIOB U
COPTOB CEJICKOXO3SIICTBEHHBIX PACTEHUM 3aHUMAET KyJIbTypa
MUKpOCIIOp in vitro (anaporeHes). M3onnpoBaHHbIE MUKPO-
CHOPBI TIPH ONPE/ICICHHBIX YCIOBHAX (ONTUMAaIbHAs KOM-
OWMHAISA YCIOBHH KYIIBTYPBI I CTPECCOBOTO BO3CHCTBHS) MO-
TYT OBITB TIepEBE/ICHbI C HOPMAJILHOTO TAMETO(UTHOTO ITyTH
pa3BUTHUs Ha CIIOPO(UTHBIN, BCIEACTBUE YEro 00Opa3yroTcs
sMOpuonsl, epexoasimue B ramrouas! (Hs), ynBoeHnHbie
rartonnsl (DH-pacTenns), MUKCOTUIONIBI ¥ aHEYTUIOM/IBI.
OTcyTCTBHE B KYJIBType MHUKPOCIIOP COMAaTHYECKHX TKaHEH
MI03BOJISIET HE CTABUTH IO/l COMHEHHE ITPOUCXOXKICHHUE TTOITY-
4yeHHBIX pacteHui (Jombmunec u np., 2016).

[lepBble ycrelHble UCCleI0BaHMs 110 KYJIBTYPE MUKPOCIIOp
B cemeiicTBe Brassicaceae mposenensl B Hadane 1980-x T
(Lichter, 1982). IToznnee 6611 pa3paboTan 6a30BbIi IPOTOKOI
KYJIBTYpbl MUKPOCIIOp parica, KOTOpbli cily’kUT ocHoBoM DH-
TEXHOJIOTHH /IS IpeacTaBuTeneii pona Brassica L. (Pechan,
Keller, 1988). 3aTeM KyibTypy MUKPOCIIOp CTAJIH ITPUMEHSITH
JUISL pa3JINYHbIX PA3HOBUAHOCTEN KaIlyCThI: KaITyCThI IIBETHON
(B. oleracea var. botrytis), 6pokkonu (B. oleracea var. italica),
TIOJTy- ¥ PBIXJIOKOYAHHOM KarycThl (B. oleracea var. costata),
Kosibpadu (B. oleracea var. gongylodes), KanyCTbl IEKOPATHB-
HOU (B. oleracea var. acephala) n 6enoxodannoii (B. oleracea
var. capitata), a Taxxe KHTaiickoit (B. rapa ssp. chinensis)
(Lichter, 1989; Cao et al., 1990; Takahata, Keller, 1991; Duijs
et al., 1992; Zhang et al., 2008; Winarto, Teixeira da Silva,
2011; Yuan et al., 2012). OmyOnuKoBaHHBIE TIPOTOKOIBI IS
cemeiicTBa Brassicaceae npusenensl B 003ope (Maluszynski
et al., 2003). K coxayieHHI0, ONMUCaHHBIE B INTEpaType IKC-
MepUMEHTAIIbHBIE TTOIXO0/IbI HE BCET/]a MO)KHO BOCIPOH3BEC-
TH U OTCYTCTBUE CTaHJAPTHBIX METOJMK YacTO IPUBOJHUT K
MIPOTUBOPEUUBBIM PE3YIbTaTaM.

Penuc esponetickuii (Raphanus sativus L.) — kopHemon-
HOe pacTeHue cemelicTBa KamycTHble, 0[JHa U3 CaMbIX CKO-
POCHENBIX U SKOHOMHYECKH 3HAYMMBIX OBOIIHBIX KYJIBTYP.
D heKTUBHOI METOTMKHY ITOTYUEHHS YIIBOCHHBIX TaIlJION/I0B
JUIS pejtica roKa HeT. JIMIb B HEKOTOPBIX ITyOIMKaIUsIX TOBO-
pHUTCS O MPUMEHEHUH METOA KYJIBTYPBl MUKPOCHIOP in Vitro
s pequca (Takahata et al., 1996; Chun et al., 2011; Han et
al., 2014, 2018; Tuncer, 2017). Tem He MeHee HU B OJJHOM U3
UCCIe0BaHNI He ObUT 3aBEpIICH MOIHBIN UK TTOTyYCHUS
DH-pactenuii B KyIbType MUKPOCIOP PEANCA EBPONENHCKOTO.
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YeTkuX MpeacTaBieHui 00 NpUUMHAX TPYIHOCTH MOITYYESHUS
YABOCHHBIX TallJION/IOB penuca ceifuac HeT, M BBISIBUTh MX
BO3MOXXHO TOJIEKO SMIIMPHYECKH.

Lenp HamMX uMcciienoBaHU — pa3paboTaTh TEXHOJIOTUIO
nosyueHus: DH-pacrenuit penuca eBponenckoro Juist BKIO-
YEHUsI TOTYYCHHOTO JINHEITHOTO MaTepuasa B CelEeKIIMOHHBIN
MPOLIECC C M3YYEHHEM M TOIPOOHBIM ONMUCaHUEM MpolIieM
Ha Ka)XJIOM 3Tare.

MaTtepwuanbl n metogbl

Marepuan ucc/ieJ0BaHUs U YCJIOBHS BbIPAIIMBAHUSA 10-
HOPHBIX pacTeHuil. B padore ucnonp3oBansl 12 coprool-
pa3loB penuca eBpOIerCKOro U3 KOJIEKLIUH JlabopaTtopuu
cTonoBbIX KopHemionoB OI'BHY «®enepanbHblil HaydHbII
neHTp osomeBoacTBay (PHIIO), MockoBckast 001acTh:

Hasanne coproobpa3ua ITponcxoxaenune
Mapra

Pomoc

Nasco, Ykpanna

3amen Maysep KsemmunOypr,
I'epmanus

BHUHNCCOK, Poccust
«l"aBpum», Poccust

Terumnunsiit ['puboBckuii
Kopcap

C/o 162 nmvHHBINA pO30BBIN SInonus

¢ OesTbIM KOHYMKOM

C/0 162 okpyTIbIid KpacHBII »

Crunchy red »

ODpaHniy3ckuii 3aBTpax «Asnutay, Poccus
Apus BHUUCCOK, Poccus
MoxoBckuit »

Po30Bo-kpacHsIi ¢ 6esbIM »

kxoHunkoM (PBK)

Conara »

JloHOpHBIE pacTeHHs BbIpAlIMBaIM B BEr€TallMOHHON Ka-
Mepe ¢ tammnaMu gocBeunBanus (Osram plantstar 600 W) mpu
MIOCTOSTHHOM TeMIiepaTtypHoM pexkume 19 °C, 0CBeIIeHHOCTH
9000 ntokc U 16-4yacoBOM (OTOIEPUOE Isi CTUMYIISIIUU
I[BETCHMSI.

Hccaenopanue craguii pasBuTHs MUKpocnop. J{is usy-
YeHMs B3aMMOCBSI3U MEXIY pazMepoM OyToHa M CTaauei
Pa3BUTHSL MHUKPOCIIOP TPOBOAMIN LIUTOJIOTHIECKHE HCCIIe-
JoBaHMs. Brusyannzanust MUKPOCIIOP M TBUIBIIBI BBITOJIHEHA
C TIOMOIIBI0 METOANKHU AU HEPEHIINATLHOTO OKpAIIUBAHUSI
(Alexander, 1969) n muxpockomna Axio Imager A2 (Carl Zeiss,
T'epmanus).

Nuaykuusi IMOpuorene3a B KyJbType MHUKPOCHOP.
3a oCHOBY OBLTa B3siTa METONIMKA, pa3paboTaHHas B 1abopa-
topun ouorexnonornu ®I'bHY ®HILIO mist KynbTypbl MUK-
pocriop cemeiictBa Brassicaceae (Jomonuaec u mp., 2016)
¢ pasnmuabiMu BapuanTtamu cpen: NLN-13 (Lichter, 1982)
u Mypacure—Cxkyra (Murashige, Skoog, 1962) ¢ 13 % ca-
xapo3oit u 500 Mr/i ruapoaM3aTa KazeuHa IS MHIYKIIHA
sMOpHorenes3a. B onpITax HCIOIB30BAIM PEAKTHBBI KOMITAHUN
SIGMA ¢ mapkupoBkoii “plant cell culture tested”.

TemneparypHasi 00padoTka IIpoXoIiIa cpasy Mocie BBe-
JICHUSI MEKPOCTIOP B KyJBTYpY in Vitro B TepMocTare ipu 32 °C
B TEUEHHE OJIHUX-YETBIPEX CYTOK. [Ipn 3TOM HCIOIB30BaINCEH
ONTHUMAJIbHBIE CPEJIBI JIsI MHAYKIIMK AIMOpHOTeHe3a, orpe/ie-
JICHHBIC B TIPEJBIAYIIEM OMBITE TI0 HHIYKINU SMOpHOTreHe3a
B KYJIBTYpe MHKpoctiop. VccienoBanue onTumMaabHON TemIie-
parypHoii 00pabOTKH ¢ BApbUPOBAHUEM IO MPOAOIKUTENb-
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@akTopbl, BAVALLWMe Ha nonyyeHne DH-pacTeHnin
B KyNbType MUKPOCMOP in vitro peanca eBponemnckoro

HOCTH TEMIIEPaTypHOTO CTpecca MPOBOAMIIOCH JJIsl KaXK/I0TO
WHIUBHUIyaJIbHOTO 00pa3iia B ISTH MOBTOPHOCTSIX.

IMonyuenue pacreHuii-pereHepaHToB. DMOPHOUIBI HA
CTaJUsIX KPYITHBIX TIIO0YJI, a TaKkKe CepICUKOBUIHON U TOP-
TIETOBUIHOW TTOMEIIaH B Yamku [leTpn Ha Oe3ropMoHab-
Hyto cpeny Mypacure—Ckyra (MC). [lns nmpopactanus M-
O6puounbl epenocuwn Ha cpensl: 1) MC ¢ 2 % caxapossl,
0.1 mr/n 6emsmnamuaonypuna (BAIT) u 3.0 r/n ¢urtorens
(Sigma, CIITA); 2) MC ¢ 2 % caxapo3sl, | mr/a BAIL, 0.1 mr/xn
ru66eperumHoBoit kucnotsl (I'K), 3.0 r/a ¢urorens; 3) MC
¢ 2 % caxapossl, 0.2 mr/n Tnagusypona (N-penmn-N'-(1,2,3-
tramazon-S-mrmouesrnna) (T/[3). O6pazoBaBmmecs moode-
I'M 1 SMOPUOU/IBI OTACISUTH U EPEHOCHITH JUTSL YKOPEHEHUsI
Ha OesropmoHanbHyto cpexy MC ¢ 2 % caxapossl u 3.0 /1
¢urorens, pH 5.8. KynsruBupoBanue npoBOJMIN Ha CTell-
JlaKax C JIOMHMHECHEHTHBIMU JIaMIIaMH, ¢ (OTONEPHOIOM
14 4, ocBemennocThio 2500 ITOKC, TOCTOSHHOM TemIepary-
poii 25 °C.

BeipamuBanue pacreHuii-pereHepanToB. Pactenus c
HOPMAJIbHO Pa3BUTBHIMH JINCTHSIMH U KOPHEBOWH CHUCTEMOM
MIEPEHOCHIIN B BETCTAIIMOHHBIE COCYIbI, 3aTIOJIHCHHBIE CMECHIO
Topda u nepinuta (7:3), HaKpbIBaIU 1epHOPUPOBAHHBIMU
TUTACTUKOBBIMH CTaKaHYMKaMM JJIS1 aJjanTalliil PacTeHU K
YCIIOBUSIM in Vivo. BeIpammBanu pacTeHHs-pereHepanTsl B
TEX K€ YCIOBUSIX KIIMMKaMephl, YTO U JIOHOPHBIE PACTECHHUSI.

OnpeaeneHne MIOHIHOCTH pacTeHHii-pereHepaHToB
METOZIOM MPOTOYHOH IUTOMETPHM KJIETOUHBIX sI/Iep BbI-
MOJIHSUIM Ha Oa3e 1aboparopry OMOWHKEHEPUH AJITaiiCKoro
rocygapcTBeHHOT0 yHuBepcuterta (baprayn) mpu momommn
nporounoro nuromerpa Partec CyFlow PA (Partec, GmbH,
I'epmanusi) ¢ J1a3epHBIM MCTOYHUKOM H3JIyYEHHUS C JUIMHOM
BOJTHBI 532 HM.

CraTucTHYecKHil aHAJU3 OCYIISCTBICH B MPOTrpaMMe
ANOVA: one way ANOVA, factorial ANOVA u rect ®uinepa.

Pe3yn bTaTbl N OﬁCY)KIJ,EH ne

OnpepeneHne 3aBUCMMOCTY CTaUV PasBUTUA MUKPOCTOP
1 Bbixofia SM6pMoNA0B OT pa3mepa 6yTOHOB
HWccnenoBanus nokasany, 4To CTPyKTypa HOMYISLIUU MUKPO-
CHIOp B IBUILHUKAaX OyTOHOB pejuca €BPOINEHCKOTO OYeHb
HEOAHOPOIHA M TPEACTaBICHA (HPAKIMIMHA MUKPOCIIOp Ha
Pa3HBIX CTAIUAX PA3BUTHUSA. DTO COIIACYETCS C JAHHBIMU
npyrux aBropos (Takahata et al., 1996; Bhatia et al., 2018).
Cumnraercs, 9T0 MUKPOCIIOPH! HanboJiee BOCIPHUMYHBEI K
BHEIIHUM (paKTOpaM M CIIOCOOHBI U3MEHSTD ITyTh Pa3BUTHS
Ha MO3/IHEe BaKyOJIM3UPOBAHHOW OJHOKJIETOYHOU U paHHEH
neyxkinerounoit cragmsix (Pechan, Keller, 1988). TTosTomy
Ba)KHO MaKCUMAJIbHO YBEJINUUTh KOHIEHTPALUIO 3TUX CTaUI
B KyJBTYpe, Ul YeT0 HEOOXOJUMO OINpPEIeIUTh JTUHEHHBIN
pa3mep OyTOHOB, KOTOPBIHA COACPIKUAT TAKHUE CTATUH PA3BUTHS
MHKPOCIIOP ¥ IIBUIBIIBI B HAaHOOIbIIeH KoHIIeHTpaunu. Hamu
MPOaHATM3UPOBAHO MPOIIEHTHOE COMIEPIKAHUE (JIOIIS1) MUKPO-
CTIOp Ha BOCTIPUAIMYHBON CTa MM PA3BUTHI B OyTOHAX Pa3HBIX
pa3mepoB (0T 2.5 10 6.0 MM) y YeTBIpeX TeHOTHUIIOB pe/ca,
MPOSIBUBIINX OT3BIBUMBOCTD K IMOproreHe3y (Taoi. 1).
BrIsBII€HO, YTO KOTMYECTBO BOCTIPHUMYHBBIX MUKPOCTIOP
B OyToHax peauca penko mocruraet 50 %. st cpaBHEHHS,
B OyTOHAX OT3BIBYMBBIX KYJBTYp, Hampumep y B. oleracea
var. capitata L., aToT okazarens nocturaet 80 % (Bhatia et
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Ta6bnuua 1. CopepxaHrie mukpocnop (%) Ha No3gHeln Of4HOKIETOUHON BaKyoM31POBaHHOW 1 PpaHHEN ABYXKIETOUHOM
CTaguAX PasBUTUA B 3aBUCUMOCTI OT ASIMHbI OYTOHa peaunca eBponemnckoro
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Puc. 1. 3aBucMOCTb 06pa3oBaHMs SMOPUOMAOB OT pa3mepa OyToHa 1
NMPOLIEHTHOrO CoflepXaHnA MUKPOCTOP Ha BOCMPUUMYMBON CTagumn pas-
BUTUA COpTOO6Opasua peanca esponeirickoro TennunuHbin MprboBCKUi
(cpepHee 3HayeHMe 1 BapbUPOBaHKE MO MOBTOPHOCTAM).

al., 2018). Ilpu 5TOM onTHMasbHBIE pa3Mepbl Oy TOHOB, C TOUKH
3pEHHS OT3BIBYNBOCTH MUKPOCIIOP K MH/IYKIIMY SMOpHOTreHe3a
B KYJBTYpE in Vitro, CyIIECTBEHHO PAa3JIUYalOTCA Y pa3HbIX
TCHOTHIIOB pefrca.

qTO6I)I BBIABUTH 3HAUUMOCTH KQYCCTBCHHOT'O COCTaBa U30-
JMPOBaHHBIX MUKPOCTIOP JUI MHIYKIIMH 3MOPHOTEHE3a, MbI
MIPOBEIIH OIIEHKY BBIX0/a SMOPHOUIOB B KYJIBTYPE MUKPOCTIOP
in vitro, U30JUPysi MUKPOCIIOPHI U3 OYTOHOB PA3JIUYHBIX Pa3-
MepoB Ha mpuMepe coproodpasma Termuansiii [ prboBckuit
(puc. 1). OnbIT OBLT 3aJI0KEH B MATHKPATHOW MOBTOPHOCTH:
otOupanu OyToHBI pazmMepoM ot 2.5 10 6 MM ¢ marom 0.5 M,
3aTeM MHKPOCIOPbI HHKYOMPOBAJIM Ha CTAaHJAPTHOW cperie
NLN-13 (Lichter, 1982) ¢ 13 % caxapo3sl, pH 5.8.

B PE3YNbTATC BBIIIOJIHCHHOT'O OIbITA MOATBEPIKACHO, YTO
mpu pa3mepax OyTOHOB, B KOTOPBIX COAEPIKUTCS HAHOOIh-
Iee KOJMYECTBO MUKPOCIIOP Ha BOCIPHUHMYHMBOM CTaIUH
(44-51 % B 3aBHCHMOCTHU OT T'€HOTHIIA), BEIXO/ SMOPHOUIOB
MakcumaieH. [Ipu yMeHbIIeHNH CofepKaHus BOCTIPHUMYH-
BBIX MHUKpocIop Ha 6—8 % HaOmonaercst pe3koe CHIDKCHHUE
BBIX0J1a IMOPUOUIOB, @ TMPH CHUIKEHUH ITOTO TOKa3aTels
Hiwke 30 % oOpa3oBaHust SMOPHONIOB HE TIPOUCXOINT, He-
3aBUCHMO OT pa3Mepa OyTOHOB.

AHaNOTH4HbIe Pe3yNbTaThl IOIYYEHbI U B CIIydae JpyTrux
copToo0pasioB peauca. Jjis kaxxa0ro M3y4eHHOTO TEHOTUTIA
penuca eBpomneickoro ObIT MOAOOpaH HanOOIee ONTHMATh-

HBIA pa3mep OyTOHOB JJIs MHIYKIIMA SMOPHOTEHE3a B KYJIb-
Type in vitro.

BnuAaHue coctaBa nuTaTenbHOM cpeabl

M ANUTENIbHOCT TePMOO6PabOTKMN Ha UHAYKL IO
3Mb6puoreHesa B KynbType MUKpPOCNop peanca

[Tepexon Ha criopoUTHBINA MyTh PA3BUTHS HE MTPOMCXOANUT
CaMOITPOH3BOJIBHO, TOITOMY HEOOXOJMMO CO3/1aTh OIITUMaJIb-
HBIE YCIIOBUSL, CPEIAH KOTOPHIX HAHOOJIbIIIee 3HAaUCHUE UMEIOT:
TeMmreparypHas 00paboTKa, YCIOBHS KYJIbTHBHUPOBAHUSI U
COCTaB MUTATEIbHBIX CPEI JJIs UHIAYKIMH 3MOpHUOTEHE3a.
B Hammx omeiTax moadop MUTaTeNbHBIX CPEJT TPOBOIIIICS Ha
OCHOBE JINTEPATyPHBIX JJAHHBIX. TaK, JUIs MHIYKIIUH SMOpHO-
reHesa pacTeHuii cemeiictBa Brassicaceae 00bIYHO HCIIOJNIB3Y-
1ot cpenpl NLN-13 (Lichter, 1982; Chunetal.,2011; Hanetal.,
2014) mwnm 1/2 NLN-13 (Takahata et al., 1996; Tuncer, 2017;
Han et al., 2018), B cocTaB KOTOPBIX BXOIISAT AMHUHOKHCIIOTHI
TIIyTaMHH U CEPHH, OKa3bIBAIOIINE MTOJIOKUTEIEHOE BITUSHIE
Ha 3MOpuorenes. M3BecTHO Takxke, 4TO OOJBIIYIO POJIb B
CTUMYJISLIMY COMaTHYECKOro SMOpHOTreHe3a B CyCIlIeH3HOHHOM
KyJbType UTPAeT THAPOIN3aT Ka3eHHa, KOTOPBIH IIPEICTaBISICT
co00# cMech Pa3IMYHBIX AMHHOKHCIOT W HCIIONB3YETCS B
MUTaTEIbHBIX CpelaXx y MOpKoBU crosnoBoii (Masuda et al.,
1981; Bropt u 1p., 2017). BBUIY 3TOTO MBI PEIINIH BIICPBHIC
npuMeHuTh cpeny MC ¢ qobaBeHHEM ruIpon3ara Ka3enHa
B KYJIBTYPE MUKPOCIIOP i Vitro JJid peauca.

B mammx skcrepuMeHTax HH Yy OTHOTO W3 M3YYEHHBIX
TCHOTHIIOB TIPH HMCIOJIB30BAaHUH CPEAbl 1/2 HOPMBI Makpo-
anemeHToB NLN-13 5MOpron10B HE 00pa30BaIoCh, IOITOMY
B TIOCTIETYIONINX IKCIIEPUMEHTAX JaHHas cpefa He TpuMe-
Hstack. [Ipn MHKYOMpOBaHMM MUKPOCIIOP peanca Ha CTaH-
naptHoil cpege NLN-13 u MC c¢ ruaponu3atoMm Ka3euHa
mporiecc AMOpHOTeHe3a yaaloch HHIYIUPOBATh y YETHIPEX
COpPTOOOPA3IOB U3 ABEHAIIATH (Ta0. 2).

IIpumenenue cpex NLN-13 u MC ¢ runponnzaTom kaszeu-
Ha TTOKA3aJI0 YeTKO BBIPAKEHHYIO TeHOTHII-CIETIH(PUIECKYIO
OT3BIBYMBOCTH MHJIYKIIUM 3MOPHOTEHE3a y KYJIBTYPBI peanca
Ha COCTaB CpPeJibl, KOTOpasi B OCHOBHOM OIIpeJielisiiach B3a-
MMOICHUCTBHEM ABYX (PaKTOPOB «TEHOTHII X Cpena» C AONeH
BJIHSIHUS B TaHHOM ombITe Oosee 50 % (puc. 2).

Tak, y coprooOpasua Ponoc noxyuuts smOpuonasl Ha
crarnaptHoit cpege NLN-13 He ymanocs, a Ha cpene MC ¢
THJIPOJIM3aTOM Ka3enHa MX BBIXOJ JOCTHT MIECTH SMOPHOH-
JoB Ha yaiuky [lerpu. st coproodpasua Terumunsiit [pu-
00BCKHil 3Ta cpe/ra TOKE OKaszaIach Ooee MOAXOIAIIeH: MaK-
CHUMaJIbHBIN BBIXOJ] — BOCEMb AIMOPHOMI0B Ha Yamky [lerpu.
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Ta6nuuya 2. BiusHvie cocTaBa nNUTaTesibHbIX Cpef Ha SMbprioreHes (BbIxog SMOPMOVA0B)

B Ky/NIbTYpe MUKPOCMOP Y Pa3HbIX FEHOTUMOB pPeanca eBponenckoro

[eHoTun
(copToobpazseLy)

MC + 500 mr/n rugponusarta KasenHa

Mpumeyanune. JlocTOBEPHOCTL oTMUMI: GakTop A (COpT) = Fyar 4.2 > Frogn 2.9; Gaktop B (cpepa) — Fpar 0.2 < Frogp 4.1; B3aumopelicTene AXB -

Foarr 17:1 > Freop 29.

leHoTVIN

W CocTaB nuTaTenbHom
cpeppl

B leHoTMN X cOCTaB
nuTaTenbHON cpefbl

CnyyaiiHble daKkTopbl

Puc. 2. BnuaHve GakTopoB «reHOTUM», «COCTaB MUTaTeNIbHON Cpefbl» 1
UX B3aMIMOLENCTBMA Ha NPOLIECC MHAYKLUMMN SMOprioreHes3a pefuca eBpo-
NencKoro B KynbType MUKPOCMOp in Vitro.
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Puc. 3. BnusHue panTenbHOCTU TepMoobpaboTKM M30NMPOBAHHbIX
MUKpocnop B TepmocTtaTe npu 32 °C Ha o6pa3oBaHMe 3MOPUOVAOB B
KynbType MUKPOCNOP Y pa3HbIX FeHOTUMNOB peamnca eBponemncKkoro.

reop 2-77 dak-
2.8; B3ammo-

HloctosepHocTb otnnumii: gaktop A (copT) - Fy,. 111 > F
Top B (anutenbHocTb Tepmoobpabotkm) — Fy,. 58.9 > Fo .o
Aencrene AXB-Fy, . 9.8>F 2.0

Teop

¥ coproobpa3noB Moxosckuii 1 PBK myumme pesymnbrars
ObLIH NOJTy4eHb! Ha ctanaapTHol cpene NLN-13: makcumans-
HBII BBIXOZl COCTaBMI TPHU U BOCEMb SMOPHONIOB HA YaIIKy
[leTpu cOOTBETCTBEHHO.

YroObl MHULIMUPOBATH MPOLECC MEPEKIIOYEHUS] MUKPO-
CHOp C TaMeTO(UTHOTO ITyTH PAa3BUTHS HA CIIOPOPUTHEIN, HA
HHX OKa3bIBAIOT CTPECCOBOE BO3CHCTBHE IIOBBIIICHHON TEM-
neparypoii. I[Ipu 3ToM H301MpOBaHHBIE MUKPOCIIOPHI JINOO
OCTaHABIIMBAIOTCS B CBOEM Pa3BUTHH U ITOTHOAIOT, THOO TIpO-
JIOJDKAIOT Pa3BUBATHCS 10 raMeToUTHOMY IMyTH. Temmepa-

leHoTVN

W AnutenbHOCTb
TepmMoo6paboTKm

V)
18 % W eHOTUM X ANNTENBHOCTb
TepmMoo6paboTKM

CnyyaiiHble dakTopbl

Puc. 4. BanaHne GakTopoB «reHOTUMY, «ANNTENbHOCTb TePMOO6PaboT-
KU» U X B3aMMOZENCTBMA Ha MPoLecc NHAYKLUMI SMOprioreHe3a peamnca
€BPOMNenCcKoro B KysbType MUKPOCMop in vitro.

TYPHBII CTPECC IPUMEHSETCS Ha CTa/INH, TIPEANIECTBYIOMIECH
MepBOMY I'aIUIOUHOMY MUTO3Y, HJI BO BPEMSI HETO, UTO, KaK
MPaBUJIO, IPOUCXOIUT B TIEPBBIE BOCEMb YaCOB MOCIIE BBE/IE-
HUSI MUKPOCTIOP B KYJIBTYPY, IIO3TOMY OHH CUHUTAIOTCSI KPH-
tuueckuMu. [logOupas onTUMaNbHBIA PEKUM JUIS KaXk10TO
WHIMBUIYaTbHOTO 00pa3iia, Mbl TPOAHATM3UPOBAIIN BIUSHNC
Ha YMOPHOTEHE3 TEMIIEPATypHOH 00pabOTKH N30IMPOBAHHBIX
MUKpocHop B TepmocTate npu 32 °C B TeUeHUE OAHUX-YEThI-
Pex CyTOK cpa3zy mociie Hadaia KyJTbTHBHPOBaHUS (puc. 3).

Tak, nst coproobpasos Pogoc, Moxosckuii u PBK ontu-
MaJlbHOM ObLIa TEPMOOOPAOOTKA TPOJOIKUTEIBHOCTBIO JIBOE
CYTOK, a i71si copToodOpasma Terumanstii [ puboBckuii — ogHu
cyTku. MHKyOanms sMOpHONIOB B TEUEHUE TPEX CYTOK Cy-
IIECTBEHHO 3aMeJisiiia CKOPOCTh Pa3BUTHS SMOPHOHIIOB y
coproobpasna PEK u mpruBoamiia Kk moIIHOMY MX OTCYTCTBHIO
y OCTaJbHBIX cOopTo0oOpa3noB. Ilpn yBennmueHUn BpeMeHH
TEeMIIepaTypHOil 00pabOTKH JI0 YEThIPEX CYTOK HU Y OJHOTO
TeHOTHITIa 00pa30BaHUs SMOPHOUIOB HE MTPOUCXOTUIIO.

BHyTpu ka)xgoro reHoTHIA BIHUHIE d(deKkTa JUINTenbHO-
CTH TEPMOOOPAOOTKH Ha BBIXOJl SMOPHOH/IOB OBLJIO BHICOKO-
3HAUUMBIM U cocTaBuio 48 %, a coproBas crenu(uIHOCTh
OBLTa OTMEYCHA 32 CUCT B3aUMOACHUCTBUS (hakTopoB (25 %)
«TEHOTHII X JJTUTSILHOCTh TEPMOOOPAOOTKIY (pHC. 4).

Ha mpumepe coptooOpasma penuca eBponeiickoro «Po-
30BO-KpacHbIi ¢ OenbiM kKoHuMKOM» (PBK) mokaszansl Hau-
OoJiee HAMISAHBIE pe3yJbTarhl GOPMHUPOBAHUS IMOPHUOUIOB
BHYTPH OTHOTO COPTOOOpa3Iia B KYJIEType MUKPOCIIOP if1 Vitro
B 3aBHCHMOCTH OT ITPOIOJDKUTEIFHOCTH TEMIIEPaTypPHOTO
ctpecca (puc. 5). B nanHoM BapuanTe npu o0pabOTKe B Te-
YEHHE OJHHMX CYTOK MAaKCHMAaJbHBIH BBIXOZA JOCTHTANl TPEX
sMOpronoB Ha Yamiky [leTpu, mpu SKCIO3UIMHN JIBOE CYyTOK
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2-e CyTOK

1 cyTkn 3-e cyTOK

Puc. 5. BinaHune pnutenbHoCTV TepMoo6paboTKM N30NPOBAHHBIX MUK-
pocnop B TepmocTaTe npu 32 °C Ha ambproreHes (BbIxog 3mM6prMongos)
B KyJIbType MUKpocnop y coptoobpasua peanca eBponeiickoro PBK Ha
cpene NLN-13.

COCTABJISUI JIO BOCBMH XOPOILO Pa3BUTHIX SMOPHOM/IOB, a B
TEUCHNE TPEX CYTOK — JI0 JBYX CI1a00pa3BUTHIX SMOPHONIOB
Ha vaiky [lerpu.

PaspaboTka cxembl pereHepaum sm6pnonaos,
NONYyYeHHbIX B KyNIbType MUKpOCNop in vitro

ITocne sTama KYJbTUBUPOBaHUA Ha UHAYKIITUOHHBIX XUIKUX
cpezax 3MOpHON/IBI IEPEHOCHIIN HA TBEPIbIE ITUTATEIbHbBIC
cpeabl Ui perenepanuu. Ipsmoro mpopactanusi 3MOpHo-
WJIOB B pacTEHMs-PEreHEPaHThl HE MPOUCXOIUIIO, TOITOMY
Ha Ha49aJbHOM dTare ObIT0 HE0OXOIUMO 3aIyCTHTh IPOoIIece
BTOPUYHOTO 3MOpHOTeHe3a n (hOPMUPOBAHUST BTOPHUHBIX
TOYEK pPOCTa ¢ nocieayromum rnobderoodpazosanuem (Ly-
MUIMHA ¥ 1p., 2015; Jombmunec u ap., 2016). MHoraa Bro-
pHUYHBIE SMOPHOUIBI U TOYKH POCTa 0OPa30BHIBAIUCH Ha
0e3ropMOHaIbHON Cpejie, HO HMCIOJIb30BAHUE Pa3IHYHBIX
9K30TCHHBIX PETYIISITOPOB POCTA OKA3BIBACT JOTIOTHUTEIIBHYTO
CTUMYIISILIMIO Ha MOpdoreHe3. B Hamem skcriepuMenTe mpu-
MCHAJIUCH CICAYIOMNE TBEPAbIC NHUTATCIILHBIC CPCIbI: MC
6esropmonansHas, MC ¢ 1 mr/n BAIT; MC ¢ 0.2 mr/n TA3;
MC ¢ 0.1 mr/n 'K u 1 mr/n BAIIL.

Yacrora 00pa3oBaHusi BTOPUUHBIX TOUYEK POCTa M SMOpHO-
TeHe3a C MOCIeYIONIM T00eroo0pa3oBaHieM BapbHpOBaIa
ot 30 1o 80 % B 3aBUCHUMOCTH OT I€HOTHMIIA U COCTaBa IHU-
TaTeIbHON cpelibl. Y OOJNBUIMHCTBA COPTOOOPA3ILIOB JyUIINe
pe3yabratel (0T 69 1o 80 %) ObLIM MOIYYEHBI HA CPEAAX C
cosMmectHbIM no0aBienuem BAIT u I'K. Mckinrouenue co-
craBui coproodpasen Ternunblii [ puboBckuit, re yuimii
pesyabrar (10 63 %) ObLI TOTyYeH Ha cpezie ¢ J0OaBICHUEM
BAII (puc. 6).

BxittoueHne B coctaB cpeibl THAAU3ypOHa JIaJIo OTpHUla-
TENbHBIN 3 (EKT, XOTS B HEKOTOPBIX CTaThSIX ONUCAHBI yCHEII-
HBIE OITBITHI IO perenepanuu Ha cpene MC ¢ nobaBieHHEM
0.8 % arapa, 3 % caxapo3sl, 0.2 mr/i T/I3 (Bynus, [1ImbikoBa,
2004). B Hamrem ormeITe BCe SMOPHONIBI, IEpeCaKeHHbBIC Ha
9Ty Cpexy, TEMHEJIM U OCTAaHABINBAJIUCH B CBOEM Pa3BUTUH
B TCUCHUEC TPEX-TIATHU CYTOK.

B cBs3u ¢ OTCyTCTBHEM TpAMOTO SMOpHOTeHe3a chopMu-
POBaHHBIM TOOETaM M MOYKaM TpeOyeTCsl OTJAEIbHBINA ATamn

Factors affecting DH plants in vitro production

from microspores of European radish
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B MC+1 mr/n BAN

100 B MC+0.1 mr/n TK +1 mr/n BAM

80

70
60
50 +
40
30
20
10F
0

Ponoc TennnuHbIn MoxoBcKui
lprboBCKM

Bbixog pacTteHuin-pereHepaHToB, %

Puc. 6. Bbixog pacTeHuin-pereHepaHTOB peamnca eBponenckoro Ha nep-
BOM 3Tane pereHepawuymm B 3aBUCMMOCTIN OT COCTaBa NUTaTeNbHOM cpefbl
1 reHoTuna.

yKkopeHenus. st aToro copMUpOBaHHBIE TIOUKH U TI00ETH
MEePEeHOCHIIN Ha TBEPAYI0 Oe3ropMoHanbHy0 cpexy MC.
O0pazoBanue HOPMaIBHO PA3BUTON KOPHEBOHW CHCTEMBI Ha-
Omrofanock peako. Y OONBHIMHCTBA AMOPHOMIOB HAYMHAJA
YTOJIIATCS HIDKHSSA 9acTh TUIIOKOTIIIA, (POpMUPYS KallTyc-
HBIE CTPYKTYPBI C TUIOXO PAa3BUTHIMU KOPHSIMU; TAaKHE pacTe-
HUS IUIOXO NPYIKUBAIIACH B YCIIOBUSAX 7 VIVO.

AHanu3 NONyYeHHBIX PAaCTEHUH-PEreHEPaHTOB METOIOM
MPOTOYHON HUTOMETPUHU KIETOYHBIX AP MOKa3all, uTo 69 %
pacTeHui ObLUTH YIBOCHHBIMHU rarionamu, 9 % — rariona-
MU, 22 % — MHUKCO- U aHEyIUIOnAaMH. Y YJBOEHHBIX rario-
WJIOB M HEKOTOPBIX MHUKCOIUION/IOB CAMOOIIBIIICHHEM OBLIO
TIOJTy4eHO CEMEHHOE TIOTOMCTBO, B KOTOPOM Bce pacteHust R1
MMENN TUTUTONIHBIN Habop xpomocoM (2n =2¢ = 18).

3aknioyeHune

CMeHa myTH pa3BUTHS MHUKDPOCIIOP 3aBHCUT OT MHOXECTBA
(hakTOpOB, CTETICHb BIMSIHUS KaXJI0TO U3 KOTOPBIX Y Pa3HBIX
KyJBTYP MOXKET CYIIECTBEHHO Pa3INyaThCs.

s pennca eBpOMEHCKOTO OAHUM W3 BaKHEHmUX (ax-
TOPOB SIBISIETCS CTaJUsl PA3BUTUS MHUKPOCIIOp B OyTOHaXx.
[TokazaHo, 4TO JIMHEHHBINH pa3mMep OYTOHOB, COJAEPIKALIMX
MaKCHMaJIbHYO KOHIIEHTPAIIUIO MUKPOCIIOP Ha BOCTIPUUMYH-
BOH K 9MOpHOTeHE3y CTaMU Pa3BUTHS, TCHOTHII-CITCIIA(HICH.
BBujy 3TOro He0OX0AMMO IPOBOAUTH PEKOTHOCLUPOBOYHOE
OTIpeZIeTIeHUE ONTHUMAJIBHOTO pa3Mepa OyTOHOB ITyTEM H3Y-
YEeHHUS] KaYeCTBEHHOI'0 COCTaBa MUKPOCIIOpP B OyTOHaX pas-
JIMYHOM JJIMHBI y KaXKI0Io OTACJIbHOIO I'CHOTHUIIA.

B xyneType peanca eBponenckoro ycTaHOBJIEHA TAKXKE Bbl-
paxkeHHasi TeHOTUII-CTIeNU(UIeCcKast OT3IBUMBOCTD K SMOPHO-
reHe3y 1 0OHapy KeHO BIUSHUE COCTaBa CPe/Ibl HA UHTEHCHB-
HOCTBH 3MOpPHOT€HE3a C BBICOKOH CTETIEHBIO B3aNMOICHCTBHUS
9THX (QakTopoB. [To3TOMY ClieryeT TecTUpOBaTh pa3IniHbIC
MHAYKIMOHHBIE CpeJibl I Kakaoro coproodpasua. Tak, y
coproobpasna PBEK smOprorenes nHaynupoBaics TOIBKO Ha
crangaptHoit cpene NLN-13 (Lichter, 1982), nomonxenHoit
AKTUBUPOBAHHBIM YTJIEM, KOTOpasi pEKOMCH/J0BaHa 1Ji BU10B
pona Brassica L. (JJombmunec u ip., 2016), a y coproodpasma
Ponoc — na cpene MC ¢ 13 % caxapo3oii u 500 mr/1 ruapo-
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[oHopHoe
pacTeHune OT60p 6YTOHOB C MUKpOCNOpamm TemnepatypHasn
Ha BOCNPUMMYBON CTagni obpaboTka 4 °C
K 3MbprioreHesy
BeepeHune
MUKpocnop
B Ky/nbTypy
in vitro
- TemnepaTypHaa  KynbTuBMpOBaHME Ha XULKOW
i obpabotka 32°C  cpefe AnA UHAYKUUn
ambpuoreHesa npu 25 °C
Smbprongbl
RO
PacteHua PacteHua
R1 RO
LiBeTeHne PereHepauus

CemeHHoOW MaTepman

pacteHuin RO

YKopeHeHwue in vivo YKopeHeHwue in vitro

Ha arapu3oBaHHoOW cpefe

Puc. 7. MonHbI LMK NONyYeHNA YABOEHHbIX FranionaoB peamnca eBPOnenckoro B KynbType MUKPOCHOP in vitro Ha npumepe coptoobpasua PBK
(Po30BO-KpacHbIN C 6efbIM KOHUMKOM).

JM3aTa Ka3enHa, HCIOoJIb3yeMOI B KOPHEIUIOAHBIX KYJIBTYpax
pona Daucus L. Y apyrux coproo0OpasioB 3MOpHOreHE3
HaOIIOMaMM Ha 00eWX cpelmax, HO C Pa3iIMYHBIM BBIXOJOM
IMOpHONIOB: y coproobOpasna Termmunbnii [ puOOBCKUIT BBI-
xoJ1 ObL1 BhIIIe Ha cpeae MC ¢ ruapoan3aToM Ka3enuHa — 10
8 sMOpmonnoB Ha gamky [letpu (160 smOpronzos/100 Oy-
TOHOB), y COpTO0Opa3ia MOXOBCKHI CaMbIif BRICOKHI BBIXOJT
nonyueH Ha cpege NLN-13 — no 3 sMOpron0B Ha Yamiky
ITerpu (60 smOpronos/100 6yToHOB).

BuusHue nponomkuTenbHOCTH TernoBoro moka 32 °C Ha
MHJIyKLUIO SMOpHOreHe3a Takke reHotur-crenuduuno. Onu-
HAKO TPH MCHOIb30BaHUH ONTUMAIIBHO TTOI00PaHHON CPEabl
JUISL Ka’KI0TO COpTooOpasia HabmonaeTcest 001ast TeH/ICHITUS
BIIMSIHUSL JUTMTEIILHOCTH TepM0oo0OpaboTku. B OosbinHcTBE
CIIy4aeB ONTHMAJICH TEeMIIEPaTyPHBIH MIOK B TeUeHHE 48 d.
Wuky6arust MUKpocIiop Oonee IByX CyTOK NMPHUBOAMT K 3a-
MEJICHUIO CKOPOCTU pa3BUTHUSA 3M6pI/IOI/I[[OB, a YBCJIMYCHUC
BpPEMEHH TeMITEpaTypHOH 00pabOTKH O YETHIPEX CYTOK — K
MOJTHOMY MHTHOMPOBAHMIO MIPOIIECCa, T. €. TOUCK ONTHMyMa
MPOJOJDKUTENIBHOCTH TEIUIOBOTO IIOKA PAa3HBIX T€HOTHIIOB
pearca MOXKHO Cy3HUTh 1O OHUX-JBYX CYyTOK.

HecmoTpst Ha ONTUMH3AINIO OTJCIBHBIX JIEMEHTOB TEX-
HoJIoruu (pasmep OyTOHOB, COCTAB CPEbI U IMPOJIOIKUTEIb-
HOCTB TepMOOOPaOOTKM), BEIXOA SMOPHOUIOB Y OT3BIBUNBBIX
TEHOTHIIOB peJIrica EBPOIIEHCKOTr0 OB T0CTaTOYHO HU3KUH 1
He ripeBbicuil 160 . Ha 100 OyToHOB. O/1HA N3 IPUYUH — He-
PaBHOMEpPHOE Pa3BUTHE MUKPOCHOP B OyTOHAX, YTO M3HAYAIb-
HO OIpaHNYMBACT MTOTECHIINAI MHOKECTBEHHOTO 00pa30BaHuUs

SMOPHONIOB BBUY HU3KOH JI0JIM MUKPOCTIOP, CHOCOOHBIX K
ambpuorenesy (<51.2 %). He nepekirounBecs Ha Criopo-
(DUTHBIN MyTh Pa3BUTHSI MUKPOCTIOPHI OTHOAIOT, UTO BIEYET
3a coboif 0Opa3zoBaHNe TOKCHHOB M m3MeHeHne pH cpembt
(Chunetal., 2011; HImbixoBa u 11p., 2015), npensTcTBYs HOp-
MaJlbHOMY pa3BUTHIO SMOpHon0B. B nuteparype nmerorcs
JIaHHBIC O JOOABICHNU B MHAYKIIMOHHYIO CPEILy PA3IMIHBIX
ancop6enToB TokcuHOB (Chun et al., 2011; IlImbikoBa u
Ip., 2015) n OydepHBIX coeAMHEHUH, CTAOUIN3NPYIOIIIX
yposeHb pH. OnHaKo NpH HCIOIB30BAaHUU PA3INYHBIX JI0-
0aBOK BO3HHUKACT IpodiieMa aJicoOpOIIUU U3 CPEllbl BMECTE C
TOKCHHAMH HEOOXOIMMBIX BEIIECTB /I aMOproreHesa. [1o-
3TOMy TpeOyeTcst HalTH crtoco0 3(hPEKTUBHOTO pas3aeICHUS
MOMyJIAIUK MUKPOCIIOp Ha @paKHI/II/I 10 CTaAusM pPa3BUTHUA
elle 70 BBEICHUS UX B KYJIBTYPY in Vitro.

Ha sranax perenepanuu u ykopenenust DH-pacrenuii B
KYJIBTYypE PeAnca eBpOIEeiCKOro BhISBICHO, YTO 3aIlyCTUTh
CTaOWIII3UPOBATH ITPOIIECCHI BTOPHIHOTO YMOPHOTEHE3a MOXK-
HO € TTOMOIIBIO PETyIATOPOB pocTa. Ho BaXKHO YUHTHIBATH,
YTO HANPaBJICHHOCTb ¥ 9(PPEKTUBHOCTH IEHCTBHUSI HEKOTOPBIX
U3 HUX MOTYT CYIIIECTBEHHO OTJIMYATHCS OT PE3Y/IbTaTOB, Pa-
Hee npuBeeHHBIX B nTeparype (bynnn, [lImbikosa, 2004).
TaK, B HaIlMX ONbITaX JTYUIIHE MMOJOKNUTCIIbHBIC PE3YJIbTAThI
ObUTH TIOJTy4YEeHBI NIPU COBMECTHOM BHEcEeHHUH B cpexy MC
perymsitopoB pocta BAIT u I'K, a no6asnenne T/13 npuserno
K OTPHIIATEILHOMY dPPEKTY.

Ha sTarme kxopHeoOpa3oBaHUs 1 YKOPEHEHHS ObIITH HAHOOITB-
IIMe OTEPH pacTeHHH-perenepanToB. B cumy Ononornaeckux
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0COOEHHOCTEIl Pa3BUTHSI PEAUC OYCHb YyBCTBHUTENICH K IO-
BPEXJICHUIO TOUKH POCTa IIIABHOTO KOpHs. To €CTh MOMHMO
COCTaBa MMUTATEIBHON CPe/ibl HEOOXOIMMO YCOBEPILICHCTBO-
BaTh JIEMEHTbI TEXHUKH IIEPEHOCa SMOPHUOU/IOB HA TBEPAYIO
MIUTATEIbHYIO CPEAy M MIPHUEMBI BBICAJIKU PAaCTEHHH-pETeHe-
PaHTOB B ITOYBY. TakXKe CJIEIyeT OTMETHTh NPEUMYIIECTBO
MOJIyYeHHsI PaCTEHHH IyTeM BTOPUYHOrO 3MOpHOreHesa,
MOCKOJIbKY M3 KaXK0TO 3MOpHOMIa MOXKHO TIOJNyYUTh He-
CKOJIBKO PACTCHUH peanca, ¥ B JAaHHOM CITydac Jalle Mpouc-
XOJUT CIIOHTAHHOE YABOEHHE XPOMOCOM, UTO TO3BOJISET YKe
B TIEPBOM TIOKOJICHUH ITPOBECTH X 0O0JIEE TIOTHYIO OLICHKY 1
coOparp OoJblIee KOJIMYECTBO CEMSIH.

PacrteHusi-perenepanTbl, 00pa3oBaHHbIC MTPH HCIOIb30-
BaHWU KyJBTYPHI in Vitro, ObIIN pa3HOOOPA3HBI 10 YPOBHIO
IUIOMAHOCTHU. borbIast yacTh pacTeHHI OTHOCHIIACH K Y/IBO-
€HHBIM TaIlIon/1aM, OJ[Ha IATasi 4acTh ObLIa TpeJCcTaBIeHa
MHKCO- ¥ aHEYTIONIaMH, IPHUEM HEKOTOPBIE MUKCOTIOU/IBI
OKazanch (pepTHIILHBIMU M 3aBS3bIBAIN ceMeHa. boiee Toro,
Bce nMOpeaHoe noroMcTBo (R1) MuUKcOmIoOnaHbIX GOpM Iie-
penuto B qumionHyio (Gopmy. To ecTs B KynbType peanca
€BPOIIEHCKOT0 MUKCOIUIOU/HBIE PACTEHNUS MOTYT TOXE TIpeI-
CTaBJIATh [IECHHOCTb U UCTIOJIB30BATHCS B CEJIEKLIIMOHHOM MPO-
necce. Bce ceMeHHOE MOTOMCTBO BKITIOUEHO B CEJIEKIIMOHHBIN
TpoleCce, OCYIIECTBISIEMBIH MO/T PyKOBOACTBOM J1a00paTopuu
KopHerIoAHbIX KyneTyp (PBHY ®HIIO).

Takum 06pa3oM, HaM BIIEPBEIC YAATOCH 3aBEPIIATH TOTHBINA
VKT TIOJTyYEHUsSI YIBOCHHBIX TAIION/I0B PEANCA B KYJIBType
MUKPOCIIOp i1 Vitro (puc. 7), BBISIBUTH OCHOBHBIE IPOOJIEMBI
Ha Pa3HBIX 3TaIlax 3Toi TeXHOIOTUU 1 0003HAYHUTH HAIIpaBJIe-
HUE JaJIbHEHIINX NCCIeJOBAaHNH ISl pa3pabOoTKN METOIMKHI
coznanust DH-pactenuii ¢ Bbcokoid 2 (heKTHBHOCTBIO.
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pPa3BUTHSA CeJIEKIIUN caXapHOTi CBEKJIbI

T.IT. )Ky>xxxaaosa, E.O. Koaecuukosa ®, E.H. Bacuapuenko, H.H. YepkacoBa

Bcepoccninckuii HayuHo-uccneaoBaTeNbCKUI MHCTUTYT CaxapHOM CBeKnbl 1 caxapa um. AJ1. Masnymosa, noc. BHUVCC, PamoHcKkuin paiioH,
BopoHexckas obnactb, Poccus
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AHHOTauumA. PacCMOTpeHbl acneKTbl UCMOMb30BaHKA B CENEKLMOHHOM NpoLecce caxapHOW CBeKIbl GoTexHoMo-
rMyecknx MeToA0B, MO3BONAIOLLMX YCKOPEHHO CO3[aBaTb, Pa3MHOXaTb U COXPaHATb PACTEHUNA C YNyULLEHHbIMU U
HOBbIMU Npu3Hakamu. MNpeactaBneH 0630p paboT, NPOBEAEHHbIX MO AaHHBIM HaMpPaBneHMsAM BO Bcepoccuiickom
H/W caxapHol ceknbl 1 caxapa um. AJ1. MasnymoBa. [NokasaHa TecHaa B3aMocCBA3b MOPGOPH3N0NOrmuecKmnx
nccnefoBaHnii KynbTUBUPYEMBIX in Vitro OpraHoOB U TKaHel C CenekUMOHHbIMU Mpu3Hakamu, obecneyrBatoLas
pa3paboTKy SKCNEepUMEHTaNIbHBIX CUCTEM PEKOHCTPYKLUM pacTeHuin 6e3 NonoBoro ckpelwyeaHus. PaccmoTpeHo
BO3[ENCTBME YCIIOBU KyNbTypbl in Vitro Ha raniovfHble KNeTK/M HeOoMnoAOTBOPEHHbIX CEMA3a4YaTKOB CaxapHoW
CBeKJIbl B poLiecce nonyyeHns yABOEHHbIX ranionAgHbIX IMHUN C BbICOKOW CTENEHbIO TOMO3UTOTHOCTU 1 COXpaHe-
HMEM LieHHbIX CeNeKLMOHHbIX CBONCTB. B 0Tnnuyme oT Knaccnyeckoro MHOPUANHIA, BpemMsi CO34aHNA FOMO3UIOTHOMO
pacTuTeNbHOro MaTepuana c NOMOLLbo JaHHOTO MeTofa 6b110 coKpalleHo ¢ 10-12 go 3-5 net. iccnegosaHuaA no
KyNbTVBUPOBAHMIO 3UTOTUYECKMX 3PesbiX 3apoablLLeil CaxapHOWM CBEK/bl HA OCHOBE CENEeKTUBHbIX CUCTEM in Vitro
NO3BOJINIIN MOBbLICUTb afanTUBHbIE CBOMNCTBA PACTEHUI 1 06ECMEUNTL KOMIMIIEKCHYIO YCTOMUMBOCTb K CTPECCOBBIM
dbaKTopam BHelLHe cpeabl. bnarogaps »kectkomy oT60pY B YC/TOBUAX aBUOTNYECKOTO CTPECCa CO3aHbl N30reHHble
JIHWW CaxapHOW CBEKJIbl C TONIEPAHTHOCTbIO K 3aCyXe, 3aCOJIEHUNIO 1 KUCJIOTHOCTM NoYBbl. [1penoxeHa opurmHanb-
HaA cXxema MacCoBOro MUKPOK/TOHANIbHOTO Pa3MHOXKEHWA 1 AeMOHMPOBAHWA in Vitro SNUTHbBIX PaCcTeHNUA — KOMMO-
HEHTOB BbICOKOMPOAYKTUBHbIX MMOPULOB, KOTOPAA MOXET CIYXUTb 41 NMOfyYeHNsA BbIPOBHEHHOIO CeNTEKLNOHHO-
ro MaTepurana ynyyleHHOro KayecTsa. Pa3paboTaHHble TEXHONOMMN ABAAIOTCA MPUOPUTETHBIM Y MIHHOBALMOHHbIM
HanpaBneHNeM WCCNEeAOBaHUIA, Tak KaK BHEAPEHME JaHHbIX Pa3paboToK B CENIEKLMOHHBIA MPOLECcC caxapHoW
CBEK/bl OyAleT CNOCOOGCTBOBaTb MOMTYUYEHMNIO KOHKYPEHTOCMOCOOHBIX TMOPMAOB C KOMMIIEKCOM XO3ANCTBEHHO MO-
ne3HbiX Npu3HakoB. CoyeTaHne BMOTEXHONOrMYECKNX NOAXOLOB, B TOM YMCTIe KYMbTypbl TKaHel, ¢ MeToaamu Tpa-
OVILMOHHON cenekuymmn facT BO3MOXKHOCTb MOJlyyaTb HOBbIN MCXOAHbBIN MaTepuan ANA CO34aHUA OTe4eCTBEHHbIX
COPTOB U F’MOPVAOB HOBOFO MOKOMEHNA C reTePO3nNCHbIM 3GHEKTOM 1 LIMPOKMM CNEKTPOM YCTOMUMBOCTI, COXpPa-
HALWMMNCA B PAAY NOKONEHNN.
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Abstract. Here we consider aspects of the application of biotechnological methods to rapid creation, propagation,
and maintenance of plants with improved or new traits in sugar beet breeding. The results of the works carried out
in these fields by the Federal State Budgetary Scientific Institution “The A.L. Mazlumov All-Russia Research Institute
of Sugar Beet” are reviewed. A close association between morphological and physiological changes in in vitro cul-
tured organs and tissues, on the one hand, and breeding traits, on the other hand, which allows the development
of experimental systems for non-amphimictic plant reconstruction is shown. The influence of in vitro growth condi-
tions on haploid cells of unfertilized sugar beet ovules in the course of obtaining doubled haploid lines with high
degree of homozygosity and maintenance of valuable breeding properties is considered. As compared to common
inbreeding, this method shortens the time for development of homozygous material from 10-12 to 3-5 years,
which is of great importance for speeding-up the breeding process. The results of studies on the culturing of ma-
ture sugar beet zygotic embryos based on in vitro selective systems have made it possible to improve the adaptive
potential of plants and to provide complex resistance to environmental stress factors. Strict selection under abiotic
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stress conditions allowed creation of sugar beet isogenic lines with tolerance of drought, salinity, and soil acidity.
Itis shown that the proposed original design of mass-scale microclonal in vitro reproduction and deposition of elite
plants as components of highly productive hybrids can be used to obtain seeds of uniform high-quality breed-
ing material. The technologies developed by biotechnological methods are a topical and innovative direction of
inquiry, since the application of these techniques to sugar beet breeding will promote obtaining of competitive
hybrids with a set of commercially valuable traits. The combination of biotechnology methods, including tissue cul-
ture, and traditional breeding techniques is expected to provide an opportunity to obtain a new starting material
to develop domestic varieties and hybrids of new generation with heterosis effect and a wide resistance spectrum

persisting across generations.

Key words: sugar beet; haploid parthenogenesis; abiotic stresses; selective agents; morphogenesis; micropropaga-

tion; stecklings; breeding lines; elite seeds.
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BBepeHune

O1HO U3 NIaBHBIX HAIIPABIEHUH CEJIEKIIUU CaXapHOU CBEKJIbI
B COBPCMCHHBIX YCJIOBUSAX PA3BUTUA CEJIbCKOX03IMCTBEHHOIO
MPOU3BOICTBA — 3TO CO3/1aHNE BHICOKOTIPOYKTUBHBIX THOPH-
JIOB Ha JUHEHHON ocHOBe. [10ATOMY TpaaUIIMOHHBINA CeNleK-
LIMOHHBIN TIPOLIECC HAIIPaBJIEH Ha JUINTEIbHBIH 0TOOp camo-
OTIBIJICHHBIX JINHUH C BEIPOBHEHHBIMH MOP()OIOTHIECKUMH
MPU3HAKaMH, XO3HCTBEHHO MOJIC3HBIMH CBOMcTBaMH (ypo-
JKalHOCTB, CAXapUCTOCTh U JIP.) ¥ BHICOKIM KaueCTBOM CEMSH.
OnHaKo HCIONb3yeMbIE METOABI CENEKIINHU JO0JITOBPEMEHHEI
U TPYJOEMKH, 4TO OOYCIIOBJICHO JBYXJICTHHUM IIHKJIOM pa3-
BUTHUS paCTEHUH, THOPEIHOM Jienpeccuei, siBIeHHeM caMo- 1
NEPEKPECTHON HECOBMECTUMOCTH, BBI3BIBAIOLIUX TPYIHOCTH
IIPU COXPAHEHUH FEHETUYECKOHN OTHOPOTHOCTH IOTyYEHHOTO
Mmarepuaia. B cBsi3u ¢ 3TUM ISl CO3/1aHMs1, CTAOWIN3AMY 1
COXpaHEHUs IICHHBIX TPU3HAKOB CEJIEKIIMOHHOTO MaTepuaa
MPUOPUTETHBIMH IPU3HAHBI OMOTEXHOJIOTYECKHE METOIBI,
OCHOBaHHbIE Ha KyJIbTUBUPOBAHUYU OPTaHOB U TKAHEH in Vitro.
[IpumeneHne OMOTEXHOIIOTHH B CEIIEKIIMOHHOM IIpoliecce
MO3BOJIUT COKPATUTD, a 3aTEM U JIMKBUIAUPOBATh OTCTaBaHHE
0T 3apy0eKHBIX CTPaH 110 Pa3JIMYHBIM IIOKA3aTEeISIM CEJIbCKO-
XO3HCTBEHHOTO IIPOU3BO/ICTBA.

[Tomyuenne yqBOEHHBIX TaljOUIOB CaXapHOW CBEKIIbI B
KyJbType TKaHed o0ecreyrBaeT cO3/aHue TOMO3UIOTHBIX
JIMHHN ¢ KOMIUIEKCOM XO3SCTBEHHO ITOJIE3HBIX ITPU3HAKOB.
OTOT BaKHBIN 3Tall B CENEKIUH CaXapHOI CBEKIbI JOJDKEH
OBITh pa3paboTaH U BKIIOUEH B TEXHOJIOTMYECKUI ITpoIiecc.

IepcrieKTHBHBIM HaIpaBIeHHEM OHOTEXHOJIOTUH B CEIEK-
L[UH CaXapHOH CBEKIIBI ABIIAETCS TAKKE UCIIOJIb30BAaHHE CENIEK-
TUBHBIX CUCTEM 7 Vitro, CIOCOOCTBYIOIIMX MOJIYUYCHHUIO pac-
TEHHH C BEICOKOW yCTOMYMBOCTBIO K AOMOTHYECKIM CTpeccaMm,
YTO OCHOBAHO Ha CIIOCOOHOCTH PacTUTEIBHBIX OPraHU3MOB
K CO3JaHUKO MCXAaHU3MOB 3allUThl OT He6J’IaFOle/IﬂTHLIX
(hakTOpOB cpenpl Ha KIETOYHOM ypoBHE (JlyXoBckuit u mip.,
2003; Lamaoui et al., 2018).

K maBHBIM HanpapieHUsIM padoT M0 KYJIBTYpe H30JIUpO-
BaHHBIX TKAaHEH B IPAKTUYECKOM CENEKIIMY CaXapHOM CBEKIIbI
OTHOCHUTCSI COBEPIICHCTBOBAHUE OMOTEXHOJIOTMYECKHUX Me-
TOAOB MaCCOBOI'0 pasMHOXKCHUS U JJIUTCIIbHOTO COXpaHCHUA
CEJIEKIIMOHHO IIEHHBIX (OpM. B 0OCHOBE TaKMX METO/IOB JICKUT
YHHUKaJIbHOE CBOMCTBO TOTUIIOTEHTHOCTHU PACTUTENBHBIX KIIE-
TOK, XapaKTepHU3yIolllee BeCh IOTEHIIUAI IPU3HAKOB, KOTOPBIH
IPHU KYJIETUBUPOBAHUU PEANU3YETCs Pa3IMYHBIMU ITyTIMHU
Mopdorenesa: IMOPHOHNIOTEHE3, OPraHOT€HE3 M TMCTOTCHE3
(barbiruna, 2000). B cBsi3u ¢ 3TM MopdoreHeTnIecKast Kom-

METeHLUS] KyJIbTUBUPYEMbIX TKaHEH M OpraHoB pacTeHUI
caxapHOI CBEKJIBI MOKET CIIOCOOCTBOBATH OIPEICICHHOMY
IIyTH pa3BUTHSL, YTO TpeOyeT 0coO00ro BHUMaHMS IPH MUKPO-
KJIOHMPOBaHMU CO3JJaHHOTO Marepuala.

Jnst nccnenoBaHuii MO BBIMIETIEPEUNCIICHHBIM Halpasie-
HUSIM OBUT IPUBJICYCH LETIBIH PSIT MEKTyHAPOJHBIX HAYYHBIX
yupexxaenuit. Tak, B CIIA mns yiaydiieHus 3apofableBon
IUIa3Mbl CaXapHOW CBEKJIBI MPUMEHSIOTCS METOABI CO3/a-
HUS yABOEHHBIX TramtonnoB (DH), onenku ycroitunBocTr K
cTpeccaM, MOJIeKyJIsipHOW Ouosioruu u ap. Bee pazpaborku
Kypupyet Ciyx0a coTpyrHHKOB MHUHHCTEpCTBa CEITHCKOTO
xo3siiictBa — USDA ARS (Koznosckas u ip., 2016). Mexy-
HapOJIHBIN UHTEPEC K raluIonIHbIM pacTeHusiM B EBpocorose
noaTBepkeH co3nanreM nporpamMel GOST 851 «I"ameTHBIC
KJICTKH U MOJIEKYJISApHasl CEJICKIMs JUIsl YIydIlIeHHs pac-
TeHHiT». BO BCeX CENEKIIMOHHO-CEMEHOBOMYECKUX (hrupMax
Espoms! (Strube, KWS, Syngenta, Fiorimond Despres u ap.),
3aHMMAIOIIUXCS CO3JJaHUEeM T'MOPH/IOB CaXapHOW CBEKJIBI U
CEeMEHHOT0 MaTepuala, BKIIOYAoTCs B pabOTy TOMO3HTIOTHbIE
muHuK. [TomydeHne ramionIHbIX U YIBOSHHBIX TaIIONIHBIX
(opm (X/XX) caxapHOW CBEKJIBI SBISIETCS HEOThEMIIEMOM
4acThi0 PaboOT Hay4YHO-MCCIIeN0BaTelbcKoro neHTpa Planta.
Tam mpoBOAAT M3ydeHHE OCHOBHBIX HANpaBIEHUH OHOTEX-
HOJIOTHH, BKJIIOYasi pa3pabOTKy METOOB OTOOpa caxapHOM
CBEKJIbI C YCTOWYMBOCTBIO K cTpeccaM. CeleKIMOHHbIe Ma-
TepHUaIbl CaXapHOH CBEKIIBI C IPUMEHEHNEM OMOTEXHOIOT Ui
nomyuens! B ['epmannn, Typrun (Giirel et al., 2003), [Tonbmie
(Tomaszewska-Sowa, 2012), boarapuu (Kikindonov et al.,
2016) m npyrux crpaHax. IHTepec MpeacTaBIsioT TEXHOIOTH-
YeCKHeE MTOKa3aTeNH CEIEKIMOHHOTO MaTepraa, CO3/[aHHOTO
C MOMOIIBIO YIIBOCHHBIX TaIUIOUA0B CaxapHO# CBEKJIbI B
benapycu, 1eMOHCTPUPYIOIINE TTOIOKUTETBHBIC PE3YIIbTaThI
CEJICKIIMY Ha YPOBHE (WJIM BBIIIE) OOBIYHBIX THOpUIOB. I1pn
UCIIBITAaHUY OBUIO YCTAHOBJIEHO CTATHCTHYECKH JIOCTOBEPHOE
TIPEBEIMICHIE 110 YpoykaitHoCTH (43 u 45 T/Ta) u caxapucro-
cti (20.9 1 21.1 %) o cpaBHEHHUIO C TUTUTOMIHBIM CTAHAP-
toMm (KunpueBckuii, XotbuieBa, 2012). MHoroneTHee u3y-
YeHHe THOPHUIOB, CO3AHHBIX C HCTIoNb30BaHneM DH-nmiani
B bonrapum, mokaszano uX BBICOKYIO NMPOAYKTHBHOCTH IO
CPaBHEHUIO C OOBIYHBIMU THOpPHUIAMU. YPOrKail KOPHEIIIIOIOB
y JWTAIUIONAHBIX THOPUIOB MPEBBICUI KOHTPOJIBHBIH ypo-
BeHb Ha 11.4-13.7 %, a cOop caxapa BapbHpOBal Ha ypOBHE
cranaapra (Kikindonov et al., 2016). /lanHble pe3ynbrarhl
SBJISTIOTCSI TIPAKTHYECKUM JIOCTHKEHHEM, KOTOpOe 00yCIIOB-
JIMBAeT BHEJPCHUE B CEIEKIIMOHHBIHN IPOIIECC TEXHOIOTHI Ha
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OCHOBE METOZIOB KYJIBTYPbl TKAHEH I YCKOPEHHOIO IOIY-
YEHHS CEJIEKIIMOHHOTO MaTepraa ¢ IEHHBIMHU MPH3HAKAMHU.

Takum 00pa3oMm, BecbMa aKTyaJbHBI HCCICIOBAHUS IO
pa3paboTKe ¥ BKIFOYCHHUIO B OTCUCCTBEHHBIN CEICKIIMOHHBIN
MIPOIIECC CaXxapHOI CBEKIIBI OMOTEXHOIIOTHI HAIIPAaBICHHOTO
MOTYYCHHUS TCHETHIECKH YITY9IICHHOTO UCXOJHOTO MaTepHaia
JJIA CO31aHusA TIEPCIECKTUBHBIX FI/I6pI/IILOB HOBOTI'O IIOKOJICHUS.
Yenex TakWxX MCCIIEAOBAHUN MOXET OBITh OOecredeH mpu
ydere crenupuKa MOPPOTSHETHYCSCKUX TOTCHITHIA Pa3BUTHS
OIpeIeJIEHHBIX OPraHOB PACTEHUM, TPOSBIIAIOIINX B yCIIOBU-
SIX i1 Vitro CKIIOHHOCTH K aKTHBHBIM ITPOIIECCaM pereHepariy
1 Pa3MHOXKEHHUS.

raI'IHOVI,D,HbIIﬁ napTteHoreHes

B npouecce muoronernux uccnenoBanuii B ®I'BHY «Bcee-
poccuiickuit HUU caxapuoii ceexuibl um. A.JI. MazinymoBay
ObLTH pa3paboTaHbl METOIMUECKUE TPUEMBI HHAYKIINH IaIlIO-
WJIHOTO TTAPTECHOTCHE3A i7 Vitro 1 OTIPE/IeIICHbI ONITHMAIbHBIE
YCII0BUA KYJIBTUBUPOBAHUSA SKCIJIAHTOB caxapﬂoﬁ CBCKIJIbI
(Bacumsaenko u ap., 2018). BaxkHoe ycimoBue — BBIOOD HC-
XOJHBIX PACTCHUI-IOHOPOB IKCILUIAHTOB IT0 (DEHOTHITHYECKAM
XapaKTepUCTHKaM, BKITIOUAIOIIAM MOP(OIOrHYECKHN rabuTyC
CEMEHHBIX PACTEHUIl, BHICOKYIO CTETIEHb Pa3/ielIbHOI[BETKO-
BOCTH 1 3aBSI3bIBAEMOCTH ceMsH. [IepBHYHBIMY SKCTIIIAaHTaMU
JUIsL KyJIbTUBUPOBAHUSA (71 Vitro IBISUIACH CEMA3a4aTKU, PacIio-
JIO)KCHHBIE B OyTOHAX Ha IIEHTPAILHOM KOJI0CE KHCTEBHTHOM
4yacTH rieioxasus. Vcrionp30BaHUE IUTOAMOPHOIOT HUECKUX
uccnenoBanuii (bapeikuna u ap., 2004) mMo3BOIMIO YCTaHO-
BUTb, YTO (DOPMHUPOBAHUE TAIUIOUAHBIX SMOPHOUIOB in Vitro
MIPOMCXO/IMIIO Ha BCEX dTalax pa3BUTHSA siep M KIETOK 3a-
POJIBIIIEBOTO MEIIIKA. DTOMY CIIOCOOCTBOBAJIM XOPOILIO BhIpa-
’KEHHasl OJISIPHOCTH 1 BBICOKASI KOMITETEHTHOCTD MAIIONTHBIX
saaep K pa3BuTHio. Hanbonbiryto akTHBHOCTh K (POPMHUPO-
BAaHHUIO TarlyIOuJHbIX 3M6pI/IOI/IZLOB MIPOABJISLIIN CEMA3a4aTKU,
COZIepIKalye B 3apO/BIIIEBBIX MEIIKAX § rariouIHbIX sSAep
W 7 KIIETOK (HO Toxke 8-s171epHbIX ). COTrTacHO COBPEMEHHBIM
MPEJCTABICHUAM, B 3TOT MEPHOJ BO3ZMOXKHO MEPEKIIOUCHHE
rameTo(UTHOH IpOrpaMMBI pa3BUTHA Ha criopodutHyto (ba-
ThITMHA, Bacuibesa, 2002). DTOT mpouecc CTUMYIHPYETCs
npenoopaboTKOi Marepraia HU3KUMHU IMOJOKUTEIbHBIMU
TeMIepaTypamMu B TeueHne 2—4 CyTOK.

Kitro4eBbIM MOMEHTOM IPH KYJIBTHBUPOBAHHUH CeMsI3adaT-
KOB OKa3aJICA IPpUEM YCPCAOBaAHUA IMTUTATCIIBHBIX CPE BS pas-
TUYHOH KoHCcHcTeHINH. CofiepKaHne B )KUAKONW MTUTATeTbHON
cpezie THOOEpEITMHA B BHICOKOM KOHIIGHTPAIMU BBI3BIBAJIO
NPSIMYIO PereHepaluio rarionHbIX IMOPHOHIOB ¢ 00pa3o-
BaHMEM IIEPBUYHOTO KOPEIIKA ¥ CEMSJONBHBIX JTUCThEB. [Ipn
TrepecajKe Ha TBEp/LyI0 MUTATeNIbHYIO cpeny (popMHUPOBAIHCH
poctoBeie moberu. [IpucyrcrBue B xuakoi cpeme 6-BATIl
MIPUBOIMIIO K 00Pa30BaHUIO KAJUTYCHOM TKAHH, B KOTOPOH MpH
nepecajike Ha TBEp/YIO MUTATEIbHYIO Cpely C J0OaBICHUEM
kunetuHa (Kn) u 2.4 ] mporcxonuio pa3BUTHE PETEHEPAHTOB
IyTeM reMmopusoreresa. [IppumeHeHe JaHHOTO TprueMa cro-
COOCTBOBAJIO COXPAHEHHIO XHU3HECTIOCOOHOCTH KYJIBTUBHPY-
€MBIX IKCIUIAHTOB 110 4—6 MecsleB Npyu aKTUBU3AIMU TTPO-
1eccoB mponudepanun 1 auddepeHmanuy saep sKeHCKOTo
rameroduTa. Crierpannzanys BOSHUKIINX HOBOOOPa30BaHHH
PaCTUTCIIbHBIX TKaHEH 06ecneq1/13ana YBECJIMYCHUE BbIXOJa
TaIUIONHBIX PETCHEPAHTOB Yepe3 MPSIMON 3MOPHOHI0TEHE3
10 18.9 %, a mytem kamnycorenesa — 10 11.0 %. IIpu stom
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nuddepeHIanys KIeToK yckopmiack Ha 25-30 %, komu-
4eCTBO C(POPMUPOBAHHBIX PEr€HEPAHTOB YBEINYHUIOCH 0
13-19 % (Bacwmisaenko, 2016).

CreyroLuii 3Tar 3aKiIodalicst B 0T00pe MOp(OIOrnIecKu
Pa3BUTHIX TallJIONIHBIX PEreHEPAHTOB, a 3aTEM B IEPEBO-
Jie X Ha JUIUIONHBIN ypoBeHb. [Iporece conmpoBoxacs
0TOOpaMH 0 IUTOJIOTHYECKUM, OMOXUMHYECKHM U MOJIe-
KyJIsIpHO-TeHeTH4YecKnuM mnpusHakaMm (OKyxokamosa u np.,
2016). O momy4eHU: rarIoNIHBIX PACTCHUH H3BECTHO JaBHO.
Panee mIoniHOCTh ONPEIENIsUIN ITyTeM HENOCPEACTBEHHOTO
MoZIcYeTa XpOMOCOM Ha MeTadasHbIX mracTHHKax (Hwumme,
Benmens, 1980; [Maymesa, 1988). Anamu3 s/JJHK meromom
MPOTOYHOM IUTOMETPUH Ha aHAITU3ATOPE TIOUTHOCTH, OCHO-
BaHHBII Ha (ITyOPECIICHTHOM OKpAIINBAaHUH Sep PACTCHUN
(Tomaszewska-Sowa, 2010), mam BO3MOXHOCTh OBICTPO U
3] HEKTUBHO BBIZIEISATH PETEHEPAHTHI C FAIIONTHBIM HA00POM
xpomocoM (n = 9), a mocne KOIXUIUHUPOBAHUS MPOBECTH
0TOOp YABOCHHBIX raruionzioB (2n = 18). Ciemyer 3aMeTHTB,
YTO TI0CJIe MyTareHe3a y ralulouI0B 4acTo HaOIIOAaNCh
HapyIIEHHs B INpolleccax JCICHUS KJIETOK, MPUBOISIINE K
BapbUPOBAHUIO Y PETCHEPAHTOB KOJIMYECTBA XPOMOCOM H
BO3HMKHOBEHHIO MHMKCOILIOWHBIX, aHEYIIOUIAHBIX (HopMm,
KoTopsie OpaxoBanuch (JKyxokanosa u ap., 2016).

Broxumuueckas oleHKa M03BOJIIIA BEISIBUTh PA3Inyns B
AKTHBHOCTH (DepPMEHTOB Y ONBITHBIX 00pa3uos. [lo cpaBHe-
HUIO C MCXOAHBIMHU JWIUIOMJHBIMH (hOpMAaMu TaruionHbIE
pacTeHMsl XapaKTepH30BaJINCh YBEIHYCHHBIM B 1.6 pasa
KOJINYECTBOM Oesika M OOoJbIlieil aKTUBHOCTHIO (hepMEeHTOB
MIEPOKCHUIA3BI, TIIOK030-6-(hochar-1erugporeHassl, H30IUT-
parzieruaporeHassl. Y pereHepaHToB IIOCIIE YABOCHUS XPO-
MOCOM 3TH IOKa3aTeNN BO3BPAILAIUCH K YPOBHIO KOHTPOJIS
WJIN HE3HAYUTENILHO TIPEBBIMIANH ero (3eMIsTHyXuHa U JIp.,
2016). Mo>XHO TIPEIONOKHUTE, YTO H3MCHEHHE aKTHBHOCTH
(hepMEHTOB Yy TaIUIONIHBIX PETCHEPAHTOB CaXapHOH CBEKJIbI
65110 00ycoBneno MetrwinpoBanneM JIHK ygacTkoB reHoma,
CBSI3aHHBIX C ()yHKIMOHUPOBAHHEM OesiKa. YCTaHOBJICHHBIC
pas3iinyus OTpaxkasu Oosee IyOOKHe H3MEHCHNS, BHI3BAHHBIC
KJ1eTouHO! M hepeHnnpoBKOH MU Ky IbTHBUPOBAHUY TKa-
neii (Bantommn, 2010). /lannstit Boripoc TpedyeT riryOoKoro
W3YYEHUSL.

ITocne mpoBeneHNs TUTUIONIN3AINHN PETeHEPAHTOB Cy-
IIECTBEHHOE 3HAYCHNWE MMEJO BBISIBICHHE TCHETHUYCCKHUX
M3MEHEHUI1, KOTOpble He POsBISUTUCH (heHoTunnuecku. PCR
n RFLP-ananm3 ¢ ucnonszoBanneM pectpukrassl Hind 111
(Beckman, Sollen, 1983) mo3Bonmin uaAeHTU(GUIUPOBATH
THIT UTOIUIA3MBI 110 YUCIIY PECTPUKTOB IIPH YABOCHUH XPO-
MOCOM. Y MHKpPOKJIOHOB ¢ HOPMaJbHOW LIMTOIUIA3MOM aM-
wmdunuposaincs onuH gparment (800 m.H.). Y dopm co
CTEPUJIBHBIM TUIIOM LIUTOIIa3Mbl 00HAPY>KUBAJIHCH JIBa ITPO-
nmykra pectpukiud — 320 1 480 1. H. YIBOCHHBIE TaIUION B,
y KOTOpBIX 3TOT (pparmeHT He pectpurmposaics Hind 11,
OBLIH MPEICTABIICHBI MOJHOCTHIO PEPTHIBHBIME (POPMAMU C
HOPMaJBbHOM nuToriazmoit (N) i ssiepHBIMI TeHaMH B periec-
cuBHOM coctosauH (rf). B ocTanpHBIX 00pa3nax HaOmomaics
noauMopdu3M (HparMeHTOB, YTO MPEANOJIAraio HaJIHIUue y
COOTBETCTBYIOIINX rAIUIONTHBIX (POPM CTEPHUITEHOM IIUTOTIIA3-
MBI (S) 1 pazHOE coUYeTaHNE PEIeCCUBHBIX M JIOMHHAHTHBIX
anneneit spepubix renos Rf /rf, u Rf,/rf,. Briasnenue tuna
IIUTOILIa3MBbl y PET€HEPAHTOB Ha PAHHUX 3Tarax KyJIbTHBHU-
poBanus obneryano coznanue auHAN ¢ [IMC, npeacraBss
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3HAYUTEJbHBIM MHTEpEC JIS CEJIEKLIMHU CaXapHOW CBEKJIbI
(Bacumsaenko, 2016; Bacunsuenxo u ap., 2018).

[ocnenuuit 3Tam KyIbTHUBHPOBAHUS in Vi{ro BKIIOYAI
MIPOLIECCHI KIIOHUPOBAHUS PETEHEPAHTOB C YABOCHHOM IJI0-
WAHOCTBHIO U MOCIIENyToIIee UX YKOPEHEHNE Ha TUTAaTeITbHON
cpezie ¢ U3MEHEHHBIM TOPMOHAIBHBIM cocTaBoM. OToOpaH-
HbI€ MUKPOKJIOHBI C MOILIHOM KOPHEBOM CUCTEMOU U XOPOLLIO
Pa3BUTOH JHUCTOBOW MOBEPXHOCTHIO BBICAXKMBAJIH B TPYHT B
YCIIOBHUSX TEIUTHIEL. biaromapst BBICOKOH BIIa)KHOCTH BO3yXa
YIAI0Ch COXPAHUTH 10 72 % MUKPOKIOHOB. B nanbpHeimem
OCYIIECTBIISUTH BEIPAIIBAHUE PACTCHU B TeUEHHE 3 MECSIIEB
JI0 mony4eHus: mrekanHros Maccoit 70—100 r, kotopsle 3a-
TeM sipoBH3HMpoBain 45 nHeit. B Hadase cTebneoOpa3oBanus
TeMIeparypy BO3Iyxa B Teruuie nosbimany a0 14-20 °C,
MOJIZICP)KUBasi HEPEPHIBHOE OCBEIICHUE HA MPOTSDKCHUU
Mecsia. B 9ToT nepuoa oTMeuancs akTUBHBIA POCT U pas3-
BUTHE CEMEHHBIX paCTeHUH. 3aTeM HaOIIONAINCh TPOIECCH
OyTOHM3aIMH U IBeTeHUs. BricoTa pacTeHuii nocturana 1.5 m
1 OOJIBIIIE, TOJIIUHA OCHOBHOTI'O IIBETOHOCHOT'O CTEOJISI — OKOJIO
3 cM, IIBETEHNE TPOUCXOIIIO OTHOBPEMEHHO I HHTCHCHUBHO.
OepTUITBHOCTD MBUTBIIEBRIX 3€PEH BapbHUpoBaia oT 87 10
92 %. Uepes 8—10 Henenb GOpMUPOBATHUCH CEMEHA C BBICOKOU
Pa3IeTbHOIIIOAHOCTBIO.

[IpoBeneHHBIC UCCIICTOBAHNS ITO3BOIHIIN BBISIBUTH OCHOB-
HBI€ YCIIOBHUSI JIJIsl POBEJICHUS FAIJIOUTHOTO TApTEHOTeHe3a U
pa3paboTaTh TPEXJIETHHI TEXHOIOTHYECKUN IIMKII CO3aHUS
roMo3urotTHeix DH-nunuit. TlogyueHHbsle cemeHa 4eTbipex
DH-nuHuii n0CIyKuiu HOBBIM MCXOIHBIM MaTepuajioM U B
HACTOSIIee BPeMs MCIIONIB3YIOTCS B CENIEKIIMOHHON padoTe.
Cosznanrie TOMO3UTOTHBIX JIMHUI CaXapHOW CBEKIBI OymeT
CHI0COOCTBOBATh YCKOPEHHOMY ITOJIyYE€HHUIO THOPUI0B C KOM-
TUIEKCOM XO3HCTBEHHO IIEHHBIX ipr3HakoB (KonecHnkora n
Ip., 20186).

CeneKkTunBHbIe CUCTEMDI in Vitro
B pesynbrare Hammx Hay9HBIX SKCIEPUMEHTOB pa3zpadboTaH
METOJI CEJIEKTUBHOTO 0TOOpA in vitro popM caxapHOIi CBEKJIbI,
MIO3BOJISIIOIIMM CO3/1aBaTh OPUTMHAIBHBIN CEJIEKLIUOHHBII
Marepual ¢ yCTOWYNBOCTBIO K HEOIaronpHsITHBIM YCIOBHU-
aM okpyxaromeil cpeasl (Uepkacosa, XKyxokanosa, 2011).
B ocHOBY MeTona MOJIOKEHO ABYKPAaTHOE NMAacCHPOBAHUE
PETCHEPAHTOB B JKECTKUX CEJICKTUBHBIX YCIIOBHUSX, MPU KO-
TOPBIX KOJHMYCCTBO BBDKUBHIUX PCTCHEPAHTOB B YCIIOBUAX
XJIOPHIHOTO 3acofieHns mocturaiio 66.0-81.7 %. lansHeiimee
MaCCHUPOBAHHME COJICTOJICPAHTHBIX ()OPM Ha MHUTATEIHHOMN
cpene ¢ nobapienueM HemoHHOro ocmoruka (0.45 M) cno-
cOOCTBOBAJIO MOBBIIIEHHIO a/IAITUBHBIX MEXaHN3MOB 3aIUThHI
pacTeHuil B yCIOBHSX OCMOTHYECKOTO cTpecca. BrhkuBae-
MOCTb F€HOTHIIOB B JJAHHOM CJIydae MOBBIIIAJIACh B JBa pa3a
IIPU yBEITMUCHNHU YPOBHS OOIIEH aJanTalliy PETCHEPAaHTOB
K abnoTHueckoMy crpeccy (3acyxa+3aconenne) 10 59.0 %.
ITaccupoBaHue 101y YEHHBIX PETEHEPAHTOB B YCIIOBUSIX I10BBI-
meHHoi kucaoTHocTH (pH 3.5) mpomcxonnino mpyu akTHBHOM
Pa3BUTHH POCTOBBIX IIOOETOB, YTO CBU/IETEIHCTBOBAIIO O BBI-
cokoif ycroitunBoctH 69.1-87.5 % MUKPOKIOHOB. YPOBEHb
o01Ieit aTanTaIuy pETeHEPAHTOB K 00JIee CIIOKHOMY CTPECCY
(3acyxa+kucnorHocTs) noseimaics B 10 pa3 (Uepkacosa u
ap., 2018).

CymiecTBeHHOE 3HaYEHHE TIPH pa3padOTKe METOIa UMENH
9KCTIEPUMEHTHI, TI03BOJIMBIINE YCTAHOBUTH, YTO KYJIBTHBH-
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Pa3BUTUSA CENEKLUM CaxapHOI CBEKIbI

pOBaHME HECIEeIHATN3UPOBAHHBIX PACTHTEIbHBIX TKaHEH
(Jepemky TUCThEB, POCTOBBIE TIOUKH, HE3PEIBIE 3aPOIBIIIH
W T.]1.) Ha CEJICKTUBHBIX MMUTATEIBHBIX CPE/iax C 100aBICHHEM
Mopcko# conu (2 %) u copouta (0.45 M nipu pH 4.0) npuso-
JIVJIO TIOYTH K TIOJTHOM JIeTpalallii PaCTUTENIBHOTO MaTeprara.
[osiBneHMEe pereHepaHToOB ¢ YCTOMYMBOCTHIO HAOIIOAATIOCH
IpU TIEPBUYHOM OTOOpE TONBKO y 2—4 % DKCIIAHTOB, B
KaueCTBE KOTOPBIX MCIIOIB30BAJIN 3PEIbIE 3apPOIBIIINA. DTOT
TIEPHOJT COIIPOBOK/IAIICS METIEHHBIM ()OPMHUPOBAHUEM POCTO-
BBIX TI00€T0B Y BBDKHMBIIHMX 3KCIUIAHTOB, YTO OBLIO CBSI3AHO C
3aMeJIEHHEM TIPOIECCOB PACTSKEHUS KIIETOK M KIIETOYHBIX
JIeTICHNH, TIPUBOJMBIINM K TOPMOJKCHHIO Pa3BUTHS pereHe-
pantoB (Shabala, Munns, 2017). DddekTHBHBIM OKa3acs
MOBTOPHBII 0TOOP, MTO3BOMBIINI B JKECTKUX CEIEKTHBHBIX
YCIIOBUSIX TAK)KE YBEIMYHUTh CTENICHb YCTOWYNBOCTH PereHe-
paHTOB.

JlanpHeHInit CHCTEMHBIN MacCOBEIN OTOOp pereHepaHTOB
no mHjaekcy anuHbl kopHel (Kocapesa, 2012), koTOpbIi B
omnbITax BapbupoBan ot 1.0 10 1.2, mo3BoIMI TOBBICUTH KOJIH-
YEeCTBO BBIKUBILINX TOJIEPAHTHBIX pacTeHuii 10 87.5-89.2 %.
PerenepanTsl, 0TOOpaHHBIC TO JUIMHE KOPHS B YCIIOBHSX,
MOJIETTMPYIOIINX MOBBIIIEHHYIO KHCIOTHOCTE TouBkI (pH 3.5)
¥ 3aCyXy, OTIINYAJINCh, HAPSAY C BRIPABHEHHOCTBIO JINCTOBOTO
ammapara, XOpollo pa3BUTON KopHeBoi cucteMoi. IIpouecc
(hopMupoOBaHusi KOPHEH B YCIOBHUSIX OCMOTHYECKOTO CTpecca
ObLT MEHEe MOBEP/KEH N3MEHEHHUIO, UYEM PA3BUTHE JINCTHEB.
[Tocne BO31eHCTBHS OCMOIMTHKOB CKOPOCTH YAJIMHEHUS
KOpHEW BOCCTaHAaBJIMBAajIach ObICTpee. AKTHBHOE Pa3BUTUC
KOPHEBOH CHCTEMBI B YCIIOBHAX OCMOTHYECKOTO CTpecca ObUIo
00yCIIOBIIEHO YCHJICHHEM pocTa OOKOBBIX KOpHEH, obecrie-
YHMBAIOIIUX JIYYIIHHA JTOCTYI K BOJE M NMHUTATEIbHBIM Bellle-
ctBam (Rahnama et al., 2011).

BrisiBreHHBIE 0COOEHHOCTH MOP(]OIOTHIECKOTO Pa3BUTHS
pereHepaHToB CaXapHOM CBEKJIbI ObLIH CBSI3aHbI C U3BMEHEHH-
€M LIEJIOTO psiia OMOXUMHUIECKHX MPOLIECCOB, BBI3BIBAIOIINX
aKTHBAIMIO paboThl ()EPMEHTOB OKHCIHMTEIHLHOTO CTpecca,
yBEJIMYEHHE MHTEHCUBHOCTHU CHHTE3a OeJika (3eMIIsTHyXuHa 1
Ip., 2017), a Taxke HaKoTIeHNE CBOOOAHOTO IponHa (Bates
etal., 1973).

[IposuH B ycioBHsIX BOXHOTO Ae(HIIUTA TOBBIIIAT OCMOTH-
YeCKOe JIaBJICHHE KIIETOYHOTO COKa, YTO CBUIETEIBCTBOBAIIO O
ero ocmoperyisitopaoi Gpynkunu (ComHukosa u 1p., 2013).
VY coneTonepaHTHBIX PEreHEPAaHTOB CaXapHOIl CBEKJBI B
YCIOBHSIX aOMOTHYECKOTO CTpecca HaKOTUICHHE TIPOJIHHA (0T
36.9 mo 79.3 MKr/T) OBLTO CBsI3aHO ¢ TeHOTHITOM. [IpH 3TOM
ko3 duitnent croiikoctu (K), orpenesnsieMplii 10 OTHOIICHHIO
KOJIMYECTBA MIPOJIMHA IPH CTpecce K UCXOJHOMY €Tro cojep-
JKaHMIO, Y COJICyCTOWYMBBIX ()OPM IPEBBIMIANI KOHTPOJbL B
5.8-10 pa3. [lanbHeiiee maccupoBaHue COJETONEPAHTHBIX
(hopm B ipucyTcTBHU copbuTa B KoHIeHTpanuu 0.40-0.45 M
CIIOCOOCTBOBANIO YBEINYEHHIO KOd(h(hUIMEHTa CTOHKOCTH B
1.9-1.5 paza. Obuast ocMoTH4eCcKasi yCTOWYUBOCTh T€HOTH-
OB CaxapHOW CBEKJIbI MPH MIPOBEICHUH CUCTEMHOTO 0TOOpa
(3acyxa+3aconenue) yBennuubaiack B 7—12 pa3. [Tomyden-
HbIE JAaHHBIE [T03BOJIMIIN UCIIOIB30BaTh KOJIMYECTBEHHOE CO-
JieprKaHue MPOIMHA KaK [T0Ka3aTelb alanTalliy PEreHepaHTOB
caxapHOH CBEKIIBI K CTPECCY W MHUKATOP COJICYCTOWINBBIX
komnoHeHToB (Yepkacona, XKy»xokanosa, 2014).

Ha 3axsrounrtensHOM dTarne 0ToopaHHbIe (YOPMBI C XOPOIIIO
Pa3BUTON KOPHEBOW CHCTEMO BBIPAIINBAIIN B YCIOBHSX 3a-
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KPBITOTO TPYHTA JUIS MOJYyYSHUS] KOPHEIUIOJIO0B, a 3aTeM M3
HUX — CEMEHHBIX PACTCHHM.

[IpencraBneHHbIC pa3pabOTKU MO3BOJISIOT OCYIICCTBISTh
CEJIGKTUBHBINA 0TOOP (hOPM CaxapHO CBEKJIbI C YCTOHYHBO-
CTBIO K dTahuaecKiM (paKToOpaM BHEITHEH CPeJIbI TSt CO3/a-
HUS H30TCHHBIX JIMHUHN B Te4eHUE 3—4 JIeT BMECTO TPaIuIly-
oHHbIX 8—10 yieT. DT0 UMeeT OO0JIBIIOE 3HAYCHHUE B IIPOIIECCe
CEJIEKIINH NP CO3IaHIH HOBBIX THOPHUIOB CaxapHOW CBEKJIIBI
C YCTOHYHMBOCTHIO K a0HOTHYCCKUM CTPECCaM.

MuKpopasMHoOXKeHne
HcenenoBanus Moka3aliy, 4TO NP KyJI6THBUPOBAHUN YEpPell-
KOB WJIU JINCTHEB MOJIOZIBIX IIPOPOCTKOB, @ TAKXKE 3apO/IbIILICH
caxapHOH CBEKJIbI B IIEPUOJ CO3/1aHMS M30TE€HHBIX JTMHUMH C
YCTOWYMBOCTBIO K CTpEeccaM BOCIIPOHM3BEICHUE HOBOTO Op-
raHu3Ma 1o mytem smopuongorenesa (JKysxokanosa u jp.,
2006). I'maBHOE OT/THYME BO3HUKAIOIINX 3aPOBIIIETIONO0HBIX
CTPYKTYp OT IalUIOMJHBIX SMOPHOHIOB 3aKIIIOYAJIOCh B OCO-
6eHHOCTI/I ux q)OpMI/IpOBaHI/ISI W3 JUIIJIOUAHBIX COMAaTUYCCKUX
KJICTOK pacTeHHH Oe3 yJacThs NoNoBBIX raMeT. [Iporece mop-
(horeHesa NpOMCXOMIT HA OCHOBE 00PA30BaHUsI B AIIUICPMHUCE
MHUIHUAJIbHBIX KJICTOK, UMCIOIUX IIJIOTHYIO HUTOIUIasMy U
KpymHoe siapo. [lpn nanpHeimem neneHnd GopMUupOBaIICS
JIBYKJIETOUHBINA IPOAMOPHO, @ 3aT€M COMATHUECKUI SMOPHOH ]
mapoBuIHO# (opmbl. Ha cienyromem srare HaOI01a10Ch
00pa3oBaHKe CEPALIEBUIHOTO IMOPHUOHIA M TPOPOCTKA C pa3-
BUTHEM CTEOJIsI ¢ 3apOJIBIIIEBBIMHU JINCThsIMH. [To-Buaumo-
MY, CTPECCOBasi CUTYalHsl, co3/1aBaeMast yCIOBHAMH in Vitro,
BBI3bIBAJIA PeaNn3aliio MOp(oreHesa MmyTeM COMAaTH4eCKO-
ro sMOpHonoreHesa. Bo3Hukimme raMeTopuTHBIE 1 COMATH-
YecKre SMOPUOU/IbI, HE3aBUCUMO OT IIPOUCXOXKICHHUS, IPeI-
CTaBIISUIM cOOOM 3a4aTKM HOBBIX OPTaHU3MOB U SIBJISUTHCH
UIEMEHTAPHBIMU CTPYKTYPHBIMHU €IMHUIIAMHU PA3MHOKCHUS
pacTeHuil Mo aHAJIOIMK C MEPUCTEMATHYECKUMHU KIIETKaMU
(barsiruna, Bacwunsesa, 2002; barsiruna u ap., 2010). B ceszn
C 9THM KJIIOYEBBIM MOMEHTOM B ITPOLIECCE MUKPOPa3MHOXKe-
HU4 in Vitro CO3JaHHOT0 PACTUTEJILHOIO MaTepralia CaxapHOu
CBEKJIBI BBICTYTIAET ATAIl WHIYLIUPOBAHHS SMOPHOHUIOB.

W3BecTHO, 4TO caxapHasi CBEKJIA B €CTECTBEHHBIX YCIIOBH-
AX PA3MHOXKACTCA TOJIBKO CEMEHHBIM CHOCO6OM n JJ1s BbI-
KMBaHMS BHJA MMEET JIMIIb PE3EPBHBII CIIOCOO BEreTaTns-
HOTO Pa3MHOXKEHHS ITyTeM TPAaBMAaTHYECKON ITapTUKYIISIINH.
B npouuioM Beke NAHHBIM IIPUEM IUIUPOKO IIPUMEHSIICS B
CEJICKIIMOHHON MPAKTHUKE ISl BETETaTUBHOTO PA3MHOKCHUS
KOPHEIUIOZOB — POJIOHAYAJILHUKOB (IIETUTPH) IIEHHOTO HC-
XOZHOTO Marepualia ¢ COXpaHeHHeM HanOoJiee BayKHbIX MPHU-
3HAKOB: BBICOKOH CaxapuCTOCTH, MPOTYKTHBHOCTH, (DOPMBI
KOpHerioza u ip. Ha ceroqusniHmii 1eHs HayqHO JI0Ka3aHo,
YTO THIIBL, CIIOCOOBI M POPMBI CEMEHHOTO Pa3MHOXKEHHSI MOTYT
OTIpENIEIATh PENPOTYKTHBHYIO CIIOCOOHOCTH JII000TO BHIA
pacTeHHH IpH aKTHBHOM B3aMOOTHOIIICHNH C BETETaTHBHBIM
(barpiruna u ap., 2010). HanGosee mpoayKTHBHBI JIUIb TE
BUJIBI, y KOTOPBIX COUETAIOTCS TeHEPATUBHAS 1 BETCTaTUBHAS
penpoxykuus. [IoaToMy HcIonbp30BaHue y caXxapHOi CBEKIIbI
Pa3MHOKEHUS PACTEHUN ITyTEM MUKPOKJIOHUPOBAHUSI MOXKET
CIOCOOCTBOBATH YIYUIICHUIO PEIPOTYKTUBHOMN CIIOCOOHOCTH
W TIOBBIIICHHIO KaK CEMEHHOM ITPOXYKTUBHOCTH, TaK U IPYTHX
LCHHBIX MPU3HAKOB 1 CBOICTB.

B nacrosiee BpeMsi MUKpOPa3MHOXKEHUE 71 Vitro Ha OCHOBE
KyJIBTYPBI MEPUCTEM SIBIISICTCSI OCHOBHBIM METOIOM IS Y CKO-

Biotechnological methods as a tool
for efficient sugar beet breeding

PECHHOT'O pa3MHOXKEHU S CCIICKITMOHHO HEHHBIX MaTCPpUajIoB U
JUTHTETHHOTO MX coxpanenust (OKyxokamosa u ip., 2018). Ipu-
MEHEHHE MUKPOKIOHWPOBAHUS B MPAKTHYECKOW CEIEKIIUH
MO3BOJISIET COXPAHUTE B KYJILTYPE, PA3MHOKHUTE U BKIIOYUTH
B CEJIEKLIMOHHBINM MPOLECC LENbIH Psii UCXOAHBIX JIMHUHU C
npuzHakamu LIMC, 3akpenuTensHOM CIIoCOOHOCTH, TIaIKOH
TMMOBEPXHOCTU KOPHEILI0JA, IIJIOTHBIM PACIOJIOKCHUCM CEMIH
Ha CEMEHHBIX pacTeHHAX u Ap. (3HameHckas, 2010).

3HAYUTENBHBIN MPAKTHUECKUI UHTEPEC MMENN HCCIIeN0-
BaHHs IO UCIIOJIB30BAHUIO MUKPOPA3SMHOXCHHUA U JICIIOHU-
POBaHMUS in Vitro Il ymy4IIeHNns MOP(HOTeHETHIECKOTO
MOTEHIMaIa KOMITOHEHTOB I'MOPHU/IOB, CO3/1aBaEMBIX COIIAC-
HO TPEXJIMHEHHOH CEJIEKLUUMOHHOH cxeMe. BxkitoueHue B ce-
JIEKIIMOHHBIH MpoIecc KyIbTYphl TKaHEH 00eCIIeunBaIo KaKk
MOBBINICHNE PENPOAYKTHBHOM CIOCOOHOCTH KOMITOHEHTOB
CO3/1aBaeMbIX TMOPHJIOB, TaK M IOJy4YE€HHE CEMsH caxap-
HOW CBEKIIBI ymydrieHHoro kagecta (Komecnukosa m mp.,
2018a).

Ha NEpBOM I3TallC OCYHICCTBIIAIN BBIACICHUEC DJIMTHBIX
TEHOTHUIIOB U3 TPEX KOMIIOHEHTOB BBICOKOIPOIYKTHBHOTO
rudpuaa: IMHAH ¢ MUTOIIa3MaTHIECKOH MYKCKOI CTepHIIb-
HOCTBIO, onbuIHTeNIsE O-TUIA C 3aKPEMUTEIBHON CIIOCOOHO-
cteio LIMC n ¢epTuiibHOro onbuInuTeNs, CrocodHoro B F,
CTUMYIUPOBATh 3P PeKT rereposuca. [Ipu oTOope reHoTHIIOB
MIPUMEHSUIN IKCIIPECC-TUArHOCTHUKY 10 MOP(OIOrHUECKUM
1 MATOAMOPHOIOTHIECKAM MTPH3HAKAM, OTPaKAIOMINM (a3sl
Pa3BUTHSI CEMEHHBIX PacTCHUH, pa3IelbHO-CPOCTHOIBETKO-
BOCTbB, (bepTI/lJ'II)HOCTI) NbUIBLEBLIX 3€PCH, CHHXPOHHOCTD 1IBC-
TEHMs, IIIOMTHOCTD U JIp. J{/is BBENICHUS B KyABTYPY in Vitro
0TOOPaHHBIX TeHOTHUIIOB HCIIOJIB30BAJIH AITEKChI [IBETOHOCHBIX
noberoB B konuuecTBe 10—20 mIT. ¢ 0THOTO CEMEHHOTO pacTe-
HIsA. OCHOBHBIMH MH/TyKTOPAMH PA3BUTHSI POCTOBBIX TOOETOB
13 BEPXYIICYHOH MEPUCTEMBI CITY>KHIIM TOPMOHAIIBHBIE KOM-
MMOHEHTHI UTATEeIILHOM cpeibl ['ambopra u Mypacure—Ckyra
(bytenko, 1964). IlpucyTcTBre B pOCTOBOIl MUTATEIHHON
cpejie TOPMOHOB pocTa (6-0eH3MIIaMUHOIYpUHA, KHHETHHA 1
rub0epesUInHa) CrocoOCTBOBAIO 0OPA30BAHUIO 10 8 aIBCH-
TUBHBIX ITOOETOB Ha OAMH JKCIUIAHT; BBICOTA PEr€HEPAHTOB
nmocturana 60—73 mMm. B koHIe mporecca cTaOMIN3auH
c(hopMUPOBAHHBIC pEreHEPAHTH UMEJTH HHTCHCUBHO 3€JICHBIC
JIMCThsI, ONTUMAJIBHOE COOTHOIICHNE YEpEIIka U JUCTOBOM
TUTACTHHKH, XOPOIIY10 KyCTHCTOCTh M Pa3BUTYIO TOUKY POCTA.
Takne MUKPOKIIOHBI yCIIEITHO ()OPMHUPOBAIA MHOXKECTBO I1a-
3yIIHBIX TOOETOB, a 3aTEM HEOOXOIMMOE KOJTMIECTBO ATUTHBIX
perenepantoB LIMC-dopmsr, O-tuna u OIT (Konecnukosa,
Kyxokanosa, 2018).

Heob6xoanMoe kommaecTBo MOp(HOIOTHIeCKH Pa3BUTHIX pe-
TEHEPAHTOB JIMHEHHBIX KOMITOHEHTOB THOpH/Ia MTapauIeIbHO
KYJIbTUBUPOBAJIN B KOJIJIEKLIUU JIIUTHBIX KJIOHOB 71 VItro IIyTeM
JIETIOHNPOBAHUSL. JTO TO3BOJISIIO ATUTENBLHOE BPEMS COXpa-
HATH B YMCTOTE JINHEHHBIC KOMITOHEHTHI THOpH/Ia Ha yPOBHE
NepBoro nokoseHus. KylbTuBupoBaHue pereHepaHToB 0e3
Tepecaiok OCYIIeCTBISUTN Ha 0€3ropMOHATFHOM MUTATETEHON
CpeJie ¢ yBEeIMYEeHHBIM COZIEpKaHueM arapa rnpu ciabom oc-
Berenuu (500—600 srokc), poronepuone 16 4 qeHb/8 4 HOUb.

Bropoii sTan BkJIIOYad MaccoBOE€ MUKPOPa3MHOXKEHUE,
YKOpEHEHHE PEreHEepaHTOB U MOJTyYEHHE INTEKIMHIOB KOM-
IIOHCHTOB rn6p1/ma. I[J'IH MacCOBOI'0 Pa3MHOXCHUS DJIUTHBIC
pEereHepaHThl, MPOIIEAIINE JETIOHNPOBAHHE, IEPECAKNBAII
Ha FOPMOHAJBHYIO MHTATEIBHYIO cpely By, koTopas akTu-

44 BaBunoBckuii xKypHan reHeTuku n cenekuunm / Vavilov Journal of Genetics and Breeding < 2020 - 24 - 1



T.IM. Xy»x>xano.a, E.O. KonecHnkosa
E.H. BacunbueHko, H.H. Yepkacosa

BHU3HMPOBAJIa MEPUCTEMbI M OOCCIIeUunBaia Mpoaudepanuto
60KOBBIX T0OETOB. MHOTOKpaTHAs Iepecaika mo0eroB JaBaia
BO3MOXXHOCTB CO3/1aBaTh HEOOXOMMOE KOJIMYECTBO MHUKPO-
KJI0HOB. Hanboubiiee 4nciio pereHepaHToB MoJIy4aiiy OT pas-
JIETFHOTUTOMHBIX (DepTHITEHBIX THHAH (B cpeHeM 48 mooeroB
Ha | sKcriaHT), HauMeHbInee — oT MC-ITHHUIA ¥ OTBLTHTE-
neii (16 u 13 noberos coorBeTcTBEHHO). ClieiyeT 3aMETHUTb,
uyto (popmel ¢ [IMC okazannuch 04eHb YyBCTBUTEIBHBIMU K
M3MCHEHHIO YCJIOBUH BBIPAIMBAHUS W MOTHOAIH Yalle 110
CpaBHEHHIO ¢ (ePTUIILHBIMU TeHOTHIIAMHU. VX OBLIO CIIOXK-
Hee CTaOMIN3HPOBATh B YCIOBHAX N Vitro U B JalbHEHIIEM
perpoxytposars (Konecuukosa u jip., 2018a).

YKopeHeHUe pereHepanToB ObLIO CBS3aHO C MHAYIMPOBaA-
HHUEM a/IBEHTUBHBIX KOPHEH, YTO JOCTUTaIOCh U3MEHECHUEM
TOPMOHAJILHOTO COCTaBa MUTATeNbHOM cpenbl. [Ipomecc kop-
HeoOpasoBanus juiwics 3—4 Henenu. [loyueHHbIC MHKPO-
KJIOHBI CaXapHOM CBEKJIbI C MOIIHON KOPHEBOM CHCTEMOW U
XOPOIIO Pa3BUTON HA/I36MHOM 9aCThIO TIEPEBOIIIN B HECTE-
PHIIbHBIE YCIIOBHS TIOYBEHHOTO CyOCTpara, Ijie OCYILECTBIISUIN
a/IanlTauio MUKPOKIOHOB. [IprknBaeMocTh MUKPOKIIOHOB,
UX POCT M Pa3BUTHE B IEPHOJ aJANTALMH OIPEACISIIN yC-
JIOBUSIMHU THJpaTallud MHUKPOKJIOHOB. Co3/1aHHE BBICOKON
BJIQYKHOCTH BO3JlyXa ITOCIIE MOCAAKH TTO3BOJIATIO COXPAHUTh
80-100 % wmukpokioHoB. Pactenus, popmupyromnmecs B
TETUINLIE, XapaKTEePU30BAIUCh BEIPOBHEHHOCTHIO MOP(OIIO-
THYECKUX [IPU3HAKOB B IIpe/ieNax TMHNH. Pa3BUThIE pacTeHUS
JIMHEHHBIX KOMITOHEHTOB T'HOpH/Ia BEIPALIMBAIIN B YCIOBHAX
3aKpBITOTO I'PYHTA JI0 (POPMUPOBAHMS LITEKINHIOB. 3aKIII0-
YHUTEIBHBIM BaXKHBIM ITPOLIECCOM JIAHHOTO 3Tara Obla yoopka
IITCKJIMHTOB U MX SIPOBHU3ALUS, KOTOPYIO OCYIECTBIISUIH ITy-
TEM XpaHCHUS KOPHCIUIOA0B B XOJIOAUIIbHUKAX.

Ha TperbeM sTarne ceMeHHBIE PACTEHHUSI, TTOIyIECHHbIE U3
IITEKJIMHTOB, HCIIOIb30BAIIICH CEJICKIIMOHEPaMHU JUTst THOpH-
AU3alu B MOJIEBBIX YCJIOBHUAX Ha OTACIBHBIX CIICHUAIU-
3MPOBAHHBIX y4YacTKaX, COMIACHO CXEMaM TIPH IMOIyYeHUN
CEMSIH MPOCTOT0 THOpHIa ¥ MHOTOCEMSIHHOTO OIBUTUTEIIS
yay4meHHoro kadectsa (Kysxoxanosa u np., 2017).

Pa3paboTka OMOTEXHOTOTUYECKUX MPHEMOB MaCCOBOTO
Pa3sMHOXKEHUSI U JICTIOHUPOBAHUS i Vitro CEIeKIMOHHBIX
MaTrepHajIoB CaxapHOH CBEKJIbI UMEET IIPHOPUTETHOE U HHHO-
BAaIIMOHHOE 3HA4YEHHE, TaK KaK /1a€T BO3MOXKHOCTD TTOTydaTh
JIMHUM CaXapHOH CBEKJIBI C BEICOKOH T'€HETHUECKON OJJHOPO/I-
HOCTBIO U YJIYYHICHHBIM Ka4€CTBOM CCMCHHOT'O Marcpuaja.
Peanm3zanus gaHHOTO IpUEMa, B JIBa pa3a yCKOPSIIOIIETO Po-
JIOJDKUTEIIBHOCTD CEJIEKIIMOHHOTO MPOIecca, BHECET Oy TH-
MBIt BKJIaJl B CO3IaHUEC BBICOKOIIPOAYKTUBHBIX FI/I6pI/I[lOB JUISL
KOMMEpLHaIN3aliy, a TAKKE B CEMEHOBOIUIECKHUIT ITpo1iecc,
oOecrieunBasi COXpaHEHUE BBICOKHMX IOKa3aTelei Xo3sii-
CTBEHHO I0JIE3HBIX CBOMCTB CO3]]aBa€MOT0 CEJIEKIIMOHHOTO
Mmarepuaa.

3akno4veHne

B nanHOM 0030p€ MBI OTIHCBIBaEM OCHOBHBIE OMOTEXHOJIOTH-
YECKHE TPUEMBI, KOTOPBIC B HACTOSIIEE BPEMsI HCIIOTB3YFOTCS
JJIA HOﬂy‘leHl/Iﬂ nu paSMHO)KeHI/IH HOBOI'O UICXOHOT'O MaTepI/laJ'Ia
caxapHOW CBeKJbl. VIHHOBAIIMOHHBIM ¥ TEPCIIEKTHBHBIM B
CCJICKIIMOHHOM paboTe SBISIETCS METOJI TAITIOUTHOTO HapTe-
HoreHesa. VIckirouasi MHOTOKPAaTHOE CaMOOIIBUICHUE PacTe-
HUIA, METOJI TIO3BOJIMJI COKPATUTh B JIBA Pa3a BPeMsi CO3IaHUsI
TOMO3HTOTHOTO MaTepHuaia ¢ eHHBIMU CEIICKITMOHHBIMU
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le/I3HaKaMI/l. Ha €ro OCHOBE CO34aHbl JTUHUHN y[lBOCHH]:lX
TaIyIONAO0B M TIONTYYEHBI BEIPOBHEHHBIE Pa3AebHOIIIONHBIC
CeMCHa KOMIIOHCHTOB THOPHIIOB CaXapHOH CBEKIIBL.

CyliecTBeHHOE 3HAUEHUE UMEITH UCCIIEI0BAaHUS, KOTOPhIE
JIETIIA B OCHOBY METOIWKH CEJIEKTHBHOTO OTOOpa in vitro,
MOBBILIAIOIIET0 YCTOMYUBOCTh PETr€HEPAHTOB CaXxapHOU CBEK-
JIbl K CUJILHOMY 3aCOJICHUIO, 3aCYX€ M KUCIOTHOCTH TIOUBBI.
Bbnaromapst mpoBeIeHHBIM HCCIEIOBAHUSAM B TEUCHHE TPEX
JIeT OBLIM CO3/IaHbI H30T€HHBIC JINHUH C BEICOKOM OCMOTHYE-
CKO# yCTOWYMBOCTBIO K a0MOTHYECKUM (paKTOpaM BHEUIHEH
Cpebl.

3HAUUTETbHBIN MPaKTUUECKUH MHTEPEC ISl BHEIPECHUS
B CEJIEKIIMIO CaXapHOW CBEKJIbI MPEACTAaBIISIET MAaCCOBOE
MUKPOPa3MHOKECHHE M JACTIOHHPOBAHUE N Vi{ro DIUTHBIX
KOMIIOHEHTOB THOPHU/IOB IIPU UCIIONIE30BAHUH TPEXIMHEHHON
CEJICKIIMOHHON CXEMBI. DTOT MPHUEM JaeT BO3MOXKHOCTH HE
TOJBKO TIOBBICUTH TPOIYKTUBHYIO CIIOCOOHOCTh CEMEHHBIX
pPacTeHMii, HO U MOJyYaTh CEMEHA CaXxapHOM CBEKJIbI YIIyd-
IIEHHOTO KavyecTBa.

Brenpenue B CeEKIIMOHHO-CEMEHOBOAUYECKUI MPOLIECC
CaxapHOI CBEKJIbl JaHHBIX TEXHOJOTUH SIBISETCS MPUOPHU-
TE€THBIM U MHHOBAIIMOHHBIM HaHpaBJ’IeHMeM, TIO3BOJISTHOLIIUM
TIOBBIMIATh YPOBEHh TOMO3UTOTHOCTH JINHUH U KaueCTBEHHBIC
MPU3HAKKU CEMEHHOTO MaTepuasa Mpu COXpaHEHUH BBICOKON
HpOIlyKTI/lBHOCTI/l CO31aBacMbIX Fl/I6pl/IIlOB.
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Mop@dOTUIbI U reHeTn4YeCcKasi M3MeHUIIBOCTh
Dendrobaena schmidti (Lumbricidae, Annelida)
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AHHoTauusa. Dendrobaena schmidti — nonumopdHbI BUA AOXKAEBbIX YyepBel, obutaowmii Ha KaBkase n B co-
npepenbHbIx pernoHax. Ocobu D. schmidti otnnyatotca 6onblimm AranazoHoM pasmepos (o1 1.5 go 10 cm n 60-
nee) 1 NUrMeHTauun (OT MHTEHCUBHOW MypnypoBO-GUONETOBOI OKPacKy A0 MOSIHOFO ee OTCYTCTBUA). B cBA3M ¢
3TUM MCCnefoBaTENAMYM ONUCAHO MHOXECTBO NoABMAoB D. schmidti, npaBoMepHOCTb BbleneHna 60MbwMHCTBA
13 KOTOPbIX B HacTosLLEe BpeMsa ocrnapuBaeTcs. B HacToAwel paboTe HaMKM M3yyeHa reHeThYecKas U3MEeHUYNBOCTb
Bbl6opKM D. schmidti n3 cemmn Touek CeBepo-3anagHoro KaBkasa ¢ MCnonb3oBaHMEM MUTOXOHAPUanbHom (dpar-
MEHT FreHa LIMTOXPOMOKCUAa3bl |) 1 agepHON (BHYTPEHHMI prbOCOMasbHbIN TpaHCKprbupyemblii cnelicep 2) OHK.
Mo obonm mapkepam BblibOpKa pasfenunack Ha ABe rpynnbl. B nepyto Bownn 6onee KpynHble (3-7.5 cv) uepsuy,
HenMrMeHTUPOBAHHbIE NN CO CNabo BblPaXKEHHOW Ha NepeHel NMoIOBYHE Tefa OKPacKkom y 3adUKCMPOBaHHbIX
B cnupTe ocobeli. BTopyto rpynny npeactaBaany Tonbko menkue (1.7-3.5 cm) ocobu ¢ Bbipa)keHHOWN nypnypHOi
nurMeHTauuei (Toxe y GUKCMpoBaHHbIX B CMPTe 06pa3LoB). B ofHOM U3 13yUyeHHbIX reorpaduyeckrix Toyek obe
rpynnbl COCyLeCTBOBaNM B CUMNaTpuu. MNpy 3Tom abCconioTHbIX Pasinymnin MeXay AaHHbIMM BUAAMU HU MO BHeLU-
Hemy B/AY (MUFMEHTMPOBaHHbIE/HEMUITMEHTMPOBAHHbIE, MESTKME/KPYMHbIE), HY MO ANArHOCTUYECKMM MPU3HaKam
YCTaHOBUTb He yAanocCh: XOTA BbIGOPKY 0Ccobel nepBON 1 BTOPOI rpynn pasnnyanvcb no pasmepy (B nepBoi rpyn-
ne 60/1bLWMHCTBO 0CO6EN UMENO ASINHY 5—6 CM, BO BTOPOU — 2—3 CM), OHU, TEM HE MEHEE, MEPEKPbIBANINCL MO STOMY
napameTpy. [1o NUrmeHTaLmMmn mexxay HalAeHHbIMY FpynnamMm Takke BO3MOXKHO 3aMeTHOE nepeKpbITre, yunTbiBas,
YTO OLIEHKY OKPACKU YepBel Ha NMPaKTUKe OCYLLeCTBAAIT MOCMEPTHO nocie GrKcaumm, KoTopas BAMAET Ha pe3ysb-
TaTbl aHanM3a. Takim 06pa3om, Ha OCHOBAHUW MOJTyYEHHbIX HaMW flAHHBIX MOXXHO 3aKJTIOUUTb, YTO B NpefAenax Buaa
D. schmidti cywecTBytoT Kak MUHUMYM AiBa BUAA, CXOAHBIX MO AVArHOCTUYECKMM MpU3Hakam, HO pasnnyaoLmxca
BHelLLHe.

KntoueBble cnoBa: goxaesble yepsu; Dendrobaena schmidti; cox1; 1TS2; dunoreHus.

Ona yntuposaHus: Lexosuos C.B., Panonopt W.b., Mony6osposa T.B., lepacbkmHa A.l., fonosaHosa E.B., Menbtek C.E.
MopdodoTurnbl 1 reHeTnUecKkasa nameHumBocTb Dendrobaena schmidti (Lumbricidae, Annelida). BaBunosckuii xypHan
reHeTukn n cenekumn. 2020;24(1):48-54. DOI 10.18699/VJ20.594

Morphotypes and genetic diversity
of Dendrobaena schmidti (Lumbricidae, Annelida)
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Abstract. Dendrobaena schmidti (Michaelsen, 1907) is a polymorphic earthworm species from the Caucasus and
adjacent regions. Adult D. schmidti individuals have highly variable body size (from 1.5 to well over 10 cm) and color
(from dark purple to total lack of pigmentation), so a lot of subspecies of D. schmidti have been described; however,
the existence of most of them is currently under dispute. We studied the genetic diversity of D. schmidti from seven
locations from the Western Caucasus using mitochondrial (a fragment of the cytochrome oxidase | gene) and nu-
clear (internal ribosomal transcribed spacer 2) DNA. For both genes studied, we found that our sample was split into
two groups. The first group included somewhat bigger (3-7.5 cm) individuals that were only slightly pigmented or
totally unpigmented (when fixed by ethanol). The second group contained small (1.7-3.5 cm) specimens with dark
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MopdoTunbl 1 reHeTUYeCKan N3MEeHUYMBOCTb
Dendrobaena schmidti (Lumbricidae, Annelida)

purple pigmentation. In one of the studied locations these two groups were found in sympatry. However, there
were no absolute differences either in general appearance (pigmented/unpigmented, small/big) or among diag-
nostic characters. Although the two groups differed in size (the majority of individuals from the first group were
5-6 cm long, and of the second one, 2-3 cm), the studied samples overlapped to a certain degree. Pigmentation,
despite apparent differences, was also unreliable, since it was heavily affected by fixation of the specimens. Thus,
based on the obtained data we can conclude that D. schmidti consists of at least two species that have identical
states of diagnostic characters, but differ in general appearance.

Key words: earthworms; Dendrobaena schmidti; cox1; ITS2; phylogeny.
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BBepeHune

Cpenu Bcero pazHooOpasusi KOJIBYATBIX YepBEH JJOKICBBIC
YepBU M3YUCHBI, NOXKAIYH, Hanboee XOpOoIIo U MOJIHO. JTO
CBSI3aHO C MX BKHOM POJIbIO HE TOJBKO B MMOYBAX M IMOYBO-
00pa3oBaHKH, HO M BO MHOTHX Ha3eMHBIX 9KOCHCTEMaX B Iie-
JIOM, a TAKXKE C TEM, UTO M3 BCEX KOJIBIEIIOB OHH MPE/ICTABIISIIOT
co0oii HanboIee JOCTYITHYIO s U3ydeHus rpymiry. OneHKn
BUJIOBOTO pa3zHooOpa3usi (ayHbl JOXKJICBBIX YEpBEH B OT-
JACJIbHOM PETMOHC U IPUHIUIIBI pa3ACJICHUA BUJI0B Y Pa3HbIX
HCCIIEIOBATENEN MOT'YT pa3inyarbest. [[puunHbI HTOro —Manoe
KOJIMYECTBO MOP(OJIOrHIECKNX MPU3HAKOB P UX OOIBIION
BHYTPUBHUJIOBOH W3MEHYMBOCTH, HEPEIKO MEPEKPhIBAIOIIEH
MEKBHUJIOBBIC Pa3IMYKsl; HEIPUMEHUMOCTb OMOJIOTHYECKOM
KOHIICTIIIMH BUJIa B CITy4Yae NapTeHOT€HETHUECKUX MOMYJISIIUH
1 IPAKTHYECKasl CJIOKHOCTH €€ IIPOBEPKH B CiTydae aM(pUMUK-
THUYECKUX TOIYJISILHUH.

LenTtpanbubie MOpdoNornuecKkue BUJIOBbIE MPU3HAKU
JTOKIEBBIX YEpBEH — MOJOXKEHHE MOosACcKa M MyOepTaTHBIX
BaymkoB (Ilepens, 1979; BeeBomonosa-Ilepens, 1997). [pu
9TOM HMHOT/Ia B OJTHOM paiioHe U J]aXke B OJTHOM OHOTOIIE MOTYT
BCTpEYaThCsi 0COOM, KOTOPBIE [0 ATUM IPHU3HAKAM OTHOCSTCSI
K OJTHOMY BH/IY, HO CYII[ECTBEHHO Pa3JIMYaIOTCs pa3MepaMu 1
okpackoil. lHTepecHsbIi npuMep MOpQOIIOrHYECKOT0 MO~
Mophu3sma Takoro pona — Dendrobaena schmidti (Michaelsen,
1907), xaBKa3CKHi HIEMHK, KOTOPHI BO MHOTHX OHOTO-
nax SIBJISICTCSl JIOMHHAHTHBIM BHJOM. Jljist aTor0 BUia Mu-
XadIbCEH OTMETWJI CYIIECTBOBAHUE IYPIIYPHBIX M HEOKpa-
IICHHBIX (POPM U OTHCAN JIBE U3 HUX Kak D. schmidti forma
surbiensis u D. schmidti forma montana (Michaelsen, 1907).
[Iupoko BappHUPYIOT U pa3Mepsl Tena (ot 35 mo 160 mm),
[puYeM pasHbie (POPMbI YACTO BCTPEUAIOTCS CUMIIATPHYHO.
B 1966 1. HenmMrMeHTHPOBaHHbBIE 0COOH, Y KOTOPBIX Havajo
IMOACKa CABUHYTO K TOJIOBHOMY KOHIY T€JIa HA OAH CCTMEHT,
ObUTH BBIAETCHBI U3 D. schmidti kKak mapTeHOTeHeTHYeCKUH
noxsun D. schmidlti tellermanica (Ilepens, 1966). Oka3anock,
YTO JAHHBINA TOJBUJ UMEET ropas3/o OONBUINK apeas, uyeMm
MUTMEHTHPOBaHHAsI OpMa, U BCTPEUYAETCs IAJIEKO 3a Ipejie-
namu KaBkasza. BnocieacTBun ObUTM HaiiieHb! TOMYJISIIIAA
D. schmidti tellermanica co 3pensIMH CIEPMaTO30HIAMH U
cnepmarodopamu, B cBsi3u ¢ 4eM B 2003 T. OH BEIHECEH B OT-
nenbHbiid Bug D. tellermanica (BeeBononosa-Ilepens, 2003).

O.II. KeaBanze (1985) paznenun D. schmidti Ha BoceMb
MOJIBUIOB: paHee CyliecTBoBaBImme D. schmidti schmidti
u D. schmidti tellermanica; onucanuple MHUXadIbCEHOM
D. schmidti surbiensis v D. schmidti montana; n 4eThIpe
HOBBIX moasuaa — D. schmidti colchica, D. schmidti mari-
nae, D. schmidti malevichi w D. schmidti jaloniensis. Oc-
HOBAaHUAMU IJId pasgCJICHUA TMOCIYXUIN U3MECHYUBOCTH B

OKpacKe, pa3inivs B MOJOKEHUH ITyOepTaTHBIX OyropKoB
(kKoTOpBIE MOTIIN OOBSICHATHCS pa3HOI cTa el )KH3HEHHOTO
LIMKJIa UCCIIEAOBAHHBIX 0CO0EH), OTBEPCTHI CEMSITPUEMHU-
KOB OTHOCHUTEIIHO IMIETHHOK d ¥ B KOJIUYECTBE Map CEMEH-
HBIX ITy3BIPBKOB, @ BITOCIIEJICTBUH — (hOpPMa JIBUTATEIBHBIX
Y TIOJIOBBIX LIETHHOK, YCTAHOBJICHHAs IIPU MOMOIIM CKa-
HUpYIOImen AnmekTpoHHo mMukpockonuu (KBaBaase, 1985;
Kvavadze et al., 2007). [IpaBoMepHOCTb BBIJECICHUS ITHX
MOIBUJIOB OCIIapUBAJIach, TaK KaK pas3jiMuue B JMarHo3ax
ObUTO BecbMa HEOOIBIINM, 33 UCKIIIOYEHHEM OKPACKU U KO-
JIMYeCTBa I1ap CEMEHHBIX ITy3bIpbKoB (BeeBononosa-Ilepens,
2003). K criopHBIM pOACTBEHHBIM TaKCOHAM MOYKHO OTHEC-
™ U Bun Dendrobaena baksanensis Pizl, 1984, onucaHHBII
o obpasmam u3 bakcanckoro ymenss. OnHako 6onee 1mo3-
HUMH HMCCJICIOBATEISIMU 3TOT BUJ B JIaHHOM TOYKE HE ObLI
oOHapyKeH.

W. Panonopr (Rapoport, 2009) paznenuna D. schmidti na
Tpu Mopdosornueckre Gopmbl: MOJCTUIOUHYIO, TIOYBEHHO-
MOZICTUIIOYHYIO 1 TOYBEHHYT0. Pasmiuust B ycnoBusx oOuTa-
HUS 3TUX ()OPM OTPAKAIOTCS B MX Pa3Mepax, okpacke 1 hopme
TeJla ¥ BPEMEHU OTBETHOW peakLuu Ha pazapaxenne. Kpome
TOTO, HEKOTOPBIE PAZIHYMSI OTMEUEHBI U 10 MOJIOKEHHUIO II1e-
THHOK ITyuyKa ab Ha manwuiax.

Takum 00pa3om, B HacTosIILIEe BPEMs HE CYIIECTBYET 001Ie-
MIPUHATOTO pasaeneHus D. schmidti sensu lato Ha Gonee Me-
KHe TaKCOHBI (3a uckiroueHueM D. fellermanica), Tak Kak UX
pasrpaHryYeHUe 3aTPYJHEHO OTCYTCTBUEM YETKHX MOP(OIIO-
THYECKUX OTIIMYHMNA U BO3MOXKHOH Teorpadudeckoil I3MEHUH-
BOCTBIO: PE3YJIBTAThI Pa3HBIX ABTOPOB 3aBUCST OT U3YUCHHOM
MOTMYJISIITUY ¥ KcTioNib30BaHHBIX MeTo0B. T.C. Ilepens (1982)
MPEMONOKIIIA, YTO PA3IHINS MEXITY (POpMaMH, BO3MOXKHO,
00yCIIOBIICHBI pa3HOH INIOMAHOCTHIO. B TO %e Bpems, 1o aaH-
ubeiM H. Baxrtanze ¢ coaBropamu (Bakhtadze et al., 2003, 2005,
2008), 9nciIo XpOMOCOM Y Pa3HBIX MOABHIOB D. schmidti
omuHakoBo (2n = 36), Torna kak D. tellermanica sBasieTcs
TeTparionIoM (4n = 72).

BaxxHeHmM 10TIOTHUTEIBHBIM METOJIOM B CHCTEMAaTHKE
JIaBHO cTaj aHanu3 nocnenosarenbHocredt JJHK. Onu ynu-
BEpCAJIbHBI U JIyUllIe OTPAXKAIOT (PUIIOTCHHIO, YeM ITPU3HAKH,
BBIBISIEMBIE METOJAMHU IIUTOTEHETHKH, XEMOCHUCTEMAaTHKI
WIN BIIEKTPOHHON MHKpockonuu. OCOOEHHO CIPaBEeIHBO
3TO B OTHOLICHHH JOXKJEBBIX YEPBEil, /Uil KOTOPHIX ObLIO
MOKA3aHO 1 OIIMCAHO OUCHB OOJIBIIIOE CKPHITOE TEHETHIECKOE
pasHooOpasue (King et al., 2008; Pérez-Losada et al., 2009;
Shekhovtsov et al., 2016b, 2019). B 31oii pabote MbI Hcciie-
JTIOBaJIM TeHETHYEeCKoe pazHooOpasme ocobeit D. schmidlti,
pa3nUYaroUXCsl pa3MepaMu U OKPACKOH, M3 HECKOJIBKHX
nomyssinuid 3anagHoro Kaskasa.
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(HoBocuOHMpcK) B COOTBETCTBHHU C pe-
KOMEHJIaUsIMU U3TOTOBUTEIIS.

Hdns ammmudukanuun GparmMeHrta
MHUTOXOHJIPUAJIBHOTO Te€Ha cox/ uc-
TIOJIB30BAJIN YHHBEPCAJIbHBIC TIpaiime-
pet HCO2198 (5'-TAAAC-TTCAG-
GGTGA-CCAAA-AAATC-A-3") u
LCO1490m (5'-TACTC-AACAA-
ATCAC-AAA GA-TATTG-G-3') (Fol-
mer et al., 1994; Shekhovtsov et al.,
2013). Cmecp nust aMmuInGUKAIIAN
coaepxana 1.5 MM MgCl,, 65 MM
Tris-HCI (pH 8.8), 16 MM (NH,),SO,,
0.05 % Tween-20, 0.2 MM cmecu ne-
30KcuHyKIeozuarpudocdaros, 0.3 MM
npaiiMepoB u 1 en. peKOMOMHAHTHOM
monmmMepassl TaqSE («Cubana3znmy», Ho-
BOCHOMPCK).

Puc. 1. Toukmn c6opa 06pa3LioB. Homepa Touek COOTBETCTBYIOT HOMepam B Tabnuue. ®parment pudocomansHoit JITHK, co-

JepKAIIUH OCIIeJOBATEIEHOCT BHYT-

PEHHEro TPaHCKPHOUPYEMOTO crieiice-
Martepwuanbl n meTogbl pa2 (ITS2) u hparmeHTsI GaHKUPYIO-
O6pasupl D. schmidti 6b111 coGpaHbl B ceMu Toukax Ha 3anagHom Kaskase (puc. 1, 1ux reHos 5,8S u 28S pPHK, napata-
cM. Tabnuity ). Mopdosoruyeckoe omnpeiesicHIe MPOBOAMIIHN IT0 Kitouy BeeBommogo- — ThIBAJIM MPH NMOMOINHM YHUBEPCAIbHBIX
Boii-ITepens (1997). C XBOCTOBOTO KOHIIA Ka0if 0COOH ObLT BRIpe3aH pparment — npaitmepos E28S-2 (5'-CC(G/T)CT-
TKaHu Maccoii 10-50 MKr Takum o6pa3om, utobbl coxpansnack Bosmoxknocts 1 CACT-CGCCG-TTA-3") n ES8S-Fl1
IIPOBOIMTH MOP(ONOrHUecKoe onpeseneHue, umepenne umnbl tena u komuue-  (3-ATCAC-TGGGT-TCGTG-CGT-3")
ctBa cermentoB. ['enomuyto JIHK Buinensnu Ha kononkax ¢upmsl «buoCumuka»  (Shekhovtsov et al., 2016a). B cmech

WNccneposaHHana BbibopKa D. schmidti

Touka MecTo cbopa N [nuHa X wnpwuHa (cm) Okpacka
lpynna |
1 XocTa 2 5.1x0.5 He nurmeHTMpoOBaHbI
6.4x%0.8
2 Conoxayn 3 7.5%x0.8 BypoBaTtaa nurmeHTauma Ha Aop3anbHOM YacTy NepepHen
7.0x0.7 NOSIOBUHbI Tena
1 - He nurmeHTMpoOBaHbI
3 lyamckoe ywenbe 3 5.1x0.5 BypoBaTtaa nurmeHTauma Ha Aop3anbHOM YacTy NepefHen
5.1x0.5 NOSIOBUHbI Tena

1 Xocta 2 2.9x%0.2 Bbipa)keHHasA nyprypHaa NUrMeHTauma Ha nepegHen
2.1x0.2 NOJSIOBUHE TeNa, 3aXO[UT 1 Ha BEHTPasIbHYIO 4acTb
1 2.5x0.2 [onHocTbIo NypnypHaa NMUrMeHTaumna Ao XBoCTa
4 Me3man 4 1.7x0.2 MonHocTblo NypnypHaa NUrMeHTaumna Ao XBocTa
3.5x0.2
2.6x0.2
2.2x2.0

MprmeuyaHune. Homepa Touek c6opa COOTBETCTBYIOT HOMePaM Ha puc. 1. N — 4uncio ocobeit; NpoyepK — YepBb Gbi 060PBaH, MOITOMY AJIMHA He YKa3aHa.
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Ut amruidgukaiyu 0601 qobasieH 5 % IAMCO, HeoOxo1u-
MBIH 71 pa3pylIeHUs] CTAOUIBHBIX BTOPHUYHBIX CTPYKTYP,
o0pasyembIx aTuM pparmenTom JTHK.

OOpa3stibl cekBeHUpOoBaH 1o Metoy CaHrepa Ipu IIOMOIIN
Habopa BigDye 3.1 (Applied Biosystems, CIIIA). Kamm-
JSIPHBIN 2IeKTpodope3 MOTYUEHHBIX MPOAYKTOB MPOBEACH
B MeXUHCTUTYTCKOM IleHTpe cexBeHuposanus CO PAH.
O06paboTKy 1 peakTUPOBAHNE CEKBEHOTPAMM BBITIOTHSIIHN B
nporpamme Chromas (Technelysium Pty Ltd). ITomy4uenusie
MOCJIEA0BATENILHOCTH OBbUIN JIETIOHUPOBAHBI B 0a3y JTaHHBIX
GenBank (https://www.ncbi.nlm.nih.gov/genbank) nox Ho-
mepamu MN340181-MN340200, MN340202-MN340205
(coxI) m MN340207-MN340230 (ITS2). BeipaBHUBaHUE
MOCJIEI0BATEIbHOCTEN MPOBOVIN MPH IIOMOIIH ITPOTPAMMBI
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).
dusoreHeTHUECKUE IEPEBbs CTPOMIIH 0alieCOBCKUM METO-
1oM B mporpamme MrBayes v.3.2.6 (Ronquist, Huelsenbeck,
2003). B kauecTBe BHEUIIHHMX TPYII MCIIOIL30BAIN MOCIE-
JoBaTeapbHOCTH M3 0a3bl JaHHbBIX GenBank, oTHOCsIIMECS K
pasnuaHBIM BuaM pofa Dendrobaena; nnst cox1: D. octaedra
(MH755678), D. attemsi (KJ772502), D. veneta (FJ1214233),
D. karacadagi (MH476311), D. semitica (MH476309),
D. pavliceki (MH476308), D. pantaleonis (MH476307),
D. orientalis (MH476306), D. hrabei (MH476305); s
ITS2: D. octaedra (KX651399), D. byblica (KX651415),
D. attemsi (KX651397), D. platyura (KT823916), D. pen-
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theri (KT823915), D. ganglbaueri (KT823909), D. alpina
(KX651396, MH469554), D. pantaleonis (MH469555),
D. orientalis (MH469553), D. hortensis (MH469549), D. se-
mitica (MH469552), D. karacadagi (MH469547), D. veneta
(MH469546). Kpome Toro, MBI B35UTH MTOCIIEIOBATEIEHOCTH
Buna Eisenia fetida (cox1:JX531618; ITS2: IX531571). Ans
oboux mapkepoB mporpammoit MrModeltest v.2 (Nylander,
2004) Beidbpana mozxens 3ameH GTR+I+G. IIposeneno mo
10 MJIH peIUIHK aHaNW3a, Pa3[IesICHHBIX Ha JBE LIEIH; Iep-
BbIe 25 % perunk Obuti oTOpouieHsl. [loce BBIMOTHEHUs
AQHAJIM30B 3HAYCHUS CPEIHEKBAIPATHUECKOTO OTKIOHEHUS
paciienaeHHbIX yacToT coctaBuiu MeHee 0.01. Y3ibl ¢ ano-
CTEPHOPHBIMU BEPOSITHOCTIMHU MeHblIe 0.5 ObUTH CBEIICHBI
B TIOJTUTOMUH.

3naueHus kpurepues Ctorofenta u Kpamepa—Yamua Bbl-
YHCJISUTH TIPU TOMOIIH MakeTa nporpamm MathPortal (www.
mathportal.org).

Pe3ynbratbi

Hamu nomy4yeHsl HyKJI€OTHIHBIE TTOCIEA0BATENLHOCTH cOX [
n ITS2 nns 24 nonoBozpensix ocobdeit D. schmidti ¢ BbIpa-
JKEHHBIMH ITOJIOBBIMU ITPHU3HaKaMu. Bee nmocnenoBarensHOCTH
cox] mmenn uaeHTHYHYIO HHY (658 m.H.). Ha ¢umorene-
THYECKOM JiepeBe 00pas3Iibl pa30MBAIOTCs Ha JIBE KJIAJIbI, Ha-
3BaHHbIe Hamu rpynmnoi | u rpynmoii 11 (puc. 2). O6e ki1aabt
XapaKTePU30BAINCH BEICOKUMH 3HAYEHUSIMH all0CTEPHOPHBIX

D. hrabei (MH476305)

10 E3533 5
0.94LE3541 6
10 10—E3565 3
—EE3563 3
1.0 E3564 3
1.0-E3534 3
0.98 1.0 E3540 3 D. schmidlti
1.0 —E3535 7 n |
E3539 7 pynna
0.66 1.07E3570 1
LE3579 1
066 E3566 3
1.0 E3581 2
1.0|'rE3583 2
0.88 E3582 2
E3584 2
D. attemsi (KJ772502)
D. pantaleonis (MH476307)
078 D. octaedra (MH755678)
0.99 D. semitica (MH476309)
075 D. orientalis (MH476306)
10] D. veneta (F1214233)
0.99 D. karacadagi (MH476311)
D. pavliceki (MH476308)
- 0.99 -E3560 1
E3561 1
1.0 E3559 4 D. schmidti
E3562 4
094203 lpynna Il
E3574 4
E3571 4
E. fetida

0.05

Puic. 2. QunoreHeTnyeckoe gepeBo, NOCTPOEHHOE MO NOC/IeA0BATENbHOCTAM cox T 6alieCOBCKUM METOLOM.

34ecb 1 Ha purc. 3: B y3nax NPUBEAEHbI 3HAUYEHNSA anoCTEPUOPHbIX BepoAaTHOCTel >0.5; undpbl Bosne OTE o603HauatoT Homepa nonyns-

LI, yKa3aHHble B Tabnuue 1 Ha puc. 1.
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Morphotypes and genetic diversity
of Dendrobaena schmidti (Lumbricidae, Annelida)

D. schmidti

Tpynna ll

D. orientalis (MH469553)
D. alpina (MH469554)

D. octaedra (KX651399)

L D.attemsi (KX651397)

D. hortensis (MH469549)

D. pantaleonis (MH469555)

D. ganglbaueri (KT823909)

0.57, E3571 1
E3574 1
1.0| 1.0rE3560 4
.94 LE3561 4
E3573 1
0.59| -E3559 4
0.99LE3562 4
E3540 6
E3534 6
0.88
E3535 7
E3539 7
E3563 3
0.97 E3564 3
— 13565 3
E;gi‘:’ Z D. schmidti
0.78
050 E3537 6 fpynna l
1.0,E3570 1
E3579 1
0.98| E3583 2
E3582 2
—110] E3581 2
’ E3584 2
E3566 3
0.68—— D. alpina (KX651396)
D. semitica (MH469552)
D. pentheri (KT823915)
1.0
0.97
- 1.0
1.0

D. platyura (KT823916)

0.98|:D. karacadagi (MH469547)

D. veneta (MH469546)

D. byblica (KX651415)
E. fetida (JX531618)

0.06

Puc. 3. QunoreHetnyeckoe AepeBo, MOCTPOEHHOE MO NocnefoBaTebHOCTAM ITS2 6aliecoBCKM METOAOM.

o Toynna |
8 m [pynna ll
s 71
[
S 6r
3
o of
o
G at
(]
3,5l
=
S
X ol
Ll n
0 A A A A A A ,
<20 21-30 31-40  41-50 51-60 61-70 <71
OnunHa, mm

Puc. 4. Tuctorpamma pacnpegzeneHus afimH NCccnefoBaHHbIX 0cober.

BeposiTHOCTeH. Kaxast u3 Beret D. schmidti, B cBoto ode-
penb, moapasaenseTcs Ha psj 0o1ee MeKUX MPYTIIL.

Jmnaa nocnenosarensHocTei ITS2 BappupoBana B mu-
pokux mpenenax (549—621 m.H.). HeoOXoanMo OTMETHUTH,
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YTO Kak TeHsl pubocomansHoit PHK, Tak u pa3nensromue ux
TpaHCKpUOUpyeMble crielicepsl 001aJat0T CI0KHON BTOpHY-
HOHU cTpyKTypoii. M3-3a 3TOro nx ammuiudukanus mnpoose-
MaTHYHA ¥ HE TIPOXOIUT 0e3 100aBIeHUS IeHATYPHPYIOIIIX
arenToB, Harpumep JJMCO. Ho maxe ¢ ero qo0aBicHHEM B
MOCIICIOBATEIBHOCTSX TpyIibl [I 00pa3oBbIBaach MIMHIIbKA,
13-3a YeT0 HEKOTOPBIE TOCIIEI0BATEIBHOCTH IIPH CUHTE3€ UX
CEKBEHA3011 OBIIIM YKOPOYEHBI U COAEPKaIN BHYTPEHHIOIO
JIeNeNHI0 IITMHON OKoJIO 78 HyKIIeOoTUI0B. B CBsI3u ¢ 3TUM
JTAaHHBIN y9acTOK HE MOT OBITh IIPOYMTAH KaUC€CTBEHHO U B
MOJTyYSHHBIX TIOCJIEIOBATEIBHOCTSIX HAMH MPOITYILECH U HC-
KJIFOUCH TAKXC M3 BbIpaBHUBAHUS.

ITo mocnenoBarensHOCTIM ITS2 mcecnenoBanubie 0Opas-
bl PA3JICTMIINCh Ha TE€ )K€ JBE TPYMIIbI, YTO M Ha JIEPEBe,
MOCTPOCHHOM 10 (pparmenty rena cox! (puc. 3). Ilpencra-
BUTENN 00EWX TPy OBUIH HAlIEHBI TOJIBKO B TOUKE 1 (CM.
puc. 1).

Bce u3yuenHble 0cO0M UMeNU TUIMYHBIN Uit D. schmidti
nuarao3. Hexotopsie Mopgomornaeckue omingus Halro-
JIAIIUCh y TIpefcTaBuTenci BeiaBieHHbIX rpynm [ u I (oM.

BaBunosckuii XKypHan reHeTuku u cenekuyun / Vavilov Journal of Genetics and Breeding - 2020+ 24 « 1



C.B. LWexoBLoB, 1.B. Panonopr, T.B. NMony6oaposa
A.T. TepacbKkuHa, E.B. TonosaHoBa, C.E. Menbrek

Tabnuiy). [pymmna | B OCHOBHOM BKITIOUACT B CE0sl HEITUTMEH-
THUPOBAHHBIX U c71a00 MUTMEHTHPOBAaHHBIX UyepBeil. B ciydae
Hanmuaust Oypoii (IypIypHO) OKPAacKH OHa JIOXOANT TOJIBKO
J10 ITOSICKA, B TO BpeMsi KaK 4yepBU rpymisl [l nurmenTupoBanst
TIOJTHOCTBIO WJIH ITOYTH TIOJTHOCTBIO, @ CaMa OKPACKa BhIPayKeHa
3aMeTHO cuibHee. HaOmoaroresi 1 HEKOTOpbIe Pa3Indvs B
pa3Mmepax Tena: y 0oJblicit YacTu 0co0eH, OTHOCSIIMXCS K
rpymre [, iHa Tena 0onee 5 ¢M, a y OTHOCSIIIUXCS K TPYTI-
nie [I - menee 3 cMm (puc. 4). 3nauenus kpurepues CThroZICHTa
u Kpamepa—Yaiua juist MMEIOIIMXCS BBIOOPOK TTOKa3alli, YTo
pa3nuYus MeX Iy HUMH J0cToBepHHI mpu p < 0.01.

O6cyxpeHue

Cucremarnka 1 Mopomorndeckas HACHTHPUKAIIS JOXK-
JICBBIX UEpPBEH OBIBAIOT MPOOIEMATHYHBIMU B TEX CIydasx,
Korga B Irpyrtime 6J'II/I3KOp0[[CTBeHHI)IX BUIOB BHYTPUBHUI0BAsA
M3MEHYNBOCTh TEPEKPBIBACT MEKBUAOBYIO. [IpuMeHeHue
MOJICKYJISIPHO-TEHETHYECKUX METO/I0B MO3BOJIMIIO TTOBHI-
CHUTb HAAC)KHOCTb I/I}IeHTI/I(bI/IKa]_II/II/I, OJJHAKO BHOBb IIOAHSIIO
npoOneMy NpUMEHEHHs KOHIENIINY BUa K JaHHOH rpyIIe:
BHYTPUBHJI0BAS HYKJICOTH/HAS H3MEHYNBOCTH YacTO ObIBACT
BechbMa Besmka (Shekhovtsov et al., 2018), uro u 6bLIO OT-
MeueHO HaMu Uit D. schmidti. DTo BiedeT 3a coboii Bompoc,
TJie K€ MPOBOANUTH TPAHUILY MEXTy NMOTCHIHUAIBHBIMHU BH-
JlaMH-J1BOMHUKamu. 110 Hamemy MHEHUI0, Ha IaHHOM JTaIe
MOJIEKYJIIPHO-TEHETHUECKHE JJAHHBIE MOTYT OBITH OCHOBOM
JUIsl IPOOJICHNUS BUJIA JIMIIB B CIydae ero noiaudmimu. B cBs-
31 C OTUM MOXHO KOHCTAaTUpPOBaTh, YTO B 1/13yquH0171 HaMHu
BeIOOpKE ¢ 3amanHoro KaBkas3a BBIAENAIOTCS BE TPYIIIbI,
KOTOpBIE CJIC/IOBAJIO ObI CYMTATh OT/ICTbHBIMU BHIaMH; TEM HE
MCHCEC ITOKa MbI BO3ACPKUMCS OT UX (bopMaanoro OIIMcaHusA.
IIpu 3TOM HyKIIEOTHAHAS U3MEHUYNBOCTH BHYTPH 3TUX I'PYIITT
TaKKe BEJINKa, 0COOCHHO B CITy4ae rpyMIbl [, HyKIeoTHIHbIC
JIICTAHLIMK MEXKIY 00pa3liaMH KOTOPOH 110 TeHy cox ] BbIle
yeMm, HarpuMep, Mex Iy Bugamu D. karacadagin D. pavliceki
(cM. puc. 2), Tak 4TO MOTCHIMAILHOE KOJUYECTBO BHJIOB
BHYTpU D. schmidti MOXeT oKa3aTbcs ¥ BBILIE.

B nonp3y mocnegHero yTBep KAeHus TOBOPUT U TOT (aKT,
YTO B pacCMaTpHBaeMoii BEIOOPKE BCe 0COOM MMENH TUITHYHOE
COCTOSIHHME JAMArHOCTHYECKUX MPU3HAKOB, XapaKTepHOE JIJIs
D. s. schmidti. Iloutn Bce onMCcaHHbIE B TUTEPATYPE TTOIBHIbI
HECKOJIBKO OTIIMYAIOTCSI OT THUIIOBOT'O JIMarHo3a U pacrpocTpa-
HEHBI B FO)KHOW 4acTH apeaJa, IlIaBHbIM o0pazoM B [py3um,
a cJenoBaTeNbHO, Oonee OOmUpHAs MO0 TeorpapuIecKOMY
OXBaTy BbIOOpKa HaBEpHSAKA BBLIBHUT elle Oosee riryOokoe
TeHETHYECKOe Pa3HOoOpa3ye 3TOro KOMILIeKCa.

Hecmotpst Ha OTCYyTCTBHE M3MEHUYMBOCTH 10 AUArHOCTH-
YecKMM IpHU3HakaMm Mexy rpynmamu [ u I, nx npexcrasu-
TEJIM XapaKTePU3yIOTCs Pa3IMuMsIMU 110 Pa3Mepy U OKpacke
Tena. DTH pa3Iuyuusi HECOMHEHHBI U CTaTHCTHYECKH 10CTO-
BEpHBI, HO TEM HE MEHEE MepeKphIBAtOTCA. TakuM 00pazom,
muddepeHnnanys BbISIBICHHBIX IPYIII TOJIBKO [10 BHEITHEMY
By IpOOIeMaTHIHa ¥ MOXKET OBITh IPHMEHEHA JIUIIb IS
OoIBIINX BHIOOPOK.

3aknioyeHune

Ha ocHoBaHMM MOTY4YEHHBIX NaHHBIX MBI IPUIILIIH K 3aKIIIO-
YEHUIO, UTO U3 D. schmidti MO)XHO BBLICINTH KaK MUHUMYM
JIBa OTAEJBHBIX BUJA, CXOAHBIX 10 JUAarHOCTUYECKHUM IIPH-
3HAKaM, HO PAa3JIMYaIOLIMXCs BHEIIHUM BUIOM U II0CIIEA0Ba-
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tenpHOCTAMU JJHK. BrickaskeM mpeanonoxeHnue, 4to Tako-
BBIX BHJJOB MOXKET OKa3aThcs OOJIbINE, TAaK KaK HAMHU HCCIIe-
JIOBaHa JIMIIb MaJasi 4acTh 0OmMpHOTO apeana D. schmidlti.
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Abstract. The objectives of our study were to survey the prevalence of genetic markers for Rickettsia spp., Ehrli-
chia spp., Anaplasma spp., Babesia spp., and Theileria spp. in Hyalomma anatolicum ticks collected in southwestern
Tajikistan and to perform sequencing and phylogenetic analysis of fragments of the 16S rRNA gene and groESL ope-
ron from Ehrlichia spp. and fragments of the 18S rRNA gene of Theileria spp. detected in H. anatolicum ticks. Hya-
lomma anatolicum ticks collected in the Tursunzade and Rudaki districts of Tajikistan were tested for DNA of Rickett-
sia spp., Ehrlichia spp., Anaplasma spp., Babesia spp., and Theileria spp. by PCR with specific primers. The amplified
fragments were sequenced and analyzed. DNA of Ehrlichia spp. (3.3 %) and Theileria spp. (3.3 %) was detected only
in H. anatolicum ticks collected from the Rudaki district, and DNA of Ehrlichia spp. (0.7 %) was found in H. anatoli-
cum ticks from the Tursunzade district. Sequence analysis of fragments of the 16S rRNA gene and groESL operon
from Ehrlichia spp. revealed high similarity to Ehrlichia spp. The Tajik isolates of Theileria spp. were genotyped as
Theileria annulata based on the analysis of 18S rRNA gene sequences. The phylogenetic analysis demonstrates that
Ehrlichia spp. isolates are highly similar to Ehrlichia spp. circulating in China and Brazil. The isolate Tajikistan-5 is
closely related to the putative novel species Ehrlichia mineirensis. The Tajik isolates of Theileria spp. were clustered
with T. annulata isolates from Turkey, Iran, Pakistan, and China by phylogenetic analyses.
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AHHoTayus. ViccnegoBaHo Hanmuve reHeTMyeckoro matepuana Rickettsia spp., Ehrlichia spp., Anaplasma spp.,
Babesia spp. v Theileria spp. B knewax Hyalomma anatolicum, cobpaHHbIX B l0ro-3arnagHom Yact TagKnKncTaHa, ¢
nocneayloLwyM CEKBEHNPOBaHNEM U prnoreHeTNYeCKM aHannsom ¢parmeHToB 16S pPHK reHa n groESL onepoHa
ana Ehrlichia spp. n dparmeHTa reHa 18S pPHK gna Theileria spp., 06Hapy»eHHOro B M3y4YeHHbIX Krewlax. Knewm
H. anatolicum 6binn cobpaHbl B paioHax TypcyH3age v Pygakm 1 nccnefaoBaHbl C MCNOb30BaHNeEM cneunduyHbIX
npaimepos ¢ nomouybto MLP Ha Hanuure reHeTMyeckoro matepuana Rickettsia spp., Ehrlichia spp., Anaplasma spp.,
Babesia spp. v Theileria spp. BoineneHHbie MLP-pparmeHTbl reHoB 16S pPHK, groESL onepoHa n 18S pPHK 6binu
CEKBEHMPOBaHbI 1 MpoBeAeH NX GUIIOTeHETUYECKNI aHaNn3 C LEeNblo FTeHOTUMNMPOBaHNA OOHAPYKEHHbIX 130-
NATOB KnelleBblX NaToreHoB. B knewax, cobpaHHbIX B palioHe Pypaku, obHapyxxeHa OHK Ehrlichia spp. (3.3 %) n
Theileria spp. (3.3 %), a B TypcyH3ape — OHK Ehrlichia spp. (0.7 %). CekBeHnpoBaHue pparmeHToB reHa 16S pPHK n
groESL onepoHa Ehrlichia spp. noka3ano BbICOKMI YPOBEHb FOMOSIOTMN HYKNEOTUAHON NOCIeA0BaTENbHOCTY C U3-
BECTHbIMW nocnegoBatenbHocTAMKU Ehrlichia spp. Tagukckne nsonatol Theileria spp. 6binn reHOTUNMPOBaHbI Kak
Theileria annulata Ha ocHOBe aHanm3a nocnefoBaTeNbHOCTU reHa 18S pPHK. OunoreHeTuyecknii aHanys nokasarn,
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Detection of Ehrlichia spp. and Theileria spp.
in Hyalomma anatolicum ticks collected in Tajikistan

YTO TafpKUKCKMe n3onatel Ehrlichia spp. oueHb 6n13kn ¢ usonatamu Ehrlichia spp., umpkynupytowmmn B Kntae n
Bpasunun. N3onat Tajikistan-5 knactepusyetca ¢ npegnonaraemMbiM HOBbIM BUAOM Ehrlichia mineirensis. Tapgxunk-
cKkune n3onAatbl Theileria spp. 6bIIN reHeTUYECKN CXOXM C BapuaHTamu T. annulata, unpkynupyowmumm B Typumun,

WpaHe, Maknctaxe n Knutae.

KnioueBble cnosa: Hyalomma anatolicum; kneweble undekunw; Ehrlichia spp.; Theileria spp.; TapKMKNCTaH.

Introduction

Ixodid ticks transmit various pathogens to both humans and
animals in Asia (Tishkova et al., 2012; Wu et al., 2013).
Twenty-three species of ixodid ticks have been described in
this region of Central Asia, with the predominant ixodid tick
species being Hyalomma anatolicum Koch, 1844 (Rasulov,
2007). The Crimean-Congo hemorrhagic fever, Sindbis, and
Wad Medani viruses were previously detected in ixodid ticks
in Tajikistan and other Asian countries (Begum et al., 1970;
Gresikova et al., 1978; Petrova et al., 2013). Hyalomma ana-
tolicum ticks are also known to transmit bacterial and parasite
infections such as Lyme disease, babesiosis, piroplasmosis,
theileriosis, and anaplasmosis (Tishkova et al., 2012; Wu et
al., 2013). Theileria annulata (Piroplasmida: Family Theileri-
idae, Genus Theileria) is the causative agent of theileriosis in
domestic animals, which is transmitted by 15 species of ixodid
ticks of the genus Hyalomma (Robinson, 1982). Ehrlichia spp.
(Family Anaplasmataceae, Genus Ehrlichia) are intracellular
Gram-negative bacteria, ecologically associated with ixodid
ticks and their animal hosts (Parola et al., 2001). The patho-
genicity to domestic and wild animals, as well as to humans,
has been demonstrated in Ehrlichia canis, E. chaffeensis,
E. ewingii, E. muris and E. ruminantium (Aguiar et al., 2014;
Cabezas-Cruz et al., 2014). Currently, there are no published
studies on genetic markers and genotyping of Rickettsia spp.,
Ehrlichia spp., Anaplasma spp., Babesia spp., and Theile-
ria spp. in H. anatolicum ticks in Tajikistan.

The objectives of this study were to survey the prevalence
of genetic markers for these tick-borne infections in H. ana-
tolicum ticks collected in southwestern Tajikistan, and to
perform sequence and phylogenetic analysis of Ehrlichia spp.
and Theileria spp. detected in the ticks.

Materials and methods

Tick harvesting. Adult ticks were collected from domestic
animals in several villages of the Rudaki district (Somoniyon
N 38°26"27", E 68°46'28") and the Tursunzade district (Tur-
sunzade N 38°30'39", E 68°13'49") in southwestern Tajikistan
in July 2009 (Fig. 1). The ticks were transported and samples
for analysis were prepared as described in (Petrova et al.,
2013). Tick species were identified by morphological exami-
nation with subsequent confirmation by PCR and sequencing
of PCR products of a 16S rRNA fragment of the mitochondrial
genome of the ticks.

PCR detection of genetic markers. DNA was isolated
from tick homogenates by phenol/chloroform extraction
using a commercial kit (Lytech, Moscow, Russia) following
manufacturer’s instructions. It was kept at —20 °C until use.
The genetic markers of Rickettsia spp., Ehrlichia spp., Ana-
plasma spp., Babesia spp. and Theileria spp. in ticks were
detected by PCR with specific primers (see the Table). The
PCR fragments were purified using Wizard SV Gel and a PCR
Clean-Up System kit (Promega, USA) according to manu-

facturer’s instructions. All PCR fragments were sequenced
in a 3130 Genetic Analyzer automated capillary sequencer
(Applied Biosystems Inc.). DNA sequencing reactions were
performed with BigDyeTerminator v3.1 Cycle Sequencing
Kits (Applied BioSystems, USA). Both strands of each gene
fragment were directly sequenced; each sample was sequenced
twice. Precautions were taken at all steps of analysis to avoid
cross-contamination among samples.

Nucleotide sequences and phylogenetic analyses. DNA
sequences were compared with sequences available in Gen-
Bank using the Basic Local Alignment Search Tool (BLAST)
on http://blast.ncbi.nlm.nih.gov. Evolutionary analyses were
conducted with MEGAS software (Tamura et al., 2011).
Multisequence alignments were performed using ClustalX.
For each analyzed gene a phylogram was constructed by the
maximum likelihood method. Phylogenetic distances between
homologous sequences were calculated using Kimura’s two-
parameter model. Confidence levels for individual branches
of the resulting tree were determined by bootstrap analysis
with 1000 replicates.

Results and discussion

Tick harvesting

Adult H. anatolicum ticks (138 females and 244 males)
were collected and grouped in 137 pools. Tick species were
identified by sequencing a fragment of 16S rRNA mitochon-
drial gene for all pools. Two original variants of 16S rRNA
mitochondrial gene fragment sequences found in these ticks
were submitted to GenBank (accession numbers KP059123
and KP059124). The nucleotide fragments showed 99.9 %
similarity to the corresponding H. anatolicum sequences from
GenBank. These tick pools were tested by PCR for genetic
markers of Rickettsia spp., Ehrlichia spp., Anaplasma spp.,
Babesia spp., and Theileria spp. and other ticks were used for
genotyping. Of those ticks, 290 (179 males and 111 females)

KAZAKHSTAN 37

1.5 RUSSIA

AFGHANISTAN

Fig. 1. Tick collection sites in Tajikistan: 7, Tursunzade district; 2, Rudaki
district.
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Primers used for PCR identification of ticks and tick-borne infections in the present study
Species detected Gene Primers Primer sequence (5'—3’) Amplicon Reference
size, bp

Hyalomma spp. (ticks) 16S rRNA gene 425 This study

(mitochondrial)
Rickettsia spp. gltA 765 Roux et al., 1997

Ehrlichia spp./Anaplasma spp.

were collected in the Tursunzade district and 92 (65 males
and 27 females) from the Rudaki district. The PCR tests for
Ehrlichia spp. and Theileria spp. were positive in the range
0.7-3.3 %. The PCR tests for Rickettsia spp., Anaplasma spp.,
and Babesia spp. were negative in all tick samples.

Theileria identification

Theileria spp. was detected in 3.3 % ticks from Rudaki but
not in ticks from Tursunzade. The amplified PCR fragments
of 18S rRNA (1090-1092 bp) were isolated and sequenced
(GenBank accessions KM288517-KM288519). The se-
quences were 100 % identical to isolates of Theileria annu-
lata circulating in Turkey (AY508463) and Iran (KF429799,
HM628581), similar by 99.9 % to isolated from Pakistan
(JQ743630) and China (EU073963) and by 99.7 % to isolates
from Spain (DQ287944). Phylogenetic analysis confirmed that
Theileria spp. isolates from the Rudaki district of Tajikistan
belonged to Th. annulata (Fig. 2). The analysis of 18S rRNA
gene fragment for three isolates of Th. annulata from south-
western Tajikistan showed that all isolates were genetically
identical (100 % similarity).

Ehrlichia identification
The presence of Ehrlichia spp. has not been previously do-
cumented in ticks and animals in Tajikistan. DNA of Ehrli-
chia spp. was detected in five pools of H. anatolicum ticks
collected in the Rudaki and Tursunzade districts. The infection
rates for Ehrlichia spp. were 3.3 % in Rudaki and 0.7 % in
Tursunzade. The fragments of the 16S rRNA gene (1291—
1352 bp) and groESL operon (1248—1315 bp) were sequenced
(KM995818-KM995821, KP059122, KJ930191-KJ930195).
The nucleotide sequences of 16S rRNA gene fragments were
highly conserved (99.5-100 %) among studied isolates.
The similarity levels of the studied 16S rRNA fragments to
E. chaffeensis (CP007478), E. canis (KI513197), and E. muris
(NR121714) were 99.2, 99.2, and 99.3 %, respectively.

The phylogenetic tree generated using Ehrlichia spp.
groESL operon fragment sequences was markedly different

Raretal., 2010

from the tree based on 16S rRNA sequences (Fig. 2, b, ¢). The
16S rRNA gene fragment analysis (1140 nucleotides) showed
that all isolated Ehrlichia spp. were genetically close (see
Fig. 2, b). The studied isolates grouped in the same branch of
the phylogenetic tree as isolates from the Fujian province in
Southeastern China (DQ324547) and the Tibet Autonomous
Region of China (AF414399). The Tibetan isolate was grouped
with the E. canis branch, which is genetically close to the spe-
cies E. chaffeensis, pathogenic for humans (Wen et al., 2002).
We note that the Tajik isolates were most similar to Chinese
isolates from regions of China that do not border Tajikistan.
The phylogenetic tree generated using Ehrlichia spp. groESL
operon fragment sequences was markedly different from
the tree based on 16S rRNA sequences (see Fig. 2, ¢). The
nucleotide sequences of groESL operon Ehrlichia spp. found
in Tajikistan are separated into three groups. Tajikistan 1
and 2 isolates were closest to two isolates Ehrlichia spp. from
different regions of China (Xinjiang, Hyalomma asiaticum;
Yunnan, Rhipicephalus microplus), Tajikistan 3 and 4 cluster
with a different Chinese isolate (Xinjiang, Hyalomma asiati-
cum). Tajikistan 5 showed high similarity to Ehrlichia spp.
(JX629806) isolated in Brazil from a Rhipicephalus microplus
tick (Cruz et al., 2012). Tajikistan 5 has 13 nucleotide and
2 amino acid substitutions in comparison to the Brazilian
isolate. The American isolate was previously identified as a
new species of Ehrlichia spp. named E. mineirensis. It causes
clinical manifestations associated with ehrlichiosis in experi-
mentally infected calf (Aguiar et al., 2014).

Tajikistan 14 isolates clustered with Chinese isolates from
Xinjiang and Yunnan Provinces. Xinjiang Province shares
borders with Tajikistan in southwestern China, unlike Yun-
nan. Tajikistan 5 isolate was the most genetically distinct from
other Ehrlichia spp. grouping with UFMG-EV and UFMT-
BV isolates from Brazil and BOV2010 isolate from Canada
(Gajadhar et al., 2010; Aguiar et al., 2014; Cabezas-Cruz et
al., 2014). We infer that Tajikistan 5 isolate belongs to the
putative novel species of Ehrlichia spp. previously named
E. mineirensis.
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T. annulata (Turkey; AY508463)
T. annulata (Pakistan; JQ743630)
T. annulata (Iran; HM628581)
T. annulata, isolates Tajikistan (KM288517-KM288519)
T. annulata (China; EU073963)
T. annulata (Iran; KF429799)
T.annulata (Spain; DQ287944)
T. buffeli (Italy; FJ426360)
T. lestoquardi (China; AF081135)
T. taurotragi (L19082)
T. parva (South Africa; HQ684067)
88T, spp. ex Syncerus caffer (South Africa; HQ895982)
T. ovis (China; FJ603460)
T. velifera (Tanzania; AF097993)
T. capreoli (China; KJ188211)
T. luwenshuni (China; KC735167)
T. cervi (USA; AY735120)
T. uilenbergi (China; KJ188232)
Babesia microti (Germany; EF413181)
Babesia canis (Croatia; AY072926)
Babesia bovis (Portugal; AY150059)

70

99

0.02

E. ssp. Fujian (China; DQ324547)
E. ssp. Tibet (China, Tibet; AF414399)
Tajikistan 1 (KM995818)
Tajikistan 2 (KM995819)
Tajikistan 4 (KM995821)
Tajikistan 3 (KM995820)
Tajikistan 5 (KP059122)
97| E. canis (Turkey; KJ513197)
E. ovina (Turkey; AF318946)
97| | E. spp. UFMG-EV (Brasil; JX629805)
97! E. spp. clone 2-3 (Canada; HM486685)
— E. spp. Yonaguni138 (Japan; HQ697588)
E. ewingii (USA; U96436)
76 Candidatus E. shimanensis (Japan; AB074459)
E. chaffeensis (USA; CP007476)
E. muris (Japan; NR025962)
85 E. spp. Yunnan (China; GU227701)
E. spp. Shizuoka-36 (Japan; AB178793)

E. ruminantium (South Africa; DQ647616)
Anaplasma phagocytophilum (Russia; HM366582)

75

0.01

741 E. muris (Russia, Western Siberia; GU358687)
1001 E. muris (Russia, Far East; GU358689)
E. muris (Russia, Ural; GU358690)

8 Candidatus E. ovata (Japan; DQ672553)

E. canis (Philippines; JN391408)

76|87 Tajikistan 5 (KJ930195)

914 E. spp. UFMG-EV (Brasil; JX629806)

_|7 Candidatus Neoehrlichia mikurensis (Russia; FJ966361)
99 E. phagocytophila (USA; U96730)
Candidatus E. shimanensis (USA; AB074462)

Tajikistan 4 (KJ930194)

Tajikistan 3 (KJ930193)

E. spp. Xinjiang157-4 (China; JX402612)

Tajikistan 2 (KJ930192)

og| Taijikistan 1 (KJ930191)

75 E. spp. Xinjiang157-6 (China; JX402613)

77 E. spp. LCT20 (China; KF977220)

E. spp. Kh-Hj27 (Russia, Far East; FJ966349)

96— E. spp. Am-Hc79 (Russia, Far East; JX092091)

‘ E. ewingii (USA; AF195273)

E. spp. Yonaguni206 (Japan; HQ697591)
— E. chaffeensis (USA; CP007478)
100L—— E. ruminantium (sub-Saharan Africa; CR925677)

~N
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Fig. 2. Phylogenetic tree of Theileria spp. and Ehrlichia spp. isolates: a, based on 18S RNA of Theileria spp.; b, based on the 16S rRNA

gene of Ehrlichia spp.; ¢, based on the groESL operon of Ehrlichia spp.

For each gene analyzed, a phylogram was constructed by the maximum likelihood method. Phylogenetic distances between homologous
sequences were calculated using Kimura’'s two-parameter model. Confidence values for individual branches of the resulting tree were
determined by bootstrap analysis with 1000 replicates.
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Conclusions

Hyalomma anatolicum ticks collected in Tajikistan were tested
by PCR for markers of tick-borne bacterial and protozoan
infections. DNA of Ehrlichia spp. and Theileria spp. was
detected in ticks collected from the Rudaki and Tursunzade
districts. The infection rates for Ehrlichia spp. and Theile-
ria spp. DNA markers ranged within 0.7-3.3 % according to
PCR. Fragments of the 16S rRNA gene and groESL operon
from Ehrlichia spp. and of the 18S rRNA gene from Thei-
leria spp. were isolated and sequenced from H. anatolicum
ticks. Phylogenetic analysis demonstrated that EArlichia spp.
isolates were highly similar to Ehrlichia spp. circulating in
China and Brazil. Isolate Tajikistan 5 was closely related to
the putative novel species E. mineirensis. The Tajik isolates
of Theileria spp. were genotyped as Theileria annulate, and
fragments of the 18S rRNA gene from these isolates were
highly similar to the 18S rRNA gene of 7. annulata isolates
from Turkey, Iran, Pakistan and China.
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Wild pea (Pisum sativum L. subsp. elatius (Bieb.) Aschers.
et Graebn. s.1.) at the periphery of its range: Zagros Mountains
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TInstitute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
&) e-mail: kosterin@bionet.nsc.ru

Abstract. Characteristics of wild peas and their habitats at the periphery of the range are interesting with respect
to their potential importance for pre-breeding programs aimed at selection for different environmental conditions.
However, wild pea diversity in peripheral regions is insufficiently represented in the existing germplasm collections.
In such regions, wild pea populations are rare, small in size and suffer from climatic change and land exploitation,
hence their focused search is strongly desirable. A two-week-long expedition to Iran in May 2017 revealed two small
populations of the wild pea (Pisum sativum subsp. elatius) in the Zagros Mts, in Aligudarz and Khorramabad Districts
of Lorestan Province, Iran, at elevations of 1841 and 1971 m a.s.l,, respectively. Their habitats are briefly described.
Two pea accessions derived from them, CE9 and CE10, were characterised for some visible and molecular characters.
These peas appeared to belong to the evolutionary lineage B, recognised by us earlier in P. sativum as opposed to the
so-called lineage AC. They contain a unique non-conservative substitution in subtype 5 of histone H1 and turned to
be most related to some wild pea accessions originating from southern and south-eastern Turkey and Golan Heights.
Scarce information available on wild pea occurrence in Iran suggests their existence in the south-western principal
slope of Zagros Mts and southern principal slopes of Elborz and Kopet Dagh Mts. It was found that wild peas repre-
senting the evolutionary lineage B produce poorly open and poorly coloured flowers (as reported by us earlier) only
in the greenhouse conditions but normally pigmented and open flowers in the wild and mesh houses at open air in
Israel. Some issues of pea taxonomy are discussed.

Key words: Pisum sativum L. subsp. elatius (Bieb.) Aschers. et Graebn.; Pisum sativum L. subsp. biflorum (Rafin.) Soldano;
Lathyrus oleraceus L. subsp. biflorus (Rafin.) Coulot et Rabaute; pea; crop wild relatives; Iran; Zagros Mountains; Fertile
Crescent.
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Huikuii ropox (Pisum sativum L. subsp. elatius (Bieb.) Aschers.
et Graebn. s.1.) Ha nnepudepun apeasna: ropsl 3arpoc

0.2. Kocrepun 2@, B.C. Borpanosal, A.B. Mrauner!

1 DepepanbHblii NCCNeaoBaTeNbCKUIA LeHTP VIHCTUTYT umutonorum n reHetnkn Cnbrpckoro otaeneHna Poccuinckor akageMmnm Hayk,
HoBocnburpck, Poccus

2 HoBOCHOMPCKIMI HAaLMOHANbHbIN NCCNEA0BATENbCKNIA FOCYAAPCTBEHHDI YHMBepCuTeT, HoBoCcnbrpckK, Poccus

® e-mail: kosterin@bionet.nsc.ru

AHHOTauua. MecToobrTaHUA 1 MPU3HaKN AVKMX COPOAMYEl ropoxa Ha nepudepun nx apeana HebesbiHTEPECHDI
BBUY UX BO3MOXKHOIO 3HaYeHWUA ANA CeNneKkLnn Ha COOTBETCTBME Pas3fIMyHbIM YC/TOBMAM CpeAbl. B To e BpemsA pa3Ho-
o6pasue [JMKoro ropoxa n3 neprpepuiiHbiX peroHoB HeAOCTaTOYHO NPEeACTaBNEHO B MUPOBbIX KOMIIEKLMAX FeHeTH-
Yyeckoro maTepuana. Ha nepndepun apeana ero nonynaumm BCTPEYaOTCA PeAKo, HEBENIMKI MO pasmepy 1 CTpafatoT
OT 3eMNenosib30BaHNA N U3MEHEHUI K/lMMmaTa, MO3TOMYy BeCbMa »KenaTesieH 1X LeneHanpas/ieHHbI nonck. B xoge
LBYyXHefenbHoW sKkcneanummn B MipaH B mae 2017 1. 66111 o6Hapy*eHbl ABe NOMyAALUM JMKOFO NOCEBHOTO ropoxa
(Pisum sativum L. subsp. elatius (Bieb.) Aschers. et Graebn.) B ropax 3arpoc, B paioHax Anvryaaps n Xoppamabag npo-
BUHUMN JlypucTtaH, MipaH, Ha BbicoTe 1841 1 1971 M HaZ ypOBHEM MOpPA COOTBETCTBEHHO. [IpuBefeHbl KpaTkue onmnca-
HMA UX MecToobMTaHNI. MonyyeHHble U3 3TVX nonynauunin nuHumn ropoxa, CE9 n CE10, oxapakTepr3oBaHbl B OTHOLLE-
HUWN HEKOTOPbIX BHELIHWX Y MONEKYIAPHbIX Npu3HakoB. OHM NprHaanexat K 3BONMOLNOHHON NHMK B, BbiABNEHHOWM
Hamu paHee 1 NPOTMBOMOCTaBNEHHOW Tak Ha3biBaemon nnHum AC B npepenax Buga P. sativum, MetoT YHUKasbHY10
HeKOHCepBaTMBHYIO 3aMeHy B cybTune 5 ructoHa H1 1 Hanbonee poacTBEHHbI HEKOTOPbLIM 06pa3LamM 13 XKHOMN 1
10ro-BOCTOUHOM TypLmm 1 fonaHcKmx BbICcoT. Mimelowwanca B niutepaTtype ckyaHasa MHPOpMaLMa O MECTOHAXOXKAEHNAX
[VKOro ropoxa B VlpaHe CBMAETENbCTBYET, YTO OH PacMpOCTPaHeH B 3TOM CTPaHe Ha loro-3anafHoM MakpOCKJIOHe
rop 3arpoc 1 Ha l0XKHbIX MaKpOCKJIoHax rop dnbbypc n Konetaar. O6HapyeHo, YUTO NpefCcTaBUTeNN SBOSTIOLIMIOHHOWN
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Lnkunin ropox (Pisum sativum subsp. elatius)
B ropax 3arpoc

nvHum B gukoro ropoxa ¢OpMVIpleT NNOX0 pacKkpbITblie U cnabo NMATMEHTUPOBAaHHbIE LUBETKN B YCJIOBUAX TEMInLbl,
TOrAa Kak B npnpoae 1N CETOYHbIX PaCTUWIbHAX Ha OTKPbITOM BO34yxXe B YCJIOBUAX T. PexoBor, l/|3pavu'|b, OHUN NMPOn3BO-
[AAT HOPMaJibHO pacKpbITble N MMTMEHTUPOBAHHbIE LIBETKN. 06cy)K,D,aIOTCF| HEKOTOpble€ aKTyaJ/lbHbl€ BOMPOCbl TaKCO-

HOMWWU ropoxa.

KnioueBble cnosa: Pisum sativum L. subsp. elatius (Bieb.) Aschers. et Graebn.; Pisum sativum L. subsp. biflorum (Rafin.)
Soldano; Lathyrus oleraceus L. subsp. biflorus (Rafin.) Coulot et Rabaute; ropox; ankre copoanum KynbTypHbIX pacTe-

Hun; MpaH; ropbl 3arpoc; MNnogopopHbi nonymecad.

Introduction
The pea (Pisum sativum L.) is an important crop of higher
latitudes useful as vegetable, grain, fodder and natural soil
fertiliser in crop rotation and was among the founder crops first
domesticated in the Near East in the course of the so-called
‘Neolithic revolution’ (Zohary, Hopf, 2000; Weiss, Zohary,
2011). The cultivated pea was the first genetic object and
has accumulated enormous genetic and phenotypic variation
(Blixt, 1972; Makasheva, 1979; Kosterin, 2016a). At the same
time, representatives of the same species, P, sativum, still exist
in the wild, enjoying a broad range in the Mediterranean in the
broad sense, stretching from Portugal in the west (ca 9° W) to
Turkmenistan in the east (ca 60°30’ E) and from Normandy in
the north (48°44' N) to Sinai in the south (ca 34° N).
Taxonomical attribution of wild representatives of P. sati-
vum was equivocal until some temporary stabilisation under
a compromise system by Maxted and Ambrose (2001), who
lumped all them under subspecies P. sativum L. subsp. elatius
(Bieb.) Aschers. & Graebn. in a broad sense, defined solely by
the fact of being wild and thus inevitably paraphyletic since
the cultivated pea, P. sativum L. subsp. sativum, was derived
from a wild representative of the same species. This treat-
ment, however, disregards the fact that according to the rules
of the botanical nomenclature (International Code..., 2012),
the correct name of wild peas in a subspecies rank should be
P sativum L. subsp. biflorum (Rafin.) Soldano rather than
P, sativum subsp. elatius (Soldano, 1992). Moreover, the com-
prehensive molecular phylogenetic analysis of the tribe Fabeae
by Schaefer et al. (2012) suggested that the genera Pisum L.
and Vavilovia A. Fed. form a branch inside the genus Lathy-
rus L. so making the latter paraphyletic. As a consequence,
Coulot and Rabaute (2016) made an attempt to revise the
Fabeae taxonomy to make it phylogenetically consistent and,
in particular, downgraded Pisum to the section Lophotropis
(Jaubert et Spach) H. Schaefer, Coulot et Rabaute of the genus
Lathyrus L. Kosterin (2017) pointed out that the section name
Lophotropis was incorrect and corrected its name to Lathyrus
sectio Pisum (L.) Kosterin, which was accepted by Coulot and
Rabaute (2017). Although phylogenetically consistent, this
revised system (Coulot, Rabaute, 2016, 2017; Kosterin, 2017),
where the pea gets the name Lathyrus oleraceus Lamarck
and its wild representatives the name L. oleraceus Lamarck
subsp. biflorus (Rafinesque) H. Schaefer, Coulot et Rabaute,
is practically inconvenient as downgrading the small genera
Pisum L. and Lens L. which contained such important crops
as pea and lentil, respectively. Hence scholars whose interest
to these two groups is motivated, at least to some extent, by
practical agricultural aspects are either reluctant to adopt so
radically revised a system or, more frequently, have no idea of
it. In this paper we will keep to the habitual although somewhat
outdated system by Maxted & Ambrose (2001) and denote
wild representatives as P. sativum subsp. elatius.

As crop wild relatives, wild peas are practically important
as a source of genetic diversity potentially valuable for pea
breeding, first of all genes for resistance to various pests,
diseases and draught (Kosterin, 2016b). No doubt, any in-
formation on the wild pea natural populations and their
habitats is of importance, both theoretical and practical, i.e.
for preliminary conjectures about selectively useful genes in
a given population.

In spite of the great natural range of wild peas, in most
parts of it they are rare plants with small populations (Maxted,
Kell, 2009), strongly affected by sheep and goat grazing and,
supposedly, by global warming (Coyne et al., 2011). Informa-
tion on their habitat and ecology is scattered over local floras
where it is provided in few general words at most. At the same
time, it may be useful for at least a preliminary evaluation
of usefulness of particular wild pea stocks for pre-breeding
focused on certain traits. Two works from Israel, nearly the
core of diversity of wild peas and the country where they are
perhaps most common, contain more detailed information.
Ben-Ze’ev and Zohary (1973) provided information on the
habitat from where each wild pea accession involved into
their study originated. Abbo et al. (2008) provided most de-
tailed information on Israeli habitats of wild peas including
the rock and soil types. Zlatcovi¢ et al. (2010) characterised
the habitat and population of P. sativum subsp. elatius at the
P¢inja River in SE Serbia.

We found populations of the wild pea subspecies P. sativum
subsp. elatius in a number of regions at the periphery of its
range. For the time being these are, from west to east, Portugal,
Crimea, the Caucasus within Krasnodarskiy Kray, and Iran.
The information on the wild pea habitat and population found
in NE Portugal is published in ‘Materials and methods’ in
Zaytseva et al. (2015) and a photo of a withered pea plant of
that population is published in Kosterin (2016b, Fig. 1). This
paper concerns the wild pea findings in the Zagros Mts in Iran.
Populations of crop wild relatives from Zagros are of special
interest since these mountains are considered the eastern part
of the so-called Fertile Crescent, the area of origin of the
‘Neolithic Revolution’ in the Near East (Zohary, Hopf, 2000).

On May 18-31, 2017, the first author had an opportunity to
join a dipterological expedition to Iran focused at long-legged
flies (Dolichopodidae) by Igor Y. Grichanov from All-Russian
Institute of Plant Protection, Saint-Petersburg, Russia, and
Azam Ahmadi from Baran Plant Protection Institute, Arak,
Ostan-e Markazi, Iran. The entomological results were pub-
lished in Grichanov et al. (2017) and Kosterin, Ahmadi (2018);
the latter source contains detailed descriptions of the localities
examined.

Materials and methods
Search for wild pea populations. The expedition was based

at Arak City, the capital of Markazi (Central) Ostan (province)
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and visited Markazi, Lorestan and Esfahan Ostans. In total,
33 localities were examined, mostly associated with running
water (because of the entomological focus). Four times, on
May 23, 25, 26 and 31, the first author had an opportunity to
visit Lorestan and to examine the first outposts of the Medi-
terranean vegetation in the valleys of the Higher Zagros (the
peaks of which were still covered by snow). The Silakhor Plain
lying north-west of the Higher Zagros is in its rain shadow and
both the valley itself (except for the floodplains of few rivers)
and the bordering mountain slopes lack natural arboreal vege-
tation (only that associated with human activity is present).
At the same time, in the upper parts of the valleys dividing
the south-western slope of the Higher Zagros at ca 2000 m
above sea level (a.s.l.), an open stand of the Persian Oak
(Quercus brantii Lindl.) appears, with the participation of the
Montpellier Maple (Acer monspessulanum L.), Christ’s Thorn
(Paliurus spina-christi Mill.) and Prunus sp. At lower levels
of those valleys this oak parkland covers the slopes entirely.
The first author examined four valleys and found wild pea
populations in two of them.

Plant growing and derivation of wild pea accessions.
Seeds collected in nature in two populations found in Iran (at
Kagelestan-e Bar Aftab and Istgah-e Bisheh, see below) were
sowed in the greenhouse in autumn generation (October—De-
cember) 2017. One plant from each of these two populations
was chosen, their progenies were propagated in the same
greenhouse in spring generation (February—May) 2018, and
gave rise to accessions CE9 and CE10, respectively.

The prefix ‘CE’ was at first introduced by us for wild pea
accessions derived from wild populations found in 1991 in
Crimea (Kosterin, Bogdanova, 2008), abbreviated from ‘Cri-
mean elatius’. It appeared convenient to adopt it for the
entire collection of confirmed wild peas of our Laboratory
of Genetics and Evolution of Legumes at ICG SB RAS with
its meaning reconsidered as certa exempla, that means ‘true,
reliable specimens’ in Latin. (The above-mentioned wild pea
accession derived from a population from NE Portugal, pub-
lished as “PE1” (Zaytseva et al., 2015, p. 236), with a sy-
nonym JI3557 in John Innes Centre collection, gets in this
system the accession number CE11.) This collection is a part
of GENAGRO collection at this institute.

Molecular procedures. DNA isolation, PCR and CAPS
analysis of the plastid gene rbcL and mitochondrial gene cox/
were carried out as described in Kosterin, Bogdanova (2008).
The nuclear gene His5 of histone H1 subtype 5 was sequenced
according to Zaytseva et al. (2012); the plastid spacer psbA-
trnH, according to Zaytseva et al. (2017).

DNA sequences obtained in these works are stored in public
databases with the following accession numbers: MK933283,
MK933284 (psbA-trnH spacer), MK952766, MK952765
(gene His5) for CE9 and CE10, respectively.

Results

Natural populations of wild pea

(Pisum sativum subsp. elatius s. l.) in Zagros

A wild pea population was found on May 23, 2017 in Iran,
Ostan-e [Province of] Lorestan, Shakhrestan-e [County of]
Aligudarz, Bakhsh-e [District of] Besharat, 700 m N of the
centre of Kagelestan-¢ Bar Aftab village, at 33°02'13" N,

Wild pea (Pisum sativum subsp. elatius)
in Zagros Mountains

Fig. 1. The habitat of wild peas in Iran, Ostan-e Lorestan, Shakhrestan-e
Aligudarz, Bakhsh-e Besharat, at Kagelestan-e Bar Aftab village.

49°3923" E, 1841 m a.s.l. The wild peas were found in the
lower part of the steep NW slope of the left (opposite to the
village) board of the valley of the Rudbar-e Aligudarz River
(a Dez River tributary). The slope had large rock (supposedly
dolomite) outcrops and was covered with annual Graminea
vegetation and sparse bushes of a wild almond Prunus sco-
paria Schneider (Fig. 1). About 40-50 plants were found
on an area ca 10 x 10 m at the bases of spiny almond bushes
seemingly protecting them from being grazed by cattle, the
paths of which were numerous on that slope. The plants were
at the final vegetation stage, with the vegetative parts withered,
pods ripen, about half of them dried out and about quarter of
them dehisced (Fig. 2). In total 193 seeds were collected, 48 of
which later appeared to be infested by the pea weevil (Bruchus
pisorum L.). One of those seeds gave rise to accession CE9
(= W6 56889 in the USDA GRIN).

In the same habitat and also at the almond bush bases
another crop wild (distant) relative, Cicer anatolicum Alef. oc-
curred, at the stage of flowering and young pods. (The unripen
seeds were collected and later sowed in the greenhouse, one
plants emerged but too late to be allowed to produce seeds, a
DNA sample being isolated from it.)

The second wild pea population was found on May 31,
2017 in Iran, Ostan-e Lorestan, Shakhrestan-e Khorram-
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Fig. 2. Plants of P. sativum subsp. elatius of the population at Kagelestan-e Bar Aftab village.

Fig. 3. The habitat of wild peas in Ostan-e Lorestan, Shakhrestan-e Khorramabad, Bakhsh-e Papi, 6.7 km NW of Istgah-e Bisheh
village.

abad, Bakhsh-e Papi, 6.7 km NW of Istgah-e Bisheh village
(broadly known as simply Bisheh), 33°22'12" N, 48°49'34" E,
1971 m a.s.l. (this is 85 km NW of the previous locality), in a
rocky dell with a stony/detritous bottom with rock outcrops,
its upper part becomes a small gorge between large cliffs
(Fig. 3). The vegetation was dry Persian Oak stand; annual
Poaceae, already withered, predominated in the grass layer.
Wild pea plants occurred on the detritous bottom and at the
base of the rocky right slope of the dell, in a stripe ca 110 m
long but not more than 10 m wide; they alternate with plants

of some perennial vetch (Vicia sp.). Not less than a hundred
plants were found. They were completely withered (Fig. 4),
with all normally developed pods already open, with on
average one seed per plant found captured in the rolled pod
walls (see Fig. 4, top left). Only some pods which dried un-
derdeveloped, had the walls not opened. Also about a dozen
of ripen but not yet dried pods were found, bearing traces of
pea weevil eggs, traces of burrowed young larvae (up to 20 per
pod), and solitary neoplastic pustules caused by the Np gene
(see Fig. 4, top right) and being the plant’s defense reaction
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in Zagros Mountains

Fig. 5. The seeds of wild pea accessions CE9, originating from a population at Kagelestan-e Bar
Aftab village (a), and CE10, originating from a population 6.7 km NW of Istgah-e Bisheh village (b).

to weevil oviposition (Berdnikov et al., 1992). In total 87 seeds were collected, of
them 24 appeared infested by the pea weevil. One of those seeds gave rise to ac-
cession CE10 (= W6 56890 in the USDA GRIN).

It should be noted that on May 25, 2017 in the environs of Hayan village
(33°47" N, 48°54"25" E, 1644 m a.s.l.) (Shakhrestan-e Borujerd), also in Lorestan
but at the NE foothills of the Inner Zagros Range facing the Silakhor Plain, in a
roadside herbaceous vegetation under a stripe of poplars, the first author found
several plants of obviously feral peas escaped from cultivation. They had two

Wild pea (Pisum sativum subsp. elatius)

small non-dehiscing pods (phenotype
dpo; the character of cultivated peas)
per inflorescence, seeds with anthocy-
anin coloration (phenotype Fs), marble
pattern (phenotype M), and non-gritty
testa (phenotype gty). Locals told that
in that place peas had been grown for
fodder 7-8 years ago.

Characters of wild peas from Zagros
We scored accessions CE9 and CE10
for some molecular characters involved
in our previous studies. Both lacked
the recognition sites for HspAl endo-
nuclease in the plastidic rbcL and the
site for Psil restriction endonuclease
in the mitochondrial cox/ gene. The
sequence of psbA-trnH plastidic spacer
of CE9 was identical to its consensus
in peas (Zaytseva et al., 2017) while
that of CE10 had a substitution A—T
in position 128. The sequences of the
His5 gene coding for histone H1 sub-
type 5 obtained from CE9 and CE10
were compared to those obtained in the
course of our earlier works (Zaytseva
et al., 2012, 2015; Bogdanova et al.,
2018). The His5 sequences in CE9 and
CE10 appeared identical to each other
and most close to those of JI1794 (Golan
Heights) and P012 (Turkey, Adiyaman
Province) (also identical to each other),
differing from them only by an A—C
substitution in position 452 resulting in
anon-conservative substitution of lysine
to threonine in the globular domain of
the molecule (protein position 111). This
substitution was not found in any other
pea accession. One more His5 sequence
very close to the above mentioned, that
from accession JI3233 (Syria), differed
from them by the T—C substitution in
position 722 leading to the valine—
alanine amino acid substitution in the
C-terminal domain.

The seeds of both accessions CE9
and CE10 (Fig. 5) have gritty testa
(phenotype Gty, a wild character), black
hilum (PI), a brownish marble pat-
tern (M), violet specks (Fs), no furca
pattern (rf). Those of CE9 in addition
have conspicuous violet stripes (Us")
(see Fig. 5, a). The young seed ground
colour is rather pale greenish-grey in
CE9 (see Fig. 5, @) and brownish-grey
in CE10 (see Fig. 5, b); the shape is
slightly irregular, not perfectly sphaeric.
If scarified and sowed after 1-2 month
after formation, they readily germinated,
earlier than most other peas.
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Fig. 6. Pea accession CE9: leaflets and stipulae of a young plant (a) and
flowers (b) in the ICG hydroponic greenhouse and in an outdoor mesh
house at Agronomy Faculty of Hebrew University of Jerusalem, Rehovot,
07.05.2019 (c).

The plants found in the Kagelestan-e Bar Aftab popula-
tion (CE9) in nature were up to 70 cm in height, those in the
Bisheh population (CE10) only up to 40 cm. In the intraspecies
taxonomy of wild representatives of P. sativum used in the
past and based on the plant height, they would be classified
as ‘Pisum humile’ (Ben-Ze’ev, Zohary, 1973) or P. sativum
subsp. syriacum Berger (Makasheva, 1979). In the conditions
of the greenhouse spring vegetation the difference in plant
height retained but had a lesser magnitude of ca 30 %: the
CED9 plants were 69-122 cm tall (mean 106.0+13.2; n =39),
flowered from 14th—19th node (mean 16.7+1.0) and totally
had 18-23 nodes on the main stem (mean 21.0+1.2); the same
parameters of CE10 had the following values: 40-94 (mean
74.1+£16.7;n=37),14-18 (mean 15.7+1.0) and 17-21 (mean
19.2+1.1), respectively. The plants were elegant, with long
internodes, narrow stipulae only moderately dentate at base,
rather narrow rhomboid-oval very slightly dentate leaflets
(larger in CE10), had numerous aerial cameras on both stipulae
and leaflets and outer anthocyanin rings (but no inner rings)
at the base of stipulae (manifestation of some of the dominant
alleles of the gene D). Besides, CE9 (but not CE10) had tiny
but conspicuous violet specks on leaflets (Fig. 6, a). The plants
moderately branched at the base and the main stem below
flowering nodes, had medium-long peduncles, with one or two
(at the middle of the range of flowering nodes) flowers. The
pods dehisced explosively upon ripening (phenotype Dpo, a

Fig. 7. Flowers of pea accession CE10 in the ICG hydroponic green-
house (a) and in a mesh house at Agronomy Faculty of Hebrew University
of Jerusalem, Rehovot, 07.05.2019 (b).

wild character); their walls bore sparse and small neoplastic
pustules caused by the Np gene in the greenhouse conditions
(while in the wild as a response to the weevil oviposition)
(Berdnikov et al., 1992).

The flowers of both Zagros accessions grown in the green-
house never opened fully and were greenish (Figs 6, b, 7, a).
At the same time in the natural-like conditions of an out-
door mesh house at Agronomy Faculty of the Hebrew Uni-
versity of Jerusalem in Rehovot, Israel, these accessions pro-
vided large, fully open and well coloured flowers (Figs 6, c,
7, D).

Discussion

Wild peas in Iran

Most part of the huge territory of Iran is in the rain shadow of
Zagros Mts, which captures precipitation from the Mediter-
ranean, and hence is too arid for wild peas. The Iranian Plateau
and the north-eastern (inner) principal slope of Zagros have
mostly Irano-Turanian rather than Mediterranean vegetation,
mostly its desert versions (Zohary, 1973). The Mediterranean
vegetation and flora, to which wild peas belong, is present
only in the sea-facing outer principal slopes of the Iranian
mountain systems: the south-western slope of Zagros Mts
and the northern slope of Elborz Mts. These are the regions
where wild pea populations should be sought for. (According
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to observations by the first author, the vegetation change is
obvious when crossing the Higher Zagros Range in Lorestan.
In the south-west of this province the most widespread ve-
getation is the Persian Oak (Q. brantii) parkland extending
to ca 2000 m a.s.l., while in the north-eastern part any natural
arboreal vegetation is missing even as low as at 1700 m a.s.l.)
The presence of wild peas in the Iranian southern slope of
Kopet Dagh is also possible but is probably marginal in those
rather hostile arid mountains.

Reports of wild peas from Iran are found in two multi-
volumed Floras: “Flora Iranica” published in Latin/English
and “Flora of Iran” published in Farsi; curiously, data in these
reports do not overlap. The volume devoted to the tribe Vicicae
(currently Fabeae) (Reichinger, 1979) contains seven locations
for P. sativum subsp. elatius: three in Lorestan in western
Iran (Bisheh, 2100 m a.s.l. [near which but at 1971 m a.s.1.
CE10 was collected by us]; “Dou Rud” [Dorud]; Shah-Bazan,
600 m a.s.l., but the latter is presently in Khuzestan Ostan) and
four in northern Iran, one in Gorgan Province (now Golestan
Province) (Ziarat env.) and three in Gilan Province (Bandar-e
Pahlavi (now Bandar-e Anzali); Lake Mordab westerly of
Bandar-e Pahlavi, 26 m a.s.l.; Astara). The 33th volume of
“Flora of Iran” (Pakravan et al., 2000) contains different
localities for the same taxon: one in Ostan-e Kurdistan (Sanan-
daj, 1380 m a.s.l.), three in Ostan-e Azerbaijan (Arasbaran,
63 m a.s.l.; Sardasht; Ighon, 1200-1500 m a.s.l.), one in
Ostan-e Golestan (Gombat, 750 m a.s.l.) and two in Ostan-e
Fars (Nurabad and Doshman Ziari, 1800 m). Occurrence of
wild peas as southerly as Fars, if true, was unexpected.

Both sources do not report for Iran P. sativum subsp. elatius
var. pumilio Meikle or its synonyms. At the same time the map
in Maxted, Kell (2009, Fig. 18) shows in western Iran five
localities of P. sativum subsp. elatius var. pumilio but none of
P, sativum subsp. elatius var. elatius. As the source of infor-
mation for that map an unpublished thesis by A.S. Mumtaz
is indicated, which was defended in 2005 in Birmingham
University. Most probably here we face an equivocal treatment
of intra-species taxonomy of P. sativum by different authors.

World germplasm collections hitherto contained only four
accessions claimed to represent wild peas from the huge ter-
ritory of Iran. Accession IG65050 (Iran, Lorestan, 33.667° N
48.55° E) is from ICARDA collection and originated form
Zagros Mts. The coordinates adduced refer to a south-western
slope at 1800 m a.s.l. in the northern environs of Beyra-
vand-e Jonubi village in Khorramabad Shahrestan. Accession
PI143673 was derived from plants collected in 1940 in Dorud,
Lorestan. For accession JI1030 (=P1140295), coordinates
34° N and 56° E and provenance “Khorassan” were indicated,
but the coordinates are most probably erroneous as referring
to the low and deserted Tebess Mts between Dash-e Kavir and
Dasht-e Lut Deserts in South Khorasan Province. (It is not
excluded that the coordinates were arbitrarily indicated for the
centre of the historical Khorasan region.) For accession JI2105
(ITPDB 104333, = P1227258) only coordinates 32.659° N,
51.671° E are provided by the online database of John Innes
Centre collection; they refer to the Esfahan City environs.
However, we grew out the latter accession and found it to
represent a cultivated pea with non-dehiscing pods (Kosterin
et al., 2010). The two untested accessions from Lorestan
perhaps represent true wild peas. At least their provenance is

Wild pea (Pisum sativum subsp. elatius)
in Zagros Mountains

close to our findings: CE9 was collected 120 km SE and CE10
43 km SE of Beyravand-e Jonubi, the presumed provenance
of 1G65050.

Thus, wild peas are reliably known in Iran from the south-
western principal slope of Zagros and the western and eastern
parts of Elborz, although in general Iran plus Turkmenistan
occupy about one third of the Pisum natural range by lon-
gitude. It is broadly accepted that in the western Eurasia,
productive farming arose and plant domestication occurred in
the so-called Tauro-Zagros Arch or Fertile Crescent, a moun-
tain belt including Golan Heights, Taurus and Anti-Taurus
Ranges and Zagros Mts (Zohary, Hopf, 2000). Formally the
Zagros Mts comprise about one third of the Arch and most
of these mountains are in the territory of Iran, from which
they only protrude to the Iraqi Kurdistan. However, only the
south-western principal slope of Zagros has the Mediterranean
vegetation and can be attributed to the Fertile Crescent. Based
on literature, the southern border of the wild pea range in Iran
can be extrapolated to cross Ostan-e Fars.

Wild pea habitats

The CE10 locality is 75 km NW and the CE9 locality
47 km SE of the Oshtorankuh Mountain (4050 m a.s.l.), the
highest summit of Lorestan. At the same time, the mountains
situated to the south and south-east of these localities do not
exceed 2000-2500 m a.s.l. Thus the wild pea habitats found
are not situated in the main rain shadow of the Higher Zagros,
that is the reason of the appearance of arboreal vegetation
of the Mediterranean type, which is absent to the north and
north-east of them at any elevations. One can note that all wild
pea findings in Lorestan were made at close elevations a.s.l.:
2100 m (Reichinger, 1979), 1971 m, 1841 m (our findings)
and 1800 m (reconstructed from coordinates of accession
1G65050). The former value refers to the upper limit of arbo-
real vegetation in this area.

Occurrence of wild peas in oak parkland was expectable
since this is one of the primary habitats of at least some wild
pea ecotypes elsewhere, e.g. in Israel (Ben-Ze’ev, Zohary,
1973; Abbo et al., 2008). It remains unclear if a slope with
spiny almond bushes is a regular habitat of wild peas (and
C. anatolicum) in Iran since the first author failed to examine
more examples of such habitats.

The analysis of regional literature suggests that wild peas
are associated with calcareous habitats on limestone or dolo-
mites throughout their vast range but also with igneous rocks
and volcanic slag in Israel (Ben-Ze’ev, Zohary, 1973; Abbo
et al., 2008) and East Turkey (Abbo et al., 2013). The Higher
Zagros is composed mostly by the Mesozoic dolomites that
conforms the notion of predominant calciphily of P. sativum
subsp. sativum.

Relationships of Zagros wild peas

Such characters as dehiscing pods (Dpo) and gritty seed
testa (Gty) evidence that both small populations found among
Mediterranean vegetation represent genuine wild peas. Ab-
sence of the target restriction sites in the plastidic rbcL and
mitochondrial cox/ genes (Kosterin, Bogdanova, 2008) in
CE9 and CE10 suggests their belonging to the so-called
evolutionary lineage B of wild P. sativum. This lineage was
revealed by us earlier, as a monophyletic clade opposed to the
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Fig. 8. Flowers of the pea accession JI1794 originating from Tell Abu Nida Hill in Golan Heights in the conditions of the ICG hydroponic greenhouse (a)
and in the wild population of Tell Abu Nida, 11.05.2019 (b, ¢).

so-called lineage AC, in the phylogenetic reconstruction based
on the histone H1 genes (Zaytseva et al., 2012, 2015, 2017)
and plastid genomes (Bogdanova et al., 2018) and is identifi-
able by convenient molecular markers from different cellular
genomes (Kosterin, Bogdanova, 2008; Kosterin et al., 2010).
The lineage B includes a great number of wild peas as well as
the cultivated pea subspecies (P, sativum subsp. sativum). At
the same time, as expected for wild peas, CE9 and CE10 had
no 7-bp deletion in the plastid psbA-trnH spacer which, with
only two known exceptions, is specific to (a synapomorphy
of) the cultivated subspecies (Zaytseva et al.,2017). The A>T
substitution in position 128 of this spacer in CE10 is shared
by wild pea accessions JI1794 (Golan Heights) and PO17
(Turkey, Mersin Province) (unfortunately, this substitution was
not mentioned by Zaytseva et al. (2017)). The His5 gene of
both CE9 and CE10 contains the same nucleotide substitution
resulting in the lysine—threonine replacement in the globular
domain not found in any other pea accession; otherwise their
His5 sequence is identical to those of accessions JI1794 and
P012 (Turkey, Adiyaman Province). One more very close
His5 sequence, differing from the above mentioned ones in
one substitution, belongs to accession JI13233 (Syria).

We may conclude that the wild peas found by us in Zagros
represent some subtle evolutionary branch of the lineage B
also occurring at least in southern and southeastern Turkey,
Golan Heights and Syria. It is noteworthy that JI1794 is a low
plant, PO17, CE9 and CE10 are moderately high and JI3233 is
a high plant, which once again stresses the inapplicability of
plant height to evaluate relatedness of wild peas (Ben-Ze’ev,
Zohary, 1973). Also some genetic difference already found
between CE9 and CEI10 originating from the populations
85 km apart is noteworthy: the substitution in position 128 of
psbA-trnH in CE10 and the violet stripes (U™) on the seed testa,
violet specks on leaflets and a greater plant height in CE9.

Flowers of peas of evolutionary lineage B

Zaytseva et al. (2017) claimed that most of wild peas of the
evolutionary lineage B have flowers poorly pigmented and
opened, in contrast to well open and coloured flowers of cul-
tivated peas, belonging to the same lineage, and wild peas of
the ‘evolutionary lineage AC’. It turned out that this statement
is true only of our greenhouse conditions. Accessions CE9
and CE10 grown in our greenhouse and in the mesh house in

Rehovot, where the conditions were close to natural, have,
respectively, poorly open greenish (see Figs 6, b, 7, a) versus
well open, coloured and large (see Figs 6, ¢, 7, b) flowers.
Analogously, the photos taken by S.A. Litvinskaya (pers.
comm.) of wild peas of the lineage B in two populations at the
Black Sea Coast of Krasnodarskiy Kray, Russia, show large,
well open and coloured flowers, while the flowers of the plants
grown in our greenhouse from seeds from these populations
are poorly opened and coloured, as in the case of Iranian
wild peas. Finally, accession JI11794 originating from the Tell
Abu Nida Hill, Golan Heights, northern Israel, also produced
poorly open greenish flowers in the greenhouse (Fig. 8, a),
while plants in the natural habitat at Tell Abu Nida have well
opened and strikingly coloured flowers, deep purple including
the standard, most saturated among peas (Fig. 8, b, ¢). (In fact,
some representatives of the lineage AC also produce poorly
open and less coloured flowers in our greenhouse, €. g. acces-
sions WG 26109 (Georgia), Pe 013 (Turkey) and sometimes
also JI1096 (Greece) and JI3557 (Portugal).)

The factor that prevents the normal development of the
flower corolla of wild representatives of the linage B (but
not affecting the pods) in our greenhouse is still unclear.
Our preliminary experiment ruled out the involvement of the
temperature of germination. An edaphic factor can also be
excluded, since the Black Sea natural habitats of wild peas
are on limestone while the Tel Abu Nida habitat is on the
basalt and volcanic ash. For the time being the temperature
and illumination regime at the onset of flowering is the most
probable candidate.

Conclusion

In this paper we report findings of two wild pea population
in the Zagros Mts comprising the eastern part of the Fertile
Crescent which is considered to be an area where the founder
crops were domesticated and the productive farming appeared
in the Near East. Indeed, these populations represented the
same evolutionary lineage of the species P. sativum to which
the cultivated pea also belongs. However, another result of this
study is the observed paucity of wild peas in these mountains
and their occurrence only in their south-western principal
slopes which offers suitable habitats. This is in contrast to
their frequent occurrence and diversity in the western (e. g.
Israel) and northern (SE Turkey) parts of the Fertile Crescent.
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AHnHoTayusa. Hoposupycol (cem. Caliciviridae) cumtaioTcs 4acTo NPUYMHOIN OCTPOro racTPO3HTepUTa y Niofel Bcex BO3-
pactoB. T Hebosblwme 6e30600ueyHble BUPYCbl C ofHouenoyeyHbiM (+)PHK-reHOMOM XapaKkTepu3yloTca BblCOKOM
reHeTuuyeckol BaprabenbHocTbio. o Bcemy mypy HabnogaeTca NOCTOAHHOE M3MEHEHME FreHeTMYECKOro pa3Hoobpasms
LUMPKYNPYIOLWNX HOPOBUPYCOB 1 MOABJIEHNE HOBbIX PEKOMOMHAHTHBIX BapuaHToB. HegaBHO ony6nvKoBaHbl AaHHble O
pacnpocTpaHeHMn PEKOMONHAHTHBIX LITAMMOB HOPOBUPYCa, B KOTOPbIX HOBasA nonunmepasa reHoTtuna Gl.P16 couetanacb
C KancuaHbiMu 6enikamn VP1 pasHbix FeHOTUMOB. B paMKkax MOHUTOPYHIa CMOpaAnyecKmx CylyyaeB OCTPbIX FaCTPO3HTepY-
ToB B HoBOCMOUpPCKe B 2016 I. 6b110 NPOTECTUPOBAHO 46 KNMHMYeCKX 06pa3LoB oT geTein ¢ gnapeen. Metogom OT-MLP
HOPOBMPYC AeTEKTMPOBAH B LUECTU KINHMYECKMX 06pa3uax oT rocnuTann3npoBaHHbIX AeTel. BbiABneHHbIe HOPOBMPYCHI
nyTem CeKBeHVpPOBaHNA pernoHa nepekpbisaHna ORF1/ORF2 6binu KnaccuduumpoBaHbl Kak peKoOMOVHaHTHbIe BapuaH-
bl GII.P21/GlI.3, GII.Pe/Gll.4_Sydney_2012 un GII.P16/Gll.4_Sydney_2012. MNoABneHne HOBOro PEKOMOUHAHTHOFO FeHOTU-
na GlI.P16/Gll.4_Sydney_2012 BnepBsble 3adpurKkcnpoBaHo B HoBocnbupcke secHor 2016 r. lo 3Toro nccnegoBaHus B 6ase
HaHHbIX GenBank 6b1510 JOCTYNHO BCEro YeTbipe MNONIHOFEHOMHbIE MOCNeA0BaTENbHOCTM POCCUNCKMX LWITAMMOB HOPOBU-
pyca reHoTuna GII.P16/Gll.3. B HacToALen paboTe Gbina onpeaeneHa NosiHasA NOCe[0BaTeNIbHOCTb FEHOMa POCCUINCKOTO
wramma Hu/GlI.P16-GlI.4/RUS/Novosibirsk/NS16-C38/2016 (GenBank KY210980). CpaBHeHVie HYKNeOTUAHON W BblBeLEeH-
HOW aMVMHOKMCNIOTHOW NOCNe[0BaTeNIbHOCTEN NOKa3ano BbICOKYIO FOMOJOMMI0 STOFO POCCUIACKOrO WTamma CO WTaMMamu
reHotuna GII.P16/Gll.4_Sydney_2012 u3 apyrux pervioHoB mmpa. CpaBHUTENbHbIN aHaNU3 Nokasas, YTo YHMKasbHble 3a-
MEHbI NPOV30LLIIN B NOCNE[0BaTENIbHOCTAX reHOB nonvumMepasbl reHoTuna GlI.P16, N-TepmumHanbHoro 6enka p48 1 MyuHop-
HOro KancmaHoro 6eska VP2, npu 3TOM CyLLeCTBEHHbIX U3MEHEHWI B reHe OCHOBHOTO KarncuaHoro 6enka VP 1 He Habnoga-
nocb. AHanu3 GYHKLMOHANBHOW 3HAUMMOCTU STUX M3MEHEHWIA NO3BONUI NPEANONIOKNTb, YTO LUMPOKOE PacnpoCTpaHeHne
LUITaMMOB C HOBOW nonmmepa3soit GII.P16, BO3MOXHO, CBA3aHO KaK C HECKOSIbKMMY aMUHOKUCIIOTHBIMY 3aMeHaMU B aKTUB-
HOM LieHTpe noniMmepasbl, Tak U CO BCTaBKOW OcTaTKa MyTaMUHOBOW KMCNOTbI UK ranurHa B N-TepmuHanbHOM 6erke p48,
KOTOPbIN 6NOKMPYET CEKPETOPHbIN MMMYHUTET SMUTENNANBbHBIX KNETOK KMLWEeYHMKa. [anbHenwmnin MOHUTOPUHE FeHOTUMOB
NO3BOJIUT OLIEHUTb PacNpPOCTPaHeHe PeKOMOVHaHTHbIX HOPOBMPYCOB ¢ nonumMepason GI.P16 Ha TeppuToprm Poccun.
KnioueBble cnioBa: HOPOBMPYC; MOMHBIN reHOM; NouMepasa; 6enok p48; KancuaHble 6enky; GunoreHeTMUECKUiA aHanms;
OCTPbIA FaCTPOIHTEPUT; MOHUTOPWHT FeHOTUMOB.

Ana untunposanna: Knupaxkosckaa E.B., TukyHos A.lO., Cokonos C.H., KpaBuyk b.W., KpacHoBa E.W., TukyHoBa H.B. Xapak-
TepUCTKa NOIHOreHOMHOW NOC/ef0BaTENbHOCTM PeKOMOHaHTHOro HopoBupyca reHotuna GlI.P16/Gll.4_Sydney 2012,
BbIABNEHHOro B Poccmn. BaBUNOBCKMI »KypHan reHeTUKn 1 cenekumn. 2020;24(1):69-79. DOI 10.18699/VJ20.597
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Abstract. Noroviruses (the Caliciviridae family) are a common cause of acute gastroenteritis in all age groups. These small
non-envelope viruses with a single-stranded (+)RNA genome are characterized by high genetic variability. Continuous
changes in the genetic diversity of co-circulating noroviruses and the emergence of new recombinant variants are ob-
served worldwide. Recently, new recombinant noroviruses with a novel GII.P16 polymerase associated with different capsid
proteins VP1 were reported. As a part of the surveillance study of sporadic cases of acute gastroenteritis in Novosibirsk,
a total of 46 clinical samples from children with diarrhea were screened in 2016. Norovirus was detected in six samples
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Characterization of the complete genome
of norovirus GII.P16/Gll.4_Sydney from Russia

from hospitalized children by RT-PCR. The identified noroviruses were classified as recombinant variants GII.P21/GlII.3,
GlI.Pe/Gll.4_Sydney 2012, and GII.P16/Gll.4_Sydney_2012 by sequencing of the ORF1/ORF2 junction. In Novosibirsk, the
first appearance of the new recombinant genotype GlI.P16/GIl.4_Sydney 2012 was recorded in spring 2016. Before this
study, only four complete genome sequences of the Russian GII.P16/GlII.3 norovirus strains were available in the GenBank
database. In this work, the complete genome sequence of the Russian strain Hu/GlI.P16-Gll.4/RUS/Novosibirsk/NS16-
C38/2016 (GenBank KY210980) was determined. A comparison of the nucleotide and the deduced amino acid sequences
showed a high homology of the Russian strain with GII.P16/Gll.4_Sydney_2012 strains from other parts of the world. A com-
parative analysis showed that several unique substitutions occurred in the GII.P16 polymerase, N-terminal p48 protein, and
minor capsid protein VP2 genes, while no unique changes in the capsid VP1 gene were observed. A functional significance
of these changes suggests that a wide distribution of the strains with the novel GII.P16 polymerase may be associated both
with several amino acid substitutions in the polymerase active center and with the insertion of glutamic acid or glycine in
an N-terminal p48 protein that blocks the secretory immunity of intestinal epithelial cells. Further monitoring of genotypes
will allow determining the distribution of norovirus recombinants with the polymerase GII.P16 in Russia.

Key words: norovirus; complete genome; polymerase; protein p48; capsid proteins; phylogenetic analysis; acute gastro-
enteritis; monitoring of genotypes.
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BBepeHune

Hoposupycsl (cem. Caliciviridae, pon Norovirus) cauTarorcs
OIHOM M3 YaCTHIX NPUYUH BCHBIIIEK U CIIOPAJMUECKHUX CIIy-
4aeB oCTphIX racTposuTeputoB (OI'D) y rozeii Becex Bo3pac-
toB (Bartsch et al., 2016). HopoBupycHas undexius MoxeT
BEI3BIBATH TsDKENBIE (OPMBI OONE3HH C HEOIAaronmpusTHBIM
MCXOJIOM Y IeTel paHHET0 BO3pacTa 1 MOXKHIIBIX JIFOICH, a Tak-
K€ XPOHHUYECKYIO IMAPEIO MPOJOJDKUTEILHOCTHIO OT HECKOJIb-
KX MECSIIEB /10 HECKOJBKHX JIET y MAllMeHTOB C HMMYHO-
JIe(UIIITOM, OHKOJIOTHEH U ITOCJIe TPAHCIUIAaHTAIIMH OPTaHOB
(Brown et al., 2017; Woodward et al., 2017; Petrignani et al.,
2018). Huzkas napummpyromas mo3a (~10-100 BupycHBIX
YaCTHIl) U BBICOKasl YCTOHYMBOCTH B OKPY)KaIOLIEH cpere
CHOCOOCTBYIOT OBICTPOMY PACIIPOCTPAHEHUIO HOPOBHUPYCOB
KOHTAKTHO-OBITOBBIM ITyTEM, Yepe3 MHIIEBbIE MPOIYKTH U
Boxy (Kirby et al., 2015; Towers et al., 2018). Meraananus
SMUACMHOJIOTHYCCKUX JaHHBIX W3 MHOTMX CTpaH ITOKasal,
YTO BCTPEUAEMOCTh HOPOBUPYCHON MH(EKINHN Y TTAIHEHTOB
¢ OI'D B 2008-2014 rr. cocramnsina 17-20 % BHe 3aBHCUMO-
cTH OT Bo3pacTta 6obHbIX (Ahmed et al., 2014). Pacipoctpa-
HEHHOCTB 0€CCHMITOMHOHN ()OPMBI HOPOBUPYCHOH HH(DEKITHH
Bapeupyet oT 4 10 18 % B pasnuunbIX pernonax mupa (Qi
etal., 2018).

[onmnanennnmupoBanublil onHonenodeyHsiii (+)PHK-re-
HOM HopoBupyca (~7.5 TBIC.H.) COACPKHUT TPH TEPEKPHI-
Barouecss oTKpuIThie pamku cuuThiBaHuS (ORF1-ORF3)
(Green, 2013). ORF1 xogupyeT IJTHHHBII TOTAIIPOTEHH, KO-
TOPBIA TTOCTTPAHCIISIIIMOHHO PACIIETIIIETCSI BUPYCHOM Ipo-
Tea3oi Ha IIeCTh HeCTPYKTYPHBIX OesKkoB, BKiIrouast PHK-3a-
Bucumyto PHK-mommmepasy (RdRp). ORF2 u ORF3 komu-
pytot ocHoBHOH (VP1) n munopuslit (VP2) Genku karcuna
COOTBETCTBEHHO. BBIsSBICHO JBa MCXaHHU3Ma TeHETUYECKOM
M3MEHYMBOCTH HOPOBHPYCOB: TOUCUHBIE MYyTallUH M PEKOM-
ounanus (Bull, White, 2011). PekomOnHanmoHHbIe COOBITHS
B HOPOBUPYCHOM I'€HOME HalllC BCETO MPOUCXOIAT B pETUOHE,
KOTOPBIN BKJIFOYAET y4acTOK mepekpbiBanus 3'-konma ORF1
(RdRp) n 5'-xonnia ORF2 (VP1), mosTomy B HacTosiiee Bpemst
MIPUHSTA IBOHHAS HOMEHKIIATypa HOPOBUPYCOB, 0003HAYAI0-
mras renotunisl RARp/VP1 (Kroneman et al., 2013).

HopoBupycsl NposBISIOT 3HAYUTEILHOE TEHETHYECKOE U
AHTUTEHHOE pa3HOOOpa3ue, U B HACTOsIIIEE BPEMsI Ha OCHOBE

AaMUHOKHCIIOTHOH TTocienoBarenbHoCTH VP ux pasmensior
Ha ceMb reorpynn GI-GVII, koropele nanee noapasaens-
10T Ha OoJiee yeM copok reHotunos (Kroneman et al., 2013).
YcraHOBIIEHO, YTO 3a00JI€BaHME Y JIFOJIEH MOTYT BBI3BIBATh
Hoposupycsl Tpex renorpymn — GI, GII u GIV (Green, 2013;
Parra et al., 2017). B camoii pacnipocTpaHeHHOW reHOTpYyII-
ne GII Beimemsror 31 renornnt RdRp u 23 renotmma VPI,
nx koMOmHaIms obo3Havaercs kak GIL.Px/GILx (Kroneman
et al., 2013; Vinje, 2015; RIVM, https://www.rivm.nl/mpf/
typingtool/norovirus/). CpegHsisi TPOAOIKUTEIEHOCTD TEHO-
TUI-CIIENU(PUIECKOr0 UMMYHHUTETA MOCIE HOPOBHUPYCHOMH
MH(EKLIUN MOXKET BapbUpoBaTh oT 4 10 8 yiet (Simmons et
al., 2013), omHako M3-3a CYIIECTBOBAHMUS IINPOKOTO CIEKTpa
TEHETHYECKNX BAPUAHTOB MTOCIIEYIOIICE 3apayKeHUE APYTHMHU
AQHTUTEHHBIMU BapUaHTAMH WIN KAMMYHOTHUIIAMH» HOPOBH-
pyca MOXXET NMPOUCXOAUTH uepe3 0ojee KOPOTKHH mepuos
Bpemenu (Parra et al., 2017).

Hauunas ¢ 1990-x rr. npeoOialatoiM CYUTAICs HOPO-
Bupyc GII.4, Heckompko snuaemMudecknx BapuantoB GII.P4/
GII.4 xoTOpOro CMEHsIU JIpyT Apyra ¢ NEePHOJUYHOCTHIO B
2-3 rona B Teuenue nByx necsatwietud (Eden et al., 2013;
Hoa Tran et al., 2013). B 2012 r. mosiBUiICS HOBBIH peKOMOH-
HaHTHBINA BapuaHT HopoBupyca GII.4, knaccudunuposan-
Hbiil kak GII.Pe/GIl.4 Sydney 2012, xoTopslii 1o3xe crai
JIOMUHHPYIOITNM IITaMMOM BO BceM Mupe (van Beek et al.,
2013). B mocnemaue ToIpl B MOJIEKYISIPHON STTHIEMHUOIOT N
HOPOBHPYCa CTaJI HAOIIONATHCS U3MCHEHHMS. B 3MMHMiA ce30H
2014/2015 sossrit mramm GII.P17/GII.17, BuepBbIe 3aperu-
cTpupoBaHHbli B Kurae, 6bicTpo BeiTecHm Bapuant GII.Pe/
GIl.4_Sydney 2012 u pacripocTpaHICs CHaYaIa B a3UaTCKUX
CTpaHax, a 3aTeM W B JApyrux permoHax mupa (de Graaf et
al., 2015). HegaBHO HOSBIIINCH COOOIICHUS M3 Pa3HBIX T'€0-
rpaguYecKuX PErHOHOB O PACIPOCTPAHEHHH HOBBIX PEKOM-
OMHAHTHBIX MITAMMOB HOPOBUpYCa, B KOTOPBIX MOINMEpa3a
rerotuma GII.P16 cBsi3aHa ¢ KaniCHIHBIM OCITKOM pa3THIHBIX
TeHOTHUIIOB, BKItouas BapuanT GI1.4_ Sydney 2012 (Barreira
etal., 2017; Bidalot et al., 2017; Ruis et al., 2017; Han et al.,
2018; Hata et al., 2018).

MHOroIeTHU MOHUTOPUHT TeHETHUYESCKOTO pa3HO00pasus
SHTEPONATOTeHHBIX BUPYcoB B HoBocnOMpceke mokasai, 4To
Hoposupycsl renoruna GII.P4/GII.4 6buti ogHON M3 YaCTRIX
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MpUYKH criopagudeckux ciryyaes OI'D B 2003-2012 rr, Torna
Kak HOpoBHPYCHI ¢ monumepaszoit GII.P16 Bctpedanucs kpaii-
He peaxo (Zhirakovskaia et al., 2015, 2019). Becnoii 2016 -
Hamu 3a(UKCHpOBaHO MosiBieHHe B HoBocuOupcke HOBOTO
pexombunanTHOTO BapuanTta GII.P16/GIl.4 Sydney 2012.
Jlo 3TOTO MCCienoBaHUs B MEXIYHApOJHOH 0aze JaHHBIX
GenBank Ob1J10 10CTYIIHO BCEro YeThIpe MOJTHOTEHOMHBIE MO-
CJIEIOBATEIbHOCTH PEKOMOMHAHTHBIX HOPOBHUPYCOB TEHOTHIIA
GII.P16/GII.3 n3 Poccun (Zhirakovskaia et al., 2015, 2019).
Lenp HACTOsIIIICH paOOTHI — OMPEICIICHUE TOJTHON MOCIIEIO0-
BaTEIbHOCTH T€HOMA POCCHICKOTO IIITaMMa HOBOTO F€HOTHIIA
GII.P16/GII.4 Sydney 2012 n cpaBHHUTEJNBHBIH aHAIN3 C
AQHAJIOTMYHBIMHU LITAMMaMH U3 JAPYTUX PETMOHOB MUpa U C
poccuiicknmu m3onstamu 2005-2012 1T, B KOTOPBIX TTOJINME-
pasa renoruna GII.P16 Haxoqunach B COU€TaHUU C APYTHUMHU
Bapuantamu VP1.

MaTtepwuanbl n metogbl

IIponcxoxkaenne BUPYCHBIX ITAMMOB. B pamkax MOHH-
TOPHUHIa TEHETHYECKOTO0 Pa3sHOOOpa3ysi SHTEPOMATOTeHHBIX
BUPYCOB OBIIM COOpaHBI KIMHHYECKHE 00pasIbl OT JeTeil ¢
Juapeeil, FroCIIMTaIu3uPOBAHHBIX B JIE€TCKYH0 TOPOACKYHO KIIH-
HUYECKyIo 00mbpHUIYY Ne 3 ¥ HaXOMWBIIHMXCS HA aMOyIaTop-
HOoM Jsiedernd B 2016 . OT Ka)k/10r0 pouTesNs/oneKyHa pe-
OeHKa I0JIy4eHO ITUCbMEHHOE HH(POPMUPOBAHHOE COIVIaCHE
Ha yJacTHe B FICCIEJOBAHUH, C COOTIOICHNEM JJOOPOBOIBHO-
CTH B cooTBeTCTBHU ¢ DenepanbHbIM 3akoHOM PO «O06 ocHo-
BaX OXpaHbl 3I0pOBbs rpaxaan B Poccuiickoit @enepaunn».
BrisBnenue n muddepenmmaruss PHK pasnunasbsix sHTEpO-
MaTOreHHbIX BUpPycoB nposeaeHsl merogom OT-IIIP ¢ uc-
MOJIb30BAHUEM BEpU(DHUIIMPOBAHHOW JIAOOPATOPHON MaHe-
U TIpaliMepoB, Kak omucaHo paHee (Zhirakovskaia et al.,
2019).

CexBeHnnpoBanme. BrolsiBiieHHbIE H30JIThl HOPOBHpPYCA
ObLTH OXapaKTEePU30BAHBI METOJIOM MPSIMOTO CEKBCHUPOBAHUS
(parmenta reroma (~1400 H.), BKIITOgaromiero yyactok (20 H.)
nepekpbiBannst ORF1/ORF2. Hykiieotnanble nocienoBaresb-
HOCTH OIIpezieTieHbl MeToioM CaHrepa ¢ HCTONIb30BAHUEM
BigDye™ Terminator v.3.1 Cycle Sequencing Kit Ha rene-
tnaeckoM ananuzarope 3500 (Applied Biosystems, CILA).
CexBeHUpPOBaHNE TOTHON HYKICOTHIHOW ITOCIEI0BATEb-
Hoctu renoma mramma Hu/GIL.P16-GII1.4/RUS/Novosibirsk/
NS16-C38/2016 Beinonueno primer-walking metonom c uc-
MOJIb30BAHUEM TTAHETH HOBBIX pa3paO0TaHHBIX MpaiiMepoB.
[Nomy4eHHbIe TaHHBIE TPOAHAIN3NPOBAHBI C TIOMOIIBIO TIPO-
rpammbl FinchTV (Geospiza, CIIIA). CexBeHHUpOBaHHbIE
(hparMeHTHI TeHOMa OBIITH COOPaHBI B OOITYI0 HYKICOTHIHYIO
TIOCIIE/I0BATEIFHOCTD B MPHIIOXKEHUN SeqMan 3 rakera 1mpo-
rpammbl Lasergene Evolution Suite (DNASTAR, Maaucon,
CIIIA). I'eroTHIT HOpOBUpPYCa OBLT OTPENeNeH C MOMOIIBI0
cepsuca Norovirus Typing Tool v. 2.0 (RIVM; https://www.
rivm.nl/mpf/typingtool/norovirus/) (Kroneman et al., 2013).

dunoreHeTH4ecKuii ananu3s. ITouck roMoOJIOTUYHBIX I10-
CJIC/IOBATEIBHOCTEH MPOBEJCH C MCIIOIb30BaHUEM CEpBHCA
BLAST 2.9.0+ (https://www.ncbi.nlm.nih.gov/). BeipaBHu-
BaHNE HYKJICOTHHBIX ITOCIIEJOBATEILHOCTEN 110 alNTOPUTMY
ClustalW u ¢punoreHeTHUECKHI aHAITN3 ClIeNIaHbl B TPOTPaM-
Me MEGA 7 (https://www.megasoftware.net/). ®unorese-
THYECKHUE JIepPeBhbsl OCTpoeHBl MeTomoM Neighbor-Joining
¢ ucnosib3oBanreM Kimura 2-parameter mogenu. OneHka
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XapaKTepucTuka nosaHoro reHoma
HopoBupyca GlI.P16/Gll.4_Sydney n3 Poccun

JIOCTOBEPHOCTH Y3JIOB BBINIOJIHEHA C OyTCTper-aHaIn30M
1000 miceBIOpeIINK JaHHBIX; Ha (pUIOrpaMMax TMPUBEICHBI
CTaTUCTHYCCKUE UHIICKCHI moauepkku Oomnee 80 %. CteneHb
UACHTUYHOCTHU HyKJ'IeOTMI[HOfI 1 aMUHOKHUCJIOTHOM nociacao-
BaTEIHHOCTEH pacCUNTHIBANIACh B mporpamme BioEdit v7.2.6
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). Bapua-
0€eJIbHOCTD BBIBCICHHbBIX dAMHWHOKHUCJIOTHBIX ITOCJICA0BATCIIb-
HOCTEH MOMIPOTENHA, BKITIOYAIOIIEro MOJIMMepa3y TeHOTHIIA
GIIL.P16, a Taxxe kancunabix 6enxoB VP1 u VP2 Bapuanra
GIl.4 Sydney 2012, 6bl1a ompeeicHa ¢ MOMOIIbIO MTPH-
noxenus Sequence Data Explorer u3 mporpamver MEGA 7.

[TomyueHHble B JaHHOM HCCIIEOBAaHUH HYKJICOTHJIHBIC
MOCJIEI0BATEIbHOCTH ObLIM QHHOTHPOBAHbI U 3aPErUCTPHPO-
BaHBI B MEXKTyHaponHoH 6a3e manHbIX GenBank ¢ Homepamu
noctyrna KY210919, KY210976-KY210980, KY210983,
MG892912 1 MG892914.

Pe3ynbratbl

Metonom OT-IILIP Obut10 poTecTHpOBaHO 46 00pa3IOB (e-
KaJuid OT JeTeil B Bo3pacTte oT 1 Mec g0 8 yeT. DHTEpoma-
TOTEHHBIE BUPYCHI BhIsABIEHBI B 15 (32.6 %) obpasuax. Ho-
poBUpYCHas WH(EKLUS AMarHOCTHPOBaHA y HIECTH TOCIH-
TaJM3UPOBAHHBIX JeTeil B Bo3pacte oT 1 10 9 mec. AHanu3
HYKIJICOTHIHBIX TTocnenoBarensHocteit (~1400 H.), BKIFOYa-
fomux obnacth nepekpsiBanuss ORF1/ORF2, Ha pecypcax
BLAST (https://www.ncbi.nlm.nih.gov/) u RIVM (https://
www.rivm.nl/mpf/typingtool/norovirus/) moxasain, 4To BbI-
SIBJICHHBIE U30JITHl HOPOBUPYCA OTHOCUIIUCH K TPEM PEKOM-
OMHaHTHBIM BapuaHTaMm (Tabm. 1).

HyxkneoTnHbIC MOCIENOBATEIBPHOCTH IITAMMOB HOPO-
BUpYyca, HanOoJiee TOMOJIOTUYHBIE MOCIIEI0BATEILHOCTSIM,
MOJTyYSHHBIM B 3TOM HCCIIEIOBAHWHN, OBUIA OTPEAEIICHBI B
pesynbrare noucka Ha cepsuce BLAST. M3onat NS16-C32
rerotuna GII.P21/GIL.3 umen BBICOKYIO CTEIICHb TOMOJIO-
THH CO IITaMMaMH, IUPKyTupoBaBmuMu B HoBocmOupcke
(97.6-98.9 %) B 2010-2012 rr. (Zhirakovskaia et al., 2019)
u B EBpore (96.5-97.2 %) B 2014-2016 rr. (Brown et al.,
2019). [IBa m3omsata, NS16-C12 u NS16-C13, remotunmpo-
Bannbie kak GII.Pe/GIl.4 Sydney 2012, umenu BBICOKYIO
crenieHb romosoruu (99.3-99.5 %) ¢ nocnenoBareIbHOCTIMU
mrrammoB 2014-2016 rr. 3 FOro-Boctounoit Asun u Bemnmko-
6puranuu (Brown etal., 2019) 1 96.9-97.1 % nnenTnanoctu
CO LITaMMaMHU, LIMPKy;IMpoBaBIIMMU B HoBocuOupcke panee
(Zhirakovskaia et al., 2019). HykieoTunHble TIOCIEIOBA-
TEJIBHOCTH ele Tpex M3omiaToB — NS16-C36, NS16-C37 u
NS16-C38, npunaexammx Kk Hopomy resoruny GILP16/
GII.4 Sydney 2012, umenu 100 % MAEHTHYHOCTH MEXIY
co0oii 1 96.2 % TOMOJIOTHIO C ITOCICIOBATECIIFHOCTSIMHU U30-
ns70B NS16-C12 1 NS16-C13. I'eneTnueckoe cX0CTBO U30-
s10B NS16-C36, NS16-C37 u NS16-C38 co mrraMmmaMu
GIL.P16/GIl.4 Sydney 2012 u3 1pyrux perHoHOB COCTaBUIIO
97.4-98.9 % 10 HYKJICOTUTHOW MOCIIEJOBATEIHHOCTH.

Ha ocHOBe noyIHBIX TOCIIEN0BATENBHOCTEN HOPOBUPYCOB,
noctynHbelx B GenBank, 66110 c031aHO0 HECKOJIBKO HAOOPOB
OpPUTHHAIIBHBIX MPaiMEpOB JIsi CEKBEHHUPOBAHUS TTOJHBIX
nociegoBatensHocTet ORF1, RdRp, ORF2 n ORF3 pas-
NUYHBIX reHotunos. s aByx uzonartoB, NS16-C13 u
NS16-C32, onpeneneHbl HYKJI€OTUIHBIE TTOCEI0BATEIBHO-
ctu (~4300 n.), Bmogarontiie RdRp, ORF2 u ORF3, xoto-
pble ObUIN 3aperucTpupoBansl B 6aze naHubx GenBank xax
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Characterization of the complete genome
of norovirus GII.P16/Gll.4_Sydney from Russia

Ta6bnuua 1. Snugemmnonornyeckre gaHHble HOPOBNPYC-NONOXNTENIbHbIX CJ/Ty4aeB OCTPOro raCTposHTEPUTa

B HoBocnbupcke B 2016 T.

Ne M3onat HopoBsupyca MaumeHt

B o3paCTMec ............... |-|0,-,
1 ........................ N516c12 ................................ 9 )K ......
2 ........................ N516c134>K ......
3 ........................ N516C32 ................................ 7 )K ......
4 ........................ N516C36 ................................ 1>K ......
5 ........................ N516C374 ................................... M ......
6 ........................ N516c38 ................................ 3 .................................... M ......

mrrammbl Hu/GILLPe-GII1.4/RUS/Novosibirsk/NS16-C13/2016
(GenBank KY210977) u Hu/GII.P21-GIIL.3/RUS/Novosibirsk/
NS16-C23/2016 (GenBank KY210919).

s m3onmsata NS16-C38 Oputa onpeneneHa mojaHast HyK-
JICOTHTHAS TIOCIIEIOBATeILHOCTE TeHoMa (7560 H.), BKITFOUast
3'-HerpaHciupyemyto (47 H.) 00J1acTh, KOTOpasi 3apPEerUcCT-
puposana kak mrtamMm Hu/GIL.P16-GII.4/RUS/Novosibirsk/
NS16-C38/2016 (GenBank KY210980). Ananu3 BbIBe/ICH-
HBIX AMUHOKHCIIOTHBIX ITOCJICI0BATEIIBHOCTEH MOKa3all, 4TO
ORF1 (5100 1.) KomupoBaa moaupoTenH mnHoH 1700 amu-
HOKHCJIOTHBIX ocTaTkoB (a.0.); ORF2 (1623 u.) m ORF3
(807 H.) xomupoBanu Karcuanbie Oenkun VP1 (541 a.0.) u
VP2 (269 a.0.) coorBeTcTBeHHO. [ToHAs HYKJICOTHIHAS TT0-
CJIEIOBATEIBHOCTh TeHOMA poccuiickoro mramma Hu/GII.
P16-GII.4/RUS/Novosibirsk/NS16-C38/2016 umena Bbico-
Ky¥o cTereHb roMoiorun (98-99 %) ¢ mocienoBaTeTbHOCTIMA
pexomOuHanTHBIX mrammoB GIL.P16/GI1.4 Sydney 2012,
nosisuBmxcst B CHIA u BenukoOpuranuu B 3MMHEM Ce30HE
2015/2016. ITockomabKy HCCIEAYEMBIH MTaMM OBLT PEKOM-
OMHAHTHBIM, CPaBHUTEIBHBIA MOJICKYJISIPHO-TEHETHYCCKHN
aHaJM3 IPOBOAWIICS OTIENbHO ais Kaxaoin ORF.

CpaBHuTenbHbi aHanu3 ORF1

OdusoreneTnueckuii ananu3 1ocTynHeix B GenBank rosiHbix
HYKJICOTHAHBIX mocnenoBarenbHocTet ORF1 ¢ mommmepa-
301 renoruna GII.P16 mokazan, 4To M3ydaeMble IITaMMBbI
paznenuiuch Ha Tpu kiactepa (I, II u III), BHyTpH KOTOPBIX
C MHAEKCAMHU TOAICPKKH >85 % oTaenpHbIe KIIaabl ObUTH
c(hopMHUPOBaHBI IITAMMAaMH C OJJMHAKOBBIM IreHOTHIIOM VP1
(puc. 1). Knacrep 111 coneprxai coBpeMEHHbIC PEKOMOMHAHT-
HBIE IITAMMBI, y KOTOPBIX moimMepasa reHotumna GIILL.P16
Obu1a B couetanuu ¢ VP deTsipex pa3indHbIX TeHOTHITOB —
GII.1, GII.2, GI1.3 u GII.4_Sydney 2012. I'omosnorust ORF1
poccuiickoro mramma Hu/GII.P16-GII.4/RUS/Novosibirsk/
NS16-C38/2016 co mrammamu kiactepa III cocrasuia
97.9-99 %.

IIpu cpaBHHUTENBPHOM aHAIN3E OOHAPYKEHO, UTO JUIMHA
nonHelx nocnenosarenbHocTed ORF1 y mtamMmoB ¢ mo-
numepasoii reHotuna GII.P16 BapsupoBana ot 5094 H. (pe-
tdhepencusiit mramm AY 772730 Hu/GIL.P16-GII.16/DEU/
Neustrelitz/2000) no 5100 . (knactep I1I). B pesynbsrare BbI-
PaBHUBAHUS AaHATN3UPYEMBIX TIOCJIEIOBATEIEHOCTEN Y PEKOM-
6maanTHBIX mTaMMoB reHotumna GIIL.P16/GII. 17 (xmactep I)
1y BCeX ITaMMOB u3 kiactepa Il Obl1a oOHapyskeHa BcTaBKa

lfenotvin RARp/VP1 GenBank ID
........... G ||pe/G||4_Sydney_20]2Kyz]0976
........... G ||Pe/G||4_Sydney_2012Kyz]0977
........... G ”P21/6”3KY210919
........... G ||p16/G||4_5ydney_2012KY210978
........... G ||p16/G||475ydney72012Kyz10979
........... G ||p16/G||4_5ydney_2012KY210980

Tpumieta GAA B permoHe, KOTUPYIOIEM HEeCTPYKTYpPHBINA
6erok p48 (N-terminal protein p48). Y coBpeMeHHBIX pEKOM-
OMHaHTHBIX mTaMMOB U3 Kiactepa I11 B 9101 ke obnacTu rena
Oemka p48 Obula BBIABICHA BCTaBKa €IIE OJHOTO TPUILIETA
GAA i GGA. B xoze anann3a HyKJI€OTHHBIX IOCIIEA0BA-
tenbHocTeit ORF1 onpeneneno 1317 (25.8 %) BapuabenbHbIX
caiftoB, u3 koTopsix 906 (17.7 %) 6bUTH HHPOPMATHBHEIMHY,
T. €. BCTPEYAINCH B ABYX M OoJiee ITaMMax.

HpI/I AaHaJIM3€ BBIBCACHHBIX aMHWHOKHCIIOTHBIX IIOCJICHAO-
BaTeNbHOCTEH monunporenHa oOHapyxkeHo 182 (10.7 %)
BapualeNbHbIX caiiTa, n3 KoTopbix 104 (6.1 %) 6pun nHbOp-
MaTuBHBIMU (Tab:1. 2). CormtacHO CpaBHUTEILHOMY aHAIM3Y,
14 BapnabenbHBIX CATOB CTICITU(IYHBI 11 HOBOH ITOSIBHB-
mmieiicst UK nonuMepassl reHotrmna GILP16 (kmacrep I10),
MpUYeM 3aMEHbI B ceMu no3uiusix (52, 53, 644, 845, 853, 1546
u 1549) npuBoauIM K U3MEHEHHUIO KIacca aMHHOKHCIIOTHL.
[Tpu oneHKe GyHKINOHAIBHON 3HAYMMOCTH 00OHAPY)KEHHBIX
U3MEHEHUM 6bIJ'IO OIpCACIICHO, YTO TPU HECUHOHUMHNYHBIC
3amensl (B nosunusx 52, 53 u 165) u Bcraska "’E/G o6Ha-
pyxeHsl B Oenke p48, KOTOPBIM MIpaeT polib B MpOLEcce
NIPOHUKHOBEHHS BUpYyca 4epe3 MeMOpaHy KIIETKH-XO3SMHa
(Fernandez-Vega et al., 2004). 13 mati HECHHOHUMHUYHBIX
3aMeH, mponzomeanyx B nonmumepase GIIL.P16, gwetsipe (B no-
sunmsx 1482, 1521, 1546 u 1549) Obuin pacroioxKeHbI B €€
AaKTUBHOM IIeHTpe (CM. TabI. 2), ¥ 3TO, BO3MOKHO, TIOBJIHSIIO
Ha TPaHCMHUCCHBHOCTh BHpYcCa.

CpaBHuTenbHbIN aHanu3 ORF2

[ToMuMmoO TOCITEIOBATEIBHOCTEH, OTIPEICICHHBIX B 3TOU pa-
oorte, B prutorenernueckuil aHain3 ORF2 Obur BKITIOUEHBI
IITAMMBI PA3IAYHBIX KallCHIHBIX T€HOTHIIOB, BBISIBICHHBIC
B KoMOMHamu ¢ nomuMepasoi renotumna GII.P16. Ha ¢u-
JIOTEHETHUYECKOM JIePEBE YACTHUHBIX HYKJICOTHIHBIX MOCTIe-
nmosatenbHOCTed ORF2 BHaHO, 4TO aHATM3UpyEeMBIE IITaM-
MBI c(hOPMUPOBAIN OTHCITBHBIC KJIACTEPHl B COOTBETCTBHUH C
TEHOTHIIOM KarlCHJIHOTO OejIKa, BHYTPH KOTOPBIX Jajee pas-
JICNTMIACH Ha OTJeNTbHBIC KIJIAIbI B 3aBHCHMOCTH OT TEHOTHITA
RdRp (puc. 2).

HyxkneoTuansle mocieqoBaTeNbHOCTH HITAMMOB T€HO-
tuna GII.4 pazgenmnuces Ha nBe Oomnbmue Kmansl. [lepsas,
HanOosiee momuMopdHas Kirana oO0beAMHUIA IITAMMEI C
nonumepasoii renorurna GII.P4, kotopeie paHee UPKYIUPO-
Bay B HoBOCHOMPCKE M OTHOCHIINCH K HIECTH Pa3IHIHBIM
snuaeMuieckuM BapuantaM reHorumna GII.4: Farmington
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100; KY947550 Hu/GlI.P16-Gll.4/USA/Pasadena3477/2015
98|t MH218685 Hu/GlI.P16-Gll.4/UK/NORO 227 07 01/2016
99 LC175468 Hu/GlI.P16-Gll.4/JPN/Kawasaki194/2016
9&1_ KY905335 Hu/Gll.P16-GlI.4/AUS/QLDB309/2016
KY947549 Hu/Gll.P16-Gll.4/USA/CS4243/2016

A KY210980 Hu/GII.P16-GIl.4/RUS/Novosibirsk/NS16-C38/2016

2020
2441

XapaKTepucTuka nosaHoro reHoma
HopoBupyca GlI.P16/Gll.4_Sydney n3 Poccun

Gll.4

100 .- MG892929 Hu/GII.P16-Gll.4/RUS/Novosibirsk/NS17-A869/2017 1l

KY887606 Hu/GlI.P16-Gll.3/UK/NOR-2598/2016
00' KY887597 Hu/GlI.P16-Gll.3/UK/NOR-2604/2016
100 MG746028 Hu/GlI.P16-Gll.2/CHN/CQ5/2016
KY865307 Hu/Gll.P16-Gll.2/USA/Nashville 2122/2016
99 MG892974 Hu/GlI.P16-Gll.2/RUS/Novosibirsk/NS17-A991/2017
MG572182 Hu/GlIl.P16-GlI.1/CHN/SDJN170450/2017
100, KF944111 Hu/GlII.P16-GlI.3/RUS/Novosibirsk/Nsk-N1648/2011
KF944110 Hu/GII.P16-Gll.3/RUS/Novosibirsk/Nsk-N1659/2011
KT779557 Hu/Gll.P16-Gll.3/RUS/Omsk/O1370/2012
KF895841 Hu/GlI.P16-Gll.3/RUS/Smolensk/S12-31/2012
LC209459 Hu/GlI.P16-Gll.2/JPN/Kanagawa-51/2010
KJ407074 Hu/GlI.P16-Gll.2/USA/HS255/2011
KF920739 Hu/GII.P16-Gll.16/RUS/Novosibirsk/Nsk-N4740/2012
KY210920 Hu/GII.P16-GlI.13/RUS/Novosibirsk/NS16-A397/2016
KM036380 Hu/GlI.P16-Gll.13/TW/New Taipei/13-BA-1/2013
97 KY947548 Hu/GlI.P16-GlI.13/USA/Carlsbad4246/2015

EﬂSG Hu/Gll.P16-Gll.17/JPN/Saitama/T87/2002

HM596590 Hu/GII.P16-Gll.5/RUS/Novosibirsk/Nsk-N490/2010
GU292831 Hu/GII.P16-GlI.16/RUS/Novosibirsk/Nsk-410/2005

100
00— " porssor Hu/Gll.P16-GII.17/UK/NORO 121 30 11/2014 [

AY772730 Hu/GlI.P16-GlI.16/DEU/Neustrelitz/2000
_i1 00 |: LC209461 Hu/GlI.P16-GlI.2/JPN/Kanagawa-49/2009
100 LC209458 Hu/GlI.P16-Gll.2/JPN/Kanagawa-52/2014

MH218674 Hu/Gll.Pe-Gll.4/UK/NORO 216 22 12/2015

%

100

100

Gll.3

Gll.2

Jali

L LN854566 Hu/Gll.P4-Gll.4/NL/Groningen01/2014

0.02

Puc. 1. QunoreHeTnyeckoe iepeBo, NOCTPOEHHOE Ha OCHOBE NOJHbIX (5100 H.) nocneposaTenbHocTet ORF1 Hoposumpycos ¢ GIl.P16 RdRp.

HoBocrbupckue Wtammbl BblfenieHbl XXUPHbIM LWPUGTOM, aHaN3MpPyeMblii LUTaMM OTMeYeH TpeyrosibHUKOM. PedepeHcHble WTaMMbl 0603HaueHbl KypCrBOM;
BHELUHVMW NOCNe0BaTeNbHOCTAMM CNyXaT WTamMmMbl € nonrmepason Gll.P4 n Gll.Pe.

Hills 2002, Hunter 2004, Yerseke 2006a, Den Haag 2006b,
Apeldoorn 2007 u New-Orleans 2009 (Zhirakovskaia et al.,
2015). Bropyto kinany chopMUpOBaIH MITAMMBI C TCHOTUIIOM
karcuga GII.4 Sydney 2012, xoTopsie najee ¢ BRICOKHM
uHIekcoM moauepkku (99—100 %) pasmenuirch Ha JBa OT-
nenbHbIX Kinactepa — GIL.Pe u GIL.LP16 B 3aBucumocTu ot
TEHOTHIIA TTOJTUIMEPA3bI.

T'omomnorust ORF2 poccwuiickoro mramma Hu/GIL.P16-GII.4/
RUS/Novosibirsk/NS16-C38/2016 co mraMmaMu reHOTHIIA
GIL.P16/GIl.4_Sydney 2012 u3 ipyrux peTHOHOB COCTAaBHIIA
98.8-99 %. Ilpu cpaBHEHNH NONHBIX HYKJIEOTUIHBIX OCIEN0-
BaresibHOCTel ORF2 mtammoB GII.P16/GIl.4 Sydney 2012
¢ Bapuantamu GII.Pe/GIl.4 Sydney 2012 u GII.P4/
GII.4 New Orleans 2009 6sut0 obHapyxeHo 236 (14.5 %)
BapuabebHbIX caiToB, n3 KoTophix 132 (8.1 %) okazanuch
UH()OPMATHUBHBIMHU. AHAJIN3 BBHIBEJICHHBIX AMUHOKHCIOTHBIX
IMOCJICA0BaTeILHOCTEH Kamcuguoro Oenka VP1 mokasain,
yro y Bapuanta GII.4 Sydney 2012 MOXHO BBIJEIUTH BO-
CeMb XapaKTepHBIX BapHabenpHBIX mo3unuit (15, 310, 341,
359, 368, 373, 377 u 396), oTIMYArOIINX WX OT BapHaHTa
GIl.4 New Orleans 2009. 13 uux jaBa caiitra (nozumuu 368
1 373) OBUIN PACTIONOKEHBI B THTIEPBAPHAOEITEHOM ITUTOIIE A
(tadm. 3). CinemgyeTr OTMETHTb, YTO TOJIBKO OJIMH BapruaOe IbHbBIH

caiiT B mo3umnuu 540 Ob11 crierduyeH 1151 HOBOTO BapHaHTa
GII.P16/GIl.4_Sydney 2012, ogHako OH He pacroyiaraics B
AQHTUTEHHBIX PErMOHAaX OCHOBHOTO Oeika Karicuaa VP1.

CpaBHuTenbHbin aHanu3 ORF3

DustoreHeTHUECKHIA aHAIN3 TIOJIHBIX HYKJICOTHIHBIX TOCIIe-
nmoBatenbHOCTe ORF3 mramMmmMoB ¢ monmMepasoit TeHOTHIIa
GII.P16 nokasan, 4yTo paccMaTpuBaeMble MOCIEJOBATENb-
HOCTH Pa3/IeIMINCh Ha OTAEIbHbIE KJIACTEPHI B 3aBUCUMOCTHU
ot reroruna VP1 (puc. 3). B pamkax xaxmoro rerorumna VP1
IITAaMMBI C pa3HBIMH F'eHeTHYeCKMMH BapranTaMu RARp Obuti
CTPYNIMPOBaHbI B OTJEIbHbIC Kiaabl. B pesynbrare cpas-
HEHHS MTOTHBIX HyKJICOTHAHBIX ocienoBaTenbHocTet ORF3
mrammoB GIL.P16/GIL.4 Sydney 2012 c Bapuantamu GII.Pe/
GII.4 Sydney 2012 u GII.P4/GIl.4 New Orleans 2009
BeIsABIIEHO 109 (13.5 %) BapnabenbHBIX CaliTOB, U3 KOTOPBIX
55 (6.8 %) OblIM MHGOPMATHBHBIMH.

B xone anann3a BbIBE/ICHHBIX aMUHOKUCIIOTHBIX TTOCIIE0-
BaTEIFHOCTEH MHHOPHOTO KariCHHOTO 6enka VP2 y mraMmoB
BapuanTa GII.4 Sydney 2012 BbIsSIBIEHO BOCEMb XapakTep-
HBIX BapualelbHbIX caiiToB B no3unmsx 81, 108, 148, 149,
158, 164, 205 u 241 (tabi. 4), OTINYAIOMNX UX OT BapHAaHTa
GIL.4 New Orleans 2009. Kpome storo, emie 1a Bapruadeb-
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Tabnuua 2. CpaBHeHVe BbIBEAEHHbIX aMMHOKUCIOTHbIX NocnefoBaTenbHocTel N-TepMrHanbHoro 6enka p48
n PHK-3aBucumon PHK nonnmepasbl GII.P16 pa3nnuHbix wutammos Hoposupyca Gl
benok p48
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MG892974 GII.P16-GlI.2/RUS/2017 .
MG572182 GII.P16-GII.1/CHN/2017 . .G .
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@Mo3nuum, B KOTOPbIX 3aMeHbl a. 0. 6biNK BbIsIBNIEHbI B ABYX U GoJiee LWTaMmax.
b KnacTep Ha ¢punoreHetnueckom gepese ORF1 (cm. puc. 1).
¢ AKTUBHBI calT HopoBupycHol RARp (Ruis et al., 2017)
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leHoTunbl RdRp/Vp1

- MK213541 Hu/GIL.P16-Gll.4/AUS/NSW3648/2016
L KY887603 Hu/Gll.P16-Gll.4/UK/NOR-2515/2015
LC325217 Hu/GIl.P16-Gll.4/JPN/AichiF104/2016
[ vko33870 Hu/Gll.4/RUS/Nizhny Novgorod3452/2016
100 KY947550 Hu/Gll.P16-Gll.4/USA/Pasadena3477/2015 GILP16
MH922874 Hu/Gll.P16-Gll.4/CAN/AlbertaEl277/2016
- MG892929 Hu/GlI.P16-Gll.4/RUS/Novosibirsk/NS17-A869/2017
A KY210978 Hu/GII.P16-GlI.4/RUS/Novosibirsk/NS16-C36/2016
82| | AKY210979 Hu/GII.P16-Gll.4/RUS/Novosibirsk/NS16-C37/2016
801 A K¥210980 Hu/GII.P16-GlI.4/RUS/Novosibirsk/NS16-C38/2016 |
KY210971 Hu/Gll.Pe-GII.4/RUS/Novosibirsk/NS16-A119/2016
KF920718 Hu/Gll.Pe-GlI.4/RUS/Novosibirsk/Nsk-N4339/2012
KT224474 Hu/Gll.Pe-GlI-4/RUS/Novosibirsk/NS14-5293/2014
KF895818 Hu/Gll.Pe-GlI.4/RUS/Novosibirsk/NS13-25/2013 Gilpe
KY210970 Hu/Gll.Pe-Gll.4/RUS/Novosibirsk/NS16-A55/2016 :
100 MH218674 Hu/Gll.Pe-Gll.4/UK/NORO 216 22 12/2015 Gila
A KY210976 Hu/GIl.Pe-GlI.4/RUS/Novosibirsk/NS16-C12/2016 :
82! A KY210977 Hu/Gll.Pe-GlI.4/RUS/Novosibirsk/NS16-C13/2016
911 KF944051 Hu/GII.P4-Gll.4/RUS/Novosibirsk/Nsk-N1017/2010
E[E GU138203 Hu/GlI.P4-GII.4/RUS/Novosibirsk/Nsk-B30/2009
98

Sydney_2012

HM590542 Hu/GlI.P4-GlI.4/RUS/Novosibirsk/Nsk-1608/2006
GU138166 Hu/GII.P4-GlI.4/RUS/Novosibirsk/Nsk-2853/2008
100 KF931165 Hu/GlI.P4-GlI1.4/RUS/Novosibirsk/Nsk-H116/2003
KF931169 Hu/GlI.P4-GlI.4/RUS/Novosibirsk/Nsk-H228/2003
KF931208 Hu/GII.P4-GlI.4/RUS/Novosibirsk/Nsk-767/2006
971 HM590540 Hu/GlI.P4-GI1.4/RUS/Novosibirsk/Nsk-1274/2006
95 99— KF944275 Hu/Gl1.P4-GlI.4/RUS/Novosibirsk/Nsk-N5214/2012
KF944053 Hu/GlI.P4-GlI.4/RUS/Novosibirsk/Nsk10-N1034/2010
- KF931239 Hu/GlI.P4-GlI.4/RUS/Novosibirsk/Nsk-1802/2007
KF931212 Hu/GII.P4-GlI.4/RUS/Novosibirsk/Nsk-1188/2006
GU138202 Hu/GII.P4-GlI.4/RUS/Novosibirsk/Nsk-B20/2009
100! GU292833 Hu/GII.P4-GlI.4/RUS/Novosibirsk/Nsk-D118/2009
90, KF944110 Hu/GII.P16-GlI.3/RUS/Novosibirsk/Nsk-N1659/2011
98[| KF944111 Hu/GlI.P16-GlI.3/RUS/Novosibirsk/Nsk-N1648/2011
1901 L k7779557 Hu/GlL.P16-Gll.3/RUS/Omsk/01370/2012
KF895841 Hu/GII.P16-GlL.3/RUS/Smolensk/S12-31/2012
KF944232 Hu/GIL.P12-GlI.3/RUS/Novosibirsk/Nsk-N4370/2012
MG892910 Hu/GlI.P12-GlI.3/RUS/Novosibirsk/NS16-A651/2016
KF931267 Hu/GII.P21-GlI.3/RUS/Novosibirsk/Nsk-1999/2007
GU292851 Hu/GII.P21-GlI.3/RUS/Novosibirsk/Nsk-H677/2004
851 LN854569 Hu/GlI.P21-Gll.3/NL/Groningen/2014
MH218688 Hu/Gll.P21-GlII.3/UK/NORO 230 14 01/2016
KY210918 Hu/GlI.P21-GlII.3/RUS/Novosibirsk/NS16-A294/2016
A KY210919 Hu/GII.P21-GlI.3/RUS/Novosibirsk/NS16-C32/2016
KF944266 Hu/GII.P21-Gl1.3/RUS/Novosibirsk/Nsk-N5071/2012
GU138208 Hu/GII.P21-GII.3/RUS/Novosibirsk/Nsk09-B93/2009
KF306213 Hu/GII.P12-GlI.3/CHN/Jingzhou/2013402/2013
100! KF944165 Hu/GlII.P12-GlI.3/RUS/Novosibirsk/Nsk-N2664/2011
97— GU292831 Hu/GII.P16-GlI.16/RUS/Novosibirsk/Nsk-410/2005
J‘_E AY772730 Hu/Gll/P16-GlI.16/DEU/Neustrelitz/2000 Gll.16
% KF920739 Hu/GII.P16-GlI.16/RUS/Novosibirsk/Nsk-N4740/2012 |
MG572182 Hu/GlL.P16-GlI.1/CHN/SDJIN170450/2017
100|_':/\/H-/2 18731 Hu/GIl.Pg-GIl.1/UK/NORO 92 31 01/2015 Gll.1
99 LN854570 Hu/Gll.Pg-Gll.1/NL/Groningen/2014
100~ AB212306 Hu/Gll.P22-GlI.5/JPN/Hokkaido/133/2003
100 AF414422 Hu/GIL.P5-GlL.5/USA/New Orleans/306/1994 Gll5
HM596590 Hu/GILP16-Gl1.5/RUS/Novosibirsk/Nsk-N490/2010
81 —— AY134748 Hu/Gll.Pc-Gll.2/USA/Snow Mountain/1976
~5g| [ LC209461 Hu/GILP16-Gll.2/JPN/Kanagawa-49/2009
KJ407074 Hu/Gll.P16-Gll.2/USA/HS255/2011
MG746028 Hu/Gll.P16-GlI.2/CHN/CQ5/2016
KY865307 Hu/Gll.P16-Gll.2/USA/Nashvill 2122/2016
MG892974 Hu/GlI.P16-Gl1.2/RUS/Novosibirsk/NS17-A991/2017
KJ196276 Hu/Gll.P12-GII.13/JPN/Saitama/T80/2002
5 KY210920 Hu/GlI.P16-GlI.13/RUS/Novosibirsk/NS16-A397/2016 i3
001~ KMO36380 Hu/Gll.P16-Gll.13/TW/New Taipei/13-BA-1/2013 :
KY947548 Hu/GIl.P16-GlI.13/USA/Carlsbad4246/2015
KY210910GL.6

GlI.P4

99

100

Gll.3

Gll.2

0.05

Puc. 2. QunoreHeTnyeckoe iepeBo, MOCTPOEHHOE Ha OCHOBE YacTUUHbIX (~600 H.) nocnepgoBatenbHocTet ORF2 Hoposupycos Gll.

3pecb 1 Ha puc. 3: HOBOCMOMPCKME LWTaMMbl BbiAENEHbl XUPHBIM WPUPGTOM; WTammbl 2016 . OTMEUEHbI TPEYroNbHUKOM; pepepeHCHbIe WTaMMbl BblAENEeHbI
KYPCUBOM; BHELLHSASA MOC/IeA0BaTeNbHOCTb — HOPOBUPYC GL.6.
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Ta6bnuua 3. CpaBHeHVe BbiBEAEHHbIX aMVHOKUCIIOTHBIX NocneaoBatesibHocTel VP 1 HopoBMpycoB
reHotunoB Gll.4_Sydney_2012 n GIl.4_New_Orleans_2009

Characterization of the complete genome
of norovirus GII.P16/Gll.4_Sydney from Russia

Shell (S) Protruding P2 P1
JomeH VP1 <«——> <« > <>
OO N & N0 OMm O — O 0N M NN YW I O O
Mosnwmaao? 2 = ¥R QA QR S B & S A RK R RIS BT
GenBank ID/Country/Year leHoTUN HopoBMpYCa
JIN595867 USA/2010 GII.P4/Gll.4_NewOrleans 2009 T | | P RR N S V T N S APDPNP T s PC H A L
KP244321 ITA/2012 L . L. .. ..
KC175323 HK/2012 Gll.Pe/Gll.4_Sydney_2012 AV V S N D A E R A H P
KJ451059 TW/2013 AV V S N . DAE R A . HTP
KU311158 CAN/2014 AV V . S N ADAE . HAGHTFP
MH218674 UK/2015 AV V H S N DAENHAGHTEP
KU678203 TW/2016 AV V H S N DAENHAGHTEP
KY210977 RUS/NS16-C13/2016 AV YV SHSN . D AEN A GHP
MG214988 CHN/2017 AV V H S NM DAEN . AGHTEP .
KY947550 USA/2015 GII.P16/Gll.4_Sydney_2012 A . N M D A E H A H Y
KY887603 UK/2015 A S N M D AE H A H v
MH922874 CAN/2016 A S N M D AE H A H Y
LC325217 JPN/2016 A s . N M D AE H A H vV Vv
MK213541 AUS/2016 A S S N M D A . H A H vV Vv
KY210980 RUS/NS16-C38/2016 A S NM . DAE H A H vV Vv
MG892929 RUS/NS17-A869/2017 A S NMATDAE H A H v
a |_|03ML|VII/I, B KOTOPbIX 3aMeHbl a. 0. 6bIIV BbISIBNIEHDbI B ABYX 1" 6onee wWTamMmmax.
b runepsapuabensHbiit snuton A (Mallory et al., 2019).
¢ BapuabenbHbiit snuton D, KoTopbin perynupyet adduHHocTb kK HBGA (Mallory et al., 2019).
lfeHotunbl RARp/VP1
867 A KY210977 Hu/Gll.Pe-Gll.4/RUS/Novosibirsk/NS16-C13/2016 7 7
95| MH218674 Hu/Gll.Pe-Gll.4/UK/NORO 216 22 12/2015
MG214988 Hu/Gll.Pe-Gll.4/CHN/Jinan/2017
g6l KC175323 Hu/Gll.Pe-Gll.4/HK/CUHK3630/2012
g3l KJ451059 Hu/Gll.Pe-Gll.4/TW/13-BE-4/2013
KU311158 Hu/Gll.Pe-Gll.4/CA/AlbertaEI350/2014 Gll.Pe
[ AB972499 Hu/Gll.Pe-GlI.4/JPN/HK01/2011
99l JX459907 Hu/Gll.Pe-Gll.4/AUS/Woonona/NSW3309/2012
KF668567 Hu/Gll.Pe-Gll.4/ITA/PA363/2011
L KP784697 Hu/Gll.Pe-Gll.4/ZAF/CapeTown/10105/2012 | Sydney_2012
KY887605 Hu/GlI.P16-Gll.4/UK/NOR-2520/2015 T
MH279825 Hu/Gll.P16-GlI.4/USA/ST90/2017
- KY905335 Hu/Gll.P16-Gll.4/AUS/QLDB309/2016 Gll4
{ LC175468 Hu/GlI.P16-GlI.4/JPN/Kawasaki194/2016
KY947550 Hu/GlI.P16-Gll.4/USA/Pasadena3477/2015 GILP16
10011 Ky887601 Hu/GlI.P16-Gll.4/UK/NOR-2565/2016
- MG892929 Hu/Gll.P16-GlI.4/RUS/Novosibirsk/NS17-A869/2017
A KY210980 Hu/GI1.P16-Gll.4/RUS/Novosibirsk/NS16-C38/2016
MKO073891 Hu/Gll.P16-Gll.4/USA/Gallatin-0038/2016 i
00~ JN595867 Hu/Gll.P4-Gll.4/USA/New Orleans/2010 N N
L KP244321 Hu/Gll.P4-Gll.4/ITA/PA59/2012
87|~ JX445157 Hu/GlI.P4-Gll.4/CAN/Albertakl513/2006 GILP4/Gll.4
85 AY502023 Hu/GlI.P4-GlI.4/USA/Farmington Hills/2002
DQ078814 Hu/GlI.P4-Gll.4/AUS/Hunter504D/2004 | ]
88— AY772730 Hu/GlI.P16-GlI.16/DEU/Neustrelitz/2000 7
100 E GU292831 Hu/GII.P16-GlI.16/RUS/Novosibirsk/Nsk-410/2005 Gll.16
KF920739 Hu/Gll.P16-Gll.16/RUS/Novosibirsk/Nsk12-N4740/2012 |
L 100 KF895841 Hu/GlI.P16-Gll.3/RUS/Smolensk/S12-31/2012 7
81 [ KF944110 Hu/GlI.P16-Gll.3/RUS/Novosibirsk/Nsk-N1659/2011
o7 KF306213 Hu/GlI.P12-Gll.3/CHN/Jingzhou/2013402/2013
100 KF944165 Hu/GIl.P12-GlI.3/RUS/Novosibirsk/Nsk-N2664/2011 Gll3

100| ~A KY210919 Hu/GlI.P21-GII.3/RUS/Novosibirsk/NS16-C32/2016
90 [F MH218688 Hu/GlI.P21-GII.3/UK/NORO 230 14 01/2016

KY210918 Hu/GlI.P21-Gll.3/RUS/Novosibirsk/NS16-A294/2016
KY210910Gl.6

0.1

Puc. 3. OunoreHeTnyeckoe fepeBo, MOCTPOEHHOE Ha OCHOBe NOoJHbIX (807 H.) nocnefosatenbHocTell ORF3 Hoposupycos Gll.
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reHotunoB Gll.4_Sydney_2012 n GIl.4_New_Orleans_2009

GenBank ID/Country/Year leHoTUN HOpoBMpYCa

JN595867 USA/2010 GII.P4/GIl.4_New Orleans 2009 S K R T A A T S S T I T L N V V
KP244321 ITA/2012 N e .. . . A
AB972499 JPN/2011 GlI.Pe/Gll.4_Sydney_2012 N . K A V D A K T .S .
KC175323 HK/2012 N R K A V D A K T F S | A
KU311158 CAN/2014 N R K A D A K T . F S | .
MH218674 UK/2015 N R K A D A K A I F S | A
KY210977 RUS/NS16-C13/2016 N R K A D A K T | F S | A
MG214988 CHN/2017 N R K A DA . . K T I F s 1
KY887605 UK/2015 GII.P16/Gll.4_Sydney_2012 N K 1 D A P N K . | S | A
KY947550 USA/2015 N K A D AP N K T |1 S |
KY887601 UK/2016 N K A D AP N K T | S |
KY905335 AUS/2016 N . A D AP N K A | S
LC175468 JPN/2016 N K A D AP N K T 1 S 1
MKO073891 USA/2016 N K A D AP N K T |1 S 1
KY210980 RUS/NS16-C38/2016 . K A D AP N K T |1 S 1
MG892929 RUS/NS17-A869/2017 N K A D AP N K T |1 S |

* ﬂo3|/|u,|/|v|, B KOTOPbIX 3aMeHbl a. 0. OblIV BbIAIB/IEHDI B ABYX 1 6onee wWraMmmax.

HBIX caiiTa B mo3unusax 155 u 157 Obutn ciennuaHbI 1S
Hosoro Bapuanta GII.P16/GIl.4_Sydney 2012.

O6cyxpeHue

Hacrosiiast pabora siBISIeTCsl 4aCThIO MHOTOJIETHETO MOHHTO-
PHHTa TEHETUYIECKOTO Pa3HO00pa3 st HOPOBUPYCOB, ACCOLIUH-
pOBaHHBIX cO crnopaguueckumu cirydasmu OI'D B HoBocu-
oupcke. B mapte 2016 1. B (peKausiX roCUTaIN3NPOBAHHBIX
Jereil BepBble ObUT BBIJICICH HOPOBUPYC HOBOTO T€HOTHIIA
GIL.P16/GII.4 Sydney 2012.B o0pa3nax oT rocnuTain3upo-
BaHHBIX B3POCIIBIX ATOT FEHOTHIIT BIIEPBbIE AETEKTHPOBAH OCe-
HbI0 2016 T (GenBank KY210983, MG892912, MG892914).
IMownck B 6a3e manHBIX GenBank mokasair, 9To B eBpOICHCKOM
yactu Poccumn nono6ueie GII.4 Sydney 2012 HopoBupychI
(GenBank MK033810-MK033811) 6puti 00Hapy>KeHBI B 00-
pasuax nereit u3 Huknero Hoeropoaa takske B konue 2016 1
K COXKaJIGHUIO, TEHOTHIIT TIOJIMMEPA3bl JUIsl ATUX U30JIATOB HE
OTIpEIETICH.

Hoposupycsl ¢ nonmumepasoit renoruna GIL.P16 nonroe
BPEMsI CUUTAJINCh HE OUeHb PACIIPOCTPAHEHHBIMH, XOTS OITy0-
JIMKOBAHBI COOOLICHNS O TOM, YTO HOPOBHPYCHI I'€HOTHIIA
GII.P16/GII.2 Be3Banmu nokanbHbie Bembimku OID (2009/
2010 n 2012/2014 rr.) B Slnonun (Iritani et al., 2012; Moto-
mura etal., 2016), arenoruna GIL.P16/GII.13 (2009/2010 1) —
B Henane (Hoa-Tran et al., 2015). 3a 10-neruuii neprox (2003—
2012) MoHHTOpHMHTa TEHOTHUIIOB HOpoBHpYyca B HoBocuOup-
cke (Zhirakovskaia et al., 2015) u3onaTH ¢ MOMMMEpPa30it
reroturia GII.P16 ObUIH BEISBIICHBI BCETO B IIATH 00pa3ax:
GII.P16/GII.16 (GenBank GU292831, KF920739), GIL.P16/
GIIL.3 (GenBank KF944110, KF944111) n GIL.P16/GIIL.5
(GenBank HM596590). 1o 2016 r. B Poccutickoii @eneparum,
kpome HoBocubupcka, HopoBupycsl renoruna GI1.P16/GIIL.3
B €IMHUYHBIX cIy4asx ObUTH BBIABIEHB B OMcke (GenBank
KT779557,KY362198) u Cmonencke (GenBank KF895841),
arenoruna GII.P16/GII.16 — B Mockse u Caukt-IletepOypre
(GenBank FJ383842, FJ383877). B HoBocubmpcke pexom-
OMHAHTHBIC HOPOBHPYCHI C HOBOHM IOJIMMEPA30il reHoThIa
GII.P16, xotopas oriuuanace ot Bapuanta 2010-2012 rr.
1 OblIa B COYETAHWU C KalCHAAMH HECKOJIBKHX I'€HOTHIIOB
(GIL.13,GI.2 n GI1.4_Sydney 2012), cranu yacTo A€TeKTH-
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poBaThCs B 00pasmax oT B3pociibIX narueHToB ¢ OI'D HaunHas
¢ 2016 r. (nanHble He omyOnuKoBaHbl). Hamm pesynabrarsl
MOATBEPKIAIOT THIOTE3y O PACTPOCTPAHEHUH BHOBH BO3-
HUKIINX PEKOMOWHAHTHBIX IITAMMOB HOPOBHpYCa C HOBOM
GIIL.P16 momumepasoii B pa3HbIX peruonax mupa (Barreira et
al.,2017; Bidalot etal., 2017; Cannon et al., 2017; Choi et al.,
2017; Ruis et al., 2017; Hata et al., 2018; Lun et al., 2018).
Jlo Havanma 3TOro MCCIENOBAHUS B MEXIYHAPOIHOH 0a3e
marabIX GenBank OBIIO TOCTYITHO BCEro YETHIPE ITOTHOTE-
HOMHBIX ITOCJIC/IOBATEIIFHOCTH POCCHUHCKUX INTAMMOB HO-
poBupyca pekombunantHoro renorumna GIL.P16/GIL.3 (Zhi-
rakovskaia et al., 2015, 2019). B manHoit pabote Oba ompe-
JIeTIeHa MTOJTHAs! HYKJICOTHIHAS TOCIIEA0BATEIbHOCTh TeHOMA
poccuiickoro mramma Hu/GII.P16-GII.4/RUS/Novosibirsk/
NS16-C38/2016 HoBOTO peKomMOuHanTHOTO TeHoTHma GIL.P16/
GII.4 Sydney 2012. CpaBHUTEIBbHBIN aHATIHM3 ITOKA3aJI, YTO
YHUKaJbHBIC U3MCHCHUS MPOU3O0ULIN B aMUHOKUCIIOTHBIX
MOCTIETIOBATEIFHOCTSIX IBYX HECTPYKTYPHBIX 0ekoB — N-Tep-
MHUHaJIbHOM Oenke p48 m monmmepase GII.P16, a Takxke B
MUHOpPHOM KaricugaoMm Oenike VP2. Ilpu 3ToM cylecTBeH-
HBIX U3MEHEHHUI B OCHOBHOM Oeike karcuga VP1 remornma
GII.4 Sydney 2012 oOHapyxeHO HE OBLIO.
PHK-3aBucumas PHK-nonumepasza urpaet KpuTH4eCKyro
POJb B PEIUIMKALIMU TeHOMa HOpOBHpyca. PernoH, xomupy-
IOMINI TTOTMMEpasy, U3MEHSETCS JOCTaTOYHO OBICTPO, MPH
9TOM HAOJIONAETCSl OTIIMYUE B CKOPOCTH HAKOILJICHUSI MyTa-
Ui 17 pasnuaHbIx TeHoTrnoB (Ozaki et al., 2018). TTomy-
YEeHHBIC HAMH JJaHHBIC COITIACYIOTCS ¢ TMHOTE30i Ruis et al.
(2017) o Tom, 4TO HEOOBIYHOE PACTIPOCTPAHEHHE MO BCEMY
MHUpY IITaMMOB C HOBBIM BapuaHTOM monmMepassl GIL.P16
CBSI3aHO B OCHOBHOM C M3MEHEHHSMH, NTPOM3OIICANINMH B
AKTUBHOM LEHTPE MOJMMEpPAa3bl, KOTOPLIC MOIJIM ITOBBICUTH
TPaHCMHICCHBHOCTH HOpOBHpYca. OTHAKO MBI ITPEIIoIaraem,
YTO M3MeHEeHHs B N-TepMUHaIbHOM Oelke p48 ToxKe ChIrpan
CBOIO POJIb B pACIPOCTPAHEHNH STOTO HOBOTO T€HETHYECKOTO
BapuaHTa HopoBupyca. Panee 6pu10 MOKa3aHo, 9To OOk p48
MOXKET CBSI3bIBATHCS B MH(UIIMPOBAHHON KIiIeTKe ¢ (pakTopa-
MU, OTBETCTBEHHBIMH 32 paspyuieHue Bupyca (host restric-
tion factors), ciocoOCTBys yX0Iy HOPOBHpPYCa OT UMMYHHOU
CHCTEMBI, 8 KOIIUPYIOMINI €ro PErnoH UMeeT 00JIee BBICOKYTO
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CKOPOCTB ABOJTIOIMH, UeM TeHOM HopoBHpyca B 1iesioM (Cotten
etal., 2014). Kpome Toro, 6enok p48 criocobeH 6:10KknpoBaTh
MECTHBIH CEKPETOPHBIH UMMYHHTET 3MUTEINAIbHBIX Kile-
TOK KHMIICYHUKA, UHAYHOUPOBATH AC3UHTCTpALUIO allliapara
TonbkK M HapyIIaTh BHYTPUKIECTOYHBIH TpaduK OenKoB
(Fernandez-Vega et al., 2004; Roth, Karst, 2016). Ms1 ipea-
rmojaracM, 4To BCTaBKa FﬂyTaMHHOBOﬁ KHUCJIOTHI B O6J'IaCTb,
yIKe COIEPIKALILYIO YeThIPe IOCIEI0BATENIbHBIX OCTaTKa TITy-
TAaMHHOBOH KHCIIOTHI, yBEJIMYMBACT OTPULIATEIILHBIN 3apsij HA
N-koH1ie Oenka p48, 1 3TO MOIVIO MOBIHUATH KaK Ha CIIOCO0-
HOCTb HOPOBHpYCA POHHUKATh Yepe3 MEMOpPaHHbIC CTPYKTY-
PBI DIUTEIHATBHBIX KIETOK KHINEYHHKA, TAaK U Ha CKOPOCTh
JAC3UHTCTpAlUM KJIICTOUYHOI'O arlrapara FOJ'HJI[)KI/I.

MuHopHBIH 6enok Karcuaa VP2, urpas BaXHYIO pOjb B
nporecce perukayy Bupyca (Vongpunsawad et al., 2013) u
B cTabunbHOCTH BUpHoHa (Lin et al., 2014), Taroke yyacTByeT
B MOAYJIALINA UMMYHHOTO OTBeTa X03smHa (Roth, Karst, 2016).
CKOpOCTb HaKOIUIEHHsI MyTallMi B 3TOM O€JIKe MPEBBIIIACT
TaKoOBYI0 JiJIst ocHOBHOTO Oenka kancuga VP1 (Cotten et al.,
2014). BeisBneHHbIC HAMH aMUHOKHCIIOTHBIE 3aMEHBI MOTJITH
MOBJIHATH Ha CIOCOOHOCTH VP2 momaBiaTh mpe3eHTaluo
AHTUI'CHOB Ha KJICTOYHBIX MeM6paHax u O6H.[y}0 WHAYKIWIO
3aIUTHOTO IMMYHHTETA YEJIOBEKA.

3aknioyeHune

B pesynsrare MHOTONIETHETO MOHUTOpHHTA TeHOTHITOB RARp/
VP1 HopoBupycoB 056110 3aduKcupoBaHo nosiBieHne B Poc-
CHU HOBOTO pexoMOuHaHTHOro Bapuanta GII.P16/GIl.4
Sydney 2012. TIpoBeaeHHBIN aHAN3 MTOKA3aJl, 9YTO PacIIpo-
crpanenue GII.P16/GIl.4 Sydney 2012 ne cBsizaHO ¢ u3Me-
HEHHEM aHTHI'€HHOTO MPOQHIISi OCHOBHOI'O KarlCUIHOTO Oell-
ka VP1 HOpOBHUpYCa, KOTOpOE OOBIYHO MPHUBOIUIO K ITOSIB-
JIEHUIO HOBBIX 3nuaeMuyeckux BapuaHtoB Gll.4. B ciyudae
GII.P16/GIl.4_Sydney 2012, BeposiTHO, OIPEICICHHYO POJIb
CBITPAJI UI3MEHEHNs1 B MUHOPHOM Oesike VP2, KoTopblie MoTii
MOBJIMSITH HA aHTUTCHHBII COCTaB BUPHOHA M CIIOCOOCTBOBAIIN
YXOJly OT MMMYHHOT0 0TBeTa. Kpome Toro, HakorsieH1e My Ta-
U B HECTPYKTYPHBIX Oenkax — N-TepMUHaIT-HOM Oenke p48
U TOJHMMeEpase, BO3MOXKHO, ITOBBICHIJIO TPAHCMUCCHUBHOCTH
HOPOBHUPYCOB C HOBBIM BapuaHToM moiumepassl GILLP16.
JlanbHeWmMii MOHUTOPUHT T€HOTHUIIOB ITO3BOJIUT OLIEHHUTH
pacnpocTpaHeHHe BHOBb BO3HHUKIINX PEKOMOMHAHTHBIX HO-
poBUpycOB ¢ HOBoI monumepaszoit GII.P16 na teppuropuun
Poccuiickoit @enepanuu U npeackasaTb dMUAEMUYECKUT
MOTCHIMAJ MOSBUBILIMXCS IITAMMOB.
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HokayT reHa shp-2 nnpuBOAUT K IMOBBIIIEHNIO
CAR-omocpegoBaHHOM HUTOTOKCUYHOCTU NK-KieToK nuHum YT
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AHHoTayusA. OfiHa 13 caMbIX PacNpOCTPaHEeHHbIX MPUYNH CMepTel NaureHToB B Poccuu, Hapsaay ¢ 6051e3HAMY CMCTeMbl
KpoBOObpaLLeHNA, — 3TO OHKoMormyeckue 3abonesaHua. lMepcnekTMBHbIM CpeaCcTBOM B 6opbbe ¢ pakoBbIMM KieTKamu
npeactasnaoTca NK-KneTKn (ecTecTBeHHble Kunepbl), OAHAKO AN1A YCMELHOro NPUMEHEHUA B Tepanumn OHKoONornye-
CKUx 3aboneBaHnn HeobXoANMO 0becneunTb NX HAaKOMIEeHVe B OMYXONEBbIX OYarax, yCToMYMBOCTb K MMMYHOCYMNpec-
CUBHOMY MUKPOOKPYKEHUIO, a Takxe 6osiee BbICOKYIO LIUTOTOKCUYECKYIO aKTUBHOCTb. M3BecTHO, uto NK-numdounTbl
YHUUTOXAIOT PaKoBble KNETKM, dKCnpeccupyowe cneynduryeckme ctpecc-nmraHapbl; Npu 3Tom 6anaHc CUrHanoB oT
VNHIMOMPYIOWMX 1 aKTUBMPYIOLWMNX peLenTopoB Ha noBepxHocTn NK-kneTkn onpepenseT, 6yaet nu 3anyLleHa LuTo-
TOKCUYeckas peakuma. OfnH 13 TeEOPeTUYECK/ BO3MOXHbIX CMOCO60B MOBbILEHNA LUTOTOKCUYHOCTN COCTOUT B TOM,
YTOObI NPV MNOMOLLY FEHETNYECKOTO PefakTUPOBaHUA YCUINTb akKTUBALMOHHbIE CUrHasbHble Kackaabl B NK-kneTkax
n/vinn ocnabutb MHFMGMpPYIoLLMe, TaKUM 06pPa3oM CMeCTMB GaniaHC CUrHaNoB B CTOPOHY aKTBaLMMU NTMMGOLTOB 1 Jn-
3unca muweHeir. NK-kneTku ¢ Takum MoaneuLMpoBaHHbIM LUTOTOKCMYECKUM MOTEHLMANOM MOTYT 3GdEKTUBHEE YHNY-
TOXaTb pPakoBble MULLEeHY, obnafdatoLe Tak Ha3blBaeMOl YCTOMUMBOCTbIO K M3KCy. B 3Toi paboTte mbl npeanaraem
ABaxabl moandnumpoatb NK-knetku. Bo-nepsbix, npu nomoum cuctembl CRISPR/Cas9 nposoanTb HOKayTUpoBaHue
reHa shp-2 (PTPN11), kogupytowero 6enok Shp-2 — HeraTBHbIN perynatop aktusaummn NK-KneTok; Bo-BTOpbIX, Npu
NMOMOLLY NIEHTVBMPYCHbIX BEKTOPOB MHTErpupoBaTh KacceTy, koampytoulyto CAR (XMMepHbI aHTUreHHbI peLlenTop),
CNoCco6HbI cneurdUYHO CBA3bIBATLCA C aHTUFEHAMU Ha MOBEPXHOCTN PAaKOBOW MULLEHUN U FeHePUPOBaTb aKTUBUPYIO-
WKin curHan. B kauectee mopenbHoi NK-KNeTouHoM NuHMM Hamu Gbina BbiGpaHa nepesrBaemMas nnHus NK-nogo6Horo
deHotvna YT, MOCKOMbKY 3TV KNETKW He HYXAalTcA B cneyndpryeckmx LUMTOKMHAX ANA KyNbTUBMPOBAHMA U MOTYT
nNpoABNATb NepPOPUH/rPaH3MM-0MOCPEefOBaAHHYIO LIMTOTOKCUYECKYIO aKTUBHOCTb. Mbl NOKasanu, YTo coyeTaHne Ho-
KayTa reHa shp-2 n skcnpeccumn CAR NoBbIWaeT LMTOTOKCUYHOCTL 3bPeKTopHbIX KneTok Ha mogenu NK-ycTonumnsoi
KNIeTOYHOW NNHMM afleHOKapLMHOMbI NpocTaThl YenoBeka Du-145, akcnpeccupytolent cneundunyHo ysHaBaembli CAR
aHTureH, 6enok PSMA. Moao6Hble MMHUN C «YCUNIEHHBIMY LIUTOTOKCUYECKUM GEHOTMNOM B NEPCNeKTUBE MOTyT ObiTb
MCMOJb30BaHbl ASIA HY>KA NPOTMBOPAKOBON Tepanuu.

Kniouesble cnosa: NK-knetku; CRISPR/Cas9; CAR-NK; Shp-2.

Onsa yntuposaHusa: Cybpakosa B.I., KynemsnH C.B., benosexel T.H., Yukaes A.H., Yukaes H.A., Kosanb O.A., lopua-
koB A.A., TapaHuH A.B. HokayT reHa shp-2 npneoaunT K nosbiweHnto CAR-onocpepoBaHHOM LMTOTOKCMUYHOCTU NK-KneTok
nuHmm YT. BaBMNOBCKNIA XXypHan reHeTukn n cenekumm. 2020;24(1):80-86. DOI 10.18699/VJ20.598

shp-2 gene knockout upregulates
CAR-driven cytotoxicity of YT NK-cells
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Abstract. In Russia, cancer is the second leading cause of death following cardiovascular diseases. Adoptive transfer
of NK cells is a promising approach to fight cancer; however, for their successful use in cancer treatment, it is necessary
to ensure their robust accumulation at tumor foci, provide resistance to the immunosuppressive tumor microenviron-
ment, and to engineer them with higher cytotoxic activity. NK lymphocytes are known to kill cancer cells expressing a
number of stress ligands; and the balance of signals from inhibitory and activating receptors on the surface of the NK
cell determines whether a cytotoxic reaction is triggered. We hypothesized that stronger cytotoxicity of NK cells could
be achieved via gene editing aimed at enhancing the activating signaling cascades and/or weakening the inhibitory
ones, thereby shifting the balance of signals towards NK cell activation and target cell lysis. Here, we took advantage
of the CRISPR/Cas9 system to introduce mutations in the coding sequence of the shp-2 (PTPN11) gene encoding the
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HokayT reHa shp-2 npvBOANT K MNOBbILLEHWNIO
CAR-onocpegoBaHHo uutotokcnyHocT NK-kneTok nuHmm YT

signaling molecule of inhibitory pathways in NK cells. These shp-2 knock-out NK cells were additionally transduced to
express a chimeric antigen receptor (CAR) that selectively recognized the antigen of interest on the target cell surface
and generated an activating signal. We demonstrate that the combination of shp-2 gene knockout and CAR expres-
sion increases the cytotoxicity of effector NK-like YT cells against human prostate cancer cell line Du-145 with ectopic
expression of PSMA protein, which is specifically targeted by the CAR.

Key words: NK cells; CRISPR/Cas9; CAR-NK; Shp-2.

For citation: Subrakova V.G., Kulemzin S.V., Belovezhets T.N., Chikaev A.N., Chikaev N.A., Koval O.A., Gorchakov A.A.,
Taranin A.V. shp-2 gene knockout upregulates CAR-driven cytotoxicity of YT NK-cells. Vavilovskii Zhurnal Genetiki i
Selektsii=Vavilov Journal of Genetics and Breeding. 2020;24(1):80-86. DOI 10.18699/VJ20.598

BBepeHune

Krnetku — ecrectBennbie kuwiepsbl (NK) mpeactaBisor co-
001 MU TOTOKCHYECKUE TUM(OIIUTHL, CTIOCOOHBIE YHIUTOXKATh
WHQUIMPOBAHHBIC WU TPaHC(HOPMHUPOBAHHBIC KIeTKA. [1u-
TOTOKCHYECKas akTUBHOCTH NK-1uM(OIIMTOB perynupyercs
B3aMMOJICHCTBHEM AaKTUBUPYIOMINX W WHTHOMPYIOIINX pe-
LENTOPOB C JIMTAHJAMH Ha TMOBCPXHOCTH KIICTOK-MHIIICHEH
(Malarkannan, 2006; Lee, Gasser, 2010; Becker et al., 2016;
Del Zotto et al., 2017).

Hurudupyroriye perenTopsl UrParoT BAKHYIO POJb B (QYHK-
uonnpoBannud NK-KJIETOK, MOCKOIBbKY JIMTaHIAMH OO0JIb-
IIMHCTBA U3 HUX SBJSIOTCS MOJICKYITBI TIIABHOTO KOMILIEKCA
rucrocoBMectumoctd MHC-I, npucyTcTByrolye Ha HOBEpX-
HOCTH OOJIbIIICH YaCTH KJIETOK OPraHu3Ma, HO, KaK MPaBHIIo,
OTCYTCTBYIOIIHE HA OITyXOJIEBBIX W 3aPAYKCHHBIX BUPYCOM
kietkax (Hewitt, 2003; de Charette et al., 2016). Takum 06-
pa3oM, KJICTKH OpraHu3Ma He MOJBEPIratoTCsl YHHUTOKCHHIO,
a xieTkH, yrparusmue MHC-1, yamuaroxkarorces (Kérre et al.,
1986; Hanke et al., 1999). Oqnako ciocooHocTh NK-K1eTok
K JIN3UCY MHIICHEH HE BCEra KOPPEIUPYET ¢ OTCYTCTBHEM
sxcpeccurt MHC-I 11 3aBHCHT TakKe OT HAJTUYUS JINTaHIOB
K akTuBHpYtomuM perenropam (Cerwenka et al., 2001; Paul,
Lal, 2017). [Tepenaya CUrHAJIOB OT HHTHOUPYFOIIIUX PELICITO-
OB OCYIIIECTBIIAETCS C IIOMOIIEI0 (hocdaras, B OCHOBHOM Ta-
KuXx, kak SH2-coneprkamast nnHozuroidocdarasza-1 (SHIP-1),
u Tuposundocdarasz Shp-1 u Shp-2. ITpoucxoaur 3to 3a cuer
nedochopumuposanus ocdarazamu THpo3uHOB B ITAM-
MOTHBaX aKTUBUPYIOIIUX PEUEHTOPOB, MOCIE YETO mepesa-
Yya aKTUBUPYIOIIETO CUrHasia npekpaimaercst (Rehman et al.,
2018).

EcTecTBeHHBIC KMILICPBI YCIICITHO UCTIONB3YIOT B TEPAITHH
OHKOJIOTHUeCKuX 3a0oseBanuii (Rezvani etal., 2017). Tem He
MeHee BCIIeICTBHE IMMYHOCYITPECCHH, BEI3BAHHOM OITyXOJIe-
BBIMH KJICTKAMHU U OITyXOJICBBIM MHKPOOKPYKCHUEM, ITHTO-
TokcnyHocTh NK-KiIeTok 3amMeTHO cHrkaetTcst (Mamessier
etal., 2011; Pasero et al., 2016; Suen et al., 2018). Ycunenue
UX [IUTOTOKCUYHOCTH MOXKET OBITh TOCTUTHYTO Pa3ITUYHBIMU
criocodamu: Mo UKaIeH CUTHAILHBIX [Ty TeH, PELENTOPOB
NK-Kj1€TOK WK 0II0CpEeIOBAaHHON LIUTOKNHAMU aKTUBALUEH
NK-knetok (Igarashi et al., 2004; Childs, Carlsten, 2015;
Yang et al., 2017; Freund-Brown et al., 2018; Nayyar et al.,
2019). MBI IpeaImoIoKUIN, YT0 MOAU(PHUKALINS HHTHOUPYFO-
IIETO CHUTHAJILHOTO MYTH Yepe3 HOKayTHPOBaHUE I'eHa shp-2
MPUBEACT K 3HAYUTEIHHOMY OCITA0ICHUIO WHTHOMPYIOUIETO
CUTHAJIFHTA 1, COOTBETCTBEHHO, YCHJICHUIO ITATOTOKCHIECKOM
AaKTUBHOCTHU MozelbHbIX NK-Ki1eTok.

MaTepmanbl n Mmetoabl
Kierounsle TMHNM M MX KyJbTHBUpPOBaHUe. KiieTounsle
auaud YT, Du-145-PSMA n HEK293T xynsTuBupoBanu

B cpene Iscove’s Modified Dulbecco’s Medium (IMDM) ¢
nob6asnenneM 10 % deranpHoit Ob1ubeii ceiBopoTkH (FBS),
100 en/mut nennyuiuimea 1 100 MKIr/MII CTpPEeNTOMHUIIMHA B
CO,-unkybarope B armocdepe 5 % CO, npu 37 °C.

KoncTrpyupoBanue BekTOpoB. {151 KOHCTpyHpOBaHUS
nporocneiicepos shp-2 cneunduunbix crPHK (eaunoi Ha-
npasistromeii PHK) OplT poBeeH MOWCK MOCIen0BaTeb-
HocTell crPHK ¢ momoibio HECKONBKUX MHCTPYMEHTOB,
npesckasbiBaromux dpdexrusaocts rPHK (Hanpasisitomeit
PHK) (Moreno-Mateos et al., 2015; Doench et al., 2016).
BrIiOpans! cieayromue aBe MOoCiIe10BaTeIbHOCTH MUILICHEH:
gtgcagatcctacctctgaaagg n acagtactacaactcaagcagg (PAM-
CalT BBIAEIIEH MOAUYEPKUBAHUEM).

Jnsa sxenpeccun Cas9 u crPHK ucnons3oBanu BekTop
lentiCRISPRvV2, npenocrasnennsiii npo¢. Feng Zhang
(Addgene #52961, CIIIA) (Sanjana et al., 2014). CunTe3upo-
BaHHBIC OJINTOHYKJICOTHIbI, COOTBETCTBYIOIIME BHIOPAHHBIM
MHUIIIEHSAM, MIEPEBOIIIN MOMAPHO B AYIICKCHOE COCTOSIHHE
JIeHaTypanueil Ha KUIAmeid BOASHOW O6aHe C Mocieayro-
el MeJUIeHHON peHaTypanueil ¥ KIOHHPOBAJIN B BEKTOP
lentiCRISPRvV2 no caiitam pectpukimuu BsmBI.

nasmugnas JTHK xmonoB lentiCRISPRv2-Shp2gl u
lentiCRISPRv2-Shp2g2, Brimtoyaronmx B ce0st shp2-crenn-
¢uunbie crPHK1 u crPHK?2, Obu1a cmemana ¢ JIHK Bermomo-
rarenpHbIX m1a3Mug psPAX2 u pMD2.G (mpemocTaBiieHbI
npod. D. Trono) B maccoBom cootHomrennu 10:10:7.5:2.5,
B CyMMapHOM KosimdecTBe 3 MKI. C mOMOIIbI0 METOAA Kajlb-
uii-pocdarroit Tpancdexmmu (Kutner et al., 2009) momy-
yeHHast cMech rasmuaabix JJHK Obina nocrasiena B kiet-
ku muaun HEK293T. CynepHaraHThl, cofepKaliiie nceB1o-
TUIMPOBAHHBIC JIEHTUBUPYCHBIE YACTHIBI, COOMpAIN Yepe3
48 1 nocne Tpanchekyn, puasrposann yepe3 PES-duibr-
psl 0.45 MKM 1 HCIIOIB30BAIM B CBEXKEM BU/JIE TUO0 XPaHUIN
mpu —70 °C.

Tpancaykuus kiaerok YT. [lnsa ynydmeHus TpaHCIyK-
WU PUMEHsUIH npoTokoi crnuHokyissnun (O’Doherty et
al., 2000). Kiretkn YT BriceBanu B 24-TyHOYHBIC TUTAHIIICTHI
(1x10° kI€TOK) B NPUCYTCTBHU MONKOpeHa (8 MKI/MiT) ¢
MOCIIEAYIOIUM J00aBlICHHEM CYIIEpPHATAHTOB, COIEPIKALINX
MICEBIOTUIIMPOBAHHBIC JEHTUBUPYCHBIE YacTUIbl. KieTku
nentpudyruposanu npu 500 g B Teuenue 40 mun npu 32 °C
u uHKyouposanu 16 4 B CO,-unky6arope. Ha cnemyromuii
JIeHb CyIIEPHATAHT 3aMEHSUIN CBEXKEN KyJIbTYpPaJIbHOM CPEesIO.
UYepes 3 1HS TPOBOAMIN CEJICKIMIO B 5 MI/MIT IIypOMHUIIMHA
(Invitrogen, CIITA) B Teuenue 1 Henenm; HETpaHC Y LIMPOBaH-
HBIE KJIETKH MCHOIB30BAIH B Ka4€CTBE KOHTPOJIS.

Becrepn-00T ananau3. TpancaynupoBaHHble KIeTKU Y T
Y KOHTPOJIbHbIE HETPAHC/IyLIUPOBAHHbIE KJIETOUHbIE JIMHUH
YT-wt u HEK293T mmsupoam B Oydepe mis mzuca (100 MM
Tpuc, pH 6.8, 2 % SDS, 5 % B-mepkanrosranon, 15 % rm-
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uepou). Kitlerounble au3arTsl HEHTPUPYTUPOBAIIN, KUIISTHIIH
Ha BOJSHON OaHe B TEUEHHE 5 MUH, Pa3IeIsul C TOMOIIBIO
SDS-PAGE B 10 % nonuakpuinaMuHOM T'elle U IEPEHOCUIIN
Ha HUTpoLEIUToI03HY 0 MeMOpany (GE Healthcare, CIIA).
Mewmb6pany, OnokupoBanHyo B 3 % Moioke Ha PBST, nnky-
OMpOBaIIM ¢ MOHOKJIOHAJIBHBIMU aHTHTEIIAMH KPOJIMKA TPOTHB
Shp-2 (1:3000, #3397S, Cell Signaling Technology, CII1A), a
3areM ¢ HRP-MeueHbIM BTOPUYHBIM aHTUTEIOM «KO3a-IIpo-
B kponuka» (1:8000, mabopaTopuss IMMYHOT'C€HETHKH).
PaBHOMEpPHOCTH 3arpy3ku 00pasloB OLIEHUBAJH, HCIIOJb-
3ysl THOPUAM3ALUIO C KOHTPOJIBHBIMHA aHTUTENIAMU MPOTUB
B-akruHa (1:3000, #ab3280, Abcam, CIIIA). MemOpaHsI
BU3YaJIM3UPOBAINA U JIOKYMEHTHPOBAJIM C UCIIOJIb30BAaHUEM
cyoctpara ECL-prime B COOTBETCTBHH C PEKOMEHIAIHSIMHU
npoussoaurests (GE Healthcare) n mpubopa Amersham Ima-
ger 600 ¢ skcro3unueit 1 MuH.

IIporounas murtomerpus. /(1 GpeHOTHITHPOBAHUS KITe-
tounbix iuani CAR-Y T##7-2+~ 103 knetok npombisany B PBS
1 MHKyOupoBasu 30 MUH B IPUCYTCTBUHM OMOTUHMIIMPOBAH-
Horo 6enka L (3.3 mxr/mi) (M00097, Genscript, CILIA) ipu
temneparype 4 °C. Jlanee KJIeTKH OTMBIBAIIM U HHKYOUPOBAIIH
co crpentaBuanHoM-APC (Thermo Fisher, CIIIA) B coor-
BETCTBUH C PEKOMEHJAIMAMH MPOU3BOAUTEINS. BuranbHbIit
kpacutenb 7AAD (Biolegend, CIIIA) 6bu1 ncionb30BaH A1t
UCKJIIOUSHHUSI MEPTBBIX KJIETOK U3 aHanu3a. O0pa3iibl aHau-
3upoBaH ¢ oMorisio pudopa BD FACSCanto® I1 (Becton
Dickinson and Company) u nporpaMMHOTO 0OecredeHus
BD FACSDiva.

AHaIHM3 OUTOTOKCHYHOCTH B pealbHOM BPeMeHH
(RTCA). [IpukpenneHHble KIE€TKU-MHUIIEHN BBICEBAIH B
8-nmyHounble cencopueie miuanmersl (ACEA Biosciences,
Kopest) B konmuecTse 5% 10* KIETOK Ha IyHKY M MHKyOH-
poBasin 16—18 4. Ha crnenyromuii AeHb cpeny ynajisuii U 3a-
MEHSJIN CBeXel, cogepxaieit 1% 10° knetok-3¢pekTopos.
[IpoBomMIM MOHUTOPHHT POCTa KIETOK B TeueHHWe 24 4 ¢
nomorpo cucteMbl RTCA iCELLigence mtst aHami3a KICTOK
B peaJbHOM BpeMeHH. [{[UTOTOKCHYHOCTh pacCUNTHIBAIIM 110
thopmyme: [CI (kneTok-mureHeH 6e3 3¢ PeKTOPHBIX KIETOK) —
CI (knerok-mumieHei ¢ 3¢ pexropasiMu kieTkamu) | x 100/CI
(kneTok-MuieHei 6e3 apexropHbIX Kietok), rae Cl — Hop-
MaJIN30BAHHOE 3HAYEHHE MMIIEIaHCa B JIyHKAX IUIAHIIETa
(Golubovskaya et al., 2017).

AHaJIN3 TUTOTOKCHYHOCTH NMPH MIOMOIIM IPOTOYHOIT IH-
ToMeTpuH. HeoOxonnmoe KoMn4ecTBO KIETOK-MHIIICHEH Me-
tri ripu momon arenta Cell Proliferation Dye eFluor 670
(Thermo Fisher). B 96-1yHO4HBII TU1aHIIET BHOCWIIN 110
50000 xiIeTOK-MHUIICHEeH Ha JIYHKY, TIOCJIE Yero JOOaBIsIN
paBHOE KOIMUECTBO 3(P(HEKTOPOB, OCTABISISI B HECKOIBKHUX
JYHKaX KJICTKU-MHIICHU 0¢3 3(PPEeKTOPOB Aisi KOHTPOIISL.
Knerku nukyouposannu 4 1 8 armocdepe 5 % CO, mpu 37 °C.
[Tocie 3TOTO B KX IYI0 JIyHKY JOOABIISIN BUTAIBHBII Kpacu-
Tenb 7AAD 1 u3MepsIn NPOLEHT KUBBIX KIETOK-MHUIICHEH
Ha potogHoM ITodmyopumerpe BD FACSCantoll.

CraTrucTH4ecKHii aHAJIM3 BBIIOIHEH C MOMOIIBIO IPO-
rpamMMHOro obecreuenust Prism software (GraphPad ver-
sion 8.0). C ucrons3oBanueM 01HO()AKTOPHOTO TUCTIEPCHOH-
Horo ananu3a (one-way ANOVA) ObUIH BBISIBICHBI pa3JInIus
MEXy KOHTPOJBHBIMU JIMHHUSMH, HE HECYIIUMH HOKayTa
reHa shp-2, 1 HOKay THBIMU JINHUAMU. Bce naHHbIe mpecTas-
JICHBI KaK CpeHee + CTaHAapTHas OUINOKA CPETHETO.

shp-2 gene knockout upregulates
CAR-driven cytotoxicity of YT NK-cells

Pe3ynbratbl

B kauectBe Monenn NK-mumpornuroB Hamu Oblia BEIOpaHa
YeloBevYeCcKas MMMOPTAJIN30BaHHAasl IIepeBUBaeMast JINHUS
¢ NK-nogo6usM peroTrmom YT. DTH KIETKH 001amatoT
CHOCOOHOCTBIO K Tep(POPUH-0IIOCPETOBAHHOMY JIN3UCY MHU-
IICHEeH; IpU 3TOM OHH HE 3aBHUCAT oT Hanuuud [L-2 B cpene
IIpU KYJIBTUBMPOBAHUHU M HE 3KCHpeccupyroT Fe-penentopsl
(Yodoi etal., 1985; Deaglio et al., 2002; Edsparr et al., 2010).
JI1st penakTupoBaHus TeHa Shp-2 MbI UCTIOIB30BAIA CUCTE-
My CRISPR/Cas9. beumi mogoOpass! 1Be crieruuIHbIE IM0-
ciienoBarenbHocTH crPHK, koMIieMeHTapHbIe KOANPYIOMNAM
ydacTKaM reHa ship-2 B 00J1aCT! TPETHETO U MATOTO IK30HOB.
HocnenosarensHoctu JJHK, koaupytomiye cCOOTBETCTBYOILNE
nporocneiicepsl crPHK, 66111 KIIOHUPOBAHBI B JIEHTHBUPYC-
ubiii Bektop lentiCRISPRv2 (Sanjana et al., 2014). Jlanee ¢
MCTIOIb30BAHUEM TOJTyIEHHBIX TAKUM 00pa30M KOHCTPYKINI
lentiCRISPRv2-Shp2gl u lentiCRISPRv2-Shp2g2 Obin
HapaOOTaHbI JICHTUBUPYCHBIC YaCTHIBI U TPOU3BE/ICHA KO-
tpancayknus KieTok Y T. [Tockompky lentiCRISPRv2-Shp2g1
n lentiCRISPRv2-Shp2g2 HecyT reH yCTOWYMBOCTH K ITypoO-
MUIIMHY, Ha CJIEAYIOIIEM dTarne Oblla MPOBEJACHA CEICKIUs
Iy POMHUIIH-YCTOHYMBBIX KIIETOK, KCIPECCUPYIOUIUX OIHY
wim o0e 1eneBble KacceThl. Jlanee KIeTKH ObUTH MOHOKJIO-
HHUPOBAHBI, MOCJIE YETO MaHeIb MOHOKJIOHOB aHAJIM3HPOBAITH
TapreTHBIM CeKBCHUPOBAHHEM IIEJICBOTO patioHa rena PTPN11
JUIst 0TOOpa CyONMHUIA ¢ OMaIIIEIbHBIMKI MY TallSIMH B JIAHHOM
nokyce (puc. 1, a).

[Momyueno wetsipe cyomuuun (B1, C1, C3, C4), B KOTOpBIX
MYTaIlM MPUBOJST K CABHUTY WJIH OOPBIBY PaMKH CUHTHI-
BaHUs B KOTUPYIOIIEH obmacTu reHa shp-2 (cm. puc. 1, a).
Jis Bepumkanny HOKayTa B ATHX JIMHHUAX ObUI IPOBEIEH
BECTEpPH-OJIOT aHAJIM3, KOTOPBIH MMOATBEP/HI (PAKT OTCYTCTBUS
nmoJiHOpa3MepHoro 6enka Shp-2 (cm. puc. 1, 6).

D¢ dhexkTUBHBIM MOIXOIOM IS CIICII(PHISCKOTO TIepeHa-
LIETUBAHUS [IUTOTOKCHYECKOH akTUBHOCTH NK-KIIETOK sB-
nsercs skTonuueckas sxcnpeccuss CAR (XMMepHOTro aHTH-
rerHoro perentopa). CAR HHIyIMpyeT MpoaKTHBAIIMOHHBINA
curHainrHr B NK-KIIeTKe rmocie KOHTakTa ¢ MUIICHBIO, JTaKe
€CJIM MUILIEHb HE DKCIPECCUPYET TUITUUYHBIE CTpEeCcC-MapKe-
pbl. MBI UCIIOJIB30BaM XUMEPHBII aHTUT€HHBIN peLenTop
ctpyktypsl scFv(J591)-CD8mapuup-CD28TM-CD28-CD3z
(Kulemzin et al., 2019). Dtor CAR BTOpOro nokosieHus no-
3BOJISIET IEPEHANPABIIATE aKTUBHOCTD T - i NK-Kki1eTok nmpo-
TUB KJIETOK-MUILIEHEH, skcnpeccupyromux PSMA, nosepx-
HOCTHBII Mapkep kiieTok paka npoctarsl (Chang, 2004; Gor-
chakov et al., 2019). Hamu momy4eHs! THHAN KIETOK C DKC-
npeccueit ykazannoro CAR na ocnoBe kietok YT aukoro
THIIa ¥ 9eThIpex cyOmunuii Y T2~ Dxenpeccus CAR Ha
MOBEPXHOCTH MOIYyYEHHBIX JIMHUN OblIa BepH(UIIMpOBaHa
TIPY TTIOMOIIH TPOTOYHOM IUTOMETPHUH (pHC. 2).

Janee Hamu ObL1a H3y4YeHA IUTOTOKCHYECKAsl aKTHBHOCTh
Tpex u3 deThipex momydeHHbx quanid — B1-CAR, C1-CAR
n C4-CAR. Jlnst aToro B xadecTBe MHIICHH BHIOWPAIUCH
kietku Du-145 ¢ sxTonudeckol skcnpeccueit benka PSMA.
Jluaus knetok Du-145 cumTaercs pe3sMCTEHTHOHN K JIM3UCY
NK-xirerkamu (Hood et al., 2019) u, kak crencTBue, sIBIsSCTCS
XOPOILHMM CyOCTPATOM JUISl OLIEHKH AKTUBHOCTH «YCHIJICHHBIX)
NK-mamdpormros. s aHanm3a crieruuaeckoil ITUTOTOK-
cuuHocTH ucnonb3oBaiu miargpopmy iCELLigence (ACEA
Biosciences, Kopes). O6uapysxeno uro CAR-Y P27/~ kner-
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DK30H 3
Auvknin Tun: cctctgaactgtgcagatcctacctctgaaaggtcagtaa

peneuna 16 n.H.
nHcepuma 1 n.H.

B1 cctctgaactgtge aggtcagtaa
cctctgaactgtgcagatcctacctcttgaaaggtcagtaa
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C4 cctctgaactgtgcagatcctacctcatgaaaggtcagtaa  MHcepumsa 1 m.H.

aeneyms

JK30H 5
Ivknntnn: tgggtacagtactacaactcaagcaggtgagcagattgga

neneuma 14 n.H.
neneuna 1 n.H.

@ tgggtacag caggtgagcagattgga
tgggtacagtactaca ctcaagcaggtgagcagattgga

a3 tgggtacagt gagcagattgga Aeneuua 18 n.H.
tgggtacagtactacaactcacctgcaggtgagcagattgga 3ameHa

Cc4 tgggtacagtactacaactcaaagcaggtgagcagattgga mHcepums 1 n.H.
peneuys

6
wt Bl Cl @3 kAa

293T M
250

130
100

Shp-2 70

55

55

Puc. 1. MoatBepxaeHne HoKayTa reHa shp-2 B MOHOKJTOHabHbIX epuBa-
Tax NK-knetouHom nuHum YT.

a - HyKneoTuaHble nocnefgosatenbHocT CRISPR/Cas9-mHAYLMPOBaHHbBIX My-
Taumii B 3K30Hax 3 5 reHa shp-2; 6 — BeCcTepH-6n0T rmbpuansaums n1MsaTos
KNeToK, HoKayTupoBaHHbIx no shp-2 (B1, C1, C3, C4), a Takke KOHTPOMNbHbIX
nnHnin HEK293T (293T) n YT (HemoanduumpoBaHHble KneTkn nuHum YT, wt)
C aHTUTENamm NpoTmB Shp-2 unn 6eTa-akTrHa (KOHTPOb 3arpy3Ku).

KU TIPOSIBIIAIOT 3HAYMMO OOJBLIYI0O HUTOTOKCHYHOCTD, YeM
CAR-YT xnietkun 6e3 MyTaIyu B reHe s/p-2, Ipu 5ToM Ha0Iio-
JlaeMblit 9 GEeKT BOCIPOU3BOAMIICS JUIsl BCEX TPEX CYOKJIOHOB
murni CAR-Y T5%7-2~~, He3aBUCHMO OT PHPO/IBI BHECEHHBIX
MyTaruii (puc. 3).

Jli1st TOro uTOOBI OLICHUTD JIMTHYECKYI0 akTUBHOCTE CAR-
YTs"P-2~~ B OTHOINEHNH KJIETOK 30POBHIX TKAHEM, MBI TIPO-
BEJIM INTOTOKCHYECKUH TECT, B KOTOPOM MHIIECHSMH BBICTY-
nanu nepudepruyeckre JUMQPOIHUTH KPOBU 310pPOBOTO J10-
Hopa. b0 06HApykeHO, YTO THOENb KIETOK-MHUIIIEHEH TIpH
KOMHKYOanuu ¢ CAR-YTshP-2-~ gneTkamu JIOCTOBEPHO HE
OTJIMYAETCs OT TAKOBOW B KOHTposie 0e3 moOamieHus 3¢-
(heKkTOpOB, paBHO KaK M OT KOHTPOJEH MpH KOMHKYOAIlnH C
xinetkamu CAR-YT wiun YT#2-2+ (puc. 4).

O6¢cyxpeHue

HuToTokcmueckas akTHBHOCTh NK-KIeToK perynupyercs
0aJaHCOM CUTHAJIOB OT MHTMOMPYIOIIUX M aKTHBUPYIOLUIUX
penentopoB Ha ux nmoBepxHocTH (Lee, Gasser, 2010; Sivori
etal., 2019). LlutoTokcnueckas peakiyst MO>KET HPOUCXOANTD

HopmanusoBaHHOe uncno KneTok ,% ot MaKCcnmMmyma

-103 0 103 104 10°

\J

CAR (protein L/APC)

Puc. 2. [letekumna ypoBHa nosepxHocTHom skcnpeccun CAR B CAR-YT
KneTKax, HokayTHbIX no shp-2 (B1, C1, C3, C4), v B HeraTMBHOM KOHTposie
(HemoguduumpoBaHHaa kKneToyHaa NUHNUA YT (YT-wt)).

JUIIb B TOM CJIy4ae, €CIi MPUCYTCTBYCT aKTUBUPYIOMIHA
CUTHAJI, UHBIMH CJIOBAMH, €CJIM KJIETKa-MHILIEHb JKCIpec-
CHUpYeT JIUTaH/bl aKTUBUPYIOIINX PEIENTOPOB U MIPH 3TOM
OTCYTCTBYET WJIM OCJa0JIeH WHTHOMPYIONIMHA CHUTHA, T.e€.
KJIETKa-MUILEHb HE DKCIPECCUPYET JIMTaH bl HHTHOUPYIOIHX
penenrtopoB nu60 NK-kiieTka B IpUHINIE HE UMEET HHTH-
Oupytomiero perentopa k ganHomy nmuraaay (Chester et al.,
2015; Pasero et al., 2016). B ciay4ae, eciii HET CUTHAJIOB OT
AKTUBUPYIOIINX PEIENTOPOB WM W3OBITOYHBI CHUTHANIBI OT
WHTUOUPYIOMINX, IUTOTOKCHYECKast PEaKIUs HE IPOUCXO/IHT,
YTO IPUMEHHUTENILHO K KJIETOYHON Teparyy 03Ha4aeT BbDKHU-
Banme omyxoin (Pasero et al., 2016; Del Zotto et al., 2017).

[IpoOnema HEXBaTKM aKTHBUPYIOMIETO CHTHAJA MOXKET
OBITh yCIIEIIHO peleHa rnpu nomontu skcnpeccun CAR, uro
yKe aKTUBHO NpuMeHsieTcst Ha npaktuke (Imai et al., 2005;
Rusakiewicz et al., 2013; Quintarelli et al., 2018; Ingegnere
et al., 2019), onHaKO KJIETKUA-MHIICHH C TTOBBIIICHHOW JKC-
Tpeccrelt INTaHJ0B WHTHOMPYIONINX PEenTOPOB MPOI0-
JKalOT OCTaBaThCs HEYI3BUMBIMH Jutst NK-KiieTounoro nmusnca
(Rezvani et al., 2017).

OnHUM U3 BapHAHTOB PEIICHHS 3TOH MPOOIEMBI MOTJIO OBI
crath co3nanue NK-KIIeToK, HOKayTHBIX IT0 HHTHOUPYIOIINM
peuenTopaM, OlHaKO, NPUHUMAsi BO BHUMaHUE Pa3HOOOpa-
3H€ TOCIEeTHNX, 3TO MOTpeOyeT BHECEHHSI MHOKECTBEHHBIX
MyTanuii. bonee nmpoctoit myTh — ynanenue docdarazbl
Shp-2, xoTopast SIBJISIETCS] OTHUM U3 KIIFOUYEBBIX HEraTHBHBIX
perymsitopoB NK-kierounoit akrusHocTr (Yusa, Campbell,
2003; Purdy, Campbell, 2009). [Tory4eHHBIC HAMU JCPUBATHI
NK-knerounoit uauu YT, HOKayTHBIC 110 TeHY sAp-2, TIPoO-
JIEMOHCTPHUPOBAIH BEICOKHH ypoBeHb CAR-0mocpenoBanHoM
LIUTOTOKCUYHOCTHU B OTHOILIEHNH NK-yCcTOHUNBOM TMHMU ajie-
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shp-2 gene knockout upregulates
CAR-driven cytotoxicity of YT NK-cells
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Puic. 3. AHann3 UUTOTOKCMYHOCTU B peanbHom BpemeHu (RTCA) HoKayTHbIx Mo shp-2 cyonunuin B1, C1, C4, nx CAR-mogmdrumnpoBaHHbIX BApUAHTOB 1

nuHun CAR-YT n YT-wt Ha mogenun Du-145-PSMA.

lpaduk npriBefeH co BpemeHy gobasneHuns 3pHeKTopoB K KNeTKam-MULLEHSM.

KuBble Knetku, %

K C1-CAR (@ CAR-YT YT-wt

Puc. 4. AHann3 UUTOTOKCMYECKON akTUBHOCTU YT KNEeTOK, HOKayTHbIX MO
shp-2 (C1-CAR, C1), a Takke CAR-YT 1 YT AMKOro Tvina B OTHOLLEHWY JIUM-
boumnToB Neprdepryeckon KPOBU 340POBOIo AOHOPA.

KownHky6aums 4 u B cootHoweHum 1:1. K — nHKy6auus KneTok-muileHein 6e3
3 PeKTopHbIX KneToK. MpuBefeHO cpefHee 3HauYeHVEe MO MeHbLUen mepe
TPeX He3aBUCKMbIX MOBTOPHOCTEN 1 CTaHAAPTHas OLIMOKa CpegHero.

HOKapUUHOMBI ITpoctathl Du-145-PSMA (Hood et al., 2019),
mpu 3ToM CAR-Mogmdukanms YT KIETOK TUKOTO THMA HE
YBEIMYMIIA UX IIUTOTOKCHYHOCTD (CM. pHC. 3). DTO yKa3bIBaeT
Ha TOT QakT, 4to JmHusl Du-145-PSMA oGnaiaer BbICOKOI
IUIOTHOCTBIO JINTaHJ0B MHTMOUPYIOMINX PELENTOPOB, ¥ HH-
THOMPYIOMINI CHTHAJIMHT TOPMO3HUT aKTHBUPYIOIIHH, aXe C
yuetrom curnajoB oT CAR. U ageiicTBUTENHHO, U3BECTHO, YTO
muHUsS Du-145 sKkenpeccupyeT Malio TUraHAo0B K aKTUBUPY-
romuM penentopam NKp30 u NKp46 NK-knetok u 3Haum-
TenbHOE KouuecTBO Mosiekya MHC-I (Pasero et al., 2015).

HemanoBaxHBIM SIBIISIETCS BOTIPOC 0E30MACHOCTH ITOITY-
YEHHBIX KJIETOK. MOXKHO HPEAIONIOKNTh, YTO HOKAyT I10

TeHy shp-2, IpUBOIAIINI K OCITAOICHNUI0 WHTHOMPYIOMIETO
CUTHAJIMHT'A, BBI3OBET MOBBINICHUE IINTOTOKCHYECKOH aKTHB-
HocTH NK-KJIETOK B OTHOIICHUH 37I0POBBIX TKaHEeH. UTOOBI B
MIOJTHOI Mepe OTBETUTH Ha ITOT BONIPOC, HEOOXOIMMO IIpOBe-
PUTB UTOTOKCUYECKYH0 akTUBHOCTE CAR-Y T2~~~ y1eTok B
OTHOILICHUY OOIIMPHOM ITaHEeIH HOPMAITBLHBIX KJIETOK, OIHAKO
MOJTY4YEHUE MHOTUX THUIOB TKAaHEH OT 340POBBIX IOHOPOB
SIBIISIETCS. HEMPOCTOM 3a/1aueil ¢ TEXHUUECKOH U 3TUYECKOU
TOYEK 3peHus. B HacTosAIeM nccieoBaHUN MBI TPOBEPUIIH
[IUTOTOKCUYECKYTO aKTHBHOCTE CAR-Y T2/~ xj1eTOK B OT-
HOIICHUH JIMM(OIHUTOB 3710pPOBOTO IOHOPA 1 HE 00OHAPYKUITH
€€ JIOCTOBEpHOT0 MOBKINICHNA. BeposTHO, ocabieHne HHrH-
OUPYIOIIEr0 CUTHAIMHTA HE OIIACHO IIPH OTCYTCTBUH aKTHBH-
PYIOIINX JINTAHA0B HA ITOBEPXHOCTH KIETKU-MHUIICHH. B TO
’Ke BpeMs OKOHYATeNIbHBII OTBET Ha BOIPOC 0 6€30MacCHOCTH
MOTyYCHHBIX HAMH KJIETOK MOXKET OBITH JaH TOJIBKO TTOCIIE UX
BCECTOPOHHETO HccienoBanus. Boamoxno, tnddepennnpos-
Ka HHAYIIMPOBAHHBIX TUTIOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK
YEeNI0BEKa B PA3IIMUYHBIC THUIBI TKAHEH IO3BOJHT IMOIY4NTh
MIPE/ICTaBUTEIBHYIO MTAHENb 3J0POBBIX KIETOK-MUIICHEH IS
TAaKUX UCCIICAOBAHUMN.

3aknioyeHune

Takum 00pa3oMm, ONTHMAIBHBIM BAPHAHTOM YCHJICHUSI IIU-
TOTOKCHUYECKOH akTUBHOCTH NK-KJIETOK MOXET OBITh 3KC-
npeccusst CAR 111 MHAYKIMY aKTHBUPYIOIIMX CHUTHAJIOB B
COYETAHUU C CYNpeccHeld MHIMOMPYIOIIEro CUTHAIMHTA 3a
CUET y/IaJICHNSI OTHOTO M3 KITFOUEBBIX €TO MEANATOPOB — OeIIKa
Shp-2. B panpheiinieM HEOOXOIMMO BCECTOPOHHE M3YyYHTh
6e3onacHOCTh MOAN(DUIIMPOBAHHBIX JIMM(OIUTOB, B YacT-
HOCTH HCCIIEZI0BAaTh UX IIUTOTOKCHYECKYIO aKTHBHOCTD B OT-
HOIIEHUH OOJIBIIIETO CIIEKTPa 37I0POBBIX TKAaHEH.
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AHHOTaLuA. PaccMoTpeHa ponb IOHTUTIOLHbBIX NCCIEA0BAHNI KOTHUTUBHbIX XapaKTePUCTUK B ONpeAeneHny MpUUmH,
BAUAIOWKMX HA MO3HAHWE, C LiefIblo BO3MOXHOWN UX KOPPEKLUUN ANA YNyylleHUsA No3HaBaTesbHbIX HaBblkoB. B AaHHbIX
nccnefoBaHNAX NMoKasaHo, YTo Ha Pa3BUTUE KOTHUTMBHbIX GYHKLNIA BAVAIOT Takme cpefoBble GakTopbl, Kak KauecTBO
HYTPVEHTOB, CTPECC BO BPEMA recTaLlmy 1 XapakTep COLManbHOro OKpyxeHus. BoiasneHbl cneynduyeckme snureHe-
TUYeCKrEe N3MEHEeHWS, BbICTyMatoLL/e B KaYecTBe NOCPEAHVKOB MEXAY reHOTUMOM 1 Cpefioi B peann3auum KOrHUTUB-
HbIX GYHKLMIA. B CBA3M C BaXKHbIM 3HAYE€HMEM 3NUreHOMa NepCneKkTBHa pa3paboTka METOAOB Tepanuy KOFHUTUBHBIX
PaccTpONCTB C CMOMb30BaHNEM areHTOB, BAVAIOLWMX Ha METUMPOBaHKe 1 MoaudrKaLmm rmcToHoB. PassuBatoLmmca
HanpaBieHeM B 3TOW 061acTy ABNAETCA M3yyeHune Hekoaupyowmx PHK, KoTopble cnocobHbl moandunumposaTb anu-
reHeTuuyeckne Gpaktopbl. 3a nocnefHUe roabl NPoBeAeHb! LIMPOKOMacLUTabHble MeTaaHanu3bl pe3ynbTaToB NcCefoBa-
HWU PONN FreHeTUYECKMX acCoLMaLN C PasNMyHbIMU KOTHUTUBHbBIMU XapaKkTepucTkamm. NokasaHo 3HaueHne akTMBHO
3KCNPeCCHpYIoLLNXCA B FTONOBHOM MO3re reHOB, Takux kak BDNF, COMT, CADM2, CYP2D6, APBA1, CHRNA7, PDE1C, PDE4B,
PDE4D. C ¢pu3monormyeckm nosHaHnem okasanmcb acCoUMMPOBaHbI reHbl, BOBMIEYEHHbIE B Pa3BUTUE MCUXNYECKNX
3abonesaHui (MEF2C, CYP2D6, FAM109B, SEPT3, NAGA, TCF20, NDUFAG6). B pa3Butine ncuxmyecknx 3aboneBaHun ¢ Kor-
HUTVBHbIM edULIMTOM BOBIEYEHbI reHbl, yyacTsytoLme B metunnposaHuv AHK (DNMT1, DNMT3B, FTO), moandukaumnm
ructoHoB (CREBBP, CUL4B, EHMT1, EP300, EZH2, HLCS, HUWE1, KAT6B, KMT2A, KMT2D, KMT2C, NSD1, WHSC1, UBE2A) n
mopenvpoBaHum xpomatuHa (ACTB, ARID1A, ARID 1B, ATRX, CHD2, CHD7, CHD8, SMARCA2, SMARCA4, SMARCB1, SMARCET,
SRCAP, SS18L1), KoTopble UMEIOT 3HaUeHVe B PerynaLmn KOTHUTUBHBIX GYHKLUIA Yy 30pOBbIX NMtoaei. NprseneHbl faH-
Hble, NO3BONAOLME NPEAMNONOXKNUTL, YTO TPAHCreHepaLMOHHOEe HacleJoBaHNE KOTHUTUBHbIX XapaKTePUCTMK CBA3AHO
c Hekoanpytowmmn PHK, a Tak»ke co cnoCO6HOCTbI0 MOBUIBHBIX 351EMEHTOB, UHCEPTUPOBAHHbIX B MEXIreHHble obnacTy,
BAUATb Ha perynaumio GyHKLNOHMPYIOLWMX B FTONTOBHOM MO3re reHOB 3a CYeT NPOoLeCcCHra TPaHCKPUMNTOB TPaHCMNo30-
HoB B Hekogmpytowme PHK. OcobeHHOCTM cocTaBa, KONMYeCcTBa 1 pacnpeaeneHnsa B reHome MOOUITbHbBIX 3/1EMEHTOB,
KOTOpPbIE HE N3MEHSIOT HYKNEOTULHbIE NMOCNef0BaTENbHOCTA BENOK-KOANPYIOWUX FEHOB, HO BAMSAIOT HA UX SKCMpec-
CUIo, MOTYT NepeaaBaTbCA U3 MOKONEHNA B MOKONIEHME.
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Abstract. The present review describes longitudinal studies of cognitive traits and functions determining the causes
of their variations and their possible correction to prevent cognitive impairment. The present study reviews the in-
volvement of such environmental factors as nutrition, prenatal maternal stress, social isolation and others in cognitive
functioning. The role of epigenetic factors in the implementation of environmental effects in cognitive characteristics is
revealed. Considering the epigenome significance, several studies were focused on the design of substances affecting
methylation and histone modification, which can be used for the treatment of cognitive disorders. The appropriate
correction of epigenetic factors related to environmental differences in cognitive abilities requires to determine the
mechanisms of chromatin modifications and variations in DNA methylation. Transposons representing stress-sensi-
tive DNA elements appeared to mediate the environmental influence on epigenetic modifications. They can explain
the mechanism of transgenerational transfer of information on cognitive abilities. Recently, large-scale meta-analyses
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based on the results of studies, which identified genetic associations with various cognitive traits, were carried out. As
aresult, the role of genes actively expressed in the brain, such as BDNF, COMT, CADM2, CYP2D6, APBA1, CHRNA7, PDE1C,
PDE4B, and PDE4D in cognitive abilities was revealed. The association between cognitive functioning and genes, which
have been previously involved in developing psychiatric disorders (MEF2C, CYP2D6, FAM109B, SEPT3, NAGA, TCF20,
NDUFA6 genes), was revealed, thus indicating the role of the similar mechanisms of genetic and neural networks in
both normal cognition and cognitive impairment. An important role in both processes belongs to common epigenetic
factors. The genes involved in DNA methylation (DNMT1, DNMT3B, and FTO), histone modifications (CREBBP, CUL4B,
EHMT1, EP300, EZH2, HLCS, HUWE1, KAT6B, KMT2A, KMT2D, KMT2C, NSD1, WHSC1, and UBE2A) and chromatin remodeling
(ACTB, ARID1A, ARID1B, ATRX, CHD2, CHD7, CHD8, SMARCA2, SMARCA4, SMARCB1, SMARCE1, SRCAP, and SS18LT) are asso-
ciated with increased risk of psychiatric diseases with cognitive deficiency together with normal cognitive functioning.
The data on the correlation between transgenerational epigenetic inheritance of cognitive abilities and the insert of
transposable elements in intergenic regions is discussed. Transposons regulate genes functioning in the brain due to
the processing of their transcripts into non-coding RNAs. The content, quantity and arrangement of transposable ele-
ments in human genome, which do not affect changes in nucleotide sequences of protein encoding genes, but affect
their expression, can be transmitted to the next generation.

Key words: brain; cognitive functions; longitudinal studies; transposable elements.
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CTabunbHOCTb U U3MEHUYMBOCTb

KOTHUTUBHbIX PYHKL NI B OHTOreHe3e

B mocnegnee Bpems Hapsioy ¢ BRICOKOMH(OPMATHBHBIMU
MOJIEKYJISIPHO-ONOJIOrMYECKMMH METOJJaMH HCCIIC/IOBaHUS,
ITO3BOJIAIOIIINMHU BBISIBIATH Cl'IeI_II/I(bI/I‘IeCKI/Ie JIOKYCBI U I'CHBI,
BOBJICYCHHBIE B (POPMHUPOBAaHIE KOTHUTHBHBIX QyHKIHH (KD)
Ha [TOJTHOT€HOMHOM YPOBHE, 0COOBII HHTEpeC MpHoOpeH pa-
OOTEI IO 06Hapy)1<eHmo TCHCTUYCCKUX JETCPMUHAHT B CBETC
JIOHTHTIONHOTO KoHIenTa. JIoHruTiomHbIe uccaemoBanus (JIM)
MIO3BOJISIFOT MOJYYUTHh KOHKPETHBIC OOBEKTHBHBIC JIaHHBIC B
JVUHAMHUKE, a TAKKEC OLICHUTD BKJIaJl TCHETHYCCKHUX U CPEIOBBIX
(hakTOpPOB B M3MEHEHHSI KOTHUTUBHBIX XapakTeprucTuk (KX)
B OHTOreHe3e yenoBeka. KX Bkimodaror B ce0st BOCIIpHSITHE
nHpopmManuu (THO3KC), pedb, MHTEIUIEKT, IaMsITh, BHUMAHUE U
npakcuc (aBurarenbHbIe HaBbIkH) (Medaglia et al., 2015), cro-
COOHOCTB K ITPOCTPAHCTBEHHOMY BOCIIPHATHIO, CIOBAPHBII
3arac, CKOpoCTh 00pabOTKH MHPOPMAIIMU U UCTIOTHUTEIbHYIO
dyskuuto. [ uX m3MepeHns UCTIONB3YIOT CIIeUpHIeCKre
KOTHUTUBHBIE TECTHl B COYETAHUH C MYJIBTHBAPHATHBHBIM
TeHETUYECKUM aHaJIM30M, COBOKYITHOCTb KOTOPBIX 00Ia1aeT
6ompmoit HagesxxHocTh0 (Plomin, Deary, 2015).

CornacHo pesyibratam Metaananusos JIN, B pazsutun KX
Ba)XHYIO pOJIb UIparoT reHerndeckue (axrtopsl (Bergen et
al., 2007; Haworth et al., 2010; Frani¢ et al., 2015), BnusiHue
cpensl (Wong et al., 2010) u Bo3pacra (Briley, Tucker-Drob,
2013; Tucker-Drob, Briley, 2014). M3BecTHO, YTO CpeaHHii
ypoBeHb KX MeHseTcs pu pa3BUTHH MHIUBUIA, 3HAYUTEIH-
HO MOBBIIIASICH OT MJIaJICHYECTBA 10 TIOJJPOCTKOBOTO MIEpHO/a
U MMOCTEIICHHO CHIKAsACh B 3pesioM Bo3pacte (Tucker-Drob,
Briley, 2014). OmarM U3 IIepBBIX COOOIIECHUT O PE3KOM YBEITH-
YEeHHH JIOHTUTIONHON cTadbmibHocTH KX OT MiTaziendecTsa 10
MOAPOCTKOBOTO Bo3pacTta Obuia ctarhs N. Bayley (1949). Jlan-
Hasi paboTa MPOIEMOHCTPHUPOBAIA OONBITYI0 H3MEHUNBOCTD
YPOBHSI O0IIIETO MHTEIJIEKTA B PAHHEM JI€TCTBE, KOTOPBIH J10-
CTHTaJl OTHOCUTEJIBHON CTa0MIIBHOCTH K IKOJIBHOMY BO3pac-
Ty (Bayley, 1949). IlonTBepxneHreM MOTyYEeHHBIX TaHHBIX
CTaJl pe3yJybTaT MOCIEAYIOIEro MeTaaHaIn3a, OCHOBAHHOTO
Ha JIOHI'MTHOAHBIX UCCIICAOBAHUAX KX ¢ ucnons3oBanmem 005-
eKTHBHBIX KOTHUTHBHEIX TecToB (Tucker-Drob, Briley, 2014).
Hccnenopanuck Takue KX 1 MeToIbI, Kak 0OIINI HHTEIIICKT,
AKTHBHBIN CJIOBapHBIN 3arac, BepOalibHble U HeBepOaJIbHbIE

criocobHocTH (B ToM uncie 1Q), m3buparensHOE U MTOCTOSH-
HOE BHUMaHue, padoyast ¥ JIOKAIMOHHAS TTaMsITh, BU3yaIbHast
BHHUMATCJIIbBHOCTD, IIOJICTAHOBKA I_ll/I(l)pOB])IX CHMBOIJIOB, TCCThI
Ha BpallleHNe, CHHOHUMBI, Pa3psiTHOCTh 1P, IMEHA U JINLIA,
1 (poBBIE CUMBOJIBI M PUCYHKH. Pe3yiibrarsl, oryueHHbIe Ha
15 He3aBUCUMBIX JIOHI'UTIOAHbIX Bbl60pKaX, CBHUICTCIILCTBO-
BQJIM O TOM, YTO KOPPENALNH BKJIa[a TEHETHIECKOTO KOMIIO-
HeHTa ¥ o0mei cpenpl ¢ yposHeM KX ¢ TeueHneM BpeMeHH
6])[.]'1[/1 HU3KUMU U YMEPEHHBIMU B paHHEM JICTCTBE 1 PE3KO BO3-
pacTtaiu B MpoIiecce HHANBUIYAIbHOTO PA3BUTHS peOCHKa,
JIOCTHTasi BBICOKOTO YPOBHS K MOAPOCTKOBOMY BO3pacTy U
COXpaHsis ero 10 no3aueit 3penoctu. Koppensiuuu ¢ TeueHnem
BPEMEHH I KOMITOHEHTOB MHIMBHIYaJIbHON Cpebl ObLTH
HHU3KMMH B JIETCTBE M TIOCTETICHHO YBEIMINBAJINCH 110 YMEPEH-
HBIX y B3pocibix. [Ipuuem Bo3pacratomias GpeHoTHInIecKast
crabmpHOCTH KX ¢ TeueHneM pa3BuTHs peOeHKa OblTa MoYTH
MIOJTHOCTBIO OTIOCPEioBaHa reHeTnuecknmu hakropamu (Tuc-
ker-Drob, Briley, 2014).

XapaKkTepeH WUPOKUH [uana3zoH MOMYJISIIUOHHOM U OH-
TOTeHeTHYeCKOH M3MeH4YnBocTH pazinndHblx KX. Koaddu-
LIUEHT TeHeTHYeCcKoi koppemsauuu 1 pa3Hbix KX cocras-
nseT B cpegaeM 0.6, dpeHoTnnmueckoi koppemsmun — 0.3.
HawnGosbei crenenbio HacIeyeMOCTH OTIINYaeTCs 00muii
unTe/iekT (pakrop “g”): or 40 % B HeTCKOM BO3pacTe 10
80 % y B3pocabixX. {1 U3MepeHus 3THX MapaMeTpoB HC-
moib3oBanuch TecThl Scholastic Assessment Test m Ameri-
can College Test (Zabaneh et al., 2018). [nsa xaxmoit KX
XapakTepHBI CHeNN()UISCKIEe 0COOCHHOCTH N3MEHEHHUS MTPH
WHAMBUIYaJIBHOM Pa3BUTHH, a TaKXKe Pa3IWYHBIN BKIIA]
CpPE/IOBOTO M FEeHETHYECKOro KoMIIOHeHToB. Harpumep, st
MaTeMaTHYeCKHUX CIIOCOOHOCTEN (M3MEePSIIOCh YMEHHE YNTATh
W U3y4aTh MAaTEMaTHKy NPH MOMOIIN KOMOMHAIIMN CETEBBIX
TeCTOB) BKIaJ ob1eit cpenpt cocrasui 0.21, koapduirent
HacnenyemocTr — 0.51, Toraa Kak 1 CIIOCOOHOCTH K UTCHHIO
nanHble nokasarenu coctaBuin 0.14 1 0.66 cOOTBETCTBEHHO
(M3MepsUIHCH C TOMOUIBIO TecTa Ha 3()(PEKTUBHOCTD YTECHUS
(TOWRE) — onHoro u3 yetbipex TecToB n3 aHanmmza TEDS)
(Davis et al., 2014).

Cpenu Bcex KX HauOosbliee 3HaYeHUE TPUAACTCS HC-
CJIEIOBAHHIO MHTEJJIEKTa B KIIMHUYECKH 3HAYMMBIX N3MEHE-
HUSIX, TOCKOJIBKY JUISL €70 OIIEHKH HCIIONB3YIOT OOBEKTHBHBIC
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TECTHI C ONPE/ENICHNEM CTaHAapTHBIX nokasareneii Q. Tak,
mpu 1Q < 50 aumarHOCTHpYETCS TsDKeNas MHTEIUICKTyalbHas
HenocrarouynocTh (ID — intellectual disability), mopasato-
mast 0.4 % mnonyasuuu (OKOJIO MOJOBUHBI U3 HUX CBSI3aHBI
C XPOMOCOMHBIMH 1 MOHOTeHHbIMH Oone3namn) (Kleefstra
et al., 2014). AccopraTuBHBIC CKPCIIMBAHUS HAKAIIMBAIOT
TeHEeTHYECKYIO JHUCIEPCHIO B MOMYISIUN B KaXKAOM IOKO-
JICHWUH, CTIOCOOCTBYS aJINTUBHON FeHETHYECKON TUCTIEPCHU
WHTEIUICKTA. B OTIIHYHe OT ICHXUYECKAX PACCTPOWCTB, UH-
TEJJIEKT HOPMAJIBHO PacTIpe/esIIeTCsl C TO3UTHUBHBIM Pe3yib-
TaTOM MCKITIOUNTEIEHON XapaKTePUCTUKH, UTO SBIISIETCS MO-
JIETIBIO JUISl «IO3UTHBHOM reHeTHkm» (Plomin, Deary, 2015).
HacnenyeMocTh MHTeNIEKTa 3HAYUTEIBHO BapbUPYET B 3a-
BHCUMOCTH OT M3ydaeMoi momyrsiun. Hampumep, oneHkn
HacienyeMocT [Q B ONHM3HEIOBBIX HCCIIEOBAHUAX, IIPO-
BeneHHbIX B CCCP, oka3bIBaanch BhIIIE, YEM COIIOCTABUMBIE
onenky, nomydernsie B CIIA. Jlanasie 0coOeHHOCTH 00B-
SICHSIFOTCSI CPaBHUTEIBHO OJUHAKOBBHIMHU yCIIOBUSMHU IPO-
skuBanus moneit B CCCP. HacnegyemocTs BapbUpyeT U B
3aBHCHMOCTH OT COI[HAIEHO-?)KOHOMHIYECKOTO CTaTyca: 3Ha-
YUTETHHO BBINIC B CEMBAX C O0Jiee BRICOKAM €T0 YPOBHEM.
Cunraercs Takke, YTO COLHUAIBHBIE PA3IUYUs PA3HBIX pac
00ycioBMBaroT pa3nuyus B [Q, X0Ts «depHO-0embie» pas3iu-
yus B [Q B CILIA cocrasisitor Bcero 1 crangapTHOE OTKIIO-
Henue (15 nmynkroB 1Q) (Sternberg, 2012).
MonexynspHO-TeHeTUYECKHE MCCIEIOBAHNUS UCTIOIB3Y-
IOTCSL JUTSL OLICHKA OHTOTCHETHYECKON m3MeHuYnBOCTH KX.
Tak, B 2007 1. 6bu1 IpoBeaeH MeTaananu3 nrectu JIW ponu
HACIIC/ICTBEHHBIX (DAKTOPOB B Pa3BUTHH KOTHUTHBHBIX CITO-
coOHOCTEH ¢ ABYMsI M1 O0Jiee BpeMEHHBIMU HHTECPBAIAMHE IS
MHUHHUMH3aLUK BapHaOEIbHOCTH 110 Bo3pacTy. B pesynbrare
BBISIBJICH BO3PACTAIOIINH BKIIa ] HacieayeMocTn ot 13 (55 %)
710 25 (70 %) 7eT, 9TO CBHAETEILCTBYET B I10JI3Y BO3PACTAIO-
IIIET0 3HAUeHHsI B3aUMO/ICHCTBHN reHoTHIIa U cpefbl (Bergen
et al., 2007). B apyrom MmeraaHanm3e NpH HCCIICIOBAHUN
11000 6r3HEenoBBIX Map OBUIO MOKa3aHO, YTO HACIIEYeMOCTh
00IIMX KOTHUTUBHBIX CITIOCOOHOCTEH yBenuynBaeTcs ot 41 %
B Bo3pacte 9 net 10 55 % B 12 et u 66 % B 17 net. OOmme
KOTHUTUBHBIC CIIOCOOHOCTH OICHHBAIHNCH IIPH MOMOIIU
mkaibl uHTesuiekTa Crandopaa—bunera, Bitoyas u3Mepe-
HHE CIIOBApHOTO 3amaca, aHaJIN3 MaTTePHOB, 3alIOMHHAHNE
MpeUIOKEHUH U 1udp, KomumdectBeHHbIe TecThl (Haworth
et al., 2010). [Insa cnenuduuecknx KX ObLI0 1OKa3aHo, uToO,
HampuMep, HaclIeyeMOCTh HHTEJUIEKTa TIMHEHHO BO3pacTaeT
ot 20 % B MmiageH4YeckoM Bozpacte 10 40 % B TOAPOCTKOBOM
n 60 % B 3penom, yBenuuuBasch 10 80 % y MOKUIBIX U J1a-
nee cHmkasAck 10 60 % mocne 80 met. GCTA (genome-wide
complex trait analysis) ¥ OMU3HEIOBHIN METOJ MOKA3aIU
pa3HyIo CTeNeHb HaclelyeMOoCTH JUis onpeneneHHbix KX: s
nHTeiekTa — 35 u 47 % COOTBETCTBEHHO, ISl UTCHHS — 16
1 59 %, nus MatemMaTndeckux crocoOHocteit — 32 u 48 %,
JUTSL SI3BIKOBBIX HABBIKOB — 35 u 41 % (Plomin, Deary, 2015).
VYBenmn4eHne poiu TEeHETHYECKOTO KOMIIOHEHTA B pPa3BH-
i KX ¢ MitaieHuecTBa 10 HOAPOCTKOBOTO BO3PACcTa MOKET
OBITH OOBSICHEHO C TOYKH 3pEHHs aMIUTH(DUKALUOHHBIX M
WHHOBAIIMOHHBIX 3((}HEeKTOB, 00YCIOBICHHBIX ACHCTBHEM
HACIICICTBCHHOCTH €IIIe B MIIaficHYecTBe. B wacTHOCTH, Mac-
ITaOHBIA MeTaaHalIn3, OCHOBaHHBIN Ha pe3ynbrarax 16 JIN
POJH TEHETHYECKOTO U CPETOBOTO KOMIIOHEHTOB B BapHaIlH-
sx KO y 11500 map Omu3HEI0B U CHOCOB, OIICHEHHBIX JIBAKITBI
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JIoHrnTIOAHbIE reHeTnYecKme ncciiefoBaHua
KOTHUTUBHbIX XapaKTepPUCTNK

B BO3pacTe OT 6 MecsIeB 70 18 yet, BbISIBUI, YTO B pAHHEM
JIETCTBE MPeodIagaroT MHHOBAIMOHHBIE () (EKTHI aJanTaiu
B OTBET Ha HAJMYUC HOBBIX CPEAOBBIX (PAKTOPOB, KOTOPHIE
OBICTPO YMCHBIIAOTCS K TOAPOCTKOBOMY Bo3pacty. Hao0o-
poT, ammirduKanoHHbIe AP PEKTHI, XapaKTepHU3yIOIIne Te-
peHoc BIUSHUS (DAKTOPOB, JICHCTBOBABIIKX €IIE B MJIaJICH-
YeCTBe, Ha MOCIEYIOIINE ITAIBI B OHTOTCHE3€, YCUIINBAIOT-
csl npu JanbHedmeM pazsutud. st namepenus KX B naH-
HBIX UCCIIEJOBAaHUSX NCTIOB30BAINCH TECTHI HA MHTEIIEKT U
oobekruBHOE no3Hanue (Briley, Tucker-Drob, 2013).
KakoBblI ske MEXaHU3MBI, JIEXKAIINE B OCHOBE MHAUBHyalIb-
HbIX pasnuunii KX Bo Bpemenn? Hekotopsle nccienoBarenu
nmpeamnojaararoT, 4To CTa6I/IJ'II)HOCTI> WHIAWBUAYAJIbHBIX pas3-
mmanit KO Bo BpeMeHH 00ycioBiieHa MOCIEI0BAaTEILHBIM
BO3/ICHCTBHEM OJIHUX U TEX )K€ IK30TCHHBIX (DaKTOPOB CPEIbI.
To ectb crabminbHOCTH KX — pe3ynbrar cTabMIIbHOCTH COLIU-
aJIbHOTO0, 00Pa30BaTEIBHOTO U SKOHOMHUYECKOTO KOHTEKCTOB.
CornacHo JIpyroif Touke 3peHusl, CTaOMIBHOCTh UHIUBHITY-
anbHbIX pa3nununil B KX B oHTOreHe3e 00yciioBiIeHa Hempe-
PBIBHBIM 3(h(heKTOM SHAOTEHHBIX (aKTOPOB (TEHBI), a IK30-
TCHHBIC BO3JCHCTBHS NMEIOT TEHACHIINIO K HEPETYISIPHOCTH
u npoxosaium dddexram. Takum 00pa3om, SK30reHHBIE U
SHIOTEHHBIE (PAKTOPHI, CIIOCOOCTBYS OOIIEeH CTaOMIBHOCTH
B Pa3IMYHON CTENEHU, MOTYT BHOCHUTh Pa3HBIN BKJIAJ B U3-
menenus KX ¢ Bozpactom (Tucker-Drob, Briley, 2014).

I/Iccnenosava reHetTn4yeckoro KOMNnoOHeHTa

B perynsauum KOrHUTUBHbIX GyHKLMIA

Pesynperarer npoBenenHsix GWAS (genome-wide associa-
tion study) npu n3yuennu KX moxaszani OTHOCHTEILHO MaJIo
3HAYUMBIX aCCOLMAIINH, a TOJUTCHHbIE OIIEHKH COCTaBIISIIOT
oxoio 1 % mucnepcun K®. B paznnuneix paborax mokasaH
HEe3HAYUTENbHBIN 3 ekt oTnensHbIX BapuanToB JJHK B pas-
BuTHU KX, 071HaKO MOT'YT OBITH CO3/1aHbI OJIMTEHHBIE OIICH-
KM, akKymynupyomue 3¢dexTsr cnennduaecknx BapHaH-
toB JJHK 111 mporHo3upoBaHust FeHeTHYECKOHN Tpepacio-
JIOKEHHOCTH TSl Kakioro uHauBKaa (Zabaneh et al., 2018).
B oTenbHBIX HCCIeI0BaHNSX TOIYYSHBI JAHHBIE O 3HAYUMBIX
acconuanuax amieneil cnennpuiecknx reHoB ¢ KX, uro
MOJKET CTATh OTIIPABHOW TOYKOM AJIS AAJIbHEHIINX DKCIIEPU-
MEHTAJIbHBIX pa0OT BO3MOKHOTO TapTe€THOTO BO3/ICHCTBHS Ha
MPOAYKTHI ATUX TeHOB. C KIMHUYECKOM TOYKHM 3peHUs Hau-
60NN UHTEpeC MPEACTABIAIOT TeHbl HEeHPOMEINaTOPHBIX
CHCTEM, TaK KaK UX ydactue B crienudpuuecknx KX mossomut
MIPOTHO3MPOBATh (papMaKOTEPAITHIO HAPYIIEHHBIX KOMIOHEH-
TOB IMO3HAHMSA U3 UMEIOIIEr0oCs B HACTOsAIIEe BPeMs apceHana
JIEKapCTBEHHBIX MPETapaTOB.

Bbutn mpoBesieHbl TEHETHYECKUE MCCIIEOBAHUS [T OT-
nenbHbIX KX ¢ 11e1b10 BBIIBUTH POJIb ONIPE/IEICHHBIX TEHOB B
Ppa3BUTHH cHeM(UUECKNX KOTHUTHBHBIX criocoOHocTel. [Tpn
orenke accormanuii SNP ¢ Takumu KX, kak maMste, 00pa3o-
BareJbHAasI [OITOTOBKA U BepOalIbHO-UUCIIOBBIE CIIOCOOHOCTH,
OBLTH BBISIBIICHBI 3HAYUTEIBHBIE ACCOIMAINN C AJIJIEIISIMU Te-
HOB, UTPAIOIINX BaKHYIO POJIb B PA3BUTHHU U (DyHKIIMOHHPO-
BaHUHM rojoBHoro Mo3ra. K rakum renam otaocsitest CADM?2
(komupyeT 0enoK CHHANTHYECKON KJIETOYHOH aare3nd B
HC), CYP2D6 (xonupyeT IUTOXPOM, METa0O0IN3UPYIOIHAI
CepOTOHMH M Helpocrepoubl) 1 APBAI (xonupyer Oeok,
B3aMMOJICHCTBYIOMINI C AMHIIOMTHBIM ITPEKYyPCOPOM OOIE3HU
Amnbrreiivepa). BepOoaabpHo-4MCI0BBIE CIOCOOHOCTH N3MEPS-
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JIMCh TIPH TIOMOIIM TecTa U3 13 MyHKTOB, IPECTABICHHBIX
Ha KOMIIBIOTEPE C CEHCOPHBIM 3KpaHoM. ITaMsTh n3Mepsinach
C TIOMOIIBIO 33/1a91 «COTIOCTABJICHUE Mapy» — yYaCTHUKHU Ha-
OJrofaM B TEYEHUE S5 CEKYHJ CIIyuYaiHyo ceTKy u3 12 kapT
C IIECTHIO TTAPAMH COBIAIAIOIINX CUMBOJIOB. J{71 M3MepeHust
00pa30BaTeNbHON MOJArOTOBKM yYAaCTHHKAM 3aJIaBajld BO-
npoc «Kakast u3 cienyronmx kBanudukaui y Bac ectb?» ¢
nepedHeM BO3MOKHBIX oTBeTOB (Davies et al., 2016). beun
BEISBJICHBI acconuanuu amieneid reaoB COMT (xogupyet
karexon-O-merunrpancdepasy) u BDNF' (koqupyer Heipo-
Tpodudeckuii (pakTop TOTOBHOTO MO3Ta) CO BPEMEHEM pe-
aknuu (Das et al., 2014). Amnemu rera COMT oxa3anuch
TaK)KE€ aCCOLMUPOBAHBI C UCIIOJHUTEIbHBIM II03HAHHEM U
KOTHUTHBHBIM KOHTPOJIEM (M3MEPEHBI MPU MOMOIIN 3a1ad
npedpoHTaIBHOTO THIA). BRIsIBICHA accommanyst ayuiesei
rena CHRNA7 (xomupyet perentop ajibgha-7 HUKOTHHOBOU
CyOBeIMHUIIBI) CO CTPOOMPOBAHNEM BHUMAHUS; H3MEPECHIE
nposomiiock npu nomontn H50 ERP (anekrpodusnonorn-
4ecKoe COObITHE, BOHUKAIOIIEE B BUCOYHO-TMMOHUYECKOI
xope) (Goldberg, Weinberger, 2004). ITpoBenennsiii B 2019 1.
METaaHaJIu3 ¢ BOBJIeueHHEeM 1.1 MITH 370pOBBIX JIIONEH TO-
KazaJl accoluanuio aienei renos BDNF u dochoamdcre-
pa3 PDEIC, PDE4B, PDE4D c pa3sutneMm Taknx KX, kak
YpOBEHb 00pa30BaHUs M MaTeMaTHYECKHE CIOCOOHOCTH.
W3amepeHne BBINOIHSIIOCH C MTOMOIIBIO HOPMAJIM30BaHHBIX
OIIEHOK IT0 KOTHUTHBHBIM TecTaM (Gurney, 2019).

C KX y 310pOBbIX WHIUBH/IOB BBISBIISIFOTCS] aCCOLMAIINT
ajyiesield TeHOB, BOBJICUEHHBIX TAKXKE B PA3BUTHE IICHXUYE-
ckux pacctpoicTB. Tak, mpu uccnemoanun 78308 momeit
npu oMot GWAS 6swio ompenenerno 336 SNP, accorum-
poBanHbix ¢ KX. [Ipu 3TOM BBISIBIICHBI 3HAYUTEIIBHBIE aCCO-
IIUALIH C AJUIENISIMU TE€HOB, CBSI3aHHBIX C Pa3BUTHEM OOJIC3HU
Anpureiivepa (reast MEF2C n EXOC4) n mmzodpenueit
(reust MEF2C, CYP2D6, FAM109B, SEPT3, NAGA, TCF20,
NDUFA6). Onenxa KX mpoBonmiacek pa3angHBIMU TECTaMHI
JUISL UI3MEPEHNUS JKUAKOTO MHTEJUIEKTa, OCHOBAaHHBIMHU Ha
OIPOCHBIX JIHCTaX («CEHCOPHBIN 3KpaH» MM «BEO-MHTEp-
(eiic») ¢ ompeneneHNEM KOIMYECTBA TPABUIBHBIX OTBETOB
n3 13 Bompocos (Sniekers et al., 2017). Koruutnsable Ha-
pyleHHs: HaOIIOIAI0TCs HE TOJIBKO TPH IICUXHYECKHUX 3a00-
JIEBAHUSX, HO U IIPU paccTpoiicTBax nopeneHus. Hanpumep,
IpH cuHApoMe AeduIuTa BHUMAHUS M THIEPAKTHBHOCTH
(ADHD - attention deficit hyperactivity disorder) BbIsiBIsI-
ercst nmaronorus uaTennekta (Claesdotter et al., 2018). Co-
rIacHo JuTepatypHblM aaHHbiM, ADHD acconuuposan c
aJJIeNISIMM T€HOB, CBSI3aHHBIX TaKXkKe ¢ HOpMasbHbIMH KX:
DRD4,SLC6A43 (Junkiert-Czarnecka, Haus, 2016), 5-HTTLPR
(Owens etal., 2012). 310 TOBOPHUT 0 IIEPCIIEKTHBAX UCCIIEI0-
BaHMS JaHHBIX T€HOB ISl YTOUHEHUS] MEXaHU3MOB BIIHSHUSI
TEHHBIX CeTel B MyTAX (OPMHUPOBAHMS HEHPOMEINATOPHBIX
CHCTEM TOJIOBHOTO MO3Ta B HOPME M ITPpHU IIUPOKOM IIepedHe
[IaTOJIOTUH TOJIOBHOTO Mo3ra. [Ipesmonaraercs, 4To reHeTH-
YyecKask apXUTEKTypa HOPMAIbHBIX W MAaTOJIOTHYECKUX KOT-
HUTHBHBIX CLIOCOOHOCTEH SBIISIETCS BO MHOTOM OOIIEH, 4TO
JlaeT OCHOBAaHUE JUIsl UCIIOIb30BAHMSI JAHHBIX O KOTHUTHBHON
1aTOJIOTUH /17151 uccieioBaHus HopMasibHbIX KO. Kpome Toro,
BBISBJICHO, YTO TCHBI, (DYHKIIMOHUPYIOUINE KaK 3BCHbS IS
MO/IICPXKAHKSI HOPMAJIbHOTO HHTEIJIEKTA, YYaCTBYIOT TAKKE B
passurun ID. Micxons n3 ananmmsa 6a3e1 nanHEex OMIM, okomo
TIOJIOBUHBI BCEX TEHETHUECKNX 3a00JIeBaHUH YeI0BEKa NMEIOT

Longitudinal genetic studies
of cognitive characteristics

HEBPOJIOTHUYECKHI KOMIIOHEHT, HEPE/IKO BKIIIOUAs! Pa3InuHbIe
acrniektsl ID (Crabtree, 2013).

Heo0xoanMo 0TMETUTB, YTO MPOBEICHHBIC K HACTOSIIC-
MY BpEMEHH MOJIEKYJSIPHO-TeHETHYEeCKHE PaboThl B 00JIaCTH
KOTHUTUBHBIX HapylleHUH U Bapuauuid HopManbHbIXx KX
(Franic¢ et al., 2015) cBUIETEIBCTBYIOT B MOJIB3Y «TUIIOTE3bI
yHuBepcaibHbIX reHoB» (Generalist genes hypothesis), mpe-
noxenHo# B 2005 1. mpodeccopom Pobeprom IImomMuHBIM
(Plomin, Kovas, 2005), cormacHO KOTOpO#l OAWH U TOT K
Ha0Op T€HOB B 3HAYUTEJIBHOW CTENEHH BIIMSET Ha pa3Hble
o0macTi KOTHUTHBHBIX criocoOHocTeil. Kpome Toro, mHIH-
BU/TyaJIbHBIC BapHALMK U U3MEHEHUS B CIIOCOOHOCTH K YTe-
HUIO M M3YyUYECHHUIO sI3bIKOB M 00mmx KX nmeror TeHaeHnuro
K B3aMMHOW KOPPENAINH, YTO TOBOPUT 00 OOITHOCTH B MX
stuonoruu (Chow et al., 2013).

Hapymenust korautuBHbIX crniocodnocreit (CD — cogni-
tive disorders) mpeacTaBIsIOT CO0OW TETEPOTEHHYIO TPYIIITY
3a00J€BaHNH, TEHETHUCCKNE MPUIMHBI KOTOPBIX aKTHBHO
u3ydaroTcs. biarogapsi 3ToMy UACHTUDHUIMPYIOTCS O0IIHe
MEXaHU3MBbI 3THX OOJIE3HEH, a TaKkKe MOJIEKYIISIPHBIE ITPOIIEC-
CBI, JISKaIllNe B OCHOBE MO3HAHMS 4elloBeKa. borbioe 3Ha-
YEHUE B JIAHHBIX CUCTEMaX UMEIOT I'€HBbI, TPOJLYKThI KOTOPBIX
BOBJICUECHBI B AMIUTEHETHUYECKYTO PEryssiiuio. OHN yJacTBYIOT
B MOCTPOCHHUHU U TIOJAEP’KaHUU PAOOTHI TOJIOBHOTO MO3Ta,
HEOOXOJMMOM JUIsl afanTaluy K W3MeHsoumMes pusnye-
CKUM M COIMAIBHBIM ycs10BHsIM. OOHApYKEHO, YTO 3TH TE€HbI
UTPAIOT POJIb KaK B HOPMaJbHOM KOTHHUTHBHOM pa3BUTHH,
Tak u B 3tuonaroreHe3e CD ¢ BbIpa’keHHOI reHeTHYeCKOH
MIPEIPACIIONIOKEHHOCTHIO K PACCTPONCTBAM Ay THCTHIECKOTO
cnekrpa, ID u 3amepikke MHTENICKTYaJIbHOTO PAa3BUTHS H
3o pennu. K HacTosiieMy BPEMEHHU OIMMCAHO 55 Takux
reroB ¢ OI' ¢pyHkumsamu. OHE pactpeneseHbl IO YeTHIPEM
kareropusaM: 1) «mucarenm» (writers); 2) «ctuparenn» (era-
sers); 3) reHbl PEeMOJICTUPOBAHUS XpoMaTHHa (chromatim re-
modelers) cemetictea DEAD/H AT®a3s1; 4) npyrue ynrareinn
n pemonynsaTopsl xpomaruna (other readers and chromatin
remodelers). K kareropuu «mucareneit»y DI monubukarmii
OTHOCSITCSl T€HBI, ydyacTByloumue B MeTuinuposanuu JHK
(DNMT1, DNMT3B, FTO) n BOBICUCHHBIC B T0OaBICHHE
OOKOBBIX TPYNI aMHUHOKHUCIOTHBIX OCTAaTKOB I'MCTOHOB
(CREBBP, CUL4B, EHMTI, EP300,EZH2, HLCS, HUWE,
KAT6B, KMT2A4, KMT2D, KMT2C, NSD1, WHSC1, UBE24).
BoKOBBIMU TpyNIaMH Ha3bIBAIOT MOJIEKYIIbI, KOTOPBIE MPHU-
COEIMHSIOTCS K LEHTPAIbHOMY aTOMY YIJIEPOAa aMHHOKHC-
JIOTHOTO OCTaTKa, MEHsII €T0 OMOXMMHUYECKUE CBOMCTBa. 3a
CUET JTOTO YCUJIMBACTCS MM OcllabeBaeT B3aMMOCBSI3b I'HC-
ToHOB ¢ MonekyinaMmu JJHK. K xareropumn «cruparenein» or-
Hocsrcst renbl HDAC4, HDACS, KDM5C, KDM6A, PHFS,
MPOJIYKThI KOTOPBIX YAAISIOT OOKOBBIE TPYIIBI THCTOHOB.
I'ennr cemeiictBa DEAD/H AT®a3b1, MOAeTHpYIONIHE XPO-
MaTHH, BOBJICYCHBI B PETYJISIMIO TTO3UIUN HYKJIEOCOMBI;
910 ACTB, ARIDI1A4, ARID1B, ATRX, CHD2, CHD7, CHDS,
SMARCA2, SMARCA4, SMARCBI1, SMARCEI, SRCAP,
SSI8LI. K kaTeropun qpyrux 4UTaTesell U peMogylIssTOPOB
xpomaruHa otHocsiTes TeHbl ASXL 1, BCOR, CHMPI1, CTCF,
GATAD2B, HCFCI,KANSLI,MBD5, MECP2, PHF6, POGZ,
SKI, MED12, MED17, MED23, NIPBL, RAD21, SALLI,
SMCIA4, SMC3. bplna nokaszaHa poJib IEPEeUHCISHHBIX TEHOB
B atHOMaToreHese psga CD (Kleefstra et al., 2014), ato nmeer
OospIIoe 3HAUCHHE IS JATbHEHITMX paboT Mo BO3MOXKHOM
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koppekuuu ID npu nmoMouu TapreTHOM Tepanuu, Tak Kak
OI' MmoguduKanuy 0OpaTHMBIL.

nureHeTnyecKas perynayuna

KOTHUTUBHbIX GYHKLMIA

Wzmenenns KO B onTorenese mMoryT ObITH 00yCIIOBICHBI
OI' MexaHu3MaMM, KOTOpPbIE SBISIOTCS LIEHTPATbHBIMU IS
pa3BuTHs, (GOPMUPOBAHUS CTPYKTYPBHI M (PyHKIIUH FOOBHO-
TO MO3ra, OCKOJIBKY OOECIEeUMBAIOT CHEHU(PHUECKYIO IS
BO3pacTa M THUMNA KJIETOK PEryislMioO TeHHOH 3Kcrnpeccun
(Dauncey, 2014). Hampumep, Hapymierne D1 perynsamun Ha-
OrromaeTcs Py KOTHUTHBHOM CTapeHUH B PE3ysIbTaTe u3Me-
Henuit metunupoBanus JTHK, skcnipeccnn HEKOAMPYIOMIHUX
PHK (exPHK) n moctrpancasmnoHHON MOAN(UKAIINHA THC-
toHOB (Mather et al., 2014). B Hacrosiee Bpems k OI” mexa-
HU3MaM otHocsiT MetmwinpoBanue JJHK, mogupukanmm ruc-
TOHOB, KOMITJIEKCHI PEMOZICINPOBAHUS XPOMaTHHA HA OCHOBE
AT®, 6enxoBbie koMIutekerl [Tommkomo-Tpuropake, HKPHK,
MOTEHIMAIbHbIE TIPUOHBI, CBA3BIBAHUE TPAHCKPHUIIIMOHHBIX
(haKTOPOB M PyTrHe MEXaHU3MbI, BOBJICICHHBIE B TCHEPAIHIO
1 TIOJIEpKaHne HAClIelyeMOl CTPYKTypBl XpOMaTHHA M €0
npucoeIHeH e K siaepHomy Marpukcy (Bell, Spector, 2011).
OI mporiecchl OTHOCST K 00paTUMON PETYISANN PAa3INIHBIX
TEHOMHBIX (PyHKIIMH, KOTOpbIe HEOOXOIUMBI st AU heper-
LIUPOBKH TKaHEH H JOJITOCPOUHOM perysiimy QyHKINHI r'eHOB;
OHU SIBIISIFOTCSl IMHAMUYHBIME IIPU PA3BUTHUHU TI0]] BIUSHU-
€M MHO)KECTBa (paKTOPOB, BKIIOUAsl CPEJIOBBIC BO3ACHCTBUS,
Bapuanuu nocnegosarensHoctei JJHK u croxacruueckue
coowrtus (Wong et al., 2010).

Crenens BIUSIHUS HACTIEICTBEHHBIX U CPEZIOBBIX (DaKTOPOB
Ha JIOKyC-crienuduueckue 0coOeHHOCTH N3MEHEHUSI METHIIN-
posanust JIHK B HacTos111€€ BpeMsI SIBIISIETCS NEPCIEKTUBHBIM
00BEKTOM M3y4eHHs. B uacTHOCTH, OBUTH ITPOBEAEHBI KOJIHYe-
cTBeHHbIe n3Mepenust Metunuposanus JJTHK B npomoTopHbIx
obmactsax reHoB penentopa D4 mopammua (DRD4), mepe-
HocumKa cepoToHmnHa (SLC6A4) 1 MOHOAMHUHOOKCHIA3Bl A
(MAOA) ¢ ucnonszoBanuem oo6paszuos IHK 46 nap moHo-
3UTOTHBIX U 45 map AN3UTOTHBIX OJIM3HELOB B BO3PACTE OT 5
o 10 met (Wong et al., 2010). JIns annencit faHHBIX TEHOB
6bu1a BeIsIBIIEHA accormarys ¢ KX 1 B Ipyrux uccienoBaHusaxX
(Owens et al., 2012; Junkiert-Czarnecka, Haus, 2016), aro
MOBBIIIACT 3HAYUMOCTH MOJTYYEHHBIX JaHHbBIX. Pazmuuus B
MetuupoBanuu JJHK onpenenstorcst yxe B paHHEM JIETCTBE
Jlake y TeHETHUECKH WACHTUYHBIX WHIUBH/OB, HE ABIAACH
cTaOmIbHBIME BO BpeMeHH. [lomydennsie pesynsrarsl JIN
MO3BOJISIOT MIPEATIONIOKHUTh, YTO CPEIOBBIE BO3ICHCTBUS CITy-
JKaT BayKHBIMH (paKTOpaMu OalaHCUPOBAHUS PA3IINIHIA B METH-
mposaunu JIHK oTenbHbIX HHIMBH/IOB M OKa3bIBAIOT Pa3HOE
BJIMSIHUE HA CTPYKTYpbI reHoMa. HaOuonenue nnHaMuueckux
n3MeHeHunit metunuposanus J{HK Bo Bpemenu noguepkusaer
BakHOCTh JIW smurenernueckux akropos (Wong et al.,
2010). Tak, B peaynbrare aHanu3a metuiuposanus JJHK 6o-
nee 27000 CpG caiiToB B reHoMe 387 JOHOPOB B BO3pacTe OT
1 no 102 siet (B 10OHO 11 BUCOYHOM KOPE, BAPOIHEBOM MOCTY
U MO3XKeuke) ObUIa MPOJEMOHCTPUPOBAHA TOJIOKHUTEIIbHAS
KOppesiLusl MeXly Bo3pacToM U MetwinpoBanueM JIHK B
pazIMUHBIX CTpyKTypax Mo3ra. Unentudunnposansr CpG so-
KYCBI, IPOSIBIISIIOIINE BHIPAKECHHYO TIOCTOSHHYIO KOPPEIISALUIO
Mexay MetunupoBanueM JJHK u xpoHonornueckum Bo3pac-
toM (Hernandez et al., 2011). [ToimyueHHbIe JaHHbBIE TOKa3aJIH,
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JIoHrnTIOAHbIE reHeTnYecKme ncciiefoBaHua
KOTHUTUBHbIX XapaKTepPUCTNK

4TO CpeoBbIC (PaKTOPhI OKA3bIBAKOT OOJIee 3HAYUMBIH A dekT
Ha MetuinpoBanue JJHK B neTckom Bo3pacte 1o cpaBHEHHUIO
¢ B3pocabM nepuozoM (Lupu et al., 2012).

CornacHo HeZIaBHUM HMCCIII0BAHMSIM, OIpEIeICHHAs JMHA-
MHUECKasi PETyIISALUs CTPYKTYPbI XpOMATHHA, TPOUCXOSIIAs
B OTBET HA HEPBHYIO CTHUMYIISIHIO, CBsI3aHA ¢ O0yYCHHEM U
namsITbi0. MoguduKaIus XpoMaTHHA, HHYTUPOBaHHAsI 00y-
YeHHEM, BKITIOUAET alleTIIINpOoBaHue, (hoChOopHInpoOBaHNe U
METWJINPOBaHHE THCTOHOB. [IoMHMO rHCTOHOB, B MO (HKa-
U1 XpoMaTuHa y4aCTBYIOT HETUCTOHOBBIC 6em<1/1, KOTOPbIC
UTPAIOT BAXHYIO POJIb B PETYISALUN TPAHCKPUIIIMOHHOH
AKTHBHOCTH HEHPOHOB 1pu (opMupoBaHuH naMati. K Hum
otHocsTes cyobenunaunia p65/RelA JIHK-cBsi3biBaroniero kom-
ruiekca NF-kB, TpanckpunmiuoHHsIH GaxTop pS3, perentop
acrporena ansda (ERa), IHK-metunrpancdepaza (DNMT1),
TyOynuH, neanerunasza ructonoB (HDACI), penentop rito-
KOKOPTHUKOUJOB, (THCTOHOBas aneTmiTpancdepasza) HATs,
p300/CBP-acconmupoannsbiii 6enok (Rudenko, Tsai, 2014).

Ponb cpenoBeix Bo3neiicTBuil B pa3zButuu KX, Brmrodas
MUTaHKE, 1eHCTBIE TOKCHUECKHUX BEIIECTB, CTPECC B Mpe- U
MOCTHATAILHBIN IepHObI, TIperonaraeT yyacrue JI° mexa-
HU3MOB B PEryJisiliii SKCIPECCUU T€HOB IPH (yHKIIMOHU-
posanuu mosra (Fine, Sung, 2014). Ha mpoTsokernn Bceit
JKM3HU Ha TOJIOBHOW MO3T BIIMSIIOT 0COOCHHOCTH MUTAHMUS, KO-
TOpBIE CII0COOHBI BbI3BaTh ITyOoKHe namenenus K@, Bruiors
0 neMeHIuH. OToT 3(dexT omocpenayeTcss N3IMEHEHUIMA
9KCTIPECCUM MHOXKECTBA T'€HOB, & PEaKIus Ha HYTPUCHTHI, B
CBOIO OuY€pellb, 3aBUCUT OT UHAUBUIyAJIbHOM IT€HETUUYECKON
BapuabenbHOCTU. [IpOSYKTHI MMTaHUS MOTYT OKa3bIBaTh He-
MEJUICHHOE | JIOJITOCPOYHOE BO3IEHCTBHE Ha AureHoM. Ha-
pUMep, MUKPOHYTPUEHTBI, TAKHE Kak (osiat, BuTaMuHbI B6
u B12, XonMH ¥ METHOHHH, YJacTBYIOT B METWJINPOBAHUH
JHK (Dauncey, 2014).

OnuH U3 BaXXHBIX CPEJOBBIX (hAaKTOPOB, OKA3bIBAIOIINX
BIMsIHUE Ha peryisiinuio Kd, — Bo3nelicTBre ONTMONIOB U IpY-
TMX TOKCHYECKHX BEIIECTB B IPEHATANbHBIN nepuoa. Tak,
nposegenHoe JIM pereid, noaseprumxcst A€MCTBUIO TOKCU-
YEeCKHX BEIIECTB, YKAa3bIBAET HA COXPAHEHHE ITOTO BO3IECHCT-
BHSA Jaxe B BospacTe 1, 2, 3, 412, 812 jer, cBUneTenbCTBYS
0 CHIXEeHHMHM TIoka3zarenei [Q mo cpaBHEHHUIO ¢ KOHTPOJILHOMN
rpynmoit gereit (Nygaard et al., 2015). IIpenatansHOE BO3-
JICWCTBHE TOKCHYECKUX BEIIECTB Ha KOTHUTHBHOE PAa3BUTHE
Jiereit Hanbosee BEpOsITHO CBsI3aHO ¢ M3MeHenueM DI paxro-
poB. B yacTHOCTH, pe3ynsrarsl nccienopanus aereit c ADHD
CBHJICTEIILCTBYIOT O CBSI3M U3MEHEHHS PO IS METHINPOBa-
Hust 6osee 1600 CpG-0CTpOBKOB ¢ MpUEMOM apareramoia B
teuenne 6oiee 20 mHel Bo Bpems 6epemenHoctH (Gervin et
al., 2017). Kypenne marepeli Ipy rectaiiy acCOMMPOBAHO
co crier(UIeCKUM METHIIMPOBAHUEM CEIICKTUBHBIX 00J1acTel
reHoB AHRR (aryl-hydrocarbon receptor repressor) u CYP1A41
(cytochrome P450, family 11, subfamily A, polypeptide 1) y
ux aererr ¢ ADHD B noctHatanbHOM nepuoae (Sengupta et
al., 2017).

JIoHTUTIOAHBIE HCCIIEIOBAHMS OKA3aJIH, YTO JICTH, YbH Ma-
TEPU UCIBITHIBAJIUN [IPEHATAIbHBIA CTPECC B PAHHUE CPOKU
06epeMEHHOCTH, ITPOSIBIISUTN 00JIee MEJICHHBIE TEMITBI Pa3BHU-
TUs 1 cHIDKeHne KX B mepBblil o] )KHU3HU (€CIIU CTPEcC U
TMOBBIIIEHHBIC YPOBHH KOPTU30J1a ITPUCYTCTBOBAJIM B paHHUC
cpoxu 6epemenHOCTH). OTHAKO MTOBHIICHHBIE YPOBHU KOPTH-
30712 y MaTepeii B KoHIle 0epeMEHHOCTH OBUTH aCCOMMPOBAHbI
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C YCKOPEHHBIM KOTHUTHBHBIM Pa3BUTHEM M 00Jie€ BBICOKH-
mu nokaszaresiMu KX gepes 12 mecsanes. [lonydennsie qan-
HBIC CBUJICTEIBCTBYIOT O TOM, YTO MaTepUHCKUI KOPTU30JI U
cnenuduyeckas 1 OEpeMEHHBIX TPEBOKHOCTh OKA3bIBAIOT
MPOrpaMMHUPOBAHHOE BIMSIHHE HA Pa3BHBAIOLIMICS TUIOJ
(Davis, Sandman, 2010), K0Topoe MOXeT OBITh OITOCpPETOBA-
Ho DI pakropamu. CorpanbHas U30JSIHSI B PAHHEM JIETCT-
B€ BBI3bIBAET MHOKECTBO U3MEHEHUH B pa3BuTuu KX myrem
OI BNUsTHYS HA SKCIIPECCHIO BaXKHBIX /TSI (DY HKIIMOHUPOBAHUS
TOJIOBHOT'O MO3ra I'eHoB, Takux kak BDNF (Li et al., 2016).

[lepeuncnennsie pe3ynbTaThl UCCICIOBAaHUN CBHUICTENb-
CTBYIOT 0 BakHeWmIel pomu DI GpakTopoB B pa3BUTHH KOT-
HUTHBHBIX CIIOCOOHOCTEH B OHTOTreHe3e. [Ipu 3TOM KaxIblii
YENIOBEK XapaKTePU3yeTCsi WHANBUAYAIbHBIMH OCOOEHHO-
ctamu DI pearnpoBaHusl HA CPEAOBBIC CTHUMYIIbI, YTO IIPO-
siBrisieTcs B ero KX. B ¢Bsi3u ¢ ATHM BCTaeT BOIPOC O MeXa-
HU3Max TpaHCreHepannonHoi nepenadu DI perymsimn KO,
B 0COOCHHOCTH 1O MY’KCKOH JIMHUU. MOJKHO IIPE/IIONIOKHTH,
YTO K CTPYKTypam, y4acTBYIOILUM B [I€peiaue IMpepacroso-
xeHHoCcTH K KX cieqyrommm noKoJIeHusIM, MOTYT OBITh OT-
Hecensl Tpancno3oHsl (TE — transposable elements), urpa-
o1Me BaXKHYIO poiib B perymsinuu O npoueccamu (Mycra-
¢huH, XycHytanHosa, 2017). O6 3ToM TOBOPAT (PaKTI TPAHC-
rerepannonHoro JOI' mporpaMMHpOBaHUS TOBEIEHUYECKUX
[IPOSIBJICHUM OT POAUTEIIEH, UCIIBITABIIUX MOLIHOE CTPECCO-
BOE BO3/ICHCTBUE CPE/IbI, CBOMM ITOTOMKAM TPETHETO U YET-
Beproro nokonenus (CassareeBa-Ilomosa u np., 2015), Tak
kak TE sIBIISITOTCS 4y BCTBUTEIILHBIME K CTPECCY CTPYKTYPaMH,
0COOCHHOCTH MEKTCHHBIX HHCEPIIN KOTOPBIX OTPasKarOTCS B
0COOCHHOCTSIX PEaKIMH Ha cTpecc y moToMkoB (MycraduH,
Xycuytaunosa, 2019). [Ipu neitporenese TE, B 3aBucumoctu
OT 0COOCHHOCTEH MX PACIIONIOKEHHUS B TEHOME, CITOCOOHBI K
caifr-crienn¢uueckoit nnrerpanun (Feng et al., 2013; Fuji-
wara, 2015). D10 BIHseT Ha 9KCIIPECCHIO TeHOB T depeHim-
PYIOIMXCS B TUIIIOKAMITE HEHPOHAIBHBIX CTBOJIOBBIX KJIETOK
(Jacques et al., 2013; Gerdes et al., 2016), roe onpenensercs
Boicokasi aktuBHOCTh TE (Faulkner, 2011; Kurnosov et al.,
2015) n mepemernenust TE mox mefictBuem crpecca (Hunter
etal., 2012), cBsa3aHHBIC C TCHOMHOM ITACTHYHOCTHIO (Muotri
et al., 2005; Singer et al., 2010) u mo3nanuem (Aimone et al.,
2014; Pastuzyn et al., 2018). Jlaaasie 3¢ ¢dexTs omocpeno-
Banbl B3anmozelicteueM TE ¢ OI' hakTopamu, B TOM umucie
ukPHK (Kapusta et al., 2013; Samantarrai et al., 2013; Zhang
etal., 2015).

Wzmenenne DI perymsinun paboThl reHOMa O/Ipa3yMeBacT
OTCYTCTBUE CTPYKTYPHBIX IIEPECTPOCK B I'€HaX, TaK KaK OHO
00yCIIOBIIEHO TITaBHBIM 00pa30M MOAN(UKAITHSIMHI THCTOHOB,
PHK-unTepdepennueii min metmwmupoBanuem JJTHK. TE
MOT'YT OKa3bIBaTh BJIMSHHE Ha JJAHHbIE MEXaHWU3Mbl, HE Ha-
pylasi mociIe10BaTeIbHOCTEH HyKJICOTHIOB B 9K30HAX, HO
OKa3bIBasi CBOE PETYIISTOPHOE BO3/CHCTBIE HA HKCIIPECCHIO
IeHOB IPU MHCEPIMIX B MEXIeHHbIX o0iacTsx (de Souza et
al., 2013; Chuong et al., 2017; Barry, 2018). B onTorenese
9TH CBOICTBa COCOOCTBYIOT TKaHecHenuuieckoi nudde-
pennupoBke kietok (Trizzino et al., 2018). B orHOmICHNH
(DYHKIIMOHNPOBAHUS TOJIOBHOTO MO3Ta OBUIO TOKAa3aHO, YTO
B LICHTpEe HEHpOreHesa, IMIMOoKaMIe, HanOobIIast aKTHB-
HocTh TE MoxeT ObITh CBsi3aHa ¢ peryssinueit I mporpam-
MUPOBAHMS TPAHCKPHUIIIMOHHON aKTHBHOCTH TE€HOB IS
(yHKIIMOHATBHON TepecTpoiiku auddepeHnupyromumxces

Longitudinal genetic studies
of cognitive characteristics

ueiiponos (Faulkner, 2011; Kurnosov et al., 2015; Upton et al.,
2015). Kpome Toro, B 9KCrIepUMEHTaX Ha MBIIIaX BBISBICHO,
YTO BaJIbIIPOEBasi KUCIOTA, MPEHATAIBHBIA TIPHEM KOTOPOH
3HAUUTEJILHO MOBBIIIAET PUCK 33I€PIKKH Pa3BUTHUSI HEPBHON
CHCTEMBI U ayTH3Ma, OKa3bIBACT CBOM TpaHCTEHEPAIMOHHBIN
3¢ (EKT NpHu UCIONB30BAHUY HA JACCATHIM ICHb T'eCTalny 3a
CYET M3MEHEHHS IKCIPECCHU OOJBIINHCTBA DHIIOTCHHBIX
perpoBupycos (ERV) (Tartaglione et al., 2019). [ns peanu-
3aruu perynstopHoro sgdekra TE BakHOE 3HAUCHUE UMEET
npoueccunr ux tpanckpunro B HKPHK (Yuan et al., 2010,
2011; Qin et al., 2015).

B orHOomennu tpaHcrenepanuoHHoi nepegaun Ol pery-
nsuuu KX mo MarepuHCKON TUHUM MOKa3aHa poJib CTpecc-
taxTopoB (Braun et al., 2017; Misra, Ganesh, 2018) u
ynotpebnernuns ankoroist (Doehner et al., 2017; Abbott et al.,
2018) na pasBuBaromuiics miaoa. isMeHeHus NposIBIASIOTCS Y
MIOTOMCTBA Yepe3 OTHO OKOJIEHHE, TaK KaK BO BHYTPUYTPOO-
HOM IIepHOJIe TPOUCXOANT 3akiaaka u D' Tpancdopmarus
reHOMa KJIETOK JKEHCKOW II0JIOBOM JIMHUU CIIEAYIOLLErO I0-
koneHus. Hanbonee BeposSTHBIMU (haKTOpPaMH, BIHSIOMINMHI
Ha TpaHCreHepanuoHHyw nepeaady KX, ssnarorcs axkPHK
(Daxinger, Whitelaw, 2012; Bohacek, Mansuy, 2015). B ro-
JIOBHOM MO3Te 4elloBeKa dKcrpeccupyercs He meHee 40 %
Bcex JunHHBIX HKPHK, u3 kotopsix, Hanpumep, KCN2AS n
BC1/200 (Briggs et al., 2015), BDNF, GDNF, EPHB2, KCNA2
(Pereira Fernandes et al., 2018) y4acTByIOT B peryasnuu
CHHANTUYECKOH TNIACTUYHOCTH (3aBHUCSIIUX OT OMBITA H3Me-
HEHUSX CWJIbI CHHANITHYECKUX CBA3EH ), UTPAOIEH BaKHYIO
pois B popmupoBanmn KX (Woldemichael, Mansuy, 2016).
Tpanckpunts! anuHHbIX HKPHK moryT npoueccupoBarbscs
B MukpoPHK, xoTopeie Takke UIparoT pojib B pa3BUTUU
KOTHUTHBHBIX criocoOHocTeil (Barry, 2014). bruto mokasano,
4YTO AMHAMHUECKUE n3MeHeHus ypoBHel MukpoPHK Biusitor
Ha 3KCIIPECCUIO T€HOB, IPUHUMAIOIINX Y4acCTHE B Pa3BUTHU
taknx KX, kak mamsats u o0ygenne (Woldemichael, Mansuy,
2016). B cunancax mukpoPHK B3anmoneiicTBytoT Oosee uem
¢ 90 % cunantuueckux OenkoB (Woldemichael, Mansuy,
2016).

3nauenue MukpoPHK B TpaHcrenepanuoHHoi nepenade
KX MOKHO 00BSICHUTB UX POJIBIO B peryisuun quddepeHnn-
POBKOI HEHPOHOB 3a CYET U3MEHEHUS MPOMUIIS SKCTIPECCHH
orpezeeHHbIX TeHoB (Stappert et al., 2015). boutn 1okazanb
crieuuduyeckre sl TUIIOB HEHMPOHOB ypoBHH MUKpoPHK
(Smirnova et al., 2005). XapaxTepHas 1 TOIOBHOTO MO3Ta
miR-134 y4qacTByeT B peryisuy HaMsATH IOCPEICTBOM BO3-
neiictBus Ha skcrpeccuro Oenka CREB (Gao et al., 2010).
JnmmrensHas skcnpeccus miR-132 BRI3bIBaeT KOTHUTHBHBINA
Jeduuut O61arogapsi HHrHOMPOBAHUIO AaKTHBHOCTH ALlCTHII-
xonuHectepasbl (Shaltiel et al., 2013); miR-182 noxasnser
JIONTOBPEMEHHYIO TTaMsTh ITyTeM B3aHMMOAEHCTBUS C AKTHH-
perynupyrommmu Oenkamu (Griggs et al., 2013); miR-124
BJIMSET Ha O0y4eHHE U MaMsTh 3a CUET PEryIsILnU IKCIIPec-
cun MPHK rena I'Tda3-aktuBupytomero 6emxxa /QGAPI
(Yang et al., 2014). C ocobennoctsiMu KX acconmmpoBaHbl
TaKxke ypoBHH dKkcripeccur miR2113 (Andrews et al., 2017),
miR-151a-3p, miR-212-3p, miR-1274b (Mengel-From et al.,
2018). Uccnenosanue poiu I (hakTopoB B TpaHCTeHepanu-
OHHOI1 nepeaue ocodenHocteit KX nepcrnekTuBHO [is pas-
pabOTKH BO3MOXHBIX MTOJX0/I0B TPO(IIAKTUKN HAPyIICHNH
KOTHUTHBHOTO Pa3BUTHS B CIICTYIOUINX MTOKOJICHUsX. Tak, B
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HKCHEPUMEHTAX I0Ka3aHO, YTO YIOTPeOIeHHEe MIPUPOAHOIO
(huToaNeKCHHA pecBepaTpoIa caMKaMy MBIIIEH MperoTBpa-
IAJI0 pa3BUTHE KOTHUTHBHBIX AucdyHkiuit B F, u F, moko-
JICHUSIX 3@ CYET BIIMSIHUS Ha CUTHAJIbHBIE Ty TH U DI hakTopbl

(Izquierdo et al., 2019).

3aknioyeHune

JIns OLIEHKHM OHTOreHeTHYeCKOW m3MeHunBOCTH KX 00J1b-
IIYIO POJIb HTPAIOT MOJICKYJISIPHO-TeHETHYECKHE HCCIIeI0Ba-
HUs C OHCHKOﬁ MOJYYCHHBIX JaHHBIX B JTUHAMUKE. Bﬂaro,ua—
ps JIW 6p110 MOKa3aHO, 9TO BO3pacTaromas (peHOTHITHIECKast
crabmbHOCTh KX Ipn pa3BUTHM YeJOBEKa OIMOCpEI0BaHa
reHetTuyeckuMu pakropamu. BhIsBIIeH BO3pacTaromuii BK1a
Hacnexyemoctn KX — ot 41 % B 9 met mo 70 % B 25 ner.
B pannem fetcTBe onpeseneHo npeodiaiaHie HHHOBAIIMOH-
HbIX 3((HeKTOB afanTaiuu Ha cpenoBbie pakTopbl. CTEICHB
HACIIeyeMOCTH oTian4aercs i cnerupuaecknx KX, mams
BBISIBJICHHSI ACCOLMAINH C KOTOPBIMU T€HETHUECKHIX BapHaH-
ToB ObuTH TpoBenieHbl GWAS. C namsThbio, 00pazoBarebHON
MIOATOTOBKOW 1 BEpOATbHO-YHCIOBBIMU CIIOCOOHOCTSIMH ac-
couuupoBanbl amienu reaoB CADM?2, CYP2D6, APBAI; co
BpeMeHeM peakimuu — BDNF u COMT, co ctpoOupoBaHneM
BHUMaHNA — CHRNA7, ¢ ypoBHEM 00pa30oBaHUS M MaTeMa-
THYECKUMHU criocooHoctsasmMu — BDNF w PDEIC, PDE4B,
PDE4D. Kpome Toro, ¢ KX 3m0poBbIX Jt07eii omnpeneneHa
aCCOIMAINs TeHOB, MyTAaIlMH KOTOPHIX BOBJICUYEHBI B PA3BH-
THE TICUXUYECKUX paccTpoiicts (MEF2C, EXOC4, CYP2D6,
FAMI109B, SEPT3, NAGA, TCF20, NDUFAG6). IIpu uccneno-
BaHWM T€HOB, CBA3aHHBIX ¢ HapymeHnem CD, oOHapyxeHa
POJIb BOBJICYCHHBIX B DI peryisiuio reHoB (y4acTBYIOIINE
B MeTuimpoBanun JIHK, Moan¢ukanum ructoHoB 1 pemoyie-
JUPOBAHUH XPOMATHHA).

Wzyuennto ponu OI' dakropoB B popmupoBannn KX B
MOCIIeIHUE TOABI NPUAAETCsl OONBIIOE 3HAUYEHHUE, TaK Kak
OHH BBICTYTIAIOT B KAYECTBE MTOCPETHUKOB BIIFISTHUS CPEIOBBIX
(hakTOpOB Ha MPOLECCH MO3HAHMS 33 CUET JTUHAMHYCCKOH
peryisiuuu xpoMaruHa. Bo3zieiicTBue MOXKET oKa3bIBaTh He-
MEJICHHBI M JONTOCPOYHBINA (P PEKT Ha SMUTEHOM Kak B
MOCTHATAJILHOM, TaK M B IpeHaTaIbHOM rnepuope. Dddext
OT BO3JCHCTBHS HETaTUBHBIX CPENOBBIX (DAKTOPOB B MpeHa-
TaJHHOM IEPHOJIe Ha KOTHUTHBHBIE (D)YHKIUH MOXKET OBITH
TaKKe CBSI3aH C M3MCHEHHEM METHIIMPOBAHMS Crerudude-
ckux jokycoB JIHK. Ilpenmnonaraercs, yto onpeaeneHHy0
POJb B TpaHCTEHEPAIMOHHOW mepenade ocodernHocTerd KX
MOT'YT HTPaTh 0COOEHHOCTH MEXIeHHOTO pacnpenencHust TE
u skcnpeccus cnenudrueckux HKPHK. 3nauenne mukpoPHK
Juta pa3BuTHs KX T03BONISET MPEION0KUTh BO3MOKHOCTD
UX NPUMEHEHHs] KaKk OMOMapKepoB /sl OIIEHKH 0COOEHHO-
creit KX B HOpMe M ITpy NaTOJNIOTHH, a TAKXKE [UIsl pa3pabOTKH
MOTEHIINATBHBIX TEPAIEeBTHUECKUX areHTOB.
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CBs13b HOCUTE/ILCTBA aJIJIeJIbHbIX Bapuarnuii 1mo rs2228145 (A > C)
reHa IL6R c ypOBHEM TPAaHCKPUIITOB reHOB VCAMI1 n ICAM1
IIPU 3CCEHIIMAJIbHON apTepnaabHO I'MIIePTEeH3UN

A.B. Tomuneral @, B.A. KopHeBa2, .B. Kyp63T0B31

1 MHcTUTYT 6ronorum — o6ocobneHHoe noapasaeneHne GeaepanbHOro NCCeA0BaTENbCKOTO LieHTPa «KapenbCKuii HayuHbl LeHTp
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AHHoTayus. MNpn cepaeyHO-COCYANCTbIX 3a601EBaHNAX B M1a3Me KPOBU HabnofaeTcA NoBbileHne CofepKaHnsa NHTep-
nerikrHa 6 1 ero pacTBOPMMbIX PeLLenTopoB, YTO YKa3blBaeT Ha ycuneHue |L-6/sIL-6R curHana B knetkax v pa3suTne Xpo-
HMYeCcKoro BocnaneHusa. HocmTtenbCcTBO annenbHbiX Bapurauum no rs2228145 reHa IL6R accoummpoBaHO C M3MEeHeHMeM Co-
LepKaHna pacTBOPUMON 1 MeMbpaHOCBA3aHHON GOpPM peLienTopa, onocpeayoLnx OMONOrNYecKyto akTBHOCTb CaMOro
LMTOKUHa. IL-6 yyacTByeT B pa3BUTUM SHLOTENNANBHON AUCPYHKLMN NOCPEACTBOM Perynaumnm skcnpeccum reHos VCAMT
n ICAM1, KopupyoLwmx MONEeKysbl MEXKNeTOUHON agresuu. [lo HacToAwen paboTbl faHHble 06 accoumalmn 3cceHumnanb-
HOW apTepuranbHon rmnepTeHsumn (SAT) C annenbHbIMK Bapuaumamu no rs2228145 reHa IL6R He 6binn npeacTasneHsbl. Lenb
NCCNefoBaHnA — N3y4nTb CBA3b HOCUTENbCTBA aenbHbIX Bapuauun no rs2228145 (A > C) ¢ passutuem Al 1 ypoBHem
TpaHckpunTtoB reHoB VCAMT, ICAM1. ina 3Toro Hamm ncnonb3oBaHbl 06pasupbl [JHK, BbliaeneHHON 13 LienbHOM KPOBM 300-
poBbIx fOHOPOB (148) 1 nauneHTos ¢ AT (I-Il ctagun) (152). TeHoTMnNupoBaHue nposogunu metogom MUP-NMAP®. YposeHb
TPaHCKPUMTOB B NeiKoumTax neprdepryeckoin KpoBm oLeHnBanm ¢ nomolubio MLP B pexume peanbHoro BpemeHun. ObHa-
Py>eHbl pa3nnumnA B pacrnpeneneHnmn 4actoT reHoTunoB no rs2228145 (A > C) B KOHTPONbHOW rpynne 1 rpynne naumeHToB
€ AT (> = 9.303). YactoTa reroTtuna CC B rpynmne 60nbHbIX N0Ael OKa3anach Bbille, 4em B rpynne 3A0poBbix (0.191 1 0.095
COOTBETCTBEHHO). BoiABNeHo, uto y Hocutenei reHotuna CC puck passutua AT (I-1l ctagnn) B 2.3 pasa Bbiwe (OLL = 2.257,
95 % poBepuTenbHbi nHTepBan 1.100-4.468), ueM y L, MEIOLLMNX anbTepPHATUBHbIE FTEHOTUNMbI. YPOBEHb TPAHCKPUNTOB
reHoB VCAM1, ICAM1 3HauMo Bbliwwe B fiefikoumnTax nepudepunyeckon Kposu 6onbHbix DAT, uem 3gopoBbix Nogein. Conep-
aHue TpaHcKpunToB reHa ICAMT oka3anoch B 4 pa3a Bbile y 60bHbIx AT ¢ reHoTunom CC. C noMoLLblo ANCNePCUOHHO-
ro aHanusa Kpyckena-Yonnuca onpegeneHo BANAHNE Ha TPAHCKPUMLNOHHYIO aKTUBHOCTb YKa3aHHOro reHa reHotuna no
rs2228145 (A > C), 4TO rOBOPUT O €ro PO B NaToreHese sHAOTENNANbHON ANCHYHKLNN 1 SCCEHUMANbHOM apTepuanbHON
rmnepTeH3nn.

KnioueBble cnoBa: HTepnekuH 6; reH IL6R; scceHumanbHaa apTepuanbHas rmnepTeH3ns; SHAoTeNnanbHaa ANCPyHKLNA.

Ana untupoBaHus: TonunesaJ1.B., KopHesa B.A., Kypb6atosa /.B. CBA3b HOCKTeNbCTBA annesbHbIX Bapuauuii no rs2228145
(A > C) reHa IL6R c ypoBHeM TpaHcKpunToB reHoB VCAMT n ICAMT npu acceHumManbHON apTepranbHOn rmunepteHsny. Basu-
NOBCKWI XXypHan reHeTuKn 1 cenekumm. 2020;24(1):96-101. DOI 10.18699/VJ20.600

The relationship of the carriership of allelic variations
inrs2228145 (A > C) of the IL6R gene with the levels of VCAM1
and ICAM1 gene transcripts in patients with essential hypertension

L.V. Topchieval@, V.A. Korneva?2, LV. Kurbatoval

TInstitute of Biology of the Karelian Research Centre of the Russian Academy of Sciences, Petrozavodsk, Russia
2 petrozavodsk State University, Petrozavodsk, Russia
® e-mail: topchieva67@mail.ru

Abstract. The levels of plasma interleukin 6 and its soluble receptors were found to be elevated in subjects with cardio-
vascular diseases, which points to amplification of the IL-6-mediated trans-signaling pathway in cells and the development
of chronic inflammation. The allelic variation in the rs2228145 IL6R gene is associated with a change in the contents of the
soluble and membrane-bound receptor forms mediating the biological activity of IL-6. Cytokine IL-6 is involved in the de-
velopment of endothelial dysfunction by regulating the expression of the VCAM1 and ICAM1 genes, encoding intercellular
adhesion molecules. Prior to this work, no data on the association of essential arterial hypertension (EAH) with rs2228145
allelic variations of the IL6R gene have been reported. The aim of our work was to study the relationship of the carriership of
152228145 (A > C) allelic variations with the development of EAH and the VCAM1 and ICAM1 transcript levels. We analyzed
samples of DNA isolated from the whole blood of 148 healthy donors and 152 patients with EAH (stages I-II). The genotyp-
ing was performed by PCR-RFLP. The level of transcripts in peripheral blood leukocytes (PBL) was assessed by real-time
PCR. Differences in the frequency distributions of rs2228145 (A > C) genotypes between the control group and the group
of patients with EAH (3% = 9.303) were found. The frequency of the CC genotype in EAH patients was higher than in healthy
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CBA3b annenbHbIX Bapuauuii reHa IL6R ¢ ypoBHem
TpaHckpunToB reHoB VCAMT n ICAMT npwu DAT

people (0.191 and 0.095, respectively). The risk of EAH (I-1l stages) development was shown to be 2.3 times higher in CC
genotype carriers as compared to individuals with other genotypes (OR = 2.257, 95 % confidence interval 1.100-4.468).
The levels of VCAM1 and ICAM1 gene transcripts in PBL of patients with EAH were significantly higher than in healthy
people. The level of ICAMT gene transcripts was almost 4 times higher in patients with CC genotype. The Kruskal-Wallis
analysis of variance revealed an effect of rs2228145 (A > C) genotype on the transcriptional activity of ICAM1, which argues
for its role in the pathogenesis of endothelial dysfunction and essential hypertension.

Key words: interleukin 6; IL6R gene; essential arterial hypertension; endothelial dysfunction.
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BBepeHune

DcceHnmanbHas aprepuanbHas runeprersus (DALY xapak-
Tepusyercss POPMUPOBAHUEM ITOCTOSHHO TTOBBIIICHHOTO CH-
CTOJIMYECKOTO U IMACTOIINYECKOTO apTEPUAIILHOTO JIaBICHUSI
(6omee 140/90 MM pT. CT.) B COPOBOXKAACTCS] XPOHIMUECKUM
BSJIOTEKYIIMM CHCTEMHBIM BOCIMAJCHHEM C yBEIUYECHUEM
ITPOBOCTIAIIUTCIIBHBIX 6GJ'IKOB B IU1a3M€ KPOBH U TKaHAX CO-
cynos (Bautista et al., 2005). Cpenn HUX 3HAYNTETHHBINA BKIIAT
B ITaTOTCHE3 JIaHHOTO 3a00J1eBaHMsI BHOCUT MHTEPICHKUH 6
(IL-6). OH crnocoOeH CTUMYIUPOBATh MPOIYKIINI0 OEITKOB
ocTpoit (ha3wl BOCMAJICHUS, YCUINBATh aIr€3UBHbBIC CBOM-
CTBa KJIETOK DHJOTEIHS COCYIOB U TPAHCOHJIOTEIHAIBHYIO
murpanuto Jerkoruros (Virdis et al., 2014). IToBbieHHbI#H
ypoBeHb IL-6 BBI3BIBaET yCHIIEHHE NPOAYKIUH aKTHBHBIX
(hopM KuCIoposa, U3MEHEHHUS B COACPIKAHUH aTepPOTCHHBIX
U aHTUATCPOTCHHBIX q)paKHHﬁ JIMIIUJOB U UX OKHCJICHHBIX
(hopm B m1a3me, CrIocoOCTBYs aTeporenesy. BayxHo OTMETHTB,
YTO STOT HIUTOKHUH HapsiLy C IPYTHMMH IIPOBOCIIAINTEIBHBIMHU
6eKamMu CIoCOOCTBYET CHIPKCHUIO aKTUBHOCTH 3HI0TEITHATTB-
HOM CHHTa3bl OKCHA a30Ta, YTO MPHUBOJUT K yMECHBIICHHIO
MPOTyKIIMH OKCH/IA a30Ta SHI0TEIIMEM COCY/IOB M HAPYIICHHUIO
Ba30MOTOPHBIX (PYHKIHH CEPACUYHO-COCYIAMCTON CHUCTEMBI
(Didion, 2017).

Csou Ouonornueckue 3pdhexTs THTEPISHKUH 6 peannsy-
€T TOCPEICTBOM B3aUMOAEUCTBUSA MO0 C TpaHCMEMOpaH-
HBIM perentopoM (mbIL-6R), mubo ¢ pacTBOpUMBIM periern-
TopoM (SIL-6R), KoTOpBIe CBSI3aHBI C APYTUM KOMIIOHEHTOM
penenTopHoro kKomiiekca, rmukonporenrHoM 130 (GP130)
(Wolf et al., 2014). ITyTp mpoBeneHHs CUTHAIA OT JUTaH/A
BHYTpPb KJIETKH HOCPEACTBOM B3auMozaehcTBusi ¢ mbIL-6R
CYUTACTCA KJIACCUYCCKHUM; OH MMPUCYTCTBYET TOJIBKO B OTr'pa-
HUYEHHOM THUIIE KJIETOK, TAKMX KaK FeMaTonuThl, Makpogary,
HelTpodus! 1 T-mumdonnTel. [IpoBenenue curuana npu no-
Mot SIL-6R peanusyeTcst Bo BceX TUIAX KJIETOK M Ha3bl-
BAETCsl TPAHCCUTHAJIBHBIM IyTeM. B ycrnoBusx BocmaiaeHus
B IUTa3M€ KPOBM M TKaHSIX yBEJIMYHMBACTCS KOHIIEHTPAIUS
sIL-6R 3a cueT ycuneHus mpOTEOTUTUYECKOTO PACIICTIIICHHS
MeMOpPaHOCBA3aHHOHI (POPMBI peIenTopa MEeTaLIoNpoTeas3a-
Mu ceMeiictBa ADAM, npu 3TOM U3MEHSeTCS COOTHOLLICHHE
mbIL-6R u sIL-6R (Wolf et al., 2014).

Ha Gamanc MmeMOpaHOCBSI3aHHOW W pacTBOPUMON (popm
penenropa IL-6 0ka3bIBalOT BIMSHNAE U HEKOTOPBIE MyTallul
B reHe /L6R (Rafiq et al., 2007; Ferreira et al., 2013). Tak,
OTHOHYKJIeoTHAHAS 3aMeHa (A > C) B ok30He 9 TreHa /L6R
(rs2228145) npuBOANT K 3aMeHE acnapariHa Ha ajaHuH B
MO3UIKHU 358 aMUHOKHCIIOTHOM MOCIIeI0BAaTEIFHOCTH Oenka
Y BIMSCT Ha MPOLECC SKTOJOMEHHOTO MIE/IIMHIA 3a CUeT U3-
MEHEHHS caiiTa pacieryIeH s TIOJIUIIENTHHON IENH pererl-
Topa npoteazamu ADAM10 u ADAMI17 u popmupoBanus

pa3HbIx crutaiicocoMubix popm MPHK storo rena (Galicia et
al., 2004; Rafiq et al., 2007; Ferreira et al., 2013). Y Hocuteseit
amens C xorneHTparnys sIL-6R BrIme, uem y HocuTenel ai-
nenst A (Galicia et al., 2004; Rafiq et al., 2007; Ferreira et al.,
2013). IokazaHno, yto y HOocutene amiens C mo rs2228145
CHIDKEH PHCK pa3BUTHA KOopoHapHOW Oone3nn cepana (The
Interleukin 6 receptor..., 2012). OmgHAKO CBEICHHS O CBSI3U
HOCHTEJIbCTBA aJUICJIbHBIX BapHalUi MO yKa3aHHOMY I1O-
TUMOp(HOMY BapHaHTy C Pa3BUTHEM apTepUaNbHOM rumep-
TEH3WHM Ha JAHHBI MOMEHT HE ITPECTaBIICHBI B JIUTEPaTypE.
Wuteprelikun 6 urpaeT posib B CTaOWUILHOM TTOBBIIICHUN
apTepHaIbHOTO JABICHUS 3@ CUET BO3ACHCTBUSA Ha peMojie-
JMPOBaHKE COCYNOB M (yHKIHOHMpoBaHHe 3HpoTenus (Di-
dion, 2017). Komrmuiekce IL-6/sIL-6R y4acTByeT B KOHTpOJIC 32
MIPOHHIIAEMOCTRIO COCYNOB. Bo3melicTBys Ha (hrbpoOmacTs
W MHIYOUPYS MPOIYKIMIO COCYAMCTOTO 3HJOTEIHAIBLHOTO
(akropa pocra (VEGF), IL-6 criocobeH akTUBHPOBATh JH-
norenuanbHble KneTku (Nakahara et al., 2003). DTtu kiteTkH,
AKTHBHUPOBAHHBIE C TIOMOIIBIO MOJIEKYJI MEXKJICTOUYHOH aJl-
T'€31H, CBSI3bIBAIOT JICHKOLMTHI U3 KPOBOTOKA, YTO MPUBOAUT
K YCHJICHUIO IIPOLIECCa UX TPAHCIHIOTETNATIBHON MUTPALIUH
(Cook-Mills et al., 2011). Ilpuuem aist pa3BUTHS apTepu-
QJIBHOM TUIEPTEH3UH W HapylleHus: GyHKIHUH COCYIO0B Cy-
IIECTBEHHOE 3HAaUeHHE MMeeT MH(DUIBTPALNs MOHOIUTOB
¢ poBocnanuTeabHbIMU cBoiicTBamu (Wenzel et al., 2011).
[Toragasi B MHTUMY COCY/IOB, MOHOLIUTHI UG pepeHunpy-
I0TCS B 3aBUCHMOCTH OT MUKPOOKPYKEHUS (KOHLIEHTPALIUH
XEMOKHHOB ¥ ITUTOKWHOB) B Makpo(aru ¢ IMpoBOCHIaIUTEb-
HbIM M1 mnu npoTtuBoBocnaiuTenbHbiM M2 denorunom.
TMonspuzanus makpodaroB B M1 dernorun cmocobcTByeT
aTEePOCKIJICPOTHUECKUM TIPOIIECCaM B CTEHKAX COCYJIOB, YTO
B CBOIO OYE€PE/Ib UI'PAET BaXKHYIO POJIb B (YOPMUPOBAHUH BbI-
coxoro gasieHns kposu (Moss, Ramji, 2016). Ot mporieccsl
COTIPSDKEHBI C Pa3sBUTHEM JHAOTECINAIBHONW TUCHYHKIUH,
MapKepoM KOTOPOH SIBJISIETCS IOBBIIIEHHBI YpPOBEHb Ha
MOBEPXHOCTH HHJIOTENHAIBHBIX KJIETOK U B IUIa3ME KPOBH
MOJIEKYJI MEXKIICTOUHOH aare3un (Sprague, Khalil, 2009).
ITokaszano, 4to ypoBeHb IL-6 B miazme KpOBHU MOJOXKH-
TEJIEHO KOppenupyeT ¢ conepkanneM E-cenexrnna, VCAM-1
(Monexyna aare3uu cocyaucTsix kietok-1), I[CAM-1 (mex-
KJIETOYHAs MOJIEKYJIa aAre3uu- 1 ) Ha MOBEPXHOCTH SH/I0TENHU-
anpHBIX Ki1eTok (Weiss et al., 2013). B HopmansHBIX (huzno-
JIOTMYECKUX YCIIOBHUSIX SHJOTEINH COCY/IOB HE IPETIATCTBYET
CBOOO/IHOM LUPKYJSIIMA UMMYHHBIX KJIETOK B KPOBOTOKE.
[Ipu BocmasieHny MPOUCXOAUT HAapyIIEHHE 3TOTO TIpoIiecca.
JlelikonMTH HAYMHAIOT B3aUMOJICHCTBOBATh C KIIETKAMHU 3H-
JIOTEJHSI, YTO B MTOTE NMPHUBOJUT K UX IUIOTHOM aJre3u Ha
MOBEPXHOCTH 3HAOTEIHSI, NHOUIBTPALNU U aKKyMYJISIIUH
B MHTHME COCYAOB. JTall 3aKpeIIeHNs JICHKOIIMTOB Ha TO-
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BEPXHOCTH SHJIOTEIIUS XapaKTepU3yeTcsl B3aUMOJICHCTBHEM
uHTerpuHoB ¢ Mojnekynamu ICAM-1 u VCAM-1, xotopsie
OTHOCSTCA K CyTliepceMeiicTBy mMMyHOTII0OymnHOB (Weiss et
al., 2013). DToT Mponecc aKTUBUPYETCS PU YBEIUYCHHUH B
IUIa3Me KPOBU YPOBHS IIATOKMHOB, aKTUBHBIX (pOpM KHCIIO-
poria, OKUCIEHHBIX JTJUTOTPOTEMHOB HU3KOH INIOTHOCTH, a TaK-
JKe TIPU YCHIIEHUH CKOpocTH KpoBoTtoka (Weiss et al., 2013).

Kax y>xe 0b110 OT™MEueHO, 152228145 BiuseT Ha coziepxka-
HHUE ¥ OMONIOTHUYECKYI0 aKTHBHOCTH MHTepieliknHa 6 (Rafiq
etal.,2007), BBICTyAIOIIETO B KAY€CTBE OJJHOTO M3 (PAKTOPOB
YCHJICHUS] TPAHCKPHUIIIIMK T'€HOB MEXKIETOUYHOM aare3uu
ICAM1 n VCAM1 (Cook-Mills et al., 2011). IL-6 maIyIIMpYeT
9KCTIPECCUIO TCHOB MOJICKYJ MEKKJICTOUHOH aJIre3un 3a CUeT
aktuBaimu 1L-6/STAT3 (signal transducers and activators of
transcription3) curaansHoro myTH (Wei et al., 2018). Kpome
toro, IL-6/sIL-6 kommuekc uyepe3 kuna3zy JAK3 3amyckaer
CUTHAJ JUIsl JIerpajaliii KOMIUIEKCa «MHTUOUTOD SIIEPHOTO
(hakTopa ‘amma-0u’/sepHblii pakxTop “Kamma-ou» (IkBo/
NF-kB), uTo NpUBOAUT K MOCIEIYIOIEMY YCHUIEHHUIO TPAHC-
KPUIIIMOHHOM aKTUBHOCTH F€HOB IIPOBOCHAIMTEIBHBIX [[UTO-
KWHOB W MOJICKYJ MEXKKJICTOYHOH aare3un. Takum oOpazom,
MOy IMpOBaHUE aKTUBHOCTH [L-6 3a cueT MoBBILICHNS yPOB-
HSl pAaCTBOPUMBIX PELENITOPOB MOXKET CYIECTBEHHBIM 00pa-
30M BIIMSITH HA 9KCIIPECCHIO MOJIEKYN MEXKJICTOYHOH ajre-
31U M CHJIy IMMYHHOT'O OTBETa Ha BOCHAINTEIbHBIE CTUMY-
71, B CBSI3M € 3THM LieNb HCCIIEJOBAHUS — M3YUUTb CBSI3b HO-
CHUTEJhCTBA AJUICBHBIX BapHaIuii 1mo rs2228145 ¢ pazsutnem
JCCEHIMAIbHON aprepuanbHoil runeprensun (I-1I Tuna) u
YpPOBHEM TpaHCKpUnToB reHoB VCAM 1, ICAMI.

MaTepwuan n metogabl

Jlyist reHOTHIMPOBaHUS HCIob30Bamu 152 obpasma JIHK,
BBIJICIIEHHOI 13 BeHO3HOH KpoBH manuenTos ¢ DAL (I-1I cra-
qun) (80 myxunH 1 72 sxeHumHsbl), 1 148 obpasuos JAHK,
BBIJIEJICHHOM M3 KPOBHU 3[0POBBIX JOHOPOB (65 MyX4YHMH U
83 xeHmmHB). Mareprai A UCCIeIOBAHUS TTONyUYeH TPH
cofercTBIA Kadelpbl (PaKyIbTETCKON TepaIiu, PTU3UATPHH,
MH(EKIMOHHBIX OOJIE3HEH 1 AMTNIEeMUOTIOrHH MeIMIIMHCKOTO
nHCTUTYTA [1eTp03aBOACKOTO TOCYIapCTBEHHOTO YHIUBEPCH-
teta (Ilerpl'Y) m KIMHUKO-AMArHOCTHYECKOH J1abopaTtopuu
I'BY3 «bonpHHIA cCKOPOH MEAUIIMHCKOM omorm» T. [TeTpo-
3aBojcka. J{narnos DAL ycranaBimiBasics Ha OCHOBAHHH KITH-
HUYECKHX peKoMeHIanmii Beepoccuiickoro obmecTa Kap-

The relationship of allelic variations of IL6R gene
with the level of VCAM1, ICAM1 gene transcripts

nuosioroB (Juarnoctuka..., 2010). Cpennuii Bo3pact J0-
HOPOB M3 KOHTPOJBHOM Tpymmsl cocTaBmi 42.5+10.6 roxa,
nanueHToB ¢ DA —45.7+13.1 rona. Kpurepuu BkitoueHus,
o01ue JIst JOHOPOB U3y4YaeMbIX TPYIIIT: HAIMYUe HHHOPMU-
pOBaHHOTO coryacus, mpokuBanue B Pecmryommke Kapemus.
Kpurepnn uckiodeHust, o0mme it JOHOPOB U3ydaeMbIX
IPYIIL: TIEPEHECEHHBIE B MOCIEAHUI Mecsl HHPEKIINOHHO-
BOCTIAJINTEIbHBIE 3a00/ICBaHNUs, OEPEMEHHOCTD U JIAKTalus,
KypeHHe, CaxapHblii uabeT, HHAEKC Maccehl Tena > 30 kr/m?.

JHK Beigensun u3 neprudepudeckoil KpoBU Ha MUKPOKO-
JoHKax ¢ momotibio Habopa «K-Cop6y» («CurTom», Poccns).
KauectBo u konmuectBo IHK onpenensum cnekrpodoTtome-
Tpudecku Ha npubope SmartSpec (Bio-Rad, CHIA). I'eno-
TunupoBanue nposonuiau meronoM IIIP-ITJIP®. Ycnosus
[TLP-IT/IP® ananuza onmcansl B Tabn. 1. IlpaiimMeps! cun-
Te3upoBanbl B pupme «Cunrtom». J{ns nuzaiina npaiimepoB
ncmnonb3oBana nmporpamma Beacon Designer 5.0. ITocne pe-
crpukimn (oopadorka Hinf1(1 e.a.), 37 °C, 3 1) pparmeHTHI
JIHK paznensinu B 1.5 % arapo3Hom rese, UCIOJIb3ys TPHC-
arietaTHbI Oydep. YV gacTu TOHOPOB, BEIOPAHHBIX CITydaii-
HBIM 00pa30M, ONPENeNsUI yPOBEHb TPAHCKPHUIITOB I'€HOB
ICAM1, VCAMI B neiixouutax nepudepuueckord KpoBU
(JITTK). C aT0i1 empro 3a00p BEHO3HOM KPOBH MTPOBOAMICS 110
Ha3HAYCHUs MAIMEHTaM TMITOTCH3UBHBIX M TPOTHBOBOCIIAIIN-
TEJILHBIX TPENapaToB.

s onpeneneHns ypoBHS TpaHCKpUNTOB reHoB [CAM 1
n VCAM]I ucrionbs3oBanbl 36 00pa3lioB KPOBU IALMCHTOB
¢ DAT" (I-11 craguu) B Bo3pacte 42.42+2.3 roga u 40 06-
pasIoB KPOBU JOHOPOB KOHTPOJBHOM TPYyTNIBI B BO3pacTe
39.82+3.9 rona. Toransnyto PHK Beigensimm u3 JIIIK ¢ no-
MoInbio Habopa Extract RNA («EBporen», Poccus), a 3atem
obpabareBamu JIHKaszoi (1 en.a.) («Cubsnzumy», Poccus).
[Tepsyro nens k/IHK cunTe3mpoBanu npumenss Habop
MMLYV RT kit («EBporen»). KoandyecrBo u kauectso PHK
u xIHK onpenensmm cnexrpodoTomMeTpraecky Ha ipudope
SmartSpecPlus (Bio-Rad, CIIIA). ¥YpoBeHs sKkcripeccuu re-
HOB [CAM1, VCAMI oueHuBaIM METOAOM IOJIUMEPA3HON
nenHoil peakuu (IIL[P) B pexxnme peaabHOTO BpeMEHH Ha
npubope iCycler ¢ ontnueckoii npucraskoit i1Q5 (Bio-Rad)
¢ nomolnsio Habopa Screen-Mix SYBRGreen («EBporeny).
B kauectBe pedepeHCHBIX TeHOB ncnonb3oBamn GAPDH u
18S rRNA. TlocnenoBaTenbHOCTh NpaliMEPOB MPUBEIEHA B
tabn. 1. CneunpuyHOCTb MPOAYKTOB aMILTH(UKALIH ITPOBE-

Ta6bnuua 1. Mpaiimepsl ana nposegeHua NUP-MAP® aHanusa v MLP B pexrme peanbHOro BpemeHu

leH, SNV HykneoTnaHaa nocnegoBaTenibHOCTb
npavimepa 5'..3; pectpukTasa
IL6R rs2228145 F: CCTCTTTGTGCCTTGTG
R: ATGGATTACCTCTTCGTGTC
GAPDH F: GAAGGTGAAGGTCGGAGTC
R: GAAGATGGTGATGGGATTTC
18S rRNA F: AGAAACGGCTACCACATCCA
R: CACCAGACTTGCCCTCCA
ICAM1 F: AGAGGTCTCAGAAGGGACCG
: GGGCCATACAGGACACGAAG
VCAM1 F: ATGCCTGGGAAGATGGTCG

R: GACGGAGTCACCAATCTGAGC

Annenw, gnvHa dparmeHToB, N.0.  VCTOYHMK

A -331,239,66,74

C-570,66, 74
226 ....................................................... \ ) .................................................
........ 169Pmt06ta|,2010
2 28 ....................................................... R aJan eta| ’ 2008 ......................
........ 129»
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psutu utaBnienueM [1LP-dparmenTtoB. DddexruHocTs [TLIP (98 %) onennBanu o
CTaH/IapTHO! KPUBOH. YPOBEHB TPAHCKPHUITOB reHOB Bhraucstn mo AACt (Livak,
Schmittgen, 2001). Kaxxmyro I1LIP npoBoxumn He MeHee Tpex pas.

Ha npoBenenue uccneaoBanuii momyueHo cornacue Komurera o MeIuuynHCKoM
stuke Munzapascorpassutus Pecyommku Kapemus u [Tetpl Y. Craructauaeckyro
00paboTKy TaHHBIX MMPOBOAWIN B Tporpamme Statgraphics 2.1. JlocroBepHOCTH
pa3nuYMii YacToT ajuiesiell ¥ TeHOTHUIIOB B IPYyMIax OLEHUBAIH C MIOMOIIBIO KpU-
Tepus x2. OGHapyKeHBI OTKIOHEHHUS 3HAYEHHH OMOXMMHUYIECKNX TIOKa3aTesei OT
HOpMasbHOTO pacnpeneneHus (kpurepuit Konmmoroposa—CmupaoBa, p < 0.05),
B CBS3M C YeM [l aHAIM3a JJOCTOBEPHOCTH PA3JIMUMi 3THX MOKa3aTesel MexXIy
TpymmnaMu OBUT HCTIONB30BaH HemlapamMmeTprdeckuii kpurepuit U Bumkokcona—Man-
Ha—YUTHH. BimsiHne reHOTHIIOB Ha ypOBEHb TPAHCKPHUIITOB OLICHUBAJIH C TIOMOIIBIO
nucnepcuoHHoro ananusa Kpyckana—Yomnnuca. J{ns onieHku pucka pa3Butust DAL
paccuntsiBaiau oTHomenue mancos (OL) ¢ 95 % noBepuTenbHBIM HHTEPBAIOM
(95 % AN) (Pnetuep u np., 1998). JlanHble 10 YPOBHIO TPAHCKPHUIITOB MPE/ICTAB-
JICHBI B BUJIE CPETHUX 3HAYECHUH CO CTaHJIapTHOW omIMOKol. Paznnuuns cuntanuch
3HaYUMBIMU TIpH p < 0.05.

Pesynbtatbl
B xone nccrnenoBanus B n3y4eHHOH BEIOOpKe Y TeHa ILOR (1s2228145) BeIABICHBI
renorunsl AA, AC u CC (puc. 1).

B u3ydaeMmbIx Tpymnmax mpoBOAMIICS TECT Ha COOTBETCTBUE PaCIpeeiCHHs
paBHOBecuio Xapan—BaitaOepra. OTKIIOHEHHE YaCTOT TEHOTUTIOB OT PAaBHOBECHS
Xapnu—BaiinGepra He HAGMIOIANOCH B IPYIIIE 310pOBbIX Jitoneit (x> = 1.96, df =2,
p=0.376). B rpynmne 60sbHbIX DAI" 0TMEUEHO OTKJIOHCHHE YaCTOT TEHOTUIIOB OT
paBHOBecus Xapau—Baiin6epra (2 = 7.02, df = 2, p = 0.093).

Pacripenenenue ameneit o 1s2228145 (A> C) y nanmeHToB ¢ DAI 1 B KOHTPOIIb-
HOH TpyIIe He pa3inyanoch (Tadi. 2). BctpeyaeMocTh reHOTHIIOB B HCCIIEyEeMbIX
TpymIax okaszajach HeomnHakoBod. OOHapykeHo, uyTo yactora reHotuna CC mo
1s2228145 rena IL6R B Tpymie 60sbHBIX DAI CyliecTBeHHO BhIIE, YeM B KOH-
TPOJILHOM.

CormacHo pacueTaM OTHOIIICHHUS IIAHCOB, PUCK pa3BuTus DALy JuIl ¢ TeHOTH-
noM CC o 152228145 yBenunuuBaeTcs B 2.2 pasa 10 CPABHEHUIO C HOCUTEISIMU
JPYTHX reHOTHIOB (Tad. 3).

YcranosneHo, uto OompHBIE DAL XapakTepu3yIoTcs 60iiee BEICOKUM YPOBHEM
JKcpeccuu reHoB Monekyn anaresnu VCAMI n ICAMI B8 JIIK (p = 0.005 u

CBA3b annenbHbIX Bapuauuii reHa IL6R ¢ ypoBHem
TpaHckpunToB reHoB VCAMT n ICAMT npwu DAT

2020
2441

CcC AA AC

Puc. 1. 9nektpodoperpamma MLP-pparmeHTOB
reHa IL6R B 1.5 % arapo3Hom rene nocne o6-
paboTKN 3HAOHYKNeason pectpukumn Hinf I.
Annenio A cootBetcTBytloT ¢parmeHTbl [JHK
3311239 n.H., annenio C- 570 n.H.

p = 0.0006 COOTBETCTBEHHO) IO CpaB-
HEHHIO C JIOHOPAaMHU M3 KOHTPOJIBHOW
TPYIIIIBL

VYposuu MPHK rena VCAM]I B JITIK
HMHIMBUIOB, MMEIOIINX T€HOTUIIBI AA 1
AC+CC no rs2228145 rena IL6R, 3Ha-
YHMO HE Pa3JINyaIuCh KaK B KOHTPOJIb-
HOH TpyIIe, TaK U B TPpymIe OOIbHBIX
DAT (p =0.292 u p = 0.071 cootser-
CTBEHHO) (puc. 2). BeIsiBIeHBI pa3nuyus
B comepkannu MPHK rena ICAMI y
6ospHBIX DAI ¢ pa3HBIMHU aJUICITBHbI-
MU BapuanusMmu no rs2228145 rena
IL6R (cMm. puc. 2). Y Iull, AMEIOINX
amens C, ypoBEeHb TPAHCKPUIITOB TeHa
ICAM]I B 4 paza BbIlIe, 4YeM y JIHUII,
HMEIOIINX aJIbTEPHATHBHBIC BAPHAHTHI
10 yKa3aHHOMY IMOJIMMOP(HHOMY Map-
Kepy. BolsiBiieHO BiMsiHME TeHOTHIIA TTO
1s2228145 na cogepkanne MPHK rena
ICAM1 (Test statistic =4.74, p=0.029).

Ta6nuua 2. PacnpegeneHue annenei n reHoTUNoOB No nonumopeHomy mapkepy A > C rs2228145 reHa IL6R

B rpynne nauyunenTos ¢ AT (-l ctagnn) n B KOHTPONbHOM rpynne

Annenu v reHoTuUnNbI KoHTponbHas rpynna (n = 148)

A 191 (0.646)* 190 (0.625)
C ..................................................... 105(0354) ................................................. 114(0375) ...................
AA ................................................... 5 7 (0385) ................................................... 6 7(0441) .....................
AC ................................................... 7 7(0520) ................................................... 5 6 (0368) .....................
CC ................................................... 14 (0095) ................................................... 2 9 (019 1) .....................

*B cKobKax YKa3aHa YacToTa BCTpe4YaeMoCTn.

BbonbHbie AT (n=152)

Kputepui x2
0.266

........................... (df=1,p>0.05)

9.303
(df=2,p<0.01)

Ta6bnuua 3. [JoMrHaHTHas 1 peLlecCBHas MOAENY pacnpeaesieHns reHoTUnoB no rs2228145 (A > C) reHa IL6R

Mogenb [eHoTMN SAT (n=152) KoHTponbHas rpynna (n =148) 2 OLL (95 % An)
HOMMHaHTHaﬂAA@ .......................... 5 7 ..................................................... 0 953’p:03280795(0501_1260) ...............
AC+CC85 ........................... 9 1 ...................................................
Pe ueCCMBHaﬂAC+AA .............. 123 ........................ 134 ................................................... 5 6 51,p=001 8 ............... 2 2 57 (1100_4468) ...............
CC ....................... 2 9 .......................... 14 ..................................................
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Puc. 2. YpoBeHb TpaHckpunToB reHoB VCAMT n ICAMT B JIMNK 380poBbix
nogen n 6onbHbix JAT, HOCUTeNel annenbHbIX Bapuauunin no rs2228145
reHa IL6R.

* Pasnuuna 3HaUMMBbI NIPY CPaBHEHNN C HocuTenamK reHoTvna AA (p = 0.021).

O6cyxpeHue

Hawmu BbIsIBIEHA accoOIMaIis aJuIeIbHBIX Bapuarii rs2228145
rera IL6R c pa3sutueM y moneit DAL Hocurenn reHOTH-
na CC 110 3ToOMy aJIJIeIII0 XapaKTepH3yIOTCsl TIOBBIILICHHBIM B
2.3 pa3a pUCKOM Pa3BHUTHS YKa3aHHOTO 3aboseBaHust. MHTe-
PECHO, YTO, COITIACHO AAHHBIM JINTEPATYPBI, HOCHTEIBCTBO aJl-
nenst C cunTaercsi MPOTEKTHBHBIM B OTHOLICHUH Pa3BHTHUS
KOPOHAPHO# 00JIe3HH cepiiia, peBMaTOMIHOTO apTpuTa (Jiang
et al., 2010; Sarwar et al., 2012; Ferreira et al., 2013). OToT
(hakT MO’KHO OOBSICHUTBH CHMKEHHEM dKcripeccun mblL-6R
Ha MOBEPXHOCTU T-IMM(OLKUTOB U MOHOIMTOB, KOTOPOE
MIPUBOANT K OCJIA0IEHHIO KITACCHYECKOTO CUTHAIBHOTO ITyTH
IL-6, BeIpa)karonierocst B yMEHbIICHUH yJa (ochopHIrpo-
BaHHBIX (POpM TpaHCKpHUIIMOHHBIX (GakTopoB STAT1 (signal
transducers and activators of transcriptionl) u STAT3 B aTHX
kierkax (Ferreira et al., 2013). BoisiBieHHbIH HaMu TaToreHe-
traeckuii 3¢ dext amtesst C no ykazaHHOMY HOJTUMOPGHOMY
Mapkepy Ha popmupoBarre DA MOKHO OOBSICHUTH TEM, UTO
€ro HOCHUTEILCTBO 00YCIIOBINBAET OoJiee BHICOKHI YPOBEHb
pactBOpuMBIX perentopos IL-6 B mmasme kporu (Galicia et al.,
2004; Rafiq et al., 2007; Ferreira et al., 2013) u MmoxeT obec-
MeYrBaTh MOBBIIIEHHE cTabmibHOCTH IL-6 curHammzaumy.
[Mpubnuzurensuo 70 % cexperupyemoro 1L-6 cBsi3biBaeTcst
¢ sIL-6R B xpoBu (Gaillard et al., 1999). Takum oGpazom,
sIL-6R ¢dyHKIIMOHMpPYET Kak MoJeKyJaa-HocuTenb Juist [L-6.
B kneTkax 3HA0TENMS COCYAOB IaHHBIA IUTOKUH peain3yeT
cBou 3¢dextrr uepes IL-6/sIL-6R myTh mepenaun curHaia.
VY OOJBHBIX C MATOJOTHEH CepAeYHO-COCYINCTOW CHCTEMBI
ypoBeHs sIL-6R B mna3zme kpoBu moBsimmaercs (Sarwar et
al., 2012). Y nun ¢ rerorunamu AC u CC mo rs2228145 a0,
B CBOIO 0Y€PE/Ib, MOXKET PUBECTH K JIOTIOJIHUTEIILHOM aKTH-
BallMW CUTHAJIBHBIX MyTeHl, peau3yIonX BOCHAIUTEIbHbIH
CHUTHAJl B KJIeTKaxX sHporenus. M3sectHo, uro IL-6/sILR-6
komuiekc aktuBupyer p65 NF-kB u STAT3 tpanckpumniu-
OHHBIE (DAKTOPHI U CIIOCOOCTBYET YBETHUCHHIO COACPKAHUS
MPHK renoB /L6, GP130, STAT3 (Kim et al., 2011), Takum
00pa3zoM ycwinBast JIOKIbHBIE M CHCTEMHBIE BOCIAIUTEIb-
HBIE PEAKLIUH.
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[IpoBocnanurensHble IUTOKUHBI, Takue kKak TNFo u IL-6,
YCHJIMBAIOT TPAHCKPUIIIMOHHYIO aKTHBHOCTh T€HOB, KOIH-
pyroumux Monekyinsl anresun (VCAM-1, ICAM-1) (Sprague,
Khalil, 2009). Munnmnauums nposenenust curaanoB ot TNFa
u IL-6 k ssmepHOMY anmapary KI€TOK OCYIIECTBISIETCS depes
perymsiuuto aktuBHOCTH HAJI® oxcuaassl 2 U NpOTyKLIUIO
akTuBHBIX popm kuciopona (Cook-Mills et al., 2011; Wang
et al., 2016). Ycunenue TpaHCKPHUIIIMOHHON aKTUBHOCTH
9THX T'€HOB MOJ BIUSHAEM MPOBOCIAIUTEIBHBIX (aKTOPOB
SIBIISIETCSl OCHOBHOM NPUYMHON MOBBIIIEHHS COIEPIKAHUS
MOJIEKYJ a/IF€3UN Ha TOBEPXHOCTU SHJIOTEIMAIBHBIX Kile-
Tok (Sprague, Khalil, 2009). Yposens ICAM-1, VCAM-1
n E-cesekTHHa CBSI3aH C PUCKOM Pa3BUTHUS UILIEMHYECKOH
6ome3nn cepana (berokomnsiToBa 1 1p., 2013), arepockiepos3a
cocynos (Galkina, Ley, 2007), nerounoii runeprensuu (Kato
et al., 2005). CnenoBarenbHO, MOAYJIMPOBAHNE AKTHBHOCTH
MHTEpIIeHiKnHa 6 3a CYeT M3MEHEHHsI COOTHOIICHUS MeM-
OpaHOCBSI3aHHBIX W PACTBOPHUMBIX (HOPM €r0 PEeLenTopoB,
OIIOCPEJOBAHHOTO HAJIMYMEM MYTALUH, BIMSIONINX Ha SKTO-
JIOMEHHBIH IIEIJIUHT, MOXKET CyIIIECTBEHHBIM 00Pa30M CKa3bl-
BaThcs Ha conepkanni MPHK reHoB, KOMUPYIOIMX MOJIEKYJIbI
MEKKIICTOYHOM aare3uu. JleiCTBUTEIbHO, HAMU O0OHAPYKEHO
BIHSHHUE TeHOTHNA 1o 152228145 Ha TpaHCKPHUIIINOHHYIO
akTUBHOCTH reHa /CAMI B nelikonuTax nepudepruueckoit
kpoBu. [lomyyeHHbIe JaHHBIE KOCBEHHO CBH[ETEIBCTBYIOT
00 U3MEHEHNH TPAHCKPHUITIOHHONW aKTHBHOCTH 3TOTO TeHa
U B KJIETKaX SH/IOTEIHUS U, TT0 BCEH BEPOSATHOCTH, YKA3bIBAIOT
Ha pa3BUTHE dHAOTeNNaIbHON nucdyHKimu. Takum o0pazom,
nonruMopdHEIH Mapkep 152228145 rera ILO6R, IPEATIONOKH-
TEJIHO, BOBJICYEH B T€HETHUECKYIO MPEPACTIONOKECHHOCTh
moneit k DAI. HocurenasctBo amnens C mo yka3aHHOMY
MapKepy MOXKET CTaTb NPUYMHON BbICOKOro ypoBHs MPHK
rera ICAM1 y 6ompHBIX DAT, 9TO, BEpOSTHO, IMEET 3HAYC-
HHE B IaToreHe3e AUCQYHKINU SHAOTENNS U TIPH Pa3BUTUH
JTAaHHOU OOJIE3HH.
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PlantLayout pipeline to model tissue patterning
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Abstract. To study the mechanisms underlying developmental pattern formation in a tissue, one needs to analyze the dy-
namics of the regulators in time and space across the tissue of a specific architecture. This problem is essential for the
developmental regulators (morphogens) that distribute over the tissues anisotropically, forming there maxima and gra-
dients and guiding cellular processes in a dose-dependent manner. Here we present the PlantLayout pipeline for MATLAB
software, which facilitates the computational studies of tissue patterning. With its help, one can build a structural model of a
two-dimensional tissue, embed it into a mathematical model in ODEs, perform numerical simulations, and visualize the ob-
tained results — everything on the same platform. As a result, one can study the concentration dynamics of developmental
regulators over the cell layout reconstructed from the real tissue. PlantLayout allows studying the dynamics and the output
of gene networks guided by the developmental regulator in specific cells. The gene networks could be different for different
cell types. One of the obstacles that PlantLayout removes semi-automatically is the determination of the cell wall orienta-
tion which is relevant when cells in the tissue have a polarity. Additionally, PlantLayout allows automatically extracting other
quantitative and qualitative features of the cells and the cell walls, which might help in the modeling of a developmental
pattern, such as the length and the width of the cell walls, the set of the neighboring cells, cell volume and cell perimeter. We
demonstrate PlantLayout performance on the model of phytohormone auxin distribution over the plant root tip.

Key words: mathematical modeling; image analysis; polarity; morphogen; pattern.
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PlantLayout — mporpaMMHOE€ CpeICTBO AJISI MO eJIPOBaHNS
pacrnpeneneHns BellleCTB B TKAHSIX Pa3/INUYHOI CTPYKTYPbI

M.C. Casunal ®, B.B. MI/IpOHOBal’ 2

1 DepepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT umtonorum u reHetrkn Cnbrpckoro otaeneHns Poccuinckolt akagemmnm Hayk, HoBocnbupcek, Poccus
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AHHOTauua. [1na n3yyeHna MexaH3MOB, leXallmx B 0CHOBe GOPMUPOBAHMSA NATTEPHOB Pa3BUTKA B TKaHsAX, HEOOXoAUM
aHanM3 JUHaMUKK pacnpeneneHns perynsitTopoB BO BPeMeH U MPOCTPAHCTBE B TKAHAX CJIOKHOMN CTPYKTYpbl. Hanbonbliee
3HaueHve 3TO MMeeT B Cllyyae Perynatopos pa3suTua (MopdoreHoB), KoTopble pacnpeneneHbl B TKaHW HEPaBHOMEPHO,
06pasys MakCMyMbl U FTPAAUEHTbI, U PEFYANPYIOT KNEeTOUYHbIE MPOLLeCcChbl MO-pPa3HOMY B 3aBUCUMOCTU OT Jo3bl. HacTosAwwan
paboTa noceALleHa onucaHnio NporpammHoro cpeactsa PlantLayout Ha aA3bike MATLAB, koTopoe obneryaeTt uccneposa-
Hve opMMpPOBaHNA pacripeaesieHnin PerynaTopoB B TKaHAX PasfMYyHOro cTpoeHnsa. C ero NOMOLLbI0 MOXHO NOCTPOUTb
LIBYMEPHYIO CTPYKTYPHYIO MOfe/b TKaHW, BHEAPUTb €€ B MaTeMATUUYECKYH0 MOAESb, ONMUCAHHYI0 B TEPMUHAX 00bIYHbIX ANd-
depeHUmanbHbIX YpaBHEHNIA, BbINOHUTL YNCSIEHHbIE PacYeTbl MOLENN U BU3Yanu3nPOBaTh NONyYeHHble pe3ynbTaThl — BCé
Ha opHOW nnatdopme. B pe3ynbrate MOXHO M3yyaTb AUHAMUKY PabOTbl FEHHbIX CeTeN 1 U3MEHEHNA KOHLEHTPpauun pery-
NATOPOB B KaXX[OW KNeTKe KNeTOYHOro aHcaMbs, BOCMPOV3BOASALLErO CTPOEHME peanbHON TKaHW. Miccnegyemble reHHble
CeTV MOTYT pPa3nnuyaTbCA ANA pasHblX TMNOB KneTok. OfHOM 13 3aady, KoTopyio pelaeT PlantLayout B nonyaBTomMmatnyeckom
pexume, ABNAETCA ornpefeneHne OprueHTaUymn KNeTOYHOIM CTEHKW, YTO MMEET 3HaueHne B Cllyyae NpUCyTCTBUA B TKaHU Mo-
NAPU30BaHHbIX KNeTok. Kpome Toro, PlantLayout no3sonseT aBToMaTUYeCKN ONpefenaTh APYrie KayeCcTBEHHbIE U KONnye-
CTBEHHbIE XapaKTEPUCTUKIM KNETOK M KNETOUYHbIX CTEHOK, TaK/e KaK AJIHA 1 LUMPUHA KNeTOYHbIX CTEHOK, MoLajib ceyeHuns
N NeprMETP KNEeTOK, KOTOpble MOryT MOMOYb B MOAENIMPOBaHMMN NaTTEPHOB pacnpeAeNieHnA PerynatopoB pa3BuUTHA, a Tak-
e CMUCOK COCeAHUX KNETOK s Kaxaoln KneTku. B naHHom paboTte npoaemoHCTprpoBaHa 3G$eKTUBHOCTb pa3paboTaH-
HOro nporpammMmHoro cpeactsa PlantLayout nprmeHuTENbHO K MOogenupoBaHuio pacnpeaeneHna GUToropmMmoHa ayKkcrHa B
KOHUYMKE KOPHSA pacTeHus.

KnioueBble cNoBa: MaTemMaTUYeCcKkoe MOAeNpoBaHme; 06paboTka N306parkeHnin; NONAPHOCTb; MOpdOreH; NaTTepH.

Introduction from complex regulatory circuits and to understand if diffe-
Pattern formation requires the activity of developmental regu-  rent developmental scenarios exist under certain conditions
lators to be controlled in time and space. This demands the  (Tomlin, Axelrod, 2007; Bellomo, Carbonaro, 2011). Develop-
application of computer modeling tools to predict the output  mental biology attracted much attention from specialists in
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mathematical modeling and computer sciences who built
mathematical models to address fundamental problems in this
field. One of the first mathematical models for tissue patterning
formation was Turing’s reaction-diffusion model describing
the interaction of two regulators: an activator and an inhibitor
(Turing, 1952). This model helped understand the mechanisms
of the pattern formation of the gap genes’ distribution during
Drosophila melanogaster embryogenesis (Lacalli, 1990) and
of the patterning of palatal ridges (Economou et al., 2012) or
digits (Raspopovic et al., 2014) during mouse embryogenesis.
Mathematical modeling of tissue patterning was also suc-
cessfully used to study such processes as somitogenesis and
neurogenesis for animals (Lewis, 2003; Shimojo, Kageyama,
2016) and phyllotaxis for plants (Jonsson et al., 2006; Smith
et al., 2006). Nowadays, a number of professional tools and
software have been developed to help the researchers in build-
ing more powerful computer models that take into account
more experimental data. If the first mathematical models did
not consider the cellular structure of the tissue at all, e.g. in
Turing model (Turing, 1952), nowadays scientists are reducing
the use of models with oversimplified rectangular tissues and
start developing models on the realistic cell layouts.
According to the plant-image-analysis.org database, there
are a large number of tools to do cell segmentation in two-
dimensional (2D) and three-dimensional (3D) analyses of
tissue architecture (Lobet et al., 2013). Some of them are
tissue-specific, for example, the plugin for ImageJ named
Cefiler is intended for identification of cell files during wood
anatomy analysis in 2D. Cefiler allows extracting data on the
cell shape and the perimeter, the neighbors for each cell, the
width of the cell walls (Brunel et al., 2012). ImageJ-plugin
LSM-W?2 is intended for wheat leaf structure analysis (Zubai-
rovaetal., 2019). The iRoCS Toolbox is a tool for 3D analysis
of the root apical meristem of Arabidopsis thaliana (Schmidt
etal., 2014). It allows identifying attachment of the cell to the
definite tissue and measuring some quantitative characteristics
like the volume of cell, radius, and position of the nuclei.
Other tools can be used for different plant tissues and organs.
DRACO-STEM is a pipeline for 3D segmentation (Cerutti et
al., 2017). It allows getting only the topological structure of
the tissue represented as a structural graph with vertices, edges,
faces, and polyhedra as a node. MorphoGraphX is a free Linux
application for the visualization and cell geometry analysis
of organ surface in 3D (de Reuille et al., 2015). It allows
performing the cell segmentation and time-lapse analysis of
growth tissues. Balloon Plugin is a plugin for Fiji that allows
extracting the lists of individual cell shapes and determining
the cells being in contact with each other (Federici et al.,
2012). CellSeT is a powerful software that can be used for the
analysis of confocal images to provide quantitative data on the
cell structure and expression intensity (Pound et al., 2012).
There are also several tools for mathematical modeling of
plant tissues, for example VirtualLeaf (Merks et al., 2011),
Cellzilla (Shapiro et al., 2013) and SimuPlant (Eckardt, 2014).
On the one hand, these tools require the user to set the cell
layout in a specific manner, they are not adapted to receive
data from image processing programs. On the other hand, the
image processing programs/tools have different data formats
and their results require additional processing before being
implemented into a mathematical modeling tool. For example,
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Band and the coauthors (2014) used three individual programs
and an additionally developed script to build a mathematical
model of phytohormone auxin distribution over the root apex.
Specifically, they used CellSeT for image analysis of optical
sections of the root apex from confocal microscopy, then, via
an additional Python script, they imported CellSeT output into
the OpenAlea simulation environment (Pradal et al., 2008)
for creating the computational structural model representing
a multicellular root geometry. Finally, OpenAlea output data
was ready to start SimuPlant simulation (Eckardt, 2014).

The recent trend is that more biologists are eager to study
the developmental processes of their interest using computa-
tional modeling methods. That demands the development of
user-friendly software that helps biologists build the structural
model on the basis of the experimental image, embed it then
into a mathematical model and then perform numerical simu-
lation on the same platform. Here we present the PlantLayout
pipeline for MATLAB software for such purposes.

Materials and methods
PlantLayout pipeline. PlantLayout is a pipeline built as four
connected files (1.m—4.m) consisting of executable blocks
in the MATLAB m-code programming language (Fig. 1). It
uses MATLAB Image Processing Toolbox for creating two-
dimensional (2D) computational structural models of plant
tissues and organs, embed them into a mathematical model
in ordinary differential equations (ODE) and facilitate their
numerical analysis. Most of the executable blocks inside
PlantLayout files contain detailed descriptions and examples.
The input data. PlantLayout uses a preprocessed micro-
scopic image as input data. One can either use third-party tools
for image segmentation (e. g. CellSeT (Pound et al., 2012) or
MorphoGraphX (de Reuille et al., 2015)) or draw the tissue
scheme using the experimental image as a readout. In the first

Preprocessed The model template:
experimental ODEs for synthesis, degradation,
image ° passive and active transport, ets. ¢
Building Building
the structural model of the model in ODE
Embedding Visualization
Structural model: the structural model module
«CellID into the model in ODE
« Cell connections om
« Characteristics ’
of the cells Calculation
of the model

« Characteristics
of the cells walls

Parameter settings
« Annotation of the
structural model
« Parameters for ODEs
« Other settings °

Output
- Tables for calculation results
- Calculation results color-coded
within the structural model

Fig. 1. PlantLayout pipeline. Interactions between different parts of
PlantLayout.

Connected m-files are depicted by rhombuses. The procedures performed
inside PlantLayout are written in italics. The points to be uploaded or edited
by the user are marked with the black circles.
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case, a manual correction might be in need. The second way
might be also an option when one wants to study the influence
of tiny anatomical changes.

Building a 2D structural model. PlantLayout applies
bwconncomp function from MATLAB Image Processing
Toolbox to identify all cells and cell walls as connected com-
ponents within the preprocessed image (1.m in Fig. 1). The
cells from the layout receive unique index numbers from 3
to N+2 (where N is the number of cells). Herewith index 1
identifies the external environment, and index 2 identifies the
part of the organ or tissue that is not included in the simulated
cell layout. Every cell wall receives a couple of index numbers
(i, j), where i is the number of the mother cell and j is the
number of the neighboring cell. PlantLayout automatically
determines quantitative and qualitative characteristics for all
cells and cell walls (see output data).

An algorithm to define the cell wall orientation

We developed a special algorithm to determine the cell walls’

orientation. For this, several characteristics were calculated for

the cells and cell walls considered as connected components.

The first characteristic is the centroid of the region (cell or

cell wall). The second is the smallest rectangle containing

the region. The third is the characteristic ellipse that has the
same normalized second central moments as the region. For
the ellipse, the algorithm calculates the length of its major and
minor axes and the angle between the x-axis and the major
axis of the ellipse. Determination of the cell walls orientation

(“top”, “bottom”, “right” and “left”) occurs according to the

following algorithm:

1. If the maximum and minimum coordinates of the cell wall
(i,7) lie between the centroids of the cells i and j vertically/
horizontally, then the orientation of the cell wall (i, j) is
“bottom”/“right” (Fig. 2, a).

2. If the cell wall (i, /) is vertical (the angle between the major
axis of the characteristic ellipse and x-axis is more than
45 degrees) and the centroid of the cell j is to the right of
the centroid of the cell 7, then the orientation of the cell wall
(i,7) is “right”. If the cell wall (7, j) is horizontal (the angle
between the major axis of the characteristic ellipse and
x-axis less than 45 degrees) and the centroid of the cell j is
to the top of the centroid of the cell 7, then the orientation
of the cell wall (i, j) is “top” (see Fig. 2, b).

3. An alternative definition of orientation using the small-
est rectangle containing the cell wall (7, ). If the cell i is
above the rectangle, and the cell j is below the rectangle,
the orientation of the cell wall (7, ) is “bottom”. The “top”,
“right” and “left” orientations are defined in a similar way
(see Fig. 2, ¢).

4. If the orientation of the cell wall (7, /) at points 1-3 is defined
equally and unambiguously, then the orientation of the cell
wall (i, j) is determined.

5. If there is an ambiguity in determining the orientation of
the cell wall (i, j), common neighbors of the cells 7 and j
should be taken into account as described further.

6. If the cell g is the common neighbor of the cells i and j and
the cell walls (7, ¢) and (, ¢) are both vertical (“right” or
“left”), then the cell wall (i, j) is considered as perpendicu-
lar to them (“top” or “bottom”). If the cell walls (i, ¢) and
(J, g) are both horizontal (“top” or “bottom”), then the cell
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Fig. 2. The rules for determination of the cell wall orientation in Plant-
Layout. Representative examples of the cell wall orientation between the
cells with the numbers iand j.

a, determination using the maximum and the minimum coordinates for the
cell wall; b, determination using the angle between the major axis of the char-
acteristic ellipse and x-axis; ¢, determination using the smallest rectangle con-
taining the cell wall; d, determination using the common neighbor cell with
the number g when the cell walls with numbers (i, g) and (j, g) have the same
directions; e, determination using the common neighbor cell with number g
when the cell walls with numbers (i, ) and (j, g) have different directions.

wall (4,) is considered as perpendicular to them (“right” or
“left”). “Right” or “left” (“top” or “bottom™) orientation is
determined by the relative position of the centroids of the
cells i and (see Fig. 2, d).

7. If the cell g is the common neighbor of the cells i and j
and the cell wall (i, g) is vertical (“right” or “left”) and the
cell wall (g, /) is horizontal (“top” or “bottom”), it needs
to compare the centroids positions of the cells i and j. If
the vertical coordinates of the cell i centroid are more/less
than the vertical coordinates of the cell j centroid and the
orientation of the cell walls (g, j) is “bottom”/“top”, then
the orientation of the cell wall (7, j) is “bottom™/“top”. If
the horizontal coordinates of the cell i centroid are more/
less than the horizontal coordinates of the cell j centroid
and the orientation of the cell walls (7, g) is “left”/“right”,
then the orientation of the cell wall (i, j) is “left”/“right”
(see Fig. 2, e).

8. If there is an ambiguity in determining the orientation of
the cell wall (7, j) using common neighbors, then manual
correction should be used.

Output 2D structural model

PlantLayout provides the following quantitative and quali-
tative characteristics of the 2D cell layout taken from the
preprocessed microscopic image: (1) the size of each cell
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(cross-sectional area and perimeter of the cell); (2) the size
of each cell wall between any two adjacent cells (length and
width); (3) the orientation of the cell walls (1, “top”; 2, “bot-
tom”; 3, “right”; 4, “left”) for each cell. The quantitative
characteristics of the cells are represented as column vectors,
where the dimension of the vector corresponds to N+2, and
the indexes of the vector correspond to unique index num-
bers. The characteristics of the cell walls are represented by
square matrices of dimension (N+2), where the index (i, j)
corresponds to the cell wall with number (7, ;). If there is no
cell wall between cells with indexes i and j, the value for the
indexes (i, ) and (, i) is set to zero. In the case of quantita-
tive characteristics (the length and width of the cell wall) the
values for the indexes (i, j) and (, i) are equal. In the case of
a matrix describing the orientation of the cell wall the values
for the indexes (i, /) and ( j, i) take the opposite values (“top”-
“bottom” or “left”-“right”).

The framework for embedding the structural model
into the mathematical model
At the next step, PlantLayout transfers the 2D structural model
into the framework for mathematical modeling in MATLAB.
The framework consists of two connected .m files for: (1) de-
scription of ODE system (3.m in Fig. 1), (2) the interrelations
between the 2D structural model and the mathematical model
in ODEs (2.m in Fig. 1). The 3.m file contains the frame for
creating ODEs that describe the dynamics in the concentration
levels for the substances of interest (variables). PlantLayout
provides the examples for ODEs in general forms (the forms
are different for the substances that spread through the cell
layout and that do not move through the cell membrane). Only
the functions that describe the appearance/disappearance of
the modeling substance (e. g. synthesis, degradation, conjuga-
tion, oxidation, etc.) should be described for the substances
that do not move. PlantLayout provides examples of functions
in a common view to describe these processes according to
Michaelis—Menten kinetics and Generalized Hill function
method (Likhoshvai, Ratushny, 2007). In addition, the func-
tions describing passive or active transportation from cell to
cell should be described for the substances that are able to
move through the plasma membrane. Based on Fick’s law
of diffusion, the passive transport is proportional to the dif-
ference in substance concentrations between the cells. The
active transport is described according to the mass action
law, depending on the concentration of the carriers and the
concentration of the moving substance. It is possible for the
user to build the functions that differ from the default ones.
The 2.m file allows embedding the quantitative and qualita-
tive data on the tissue structure received from the microscopic
image into the mathematical model and performing its numeri-
cal analysis. This file consists of several executable blocks
for different purposes (here the user can not only define a
parameter set but also make the model adjustment). E. g. the
user can specify the cells of different types (that possess diffe-
rent variables), transfer the length units to pm and mm. Some
additional parameters required for the mathematical model
can be calculated here. For example, in the case of diffusible
substances, the flow through the cell wall of certain orientation
might be specified. PlantLayout provides recommendations to
describe such additional parameters and settings.
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Finally, this 2.m file contains the frame for numerical cal-
culation of the resulting mathematical model in ODEs. By
default, PlantLayout uses MATLAB function odel5s that is
a variable order solver based on the numerical differentiation
formulas (NDFs) and the backward differentiation formulas
(BDFs, also known as Gear’s method) (Shampine, Reichelt,
1997; Shampine et al., 1999). But the user may also apply
other ODE solvers.

Visualization of the model simulation results

PlantLayout provides an option for visualization of the numeri-
cal simulation results on the base of the 2D structural model
(4.min Fig. 1). The concentration values calculated for every
cell of the tissue are encoded using a color scale and visualized
within the cell layout. The user can use any suitable colormap
for visualization of the calculation results.

Results and discussion

PlantLayout pipeline to model tissue patterning

We developed the PlantLayout pipeline in MATLAB software
to facilitate the studies on the mechanisms of tissue patterning
when the user needs to consider both the tissue architecture
and the dynamics of the developmental regulators. The pipe-
line application is especially effective when the developmen-
tal regulator is able to move from cell to cell, generating gra-
dients, maxima, and minima that are instructive for tissue
patterning.

PlantLayout consists of three steps: (1) creation of the
2D structural model of a tissue/organ, (2) embedding the
mathematical model in ODE into the structural model, (3) nu-
merical calculation and visualization of the results. As input
data, the pipeline uses the preprocessed microscopic image
of a 2D section of a tissue or organ (see Methods; Fig. 3).
First, the pipeline determines the cells and the cell walls as
connected components and gives them unique IDs. Then it
automatically extracts for each cell and each cell walls their
quantitative and qualitative features, such as the IDs of the
neighboring cells, the cell size, the length and orientation of
the cell wall (see Methods).

At the second step, the data on the anatomical structure of
the tissue in the form of vectors and matrices is conveyed to
the framework for the mathematical model construction. Here
the user should (1) describe the ODEs for the processes he/
she wants to study; (2) annotate the cells in case 2D tissues
consists of different cell types; (3) define which ODEs are
embedded into the cells of a specific type; (4) define the initial
data for the variables; (5) define parameters set (see Methods;
Fig. 1). Note that some of the model parameters might depend
on the structural characteristics of the 2D cell layout, e. g. the
cell area and perimeter, the length, and width of the cell wall
between each two cells.

Once the computational model has been ready, one can start
its numerical analysis. Importantly, the results of numerical
simulations can be visualized using the 2D structural model
(see Fig. 3, h).

PlantLayout deals with anisotropy in tissue patterning
PlantLayout is especially relevant to the study of the develop-

mental regulators that are able to move from cell to cell, e. g.
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f g h
Quantitative
qualitative
characteristics
—_—> —>
N\ Left
Top
Right
g \ Bottom

Fig. 3. Representation of the PlantLayout pipeline on the example of building the model for the study of phytohormone auxin distribution within the

plant root tip.

a, pre-processed confocal image of the root tip; b, identifying the cells as connected components and getting unique indexes for each cell; ¢, quantification of
cells features; d, identification of the cell walls between each two cells as connected components; e, estimation of the quantitative and qualitative characteris-
tics for the cell walls; f, definition of the cell wall orientations; g, embedding the quantitative and qualitative characteristics of the 2D structural model into the
mathematical model; h, steady state solution of the mathematical model, auxin distribution in the plant root tip.

morphogens. Some developmental regulators have an aniso-
tropic distribution that cannot be described by simple diffu-
sion. To deal with it, we built-in PlantLayout with an algorithm
for automatic definition of the cell walls’ orientation.

Unlike other software products for creation of the structural
models (e.g. CellSeT (Pound et al., 2012), Balloon Plugin
(Federici et al., 2012)), PlantLayout defines the orientation
of the cell walls in the 2D image (“top”, “bottom”, “left”,
“right”). This feature is also relevant to the tissues with polar
cells, in which cell walls have unequal functions. For example,
when the cell transports a regulator inside at the “top” side,
outside at the “bottom” side and does not transport them at
the lateral sides. This is a characteristic behaviour for e.g.
vascular cells in plants and intestinal epithelial cells in animals.

PlantLayout application example

To demonstrate the PlantLayout performance, we build with
its help the 2D structural model that represents the longitudinal
section of the root tip of Arabidopsis thaliana (see Fig. 3, a—f").
We embedded the structural model into an existing mathemati-
cal model of the phytohormone auxin in the root tip (Mironova
etal., 2012; Hong et al., 2017). Auxin is a major regulator of
plant root morphogenesis that distributes polarly via active
transport and regulates cell dynamics depending on concen-
tration. The initial model describes how auxin redistributes
over the rectangular cell layout imitating the root tip tissue
by passive and active auxin-regulated transport. Description
of the mathematical model is beyond this study. In Fig. 3, 7,
you can see the steady state solution for auxin distribution that
was generated with PlantLayout from uniform initial data and
with the parameters set inherited from the initial model (Hong
et al., 2017). The steady state solution has the specific auxin
maximum inside the root tip that was also self-generated in
the rectangular models (Mironova et al., 2012; Hong et al.,
2017), but it gives more details about auxin concentrations in
the cells of different types that did not exist in the rectangular
model.

Conclusions

Here we present the PlantLayout pipeline for MATLAB soft-
ware which helps studying the molecular-genetic mechanisms
of tissue patterning in the 2D tissue context. PlantLayout al-
lows easily going from the preprocessed microscopic image
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to the mathematical modeling of tissue patterning through all
stages at the same platform (see Figs. 1, 3), and this procedure
can be repeated many times. Thus, a typical scenario of Plant-
Layout use is an analysis of a regulatory core output on the
tissues of different architectures, e. g. to study the differences
between wild type and mutant. Although PlantLayout was
developed to study plant tissue patterning, it can be success-
fully applied for other organisms, if the cells in the tissue do
not migrate, have tight connections and their shape can be
approximated by a convex polygon.
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Ha cTtpaHuue 587 B pa3gene bnarogapHocT BMecTo
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c ncnonb3oBaHuem obopynosaHua LIKIM «LleHTp reHeTuueckux pecypcos nabopatopHbix xmBoTHbIx» OULL LI CO PAH, nog-
faepxaHHoro MnHob6pHayku Poccnm (yHUKanbHbIn ngeHTndukatop npoekta RFMEFI62117X0015)».

cnepyeT yntatb:
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Erratum to: “Anxiety and neurometabolite levels in the hippocampus
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