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CEKBEHUPOBAHUE TEHOMA IIITAMMA .
Bacillus thuringiensis var. darmstadiensis 56 1 U3YYEHUE NHCEKTUIIUIHOU
AKTUBHOCTHU BUOJOTUYECKOTO ITPEITIAPATA HA ETO OCHOBE"

M.E. BEJIOYCOBAL, C.[I. TPUIIIEYKUHAL, B.II. EPMOJIQBAI, K.C. AHTOHEIL!,
A.B. MAPJJAHOB?Z, A.JI. PAKUTHUH?2, A.B. BEJIEIIKI2, H.B. PABUH2,
A.A. HIZKHUKOB!

ITomdyHKuMoOHAILHBIE MHKPOOMOJIOTHYECKHEe NpenapaTbl MePCHeKTHBHbI B MCIOJb30BAHUM
JUISL 3AI0MTHI PACTEHHi, MOCKOJIBKY 00J1aJal0T MHOTOILIAHOBBIM JI€ICTBHEM, BKJIIOYAIONIMM POCTOCTHMY-
Jmpyomuii 3¢ eKT, KOMIUIEKCHYI0 aHTH(YHTAJIBHYI0 M MHCEKTHIMIHYI0 aKTHBHOCTh. OIOMH M3 Kilovye-
BbIX MHKPOOPIaHU3MOB, MCIO/Ib3yeMbIX B KQ4eCTBe OCHOBBI [Isi CO3AaHUsI OMOJIOTMYECKHMX NMpPernapaToB, —
rpaMIoJIOKUTEbHAS criopoodpa3yomas Oakrepust Bacillus thuringiensis (Bt). Boicokas cmenmdwuy-
HOCTb JEACTBHS M IKOJIOTHYECKas 0e30macHOCTb MpenapaTtoB Ha ocHoBe Bt cmocoOcTBYIOT momnepika-
HUI0 OMOIIEHOTHYECKOTO PABHOBECHS W TO3BOJISIOT COKPATUTH KOJMYECTBO OOPAOOTOK, a TAKKE MOJY-
YUTh IKOJOTHYECKH YHCTYI0 mpoaykuuio. Bo Beepoceniickom HUU cenbcKoxo3siicTBEHHOH MHKPOOHO-
JIOTHN ObLT BblIeNieH W celeKTHpoBaH mramMMm Bacillus thuringiensis var. darmstadiensis 56 (BtHpg 56),
B J1A00PATOPHBIX YCJIOBUSAX NMPOSABJISABIIMA MHCEKTHIMIHOE AEACTBHE HA JIMYMHOYHBIE CTAIMH JUCTOTPBI-
3yIIMX HACEKOMbBIX-BPEAUTEIEil, POCTOCTUMYJIMPYIONLYI0 AKTHBHOCTb B OTHOIIEHHH KapTodelsi U APYTHX
CeJIbCKOXO3SICTBEHHBIX KYJIbTYP, a TakKe aHTU(YHraibHblii 3¢)(QeKT mpoTuB psga (UTONATOreHHBIX
rpuooB. B Hacrosmmeii padoTe BHepBble NPOBEIEHO CEKBEHHMPOBAHME M AHHOTAIMS IOJHOTO TeHOMA
mramma npoxyuenta BtHpg 56, BoisiBiaensl ¢akTopsi, 00ycI0oBIMBAIOIME WHCEKTHIMAHYIO U aHTH(YH-
rajibHyl0 aKTHBHOCTb 3TOr0 INTAMMA, a TAKXKe MOKAa3aHa BbICOKas 3¢ (eKTHBHOCTh OMOJIOTMYECKOTO
NpenapaTa Ha ero OCHOBE B MOJIEBBIX YCJOBUSX MPOTHB KOJIOPAACKOTO Kyka Leptinotarsa decemlineata
Say. lleab padoThl — BbiSIBJI€HHE MOJEKYJISAPHBIX A€TEPMHHAHT HMHCEKTHLMAHBIX CBOWCTB LITAaMMA-
npoayuenta Bacillus thuringiensis var. darmstadiensis 56, a TaKXKe HCIIBITAHHE €0 AKTUBHOCTH B TOJIe-
BbIX ycioBusix. Ilosnesbie ucnbiTanns 3¢¢ekTuBHOCTH OMOmMpenapaTa Ha ocHoBe mramma Bacillus thu-
ringiensis var. darmstadiensis 56 (BtH;o 56) npoTtmB Ko/0paackKoro xKyka NpoBOAMIM Ha Kaprodese
(Solanum tuberosum L.) coproB Bunera u Pokko B 2018 u 2019 rogax (OO0 «MTC-Arpo», Bopo-
HeKCKasi 001.) Ha miomamu 1 ra. /IS OmeHKM JHTOMOLMIHON AKTHMBHOCTH WCNOJIBb30BAJIM KUIKYIO
¢bopmy npemapata Ha ocHoBe mrTamma, HapaootanHoro B ¢uamaie ®TBHY BHUUCXM «BDkoc»
(tatp cnop 2,12-2.3x10° KOE/mM1) Ha ApoxiKe-NOJMCAXAPUIHON cpeie B ()epMEeHTepax 00beMOM
100 1. Hopma npumenenus npenapata — 20 i/ra. Ilocanku Kaprodensi o6padaTeiBaim ¢ MCHOJb30BA-
nueM onpeickuBarensa OIIT-2000 (000 «3apsa», Poccns). B KavecTBe XHMHYECKOTO 3TAJIOHA MCIOJIb-
3oBas MHCekTHIMAHBIEe npenapatbl Lenemn, KO n Konopano, BPK (00O «Arpo Dkcnepr I'pym»,
Poccust) B no3ax coorserctsenHo 100 r/n u 0,1 a/ra. YueTsl nmpoBoau/IM mepea W mocjie 00padOTKH
(Ha 5-e, 10-e u 14-e cyr). Buonormyeckyw 3¢deKTHBHOCTh MpenapaTa ONpeeisiid N0 CHUKEHHIO
YyucjaeHHOCTH Bpeautens no ¢opmyiae Abbott. I1o pesynabTaTam HCHbITAHMIA OblIa YCTAHOBJIEHA BBICOKAS
3¢ dekTMBHOCTL Pa3pabOTAHHOTO MpemapaTa NMPOTHB KOJOPAACKOro Kyka, Koropas Ha 10-e cyr co-
crapasuia 83,8-87,8 % W He oTamMyanach OT XMMHYECKOro 3tajoHa. C MCIOJb30BAHMEM TEXHOJIOTHH
Illumina («Illumina, Inc.», CIIIA) m MoOHOMOJEKY/JISIPHOrO HAHOMOPOBOTo cekBeHuposanus («Oxford
Nanopore», BeinkoOpuranusi) ObLIa TOJYYeHA TMOJHAS TOCJIEIOBATEILHOCTh TE€HOMA MITAMMA-
npoayuenta BtHjg 56. [Ina noucka u Knaccupukauud reHOB MHCEKTHIMIHBIX TOKCHHOB Bt mcmouib3o-
Bau mnporpammel CryProcessor m BtToxin_scanner, B pe3yibraTe 4ero ObLl MIeHTH(GHMIMPOBAH TeH
crylEa7, otHOcsmmiics K rpymne crylE, nisi KOTOpoil onMcaHA AKTHBHOCTh B OTHOLIEHHWH PA3IHYHBIX
yemryekpouibix (Lepidoptera). VccienoBaHHbIA HITAMM He COJEPXKAJ T€HOB, KOAMPYIOIIMX TOKCHHbI
rpymn Vip, Sip u Cyt, ogHako Hec psii TeHOB, KOIMPYIOIINX CHHTETA3bl HEPUOOCOMHO CHHTE3MPYEMBIX
nenTuaoB (nrp), YTo 00bsACHSET ero noJnGyHKIMOHAIbHbIE CBOIiCTBAa. [lo/ydeHHble JaHHbIE MO3BOJISIOT
PEKOMEHIOBATh OMOJOrHYecKmii nmpenapat Ha ocHoBe BtH( 56 mi1s McnoJb30BaHus B MPOMBIILIEHHOCTH
H OPraHHYeCcKOM 3emJieie]IHH.

KimoueBsie cnoBa: Bacillus thuringiensis var. darmstadiensis, AHCEeKTHIMAHAS AKTUBHOCTD, 3K30-
TokcuH, 3HI0TOKCHH, Oxford Nanopore, Illumina, Tokcun Cry, Bt, konopanckwii Kyk, Leptinotarsa
decemlineata.

Bacillus thuringiensis (Bt) — cnopoo0pasyoliiasi oYBeHHas1 OakTepus,
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LIMPOKO HCMOJIb3yeMasl B KaueCTBe OMOJIOTMYECKOTO areHTa 3alllMThl pacCTEHUI.
B Hacrosiee BpeMs onucaHbl okosio 100 moaBuIOB 3Toil GakTepuu, BbIIEICH-
HBIX IO BCEMY MUPY M3 pa3HbIX MCTOYHUKOB — HACEKOMBIX, MOUBbI, PACTUTEIb-
HBIX OCTaTKOB, BOAHBIX pe3epByapoB (1, 2). YcmellHble KOMMepUYeCKHe MPOayK-
Thl ObLIM pa3paboTaHbl Ha OCHOBE MOIABMIOB kurstaki, aizawai, san diego, te-
nebrionis 1Jig 3alllMThl OT HACEKOMbBIX — BpEOUTEEH CEIbCKOXO3IHCTBEHHBIX
Kynetyp (3, 4), a Takke TNOABUOA ISraelensis NSl 3allUThl OT KPOBOCOCYIIMX
IBYKpbUIBIX (5). B Poccuiickoit Menepaniuy B HAcToOsIIIee BpeMsl IIPOU3BOIST
IperapaThl TOJILKO Ha OCHOBE OBYX NOABUIOB Bt — kurstaki v thuringiensis (6).

buonpenaparsl Ha ocHoBe WITaMMOB Bt comepXaT B KauecTBe HEHCTBY-
OIIIETO BEeIleCTBA CIIOPOBO-KPUCTAUIMUECKUI KOMILIEKC M DS IPYTUX MeTabo-
suToB. IlITaMMbl HEKOTOPBIX PA3HOBHMAHOCTEH B MpoliecCe pocTa U Pa3BUTHUS
00pa3yioT U BBIACJSIOT B NMUTATEJIbHYIO Cpely TePMOCTAOWIbHBIN BOIOPACTBO-
PUMMBI 3K30TOKCUH (B-2K30TOKCHH). CIHeKTp OeNCTBUS 3K30TOKCMHA 3HAYM-
TEJbHO ILIUPE, YeM CIIOPOBO-KPHCTaUIMUYEeCKOro KoMiuiekca (7, 8). DK30TOKCHUH
MOXET NEeMCTBOBaTh HE TOJBKO IMPU 3apakeHUU MepopajbHO, HO M KOHTAKTHO
yepe3 IMOKPOBbl HACEKOMBIX, @ B KOMOMHALMM CO CHOPOBO-KPUCTATUYECKUM
KOMILJIEKCOM BBIMOJIHATL (pyHKLMU cuHeprucTa. Comepskallue 3K30TOKCUH ITIpe-
mapatbl Bt UCHOJB3YIOT 1151 CHUXKEHUSI YMCIEHHOCTM YelyeKpPbUIbIX HACEKO-
MBbIX, a TakxKe IpencraButeneil orpsaaoB Coleoptera v Diptera. Hanvuuve B mpe-
mapare Bt Tpex OCHOBHBIX 3HTOMOLMAHBIX KOMIIOHEHTOB (CHOp, 8-3HAOTOK-
CMHA U B-3K30TOKCHHA) HE TOJBbKO YCUJIMBAECT MX SHTOMOLIMAHBLIN 3(PpdeKT, HO
W paclmpsieT crnekrp aevictsus (9, 10).

IMonBun darmstadiensis 6b11 BriepBble BblmeiaeH B ['epMaHUM U3 JTUUYMHOK
mueuHoi orHeBKu Galleria mellonella B 1968 romy (11). M3BecTHO, YTO HEKO-
TOpbl€ €ro ILITaMMbl COAEpKaT MHCEKTULWAHbIE TOKCHHBI rpymmnbl Cryl (oT
«crystal» — KpucTajl), aKTUBHbIE B OTHOILIEHUM MpPEACTaBUTENIEl OTpsima 4e-
yekpbuiblx: Bombyx mori, Lambdina fiscellaria, Malacosoma disstria, Choris-
toneura fumiferana (12), Anticarsia gemmatalis (13). HecMoTps Ha mepcreKTUB-
HOCTh MCIOJIb30BaHUs ToaBuaa darmstadiensis B CETbCKOM XO3SMCTBE W OUO-
TEXHOJIOTMM, TMOKa HET 3aperuCTpUMpOBaHHBIX KOMMEPUYECKMX MpernapaToB Ha
OCHOBE €r0 ILTaMMOB.

PaHnee Hamu ObL1 MpoBedeH CKPMHUHI MPUPOIHBIX U30J9TOB Bt, B pe-
3yJbTaTe KOTOPOro OTOOpaHbl BUPYJEHTHbBIC 1UTaAMMbI B. thuringiensis var. darm-
stadiensis (BtH o). BtH |y 56 BblmeneH U3 TpyImoB KOJOPAACKOTO XyKa B JIeHWH-
rpaackoil 00jacTy, IMOocjae 4Yero Oblia IMpoBeAeHAa MHOTOCTYIIEHYaTasr CeJIeKIIMS
Ha (dusznosornyeckre U Xo3sHCTBEHHO lLieHHble cBoiicTBa (14). JlabopaTopHbie
HUCIIBITAHUS TOKA3aIM BBICOKYI0 SHTOMOLIMAHYIO aKTUBHOCTb LITaMMa B OTHO-
LIEHUU JIMYMHOYHBIX CTAAUN KOJOPAICKOTO XyKa M KapTodelbHO KOPOBKHU, a
Takke aHTU(YHTAIbHYIO aKTMBHOCTb MPOTUB Pa3IUYHBIX (DUTOMATOTEHHBIX T'PU-
0oB, BKIouast Botrytis cinerea, Pythium spp., Bipolaris sorokiniana, Rhizoctonia
solani, Fusarium oxysporum. Ilomumo storo, mramm BtH;, 56 mposiBiseT po-
CTOCTUMYJIMPYIOLIMI 3(PdeKT, yBeauuuBas 3eJeHY0 Maccy M IOBBbILIAs Ypo-
>XKalfHOCTb y KapTodesl, yaydllasi BCXOXeCTh CEMSH Yy KaIlycThl, TOMaTa, OTyp-
1I0B, KabauykoB, cBekjbl. Ilokazarenu poctoctTumyiupyloiero aeiicteust BtHyg
56 IpeBHIIIAIOT TaKOBEIE y IrTaMMa-TiporoTuna BtH g Ne 25 (15).

Kaprodenb — ogHa M3 OCHOBHBIX MPOU3BOACTBEHHBIX KyJbTyp B Poc-
cuiickoit @enepanun. [lotepu ypoxkast KapTodels, BbI3BAHHBIC CaMbIM OITac-
HBIM €TO BpeOUTEeIEM — KOJIOPAICKUM KYKOM, MOTyT mocturatb 40-50 % (16).
IToTpeGHOCTh B 3KOJOTMYECKM YMCTON MPOAYKLIMU ejaeT Bce Oojiee mpuBjeKa-
TeJbHBIMU OMOJIOTMYECKUE MAaJOOMacHble Ipernaparhl ISl 3allUThl PACTEHUIA.
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IIpumeHeHre XUMUUYECKMX MECTULIMIOB OKa3blBaeT OTpULATeIbHOE NEHCTBUE Ha
OKpYXalolIyl0 CpeAy M HapylllaeT 3KOJOIMYEeCKHUE CBSI3U MEXIAY OpraHM3MaMu.
CreuuduyHble MO CBOEMY IEHMCTBUIO OMOJOTMYECKUE Ipernaparbl — IMepcreK-
TUBHBIM BapuaHT 3alllUThl PACTEHUI BBUOAY WX 0€30MACHOCTU ISl HelieJeBOM
OMOTBI, HAJIMYME KOTOPOM, B CBOIO OUepellb, YIPOIlAeT MPOLECcC CAep>KUBAHUS
YUCJIEHHOCTH BpeauTeleil HUXe 3KOHOMMYECKOro mopora BpeaoHocHocTtu. Mc-
MOJIb30BAaHUE €CTECTBEHHBIX MEXaHU3MOB PEryJISILIMU HapsiLy ¢ MUKPOOMOJIOTU-
YeCKMM KOHTPOJIEM IO3BOJISIET IMOJy4YaTh SKOJOTMUECKM YUCTYIO MPOAYKLUIO B
paMKax YCTOMYMBBIX arposkocucteMm. Ilpemapar Ha ocHOBe ITaMMa OaKTepuit
BtH;y 56, kpoMme BbIpaxkeHHOM 3HTOMOILIMIHOM AKTMBHOCTU B OTHOLUECHWH JIV-
YUHOYHBIX CTaAUil JUCTOTPBI3YLIMX BpeauTeseil, objamnaeT BhICOKONH aHTU(DYH-
TaJIbHOM aKTMBHOCTBIO MPOTUMB Pa3IMYHBIX (PUTONMATOTEHHBIX I'PUOOB, a TaKXKe
pOCTOCTUMYNUPYIOIIUM AciicTBueM (15).

B npencraBneHHO# paboTe BIepBbie MPOBEASHO CEKBEHUPOBAHUE U aH-
HOTaLMs ITOJIHOTO TeHoMa y IurtaMMma-TipoayueHTta BtH ;o 56, BbisiBIeHBI (hakTO-
pbl, OOYCJIOBIMBAIOIIUE €TI0 MHCEKTULIMAHYIO U aHTU(MYHTaJdbHYIO aKTUBHOCTD,
a TakkKe MoKa3aHa BblcOKasl 3(Pp(PeKTUBHOCTb OMOJOTMYECKOIO Mpernapara Ha
OCHOBE 3TOro IlTaMMa IPOTUB KOJIOPAACKOro kyka Leptinotarsa decemlineata
Say B MoJIeBBIX YCIOBHUSIX.

Llenb paGoTbl — BBISIBJICHUE MOJIEKYJISIPHBIX ITE€TEPMMHAHT MHCEKTULIMI-
HBIX CBOMCTB IITaMMa-TipoayueHTa Bacillus thuringiensis var. darmstadiensis 56 n
HUCTBITAHUE €0 aKTUBHOCTU B MOJIEBBIX YCIOBUSIX.

Memoouxa. Inst pacimppoBKA TOJHOTO TeHoMma mTamma BtH;y 56 mc-
nonab3oBanu TexHonoruu Illumina («Illumina, Inc.», CIIIA) 1 MOHOMOJEKYISAp-
Horo HaHoropoBoro cekBeHupoBaHus («Oxford Nanopore», Beaukoopuranus).
Jlnst mpuroroBiaeHus 6ubanoreku reHomHoi JIHK mpumeHsim Habop peakTu-
BoB NEBNext Ultra II DNA Library Prep Kit («<New England Biolabs», CIIIA).
B pesynbraTte cekBeHupoBaHUs 3Toii OubauMoreku Ha Illumina HiSeq2500 c
npuMmeHeHneM Habopa peaktnBoB HiSeq Rapid Run v2 sequencing reagents Obl-
JIO TToIy4eHo 2735262 npoutenunit giuuHoi 250 H. (Bcero 683,8 muH H.). ITocie-
JIOBAaTEJIbHOCTU MpaiiMepoB U YYaCTKM ¢ HU3KUM KaudecTBoM IpouTeHMs (<q30)
yAaJsSiId COOTBETCTBEHHO ¢ MCIoab30oBaHueM nporpamm Cutadapt v. 1.17 (17)
u Sickle v. 1.33 (https://github.com/najoshi/sickle). JJonoaHUTEILHO TEeHOMHYIO
JHK cexBenupoBanu ¢ nomoiibio cuctrembl MinlON («Oxford Nanopore», Be-
nukobputanus). CexkseHupoBanue Ha MinlON npoBoawnu, cieaysl MPOTOKOIY
Ligation Sequencing kit 1D, ¢ ucnons3oBanueM siueek FLO-MIN106. B pe3syib-
TaTe CEeKBEHWpPOBaHWS Moiayunnu 31234 yrteHwit co cpemHeil miamHoi 16540 H.
(Bcero 516,6 MJTH H.), KOTOpbIE OBUTA OTKOPPEKTUPOBaHBI Mporpammoii Canu v. 1.6
(mapametp —correct) (18). 3aremM OCYIIECTBISIIA TUOPUAHYIO COOPKY OT(UIb-
TpoBaHHBIX yTeHUi Illumina U OTKOPPEKTUPOBAHHBIX UYTEHUI, MOJYYEHHBIX Ha
MinlON, B nporpamme SPAdes v. 3.11.1 (19). JlonoiHUTEIbHO ITOJTyYE€HHbIE
KOHTUTU ellle pa3 OObEIUHSIIM C MCIIOJb30BaHUEM IOJydyeHHbIX Ha MinlON
UCXOOHBIX MpouTeHuid B mporpamme npScarf (20). [TpoGenbl MexXay KOHTUTAMU
3aIOJIHAIM  KOHCEHCYCHBIMU TTOCJIEIOBATEIbHOCTSIMU U3 uTeHuil Illumina wu3
rpada SPAdes (mapamerp —spadesDir y npScarf). ITouck reHOB M MX aHHOTALIUIO
npoBoaunu ¢ nomousio cepBepa RAST (http://rast.theseed.org/FIG/rast.cgi) ¢
MOCJICAYIOLIMM CpaBHEHUEM ITIOC/IEeI0BaTEIbHOCTEN MpeacKa3aHHbIX OEIKOB ¢
6azamu paHHbix NCBI. JIns moucka n kimaccudukauydy reHoB TOKCUMHOB Cry
npuMeHsuin niporpamMmy CryProcessor (https://lab7.arriam.ru/tools/cry_processor/),
IUISL BBISIBIEHUST APYTUX UHCEKTULIMIHBIX TOKCUHOB Bf MCHONb30BaNy Mporpam-
my BtToxin_scanner (http://bcam.hzau.edu.cn/BtToxin_scanner/index.php).
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IToneBbie ucnbiTaHus 3(phHeKTUBHOCTH OMOIIperapara Ha OCHOBE ITaMMa
Bacillus thuringiensis var. darmstadiensis 56 (BtH |y 56) nIpoTuB KOJOPaacKOIo xy-
Ka npoBoausn Ha Kaprodene (Solanum tuberosum L.) coproB Bunera B 2018 u
Pokko B 2019 rogy (OOO «MTC-Arpo», BopoHexckast 06i1.) Ha miowianu 1 ra.
J1s OLIeHKM SHTOMOIIMIHOM aKTUBHOCTU MCIIOJIb30BAIN KUAKYIO opMy Ipera-
paTta Ha OCHOBE IlTaMMa, MOJYYEHHOTo Ha IpOsKKe-IoJucaxapuaHON cpelne B
depmenTepax oobemoMm 100 1 (pumman GIT'BHY BHUUCXM «Dkoc», TUTP
criop 2,12-2,3x10% KOE/mn). KauecTBo npemnapata OLEHMBaJIUM O CTaHAAPT-
HbIM MeTtogukaM (21). Hopma npumeneHnus npemnapara — 20 y1/ra.

IMocanku kaprodenst odpadaTbiBaiM ¢ MoMollbio onpbickupaTenst OINI -
2000 (OO0 «3aps», Poccus) (muupuHa 3axBata — 20 Mm). B kauecTBe Xxumuue-
CKOIO 3TajloHa HCMOJIb30Bajld MHCEKTUMLMAHBIE Mpernaparbl LenemmuH, KO B
2018 romy u Komnopago, BPK (OOO <«Arpo 3Okcnept I'pym», Poccust) B 2019
rony B mo3ax coorBerctBeHHO 100 r/1 u 0,1 1/ra. YuyeTbl 4YMCIEHHOCTU Bpeau-
TeJisd TPOBOAMIIM HEIOCPEACTBEHHO Iepel oO0pabOTKOW W Iocje Hee Ha 5-€ U
10-e cyr (B 2018 u 2019 romax), a Takke Ha 14-e cyT (Toabko B 2018 roay). Jns
yyeTta OTOMpaJid MO 5 KYCTOB KapTodesl, MPUMBIKAIOIIKUX OPYr K APYry, IO
nuaroHanu B 20 toukax (Bcero mo 100 kycrtoB). buonormyeckyio 3¢ ¢eKTUB-
HOCTb ITIperiapaTta omnpeaessuiv 1o ¢opmysae Abbott Ha ocCHOBe yyeTa CHYKEHMS
YUCJAEHHOCTU BpeauTtens (22).

Pesyasbmamer. Tlo vToram cekBeHUpoBaHUS TeHoMa Intamma BtHiy 56 ¢
nomoliblo AByX TexHoysoruit (Illumina U1 MOHOMOJEKYISIPHOIO HAHOMOPOBOIO
CEeKBEHMPOBaHMsI) OblIa OIpelnesieHa ero IMocjiea0BaTeJIbHOCTh CYMMApHON K-
Hoii 6290617 m.H., npeacTapieHHass 7 KoHTUramu (tabm. 1). Xpomocoma u aBe
IUIa3MMIbI ObLIM COOpaHbI B BUIE KOJIBLIEBBIX KOHTUTOB, ellle 4 KOHTUra, Mpeia-
CTaBJIIOLINE TUTA3MUIbI, TIOJYYWIM B JTUHEHHOU (opMe, UTO MOXET ObITh CBS-
3aHO C HAJIMYMEM B HMX MPOTSKEHHBIX TTOBTOPOB.

IIpu anamuze reHoma B. thuringiensis BtH o 56 Mbl obHapyxwiu 13 Ko-
it orepoHa reHoB pPHK (16S—23S—5S) u 107 renoB tpancnoptHeix PHK
(tPHK), xogupyromunx Bce 20 amuHokucior. I1To pe3yabTataM aHHOTALUU Obl-
JIM TpeiackasaHbl 6611 MOTeHLMAIbHBIX OETOK-KOAUPYIOIIMX IeHOB, M3 HUX Y
4517 (68 %) dyHKIIMM OBUIM MpeACKa3aHbl B pe3yjbTaTe CpPaBHEHUS ¢ OazaMu
nmaHHbIx NCBI. Jlokycel CRISPR (clustered regularly interspaced short palin-
dromic repeats) B reHome B. thuringiensis BtHy 56 oTcyrcTBOBaMM.

1. Pe3yabTaTel cOOPKH M aHHOTANMM reHoma Bacillus thuringiensis var. darmstadi-
ensis 56 (BtH;, 56)

Kourtur | ®opma | JUmna, m.H.| Benok-komupyiomme rens | Terst TPHK | Tennl pPHK

1 Konbueoii 5553288 5755 107 39

2 Konbueoii 349728 445 - -

3 JInneitHbi 155294 173 - -

4 Konbuesoit 140546 140 - -

5 JInneiHbli 57038 68 - -

6 JInneiHbli 24713 21 - -

7 JInneitHbit 10010 9 - -
Bcero 6290617 6611 107 39

I puMedYaHUe. HDO‘{CDKI/I O3HayarT, YTO B KOHTUTAX HE OBLIO COOTBETCTBYIOLIMUX TCHOB.

B renome mramma B. thuringiensis BtHy 56 mpucyrcTBoBanu 6 Kiacre-
POB T€HOB nrp, KOAWUPYIOIIUX HEPUOOCOMHBIE MEeNTUI-CUHTEeTa3bl, 00ecleunBa-
IollMe TMPOAYKIMIO Pa3HOOOpa3HbIX MENTUAOB, KOTOpble 00JamaioT aHTUGYH-
rajJbHON M aHTUMUKPOOHOM akKTUBHOCThIO (23). Hanmuue sTtux mocnegoBareib-
Hocreit B renoMe BtH [y 56 MoxXeT 0OBSCHSATH €ro aHTU(YHTAJIBHbBIE CBOMCTBA.

B renome BtH;y 56 ObI1 MaeHTU(GUIMPOBAH TeH WHCEKTULIMIHOTO TOK-
CHMHAa, JIOKAJM30BaHHBI HA OOHOM M3 KPYMHBIX TUIa3MUI (KOHTUT 3). AHaIMU3

90



aMUHOKMCJIOTHOM MOC/IEA0BATeIbHOCTU COOTBETCTBYIOLIEIO OeKa nmokasaj, 4To
ToKcuH oTtHocurcs K rpynne CrylE, mogtuny CrylEa7. Tokcunbl CrylE — 310
TPEXAOMEHHbIE MHCEKTULIMIHBIE TOKCUHBI B. thuringiensis, aKTUBHbIE B OTHO-
LIEHUU Pa3IMYHBIX YelnyeKpbulbix (24, 25). Tokcunnsl CrylEa xapakrepHbl st
noaBuna darmstadiensis v, IO JaHHBIM JIATEPATYpbl, AKTUBHBI TIPOTUB JTUUYMHOK
yewryekpbuiblx Conopomorpha cramerella, Manduca sexta, Spodoptera littoralis,
Bombyx mori, Lambdina fiscellaria, Malacosoma disstria, Cacyreus marshalli,
Anticarsia gemmatalis, Choristoneura fumiferana (12, 13, 26, 27), 4T0 MO3BOJISIET
paccMarpuBaTh mtamMmMm BtHpp 56 Kak moTeHIMaIbHO MEPCIIEKTUBHBIM B OTHO-
LIIEHUU 3TUX HACEKOMBIX-BpEAUTEICH.

s HeKOTOpBIX MOABUIOB Bf XapaKTepHO HaJIW4Ue LIUMTOTOKCHYECKMX
6enkoB Cyt 1 BeretaTUBHbIX TOKCUHOB Vip (8). OgHako renoB Cyt u Vip B re-
HOME HCCIeIyeMOro IiTaMma Mbl He OOHapyXwiu. MHceKTHMLuIHas aKTHUB-
HocTh ITamma BtH;o 56, BbIsIBICHHAs paHee B JIaOOPAaTOPHBIX HCIIBITAHUSX B
OTHOLUIEHUU JUYMHOK JIMCTOTPHI3YIIMX HaceKoMbiX (14), mo-BuaMMoOMy, OOy-
clioBneHa npoaykuueit TokcuHa CrylEa.

ITockonbky 3¢ (eKTUBHOCTD IITaMMa B JIAOOPATOPHBIX YCIOBUSIX MOXKET
CYILIECTBEHHO OTJIMYAThCSl OT €ro AEHCTBMS Ha TMPUPOIHYIO IMOIMYJISILMIO Hace-
KOMBIX-BpeIUTE/IeH, CIeAYIOIIMM 3TarlOM MCCAENOBaHUS CTalu MOJeBbIE UCIIbI-
TaHUSI MHCEKTULIMAHOM aKTUBHOCTHU IIperapara Ha ocHoBe Iurtamma BtH g 56.

2. D¢ dexTHBHOCTD XKUAKO (opMbI mpenapara Ha ocHoBe mramma Bacillus thurin-
giensis var. darmstadiensis 56 (BtH;( 56) npoTHB K0I0paacKoro xyka Ha KapTo-
tene copra Bunera (BopoHexckas o61., 2018 rom)

YucneHHOCTD BpCOUTEIIA

DpPekTnBHOCTD, %

Bapuant nocjie 00paboOTKU, CYT nocjie 00pabOTKH, CYT

10 06paboTKI 5" T 0" T 46 | 5-e | 10-c | ld-

BtH,( 56 426 193 52 16 54,7 87,8 96,2

LenemmH (3Ta710H) 181 104 27 0 42,5 85,0 100,0
Kontpoinb (6e3 00paboTKM) 229 254 298 288

IIpumeuanue. Ha 10-e u 14-e cyr — mocje 2-KpaTHOii 00pabOTKH.

3. D¢ dexTHBHOCTD KHUAKOI (opMbI mpenapara Ha ocHoBe mramma Bacillus thurin-
giensis var. darmstadiensis 56 (BtH;( 56) npoTHB K0I0paacKoro xyka Ha KapTo-
tene copra Pokko (Boponexckas o6., 2019ron)

YK CIeHHOCTh BPEIUTENS DddektuBHOCTb, %

Bapuant 110 06paGoTKu nocjie 00paboTKU, CYT nocjie 00paboTKU, CYT
5 | 10-e 5 | 10-e
BtH,( 56 285 145 46 49,1 83,8
Konopano (atanon) 171 28 18 83,6 89,5

Kontpoinb (6e3 00paboTKM) 144 186

IIpumeuanue Ha 10-e u 14-e cyr — mocie 2-KpaTHOii 00pabOTKH.

B 2018 roagy yuetnl, mpoBeJecHHbIE Ha Iocagkax Kaptodens: copra Bu-
HeTa Tepen oOpabOTKOM, MoOKa3ajiu, YTO 3aCEJIeHHOCTb KOJOPAIACKUM >XYKOM
cocranana 30-40 % wna paccrosumu 100 M2 or kpag nong. Ha ocranbHOi
IUTOLIAAM OTMEYald €ro He3HauyuMTeJIbHOE ovyaroBoe pacrpocTpaHeHue. [lormy-
JIs BpeauTesst cocTosuia u3 anurHokK 1 (58,5 %), 11 (28,7 %) u 111 (12,8 %)
Bo3pacTa. Cpa3sy Iocje ydyeTa MpOBOAMIM 00pabOTKY IMOCamoK KapTodenst mpe-
napatamu. Ha 5-e cyT mocine o0paGoTku 3(PdeKTUBHOCTh OMOJOrMYECKOro
npemapaTta BtH |y 56 cocraBmsuia 54,7 % u Oblla HECKOJIBKO BHIIIIE, YeM Y XHU-
Muueckoro stajoHa lenemuHa (42,5 %). B cBsI3u ¢ yCTaHOBUBILEHCS XapKOii
U cyxoii morogoi (Temmnepatypa Bo3ayxa 37 °C) mpoBelu MOBTOPHYKO 00paboT-
Ky mocanok kapTtodens. Ha 10-e cyr mociie mepBoit o6pabotku (5-e¢ cyT mociie
BTOpOIi) 3¢eKTUBHOCTh cocTapisia 87,8 % 1 ObUIa COIIOCTaBMMA C TAKOBOM Y
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XuMmaeckoro stajoHa. Ha 14-e cyr addexruBHocTs Tpenapara BtH g 56 mo-
crurana 96,2 % (ta6in. 2).

B 2019 roay xvMmuyecKuM 3TaJOHOM CIy:KuJl MHcekTuuun Kosopano.
Ha 5-e cyt nocne o6pabotku kaptodenst copra Pokko 3heKTuBHOCTL OUOJIO-
rMyeckoro mpemnapara coctaBisia 49,1 % u Oblla HUXKE, YeM Yy XMMUUYECKOTO
aTanoHa. B ycrnoBusix xapkoii moroabl (Temriieparypa Bosayxa 38-40 °C) orMe-
yaju MHTEHCUBHOE Pa3BUTUE BPEIUTENIsI, B CBSI3U C YeM OOpabOTKy mperapaToM
BtH;g 56 u xuMHU4YeCcKMM 3TajOHOM MOBTOPUIN. DPPEeKTUBHOCTh OUOIIOTHNYE-
ckoro Ipemapara Ha 10-e cyr mociie mepBoii 00paboTKM cocTaBisuia 83,8 %,
XMMUYECKOro 3TajjoHa — 89,5 % (tabu. 3).

B uenom ucnbiTaHusT OMOJIOrMYECKOro IperapaTa Ha OCHOBE ILTaMMa
BtH o 56, nmpoBenennbie B BopoHexckoit oomacti B 2018-2019 rogax, moxkasaan
€ro BBICOKYIO 3(P(EeKTUBHOCTL TTPOTUB KOJIOPAACKOro Xyka — 83,8-87,8 % Ha
10-e cyt mocie oOpabOTKM Ha IBYX pa3HbIX copTax KapTodess. DTU HaHHbIE O
Ouosiornyeckoil 3(¢heKTUBHOCTU Mpernapara B MOJEBbIX YCIOBUSIX COIJIACYIOTCS
C pesyJbTaTaMM, NOJYYEHHBIMU paHee B JabopaTOpHBIX McciemoBaHusx (14).
OnHako 3¢ dexThl MpenapaToB Ha OCHOBe Bt He orpaHMYMBAIOTCS TOJBKO PO-
JIbIO MHCeKTULMAA. ECTb OCHOBaHMs IojaraTh, YTO 3HAYMMbBIM OKAa3bIBAETCSI PO-
CTOCTUMYJIUPYIOUIUI 3(deKT, 00YCIOBICHHBIN MPOAYKIMe craepodopoB, HMH-
I10J1-3-YKCYCHOM KHUCJOTHI, 1-aMUHOLMKIONpPONaH-1-kapOboKkcuaaT-aeaMruHa3shbl,
(GepMEeHTOB, pacTBOpSIOIIMX MUHepanbHbI docdar (28-30). IMomudpyHkimo-
HaJIbHbIE cBolicTBa mramma BtH o 56, mokaszannbie Hamu paHee (14, 15), mo3Bo-
JISIIOT CYMTAThb MCCIIEAYEMbIi MperapaTa MepCleKTUBHBIM areHTOM 3alllUThl pac-
TEHUI BBUIY €ro 0e30MacHOCTHU IJis HeleJIeBOi OMOThI, POCTOCTUMYJIMPYIOILETO
IEeWCTBUST M aHTU(YHTAJIbHON AKTMBHOCTU. AHTH(YHrajJbHOe HCHCTBUE psaa
mraMMoB Bt cBsg3aHO ¢ mpomyKiMeil KopoTkux nenTumoB Nrp (non-ribosomally
synthetized peptides), oOpa3yeMbIx crielMaJbHBIMU CUHTETa3aMu B 0OXOHd TpaHC-
JnsiuroHHoro anmapara (31). IlecTs KiacTepoB TaKMX T€HOB ObLIM BBISIBJCHBI U
B renoMe BtH, 56.

ITonyyeHHbIE B MOJEBBIX MCHBITAHUSIX NaHHbIE 00 MHCEKTULIMAHOMN aK-
TUBHOCTU IITaMMa COIJIACYIOTCSl C pe3yjbTaTaMu CEKBEHUpPOBAaHMSI M aHHOTa-
v reHoma BtH |y 56, KoTopble yKa3hlBalOT Ha HAJMYME B HEM I'eHa, KOIUPY-
fouiero TokcuH CrylEa7. Ilo paHHBIM JIUTepaTypbl, 3TOT TUII TOKCHMHA aKTHBEH
B OTHOIUEHWM TpencTaBuTenieil orpsima Lepidoptera (12, 13, 26, 27). B 1o xe
BpeMsI ONUH U TOT K& TOKCUH Cry MoXeT ObITb 3(p(PeKTUBEH B OTHOILICHUU HE-
CKOJIKUX OTPSIAOB HACEKOMBIX, UTO BBISBISIETCS TOJBKO 3KCIEPUMEHTANbHO, U
Takoe oIpeAesieHue I'paHUIll JeMCTBUS 1UTamMMa KpaiiHe TpymoeMko (32). Takxke
HeJb3s MCKII0YaTh BOBMOXHOTO BAUSHMS APYTUX (DaKTOPOB BUPYJIEHTHOCTH Ha
pa3HoOOpa3ne HaceKOMBIX-BpeaUTeNneil, mopaxaeMbix Oakrepusimu Bt (8). B
YaCTHOCTM, OTOT IUTaMM MPOAYLMPYET TEPMOCTAOWJIbHBIA 3K30TOKCUH (14),
OIHAKO TeHOB, OOecIeYMBalOIIMX OMOCHHTE3 2K30TOKCMHA | Kjacca, B TeHOMe
BtH;y 56 MBI He oOHapyXxwii. To ecTh IITaMM, BEPOSITHO, MPOAYLIMPYET 3K30-
tokcuH Il kimacca, reHeTMYECKUit KOHTPOJIb CUHTe3a KOTOPOIo MoKa He paciumd-
pOBaH, OIHAKO JJIs1 3TOTO TOKCUHA paHee Obljaa MokKa3aHa aKTUBHOCTb B OTHOLLIE-
HuM npeacrasuteneit otpsina Coleoptera (33). BeposiTHO, cuHepruyeckoe aeii-
CTBUE YKa3aHHOTO 3K30ToKcHHa BMecTe ¢ CrylEa7 o0yclioBIMBaeT CUIbHbINA TOK-
cuueckuit 3¢ ¢GeKT B OTHOIIEHUM JIUYMHOK L. decemlineata, IoKa3aHHBIN B IOJeE-
BBIX U JJAOOPaTOPHBIX YCIOBUSIX.

Ha poccuiickoM pblHKE B HAacToOslliee BpeMsl He MNpeacTaBiIeHbl Ipera-
patbl Ha ocHoBe Bacillus thuringiensis var. darmstadiensis, onHako B benapycu
pa3paboTaH U ycrnelHo npumMeHsiercs mnpemnapat bauutypun (MHCTUTYT MUKpO-
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ouonoruu HAH PB, benapych), ero aeiicTByrollee BELIECTBO — CIIOPOBO-KpPUC-
TAJTMYECKUN KOMILJIEKC UM TepMOCTAOUJIbHBIN B-3K30TOKCUH OakTepuil Bacillus
thuringiensis var. darmstadiensis. bauMTypuH B TOJEBBIX OIbITAX IMOKAa3bIBal
CXOIHYIO C pa3paboTaHHBIM HaMU MpernapaToM 3(PHeKTUBHOCTb B OTHOLIEHUU
KOJIOPAaICKOro Xyka — 85-94 % (34). [loMrMMO MHCEKTULIMIOB Ha OCHOBE Var.
darmstadiensis, NeyicTBUEM B OTHOLICHMHU KOJOPAACKOro XyKa 00JIagaloT Iipe-
mapaTbl Ha OCHOBE IITAMMOB Vvar. thuringiensis, HalIpuMep 3aperucTpUpOBaH-
Helii B Poccuiickoit ®Pepepanuu burokcubauwmmH® (OO0 I10 «Cubbuo-
dapm», 1. bepack) (6). MHorue W3 M3BECTHBIX ILTAMMOB Var. rhuringiensis u
var. darmstadiensis TpOIYLUPYIOT KaK 3HAOTOKCHMH, KaK M B-3K30TOKCHH, U Y
MpernapaTtoB Ha OCHOBE ATHX MOJABUIOB OTMEYAeTCsl CXOMHAsl MHCEKTULIMIHAS
akTUBHOCTH (35). 3a pybexkoM aJig 6OpbObl C KOIOPAACKUM XYKOM MPUMEHSIOT
npenapaTrbl Ha OCHOBE IUTAMMOB B. thuringiensis var. aizawai W var. tenebrionis,
OMHAKO MEHCTBYIOLIMMM KOMIIOHEHTAMM O3TUX MpernapaTroB SBISIOTCS TOJIbKO
nHCeKTUIMIHbIe 3HT0TOKCUHBI Crylla n Cry3Aa (4, 36).

TakuM 00pa3oM, MHCEKTULMIHAS aKTUBHOCTbL LuTamma Bacillus thurin-
giensis var. darmstadiensis 56 (BtH;y 56) oOycnoBieHa HaauyueM reHa, KOIMpy-
tomero TokcuH CrylEa7, U 5K30TOKCUMHA, OTHOCSIIIETOCsI, BeposiTHO, Ko 11 kmac-
cy. I'enbl, kogupywolue 0enkoBbie TOKCUHBI rpynm Cyt, Vip u Sip, a Takxke 3K-
30TokcHH | Kiacca, y aTOro mramMma OTCYTCTBYIOT. B TO ke BpeMs Haiuuue y
HEro reHoB, KOAMPYIOLIMX DPSii CUHTETa3 HEPMOOCOMHO CHUHTE3UPYEMBIX IENTU-
noB Nrp, oOycioBiuMBaeT ero aHTugyHraiabHble cBoiicTBa. Ilo pesynabTaram
IBYXJIETHUX TIOJEBbIX MCIIBITAHMI YCTaHOBJEHA BbICOKAsl 3HTOMOLIMAHAS aK-
TMBHOCTb XXUAKOM (hOpMBI MpernapaTa Ha OCHOBE U3Y4YEHHOIO IITaMMa B MPOU3-
BOJCTBEHHBIX ycioBUsIX (BopoHexkckasi 00j1.), COOTBETCTBYIOLIAS XWUMUYECKUM
otasioHaM. [lojgyyeHHble HAaMKM JaHHbBIE YKa3bIBalOT Ha IMEPCNEeKTUBHOCTb IMPU-
MeHEeHUsI OMOJIOrMYecKoro mpemnapata Ha ocHoBe BtHy 56 B cucremax mHTe-
TPUPOBAHHON 3alUTHl PACTEHUI M B OPTAHUYECKOM 3€MJICICIUN.
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Abstract

Multifunctional microbiological preparations are promising for use in plant protection due
to their diverse effects including growth-promoting effect and complex antifungal and insecticidal
activity. One of the key microorganisms used as the basis of biological preparations production is the
gram-positive spore-forming bacterium Bacillus thuringiensis (Bt). The high specificity of the action
and the environmental safety of Bt-based preparations contribute to maintain biocenosis balance and
to reduce the number of treatments as well as to obtain environmentally friendly products. Previous-
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ly, Bacillus thuringiensis var. darmstadiensis 56 (BtH oy 56) strain was isolated and selected at the All-
Russian Research Institute of Agricultural Microbiology. It possesses insecticidal effect for the larval
stages of leaf-eating insect pests, growth-promoting activity for potatoes and antifungal effect against
various phytopathogenic fungi. This paper presents the first data on sequencing and annotation of the
whole genome of the BtHjy 56 industrial strain; the factors responsible for the insecticidal and anti-
fungal activity of this strain are identified, and the high efficiency of the biological preparation based
on this strain is demonstrated under the field conditions against the Colorado potato beetle (Leptino-
tarsa decemlineata Say.). The goal of the work was to identify the molecular determinants of the
insecticidal properties of the industrial strain Bacillus thuringiensis var. darmstadiensis 56 as well as to
test its activity in the field. Field trials of the effectiveness of the biological preparation based on
BtH( 56 against the Colorado potato beetle was carried out on potatoes (Solanum tuberosum L.) of
the Vineta and Rocco varieties in 2018 and 2019 (MTS-Agro LLC, Voronezh Province) in the area
of 1 ha. To evaluate the entomocidal activity, we used a liquid form of the preparation based on the
strain produced by the Ekos branch of ARRIAM (the spore titer was 2.12-2.3x109 CFU/ml) in
yeast-polysaccharide medium in a 100 1 bioreactor. The application rate of the preparation was
20 I/ha. The potato plantings were treated using an OPG-2000 sprayer (Zarya LLC, Russia). As a
chemical standard, the insecticidal preparations Cepellin, EC and Colorado, SC (Agro Expert Group
LLC, Russia) at 100 g/l and 0.1 1/ha doses, respectively, were used as the chemical standards. The
counts were carried out in 5, 10 and 14 days after treatment. The biological effectiveness of the prep-
aration was determined by analyzing a decrease in the number of pests according to the Abbott for-
mula. According to the test results, the high efficiency of the developed preparation against the
Colorado potato beetle was established. This efficiency varied from 83.8 to 87.8 % and did not differ
from the chemical standards. Using Illumina and Oxford Nanopore technology, we obtained the
whole genome sequence of the BtH;y 56 strain. After assembly and annotation of the genome, a
search for toxins was conducted. The CryProcessor and BtToxin scanner programs were used to
search and classify genes encoding the Bt insecticidal toxins. As a result, a gene belonging to the
crylE group, crylEa7, was found. The toxins belonging to this group are characterized by activity
against various Lepidoptera pests. It was found that the genome of the strain does not contain genes
encoding Vip, Sip and Cyt. toxins, however, it harbors several genes encoding synthetases of non-
ribosomally synthesized peptides (nrp) that may explain its multifunctional properties. Thus, consid-
ering the data obtained the liquid form of the biological preparation based on BtH;y 56, can be rec-
ommended for use in the industry and organic farming.

Keywords: Bacillus thuringiensis var. darmstadiensis, insecticidal activity, exotoxin, endotox-
in, Oxford Nanopore, Illumina, Cry toxin, Bf, Colorado potato beetle, Leptinotarsa decemlineata.
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