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Abstract. The review article addresses the potential use of brassinosteroids and synthetic
brassinosteroid-based preparations to protect plants exposed to environmental lead contamination.
Under climate change and anthropogenic chemical pollution of the biosphere, this stressor is one
of the most important agents that reduce the yield and quality of crops, and, therefore, it deserves
close attention. Brassinosteroids and brassinosteroid-based preparations are regarded as universal
plant growth stimulants and adaptogens. To support this assertion, it is important to study behavior
of brassinosteroids under environmental lead contamination and discuss arguments in favor of
their preferential use. The article provides information about the history of discovery and study of
brassinosteroids, reports data on their chemical nature, biosynthesis, metabolism, and mechanisms
of action on the plant cell, and describes interactions of brassinosteroids with other substances that
stimulate plant growth and development. The article discusses phytotoxicity of lead and its influence
on the growth, development, productivity, and resistance of plants. Literature data and results obtained
by the authors provide evidence of the protective effect of brassinosteroids and brassinosteroid-based
preparations on plants exposed to lead contamination and suggest reasons for their preferential use
in the context of chemical pollution. Arguments are offered in favor of further research of these
biostimulants in order to specify their use depending on the characteristics of the stress factor and

biological properties of the plant.
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IIporexTOpHOE NelicTBHE HA PACTEHHUS NPENaparos,
coaepxamux OpacCHHOCTEPOUIbI,
B YCJIOBMSIX 3arpPsI3HEHHUSI Cpebl CBUHIIOM (0030p)
H.N. I'pabosckas, O.H. baGenko
Koxwemayckuii cocyoapcmeennulil yHugepcumem

um. Il Yanuxanosa
Pecnybonuxa Kazaxcman, Koxwemay

AHHOTaumsi. B 0030pHOI cTaThe OCBELICHBI BOIPOCHI, KACAIOIIHUECS BO3MOXKHOCTU IPUMEHEHHS
OpacCHHOCTEPOHN/IOB U CHHTETHYECKHX IIPENapaToB Ha WX OCHOBE JJIS 3AIIMTHI PACTEHUI IpH
3arpsI3HEHUU OKPY KAIOLIEH Cpellbl CBUHLIOM. B yClIOBUSAX M3MEHEHUsl KIMMaTa U aHTPOIOINEHHOTO
XUMHYECKOT0 3arps3HeHus1 Onocdepsl JaHHBIM cTpeccop SBISETCS OAHUM M3 BaXKHEHIINX areHTOB,
CHIKAIOIIUX YPOKaMHOCTh U KAYECTBO PACTEHUEBOAYECKOM IPONYKLUH, U II0O3TOMY OH 3aCIyKUBAET
MIPUCTAJIBHOTO BHUMaHUA. bpaccMHOCTEpouAbl M IpenapaTbl Ha HX OCHOBE MO3ULIHOHHPYIOTCS
KaK YHUBEPCAJIbHBIE CTUMYJISTOPBl POCTa U aJalTONE€Hbl PACTEHUH, IOATOMY [JIsl OATBEPKICHUS
JAHHOT'O Te3MCa BaYKHO PACCMOTPETh 0COOCHHOCTH UX ICHCTBHUS B YCIIOBUSX BO3/ICHCTBHUS HA3BAHHOTO
BBILIIE CTPECCOPHOTO PaKTOPa C yKazaHUEM apr'yMEHTOB B I10JIb3Y UX IPUOPUTETHOTO UCTIOJIb30BAHHMSL.
B crarbe mpuBeneHa nHpopManus 00 UCTOPUU OTKPBHITHS M M3Y4YEHUS OpAacCCMHOCTEPOHIOB, MX
XUMHYECKOH Npupojie, OMOCHMHTE3e M MeTaboyi3Me, MeXaHW3Max JeHCTBUs Ha PACTUTEIbHYIO
KJIETKY W BO3HHMKAIOIUX INPH 3TOM (QHU3HOIOTHYECKHX HPdeKkTax, a TakkKe O0COOCHHOCTIX
B3aMMOJICUCTBUSI OPACCHHOCTEPOMIOB C JAPYTUMHU CTUMYJIUPYIONIMMHU POCT M Pa3BUTHE PACTEHHM
BemecTBaMu. PaccMOTpeHbI BOIPOCH! (PUTOTOKCHYHOCTH CBHHIIA, €O BIMSHHS HA POCT, Pa3BUTHE,
IPOLYKTUBHOCTh M YCTOMYMBOCTb pacTeHMil. Ha ocHOBe aHaiu3a JUTEpaTypHbIX UCTOYHHUKOB
U COOCTBEHHBIX HCCIEIOBAaHMM MPHBOMATCS JOKA3aTENbCTBA IPOTEKTHPYIOLMIETO AEHCTBHS
OpaccHHOCTEPOUIOB U MPENapaToB HA UX OCHOBE Ha PACTEHHS B YCIOBHSIX CBUHIIOBOTO 3arPsI3HECHUS
Cpelbl, apryMEHTUPYIOTCS NPUUYMHBI UX IPUOPUTETHOIO MCIOJIb30BAHUS B YCIOBUAX XUMUYECKOTO
3arps3HeHus. [IpuBoasATCA apryMeHTHI B ITOJIb3Y AAJIbHEHIIEro H3yYeHUs JaHHBIX OMOCTUMYIATOPOB
C LEJBI0 crienn(UKANN PETJIAMEHTA TPUMEHEHNS B 3aBUCHMOCTH OT OCOOCHHOCTEH CTPEeCCOPHOro

(akTopa u OUOIOTUYECKON IIPUPOJIBI PACTEHHSL.

KiioueBble ciioBa: OHOCTHMYJISITOpP, OpPaCCHMHOCTEPOWMBI, 3arpsi3HCHHE OKPYIKAIOIICH Cpebl,

TSDKEJIbIe METaJlIbl, CBHHELI, CTPECCOPHBII (hakTop, DNMUH-DKCTpa.

Iuruposanue: I'padosckas, H.U. [IporekTopHOE ACHCTBHE HA PACTEHUS IPENapaToB, COAEPKAIUX OPACCHHOCTEPOUIbI, B
YCIIOBHUSX 3arpsi3HEHUs cpelbl cBUHIOM (0030p) / H.U. T'padosckas, O.H. babenko // XKypn. Cub. ¢penep. yH-ta. buonorus,
2020. 13(2). C. 129-163. DOI: 10.17516/1997-1389-0322
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BBenenne

PBIHOK BCEBO3MOXKHBIX OHMOCTHMYJISITOPOB
SIBIISIETCSl OJTHUM M3 CaMBbIX OBICTPOPACTYIIUX
CEKTOPOB CEJIBCKOro Xo3siicTBa. B Hacrosmiee
BpEeMs aKTHBHO HM3Yy4alOTCsl BOIPOCHI, Kacaro-
muecs: OMOJIOTMYECKUX CBOWCTB OpaccHHOCTe-
pounoB (BC), coBepieHCTBYIOTCS TEXHOJIOTHH
WX CHHTE3a M BBIJCJICHHS HPUPOAHBIX COEIH-
HEHUH, pa3pabaThIBalOTCSI HA UX OCHOBE HOBBIC
TpenapaTsl UIsl TPUMEHEHHS B PAacTEHHEBO[-
ctBe (SIxuH u ap., 2014). IlpenapaTel Ha OCHOBE
BC o0sagaroT MUPOKUM CHEKTPOM CTHUMYJIHPY-
IOIIEr0 M 3allMTHOrO JEHCTBUS, YTO MPHUBOAMUT
K YBEJIMYEHHUIO YPO)KAaHHOCTH W IOBBIIICHHUIO
KAauecTBa CEJIbCKOXO3SMCTBEHHON NPOAYKLIMH.
Oun 3¢ pexTUBHBIC UMMYHOMOAYISITOPBI, yBe-
JIMYMBAIOT YCTOMYMBOCTH PACTEHHIl K cTpeccy,
¢uTonaroreHaM, OOJE3HIM, PETYJIHPYIOT POCT
U pa3BUTHE PACTCHUH, yJIydlIalT OyTOHO- U
m101000pa3oBaHUe, CIIOCOOCTBYIOT OOHIIBHOMY
BeTeHMO. J[aHHbIe TperapaThl PEKOMEHIYIOTCS
JUTst 0OpabOTKM Pa3IMUHBIX CEITbCKOXO3SHCTBEH-
HBIX KYJIBTYD (3€pHOBBIC, 0000BBIE, KapTO(Eb U
OBOIIM, CaXapHas CBEKJIA, JICH, XJIOMOK), a TAKXKe
JUISI IPUMEHEHHU S B JICKOPATHBHOM Ca/I0BOJICTBE,
JaHamadTHOM JaM3aiiHE M TOPOACKOM O3elie-
HeHnu. OJHAKO cleyeT OTMETHTh, YTO KakK B
MHCTPYKLHUSAX 10 IPUMEHEHUIO IpErapaTroB Ha
ocHoBe bC, Tak U B TUTEPATyPHBIX UCTOYHUKAX
(Bajguz, Hayat, 2009; Allagulova et al., 2015;
Sharma et al., 2016a; Sharma et al., 2016b; He
et al., 2016; Rao, Raghu, 2017; Kohli et al., 2018;
Wang et al., 2018; Planas-Riverola et al., 2019;
Surgun-Acar, Zemheri-Navruz, 2019; Wu et al,,
2019) orcyrcTByeT uHpopmanus 00 d3pPekTHB-
HOCTH W meiecoobpaszHocTH npumeneHus bC,
HPOM3BOAHBIM KOTOPBIX SIBJISIETCS OHOCTHMY-
JIATOp DNHH-DKCTpa, B YCIOBUSAX 3arpsA3HEHUS
cpensl TsokensIMu MeTauiamMu (TM), B wacTHO-
ctu cBuHIOM (Pb). /laHHBI acriekT TpedyeT Jo-
HOJIHUTEIBHOI0 M3YUYCHHUSI, TAK KaK KOJHUYECTBO

Pb B okpyxaromeil cpeae CTaOMIBHO yBEIHYH-

BaeTcs. V3BeCTHO, UTO BBHICOKHE KOHIIGHTPAIIUU
Pb B mouBax B 3HaUNTEIIEHOHN CTETIEHU MOTYT I10-
JaBJIATH POCT U pa3BUTHE pacTeHuil (Anekcees,
2008), 9TO B CBOIO OUEPEIb BEICT KaK K CHIDKE-
HUIO UX MPOAYKTUBHOCTH U YCTONYMBOCTH, TaK
1 K 3arpsisHeHHIo TM ImponyKTHBHBIX OPraHOB,
HCTOJIb3YEMBIX B MHUINEBBIX U KOPMOBBIX IIENAX
(I'apmanr, 1983). CuHTeTHYECKHE aJanToOreHbI
pacTeHWi Ha OCHOBE €CTECTBEHHBIX (UTOrop-
MOHOB, K KOTOPBIM OTHOCHUTCSI DNUH-DKCTpa,
(Gu3HOIOrHYHBI U OE30MACHBI ISl OKPYIKAFOIICH
Cpelbl U CIIOCOOHBI B HEKOTOPOH CTEIIEHU HUBE-
JIMPOBaTh BPEIHOE BO3JEHCTBUE NaHHOrO (ak-
Topa. [ToaToMy IpH HCIIONB30BaHUH PETYJISTO-
POB pocTa pacTeHHUi Ha OCHOBE (pUTOrOPMOHOB
HY>XHO YUUTBIBATh HE TOJBKO MX CIHOCOOHOCTH
yBEJIIMYUBATh YPOKAHHOCTh, HO U CIIOCOOHOCTH
BIUATH Ha OE30MaCHOCTh PacTEHHUEBOIUYECKOM
MPOAYKIHNH, B YACTHOCTH CHIKATH KyMYJISIIHIO
Pb B mponyKTHBHBIX OpraHax pacTeHui. B cBs3n
C 3THM TMPEACTaBISETCSA IEIeCO00pa3HBIM H3-
ydeHue JIeHcTBUS OMOCTHMYIISITOPOB, COACpIKa-
mux bC, Ha pacTeHHs B yCIOBUSAX CBHHIIOBOTO

3arpsi3HEHNUsT OKPY KaIOIIeH Cpebl.

ONUH-IJKCTPa KaKk OHOCTHMYJISITOP POCTa H

AHTHCTPECCOBbIN aJaNTOreH

OnuH-DKCcTpa — 3apErUCTPUPOBAHHBIA TO-
BapHBIH 3HAaK ABTOHOMHOI HEKOMMEPYECKOH
oprannzanunun «HOCT M» (Www.nest-m.ru) u
Ha3BaHHUE Npernapara, COAEPIKallero B KauecTBe
JCHCTBYIONIET0 BemecTBa (B KOHIEHTPAIMH
0,025 r/n) BBICOKOOYMICHHBIH 24-3n1MOpaccu-
Hoiux (puc. 1), orHocsmuiicst k kiaccy BC n
CHUHTE3UPOBAHHBIN 110 OPUTMHAIBHOW METOLUKE
¢ ucrnoib3oBaHneM HaHoTexHojorni (Ilatent
P® Ne 2272044 ot 13.09.04 «Criocob nonyyeHus
24-311nOpaccuHONNIA», CBUIETEIECTBO O TOCY-
napcTBeHHOU peructpaunu Ne 1771 ot 26.02.18
B3aMEH paHee BBIJIAHHOTO CBUJCTEILCTBA O I'O-
cynapctBeHHoM peructpanuu Ne 1119 ot 20 mas
2016 1.).
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Puc. 1. Crpykrypras ¢popmyna 24-3mubpaccuHonuga

Fig. 1. Structural formula of 24-epibrassinolide

Ha ceropnsiminuii neHb DnuH-DKCTpa MIU-
POKO HCITIOJIB3YETCS 3a PyOeKOM B YCIOBHSIX
mpoOJIeMHOr0 3emMiieieusi, ocoOeHHO B Smo-
uuu (Ikekawa, Zhao, 1991; Sakurai et al., 1999;
Toyama, 2000; Yamagami et al., 2018), Uagun
(Sharma et al., 2015; Sharma et al., 2016a; Sharma
et al., 2016b; Sharma et al., 2019) u Kurae (He et
al., 2016; Zheng et al., 2017; Cai et al., 2019; Yin
et al., 2019). SIBasAsCh CHHTETUYECKHM aHAJIO-
rOM HaTypaJbHOTO (PUTOrOPMOHA, OH HE OMACEH
ISl 9eloBeKa U oKpykatomien cpensl (IV kimace
OIMACHOCTH), HE 3arps3HSACT MOYBY, I'PYHTOBBIC
¥ TIOBEPXHOCTHBIC BOIBI, Oe30maceH s PbIO,
M4es1 ¥ APYTUX HOJIEe3HBIX HACEKOMBIX. IMeroTest
CBEJICHUS, YTO JAHHBIA PETYJSATOpP pOCTa Jake
CTUMYJIUPYET KU3HEACATEIIBHOCTh MOYBCHHBIX
MHKPOOPTaHU3MOB, CIIOCOOCTBYS YIyYIICHUIO
MUHepaJbHOro nuTanus pacteHuii (Ilonomapen-
Ko, 1999).

BC (C,sH30¢) nmpencrasisitor co0oit Kiaace
CTEPOUIHBIX TOPMOHOB, KOTOPHIE HTPAIOT BaXK-
HYIO POJIb B PETYJISIIIUU POCTAa U PA3BUTHS pac-
TeHud. OTKPBITHI OHW OBUIM CPAaBHUTEIHHO
HenaBHo (Khripach et al., 2000). Eme B 1930-
1940-¢ TT. y4eHBIMH OBLIO BBICKA3aHO IPEAIIO-
JIOKCHHE O TOM, YTO B PACTECHHUSIX MOXHO 00-
Hapy>UTh CTEPOHJIHBIC PETYISITOPHI pOCTa IO
AHAJIOTMH CO CTEPOUIHBIMH TOPMOHAMH JKUBOT-
HBIX (Skarzynski, 1933; Hassan, Wafa, 1947). B
MHOTOYHCIICHHBIX OHOTECTaX PAaCTECHHUS MOIBEP-

rajin O6pa6OTK€ CTECPOUIHBIMU I'OPMOHAMU KU~

HO

-
=
-

BOTHBIX, KOTOPBIE OKa3bIBAIH (PU3HOIOTHYECKOE
neiicrsue (Love, Love, 1945). Hanpumep, acTpo-
T'eHbI BBI3BIBAJIN JICJICHUE KJIETOK B 3apOAbBIIIAX
ropoxa (Kopcewicz, Rogozinska, 1972; Jones,
Roddick, 1977), a ¢ momompi0 TecTOCTEpOHA
yJIaJ0Ch W3MEHHUTh MOJ y PacTeHUil OeleHoro
orypua (Ecballium elaterium L.) (Kopcewicz,
1971) u cocHbl OObIKHOBEHHOI (Pinus silvestris
L.) (Kopcewicz et al., 1977). OnHako >KHBOTHBIC
TOPMOHBI TIPUXOJUIIOCH MCIIOJIB30BaTh B CIIMII-
KOM BBICOKHX KOHIEHTpanusx (mopsiaka 0,1 %),
U BPsIJL JIM MOXHO OBIJIO FOBOPUTH O Crierudpuy-
HOCTH TOJYYCHHBIX pe3ynabraTtoB. M Toibko B
1979 1. OBITIO OKOHYATETBHO MOATBEPKICHO Ha-
JIMYHE CTEPOMIHBIX TOPMOHOB B PACTCHHUSX,
KOIJla aMEpUKAHCKHE Yy4YeHbIe OIyOJIMKOBAIN
JJAaHHBIE O HOBOM CTEPOWIHOM COEAMHEHHUH IO
Ha3zBaHUEM OpacCHHONIN[, KOTOPBIA ObLI BbIJE-
JIeH MU W3 TIBUIBLEI panca (Brassica napus L.),
cobpanHoit muenamu (Grove et al., 1979). Tpu
rojia CIIycTsl KacTacTepoH, OMOCHHTETHYECKHH
NPEAIIECTBEHHUK OpacCUHONN/IA, ObLI BbIACICH
13 TaJUIOB HACEKOMBIX HA KallTaHE SIMOHCKOM
(Castanea crenata Sieb. & Zucc.) (Yokota et al.,
1982). B Hacrosmee Bpemsi u3BecTHO Ooinee 60
COCJIMHEHU ¢ OpacCHHOCTEPOUHON aKTHB-
HocThlo. Hanbonpmmm conepkaHneM 3THX Be-
MIECTB OTJIMYAeTCs MbUIbIa pacTeHuit, HO BC
ObLIM 0OHAPYIKEHBI TAKXKE M B BET€TATUBHBIX OP-
raHax, u B uBetkax (Fujioka et al., 1996; Toyama,

2000). Hampumep, W3 HAcCTOSIIETO KalllTaHa
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(Castanea sativa Mill.) ObLI BbIIEICH KacTacTe-
POH, OOHAPYIKEHHBIN TaKXKE B HE3PEJIbIX CeMe-
Hax nepuiutbl GpykToBoit (Perilla frutescens (L.)
Britt.) u puca (Oryzae sativa L.) (Park etal., 1994),
u3 porosa (Typha) — tudacrepon (Schneider et
al., 1983), u3 gas (Thea) — Teactepon (Abe et
al., 1984), u T.1. HemaBuo bBC Obutn Takxke 00-
HapyXXeHbl y medeHouHoro mxa (Marchantia
polymorpha L.), 3enenoro mxa (Physcomitrella
patens (Hedw.) Bruch & Schimp.), miaynkos
(Selaginella moellendorffii Hieron. u S. uncinata
(Desv. ex Poir.) Spring) u 13 Bu10B ManopoTHU-
koB (Yokota et al., 2017).

buocunres bC wuzper no meBajJOHAaTHOMY
nyta (Mypomues u np., 1987; Fujioka, Sakurai,
1997; Clouse, Sasse, 1998) u BkirouaeT obmrue
JUIsL IpyTHX TEPIIEHOBBIX COEJUHEHUH (Tuo-
Oepemmabl, abcnusoBas kuciota (ABK), ¢y-
3MKOKCHHBI, KapOTHHOMJbI) CTaJMH: CHHTE3
monerrenmnnupodochara (CsH,,P,0;), repa-
nuanupodocdara (C, H,P,0,), dapuesnnmnu-
podocdara (C;sHyP,0;), ckBanena (C;oHyOH).
[epBbiM crniennpuyecKkuM HPOIYKTOM, U3 KO-
TOPOr0 MPOUCXOAUT OUOCHHTE3 OCTaNbHBIX BC,
SBJsETCS 24-METHIICHXOJIECTEPOJI, TIPEBpaIIaro-
LIUICS B KAMIIECTEPUH U KamrecTanos. OT kam-
HeCTaHOJIa PACXOJISTCS IBE NapaluieIbHbIe BETBU
OMOCHHTE3a, YACTO OJHOBPEMEHHO COCYIIECTBY-
IOIME B PACTUTENILHBIX KJIETKAX: C pAaHHUM U C
Mo3aHUM okucaeHueM B C-6-nonoxenuu. B uro-
re o0e BeTBU OMOCHHTE3a 3aKaHYUBAIOTCS Opac-
CHHOIUJIOM — (husnosoruyecku akTuBHbiM BC
(KpeToBunu, 1986).

Mmuorue u3 ¢epmentoB OuocuHTe3a bC
ObUIM BBIJCJICHBI M OXapaKTepU30BaHbI OJaro-
Japsi MyTamusiM, MPUBOASIIAM K KapiIHKOBO-
CTH, BOCCTaHABJIMBAEMOH  OpPaCCHHOJHUIOM.
Tak, y apabunorncuca (Arabidopsis thaliana (L.)
Heynh.) myrtamuu dwf I u dwf 6 (ot dwarf — kap-
JIMK) KOHTPOJIUPYIOT pAHHUE JTAllbl OMOCHHTE3a
BC (no pasgeneHust Ha «paHHUN» U «TIO3THUL»

yTh OWOocHHTE3a) U 001aal0T Hauboee CHIIb-

HBIM (PCHOTHUIIUYCCKUM POSBICHUEM — MYTaH-
THI JOCTUTAIOT He Oosee yeM 1/30 BBICOTHI pacTe-
HUW auKoro tuma. Mytanus dwf 4 3arparuBaet
Oonee mo3nmHMe dTambl OnocmHTe3a BC (mocie
Pa3BUIIKU B META0OJIHM3ME), TI0ITOMY (PEHOTHIIU-
4ecKoe MposiBlieHUe KapiaukoBoctu Msarde (Choe
et al., 1999; Noguchi et al., 2000).

BC — BeicokornapodoOHbIE MONTEKYIBL. Tem
HE MeHee MpH J00aBJICHUHN MEYEHOro OPaCCHHO-
JMuaa HaOIFOJaeTCsl ero TPAHCIOPT IO MO0ery B
AKpOIETAJIbHOM HAlpaBjeHUU. 3aperucTpHpo-
BaHO 00pa30BaHMe TUAPOGOUIBHBIX TITUKO3UIOB,
cynbdaros u anuanpousBoaabix bC (Abe, 1989).
BosMoxHO, ¢ 00pa3oBaHHEM 3THX COCIUHECHUUN
U CBsI3aH aKpOIlETAaJbHBIH TpaHCHOPT Opaccu-
HONMUJA TO pacTeHuio. XoTs (epMeHTH OHo-
cunte3a bC oGHapyKeHBI MOUTH BO BCEX TKAHIX
pacTeHus, UX KOHIEHTpamus Hamboiiee BHICOKA
B MOJIOJIBIX TKAHAX: 3THOJIMPOBAHHBIX ITPOPOCT-
KaX, MepUcTeMax, (IOpaibHBIX MPUMOPIUIX,
pasBuBaroreiicss meuibiie (Abe, 1989; Bishop,
Yokota, 2001). ITo-Bmmmmomy, Takoe pacrpe-
nenenre BC BbI3BaHO IpolleccamMH JalbHEro H
ommxHero TpaHcmopTa. OqHAKO HEKOTOPHIC aB-
topsl (Shimada et al., 2003) yTBepkaarot, uto bC
CHHTE3HUPYIOTCS B TKAHIX, CMEKHBIX C TEMH, TIe
oHM (YHKIHOHHPYIOT. B CBOMX wHCCieI0BaHH-
sax ['M. CaiimoHc ¢ coaBropamu (Symons, Reid,
2004) Takxe He 0OHAPYKHIJI JOKA3aTENbCTB Tie-
peHoca 3THX BEUICCTB Ha OOJBIINE PACCTOSHUS
MEXIY PAa3THYHBIMU TKAHSIMH PACTCHHSL.

BC ornmuaroTcs OT ayKCHHOB, IUTOKHHU-
HOB M O3THJICHA MOJICKYJSIPHBIM CTPOCHHEM H
¢yuakmusmu (Davies, 2004). ITpu neiicrsun bC
Ha MPOPOCTKH OHH, KaK M ayKCHHBI, YCHIMBAIOT
pactsokerune. OqHAKO IS ayKCHHOB XapaKTepHO
OBICTPOE pacTsHKEHUE, IPH KOTOPOM aKTHBALIHSI
H-+-nmomner Habmronaercs gepe3 10 MuH ¢ Mak-
CUMYMOM pacTspkeHus depe3 30-45 MuH mocie
Bo3zaciicTBus, a Ay bC TtunuuHa 0ojee 3aMel-
JICHHAasl peaklus, KOTopash HauWHAaeTCs uepes

30 MHH mocJie BO3JEUCTBUSL U MPOAOIKAETCS B
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teueHue 1,5-2 4. Ecnu ipu 9TOM B cpeny AJis po-
cra pacteHuit 106asuTh bC coBMecTHO ¢ aykcu-
HaMH, TO OHU OKaXXyT ropas/io OOJIbIINN CTUMY-
TUpyIomui 3QGeKT, 4eM npu IeHCTBUN TOJIBKO
aykcuHoB win Tosbko BC (Tran, Pal, 2014). Ha
MOJIEKYJISIpHOM ypoBHE 3(dexT pacTsokeHwus,
MO-BUIUMOMY, OOYCIIOBJIEH aKTHBaIled T'€HOB
(KcOT).

AKTI/IBaHI/ISI TaKHMX T'CHOB IIOKa3aHa B Pa3HBIX

KCHUJIOTTHIOKAH3HAOTPAHCTIIMKO31JIa3

pacTuTenbHBIX 00bekTax. D10 red 7CH 4 apadbu-
noricuca (A. thaliana) (Campbell, Braam, 1998;
Iliev et al., 2002), rer BRU I cou (Glycine max
(L.) Merr.) (Oh et al., 1996; 1998), ren SIBRI I To-
matoB (Zhu et al., 2019) u np. benku KcOT nocne
OMOCHHTE3a HAIPABISIIOTCS B KJIETOUHYIO CTEH-
Ky U IpH B3aHMMOJCHCTBUHU C KCHJIOTIIIOKAHAMHU
pasMsirdaroT ee MaTpukc. Takum o0pa3oMm, eciu
AyKCHHBI 3aITyCKalOT IPOLECC PACTSIKEHUsS, TO
BC BaxkHBI JUIs1 €r0 JTUTEIBHOTO MOAICPIKAHMSL.

VYcranosneno, uro bC peryaupyror mpo-
neccel kiaerounoi nudpdepenuuponku (Iwasaki,
Shibaoka, 1991; Cano-Delgado et al., 2004;
Yamamoto et al., 2007). Tak, y MyTaHTOB apadu-
noricuca (A. thaliana) ¢ TIOAaBACHHBIM OTBETOM
Ha OpaccuHOCcTepoubl bri I Hapymanoch Gpop-
MHPOBaHHUE CTOJIOUATOrO Me30(HiuIa U yMEHb-
HIaJIOCh KOJIMYECTBO IPOBOJSILIMX JIIEMEHTOB
kcmtemsl (Clouse et al., 1996; Cano-Delgado et
al., 2004). IIponecc qudhepeHIUPOBKH KCUIEM-
HBIX 3JIEMEHTOB, KaK W B CIIydae pPacTsKCHHS,
3alycKarT ayKcuHbl. [IpuyeM B 3TOM mporec-
ce MOXKHO BBIJICTIUTH TPU CTAAWM: 1) mepBUYHAS
9KCIPECCHsI TEHOB, MPUBOJIAIIAS K HAKOILICHUIO
(denunananna-ammukanuassl (OAJ]) u rugpok-
cunassl kKopuuHoil kuciotsl (I'KK); 2) ocranos-
Ka IKCIIPECCHUHU ITUX T'€HOB M NEPEOPHEHTALHNS
AKTHHOBBIX (DUIIAMEHTOB; 3) BTOPUYHBII 3aIyCK
cunre3a PAJI u 'KK ¢ pganpHeiimer cuibHON
JUTrHAGUKAUEN U alloNTO30M — IPOrpaMMHUPO-
BaHHOH TH0enbIo KieTok. OKa3aaock, 4TO mepe-
XOJl OT CTaJuu 2 K cTajinu 3 HeBo3MoxkeH 0e3 bC.

Takum oOpazoMm, yxe B JBYX CIydasX ayKCHHBI

u BC BricTynatoT kak cuHepructsl. bC u aykcun
MIPOSIBIISIIOT HEKOTOPBIE CXOAHBIE (pr3nosoruye-
ckue 3G eKThl, BEpOSITHO, O1aroaapst ux (GpyHk-
LMOHAJIFHOMY B3aWMOJCHCTBHIO, HO TOYHBIH
MEXaHH3M 3TOT0 B3aWMOACHCTBHS MIOKA HEH3Be-
CTEH.

B 10 xe Bpems AeiicTBUE Ha KOPHEBYIO CH-
creMy BC m ayKCHHOB 3aMETHO pa3IMYaeTCH:
€CIIM ayKCUHBI CTUMYJIMPYIOT 0Opa3oBaHue 00-
KOBBIX KOpHEH, To BC B OonbIIMHCTBE Cirydaes
uHruOUpy1oT ux odpaszoanue (Gonzalez-Garcia
et al., 2011). OnHaKo cyIIECTBYIOT U TPOTHUBOIIO-
noxHble JanHbe. Tak, BC ctumynuposanu poct
1 Pa3BUTHE KOPHEBOW CHUCTEMBI JbHA-JONTYHIA
(B 1,3 pa3a mo cpaBHeHHUIO C (OHOM), pUUYEM
YBEJIMUCHHE KOPHEBOH MacChl MPOUCXOAMIIO B
OCHOBHOM 3a CYeT 00Opa3oBaHHs OOKOBBIX KO-
pemkoB (Kykpemr, XoasakoBa, 2002). A wuccie-
nosanust @. bao ¢ coasropamu (Bao et al., 2004)
nokaszainu, yto bC neiicTByIOT CHHEPruyecku ¢
AyKCHHOM, CIIOCOOCTBYsS OOpa30BaHUIO JiaTe-
panpHBIX KOpHEH y apabupnoricuca (4. thaliana)
3a CUEeT yBEJIMYCHHUs aKpOIeTaJbHOro nepeHoca
ayKcuHa (0T OCHOBAHUS /10 KOHYHMKA) B KOPHE.

BC B3amMOAEHCTBYIOT HE TOJBKO C ayKCH-
HaMH, HO ¥ ¢ THOOepeINInHAMMY, YCUIIHBAs PACTSI-
KeHue KkieTok. [Ipu moBpexaeHnr OHOCHHTE3a
BC npopocTku 3aMETHO YMEHBIIAIOTCS B JJIMHE
(Abe, 1989; Yin et al., 2019). YcraHoBieHo, 4TO
SMHUOPAaCCHHONN OKa3blBaeT OoJyiee CHIIBHBIN
CTUMYIHpY O 3G(EeKT Ha pOCT pacTsIKEHH-
€M TI0 CpaBHEHMIO ¢ MHuoimirykcycHoi (M1YK)
u rubdepemnosoit (I'K) kucinoramu (Xu et al.,
1990; Bai et al., 2012). Kpome Toro, 6e3 bC pac-
TEHHUsSl HE CIIOCOOHBI YACPKUBATh ANUKAJIbHYIO
MIETeNbKY B COTHYTOM COCTOSIHHH, CEMSJIOJIH
MPEKJICBPEMEHHO PACKPBIBAIOTCS U OMOCHHTE3
xnopodumia unet B temHoTe (Bai et al., 2012).
Bce aTH peakiiy He XapaKTepHbI JIJIsl paCTEHUIA,
BBIpaIIeHHbIX Oe3 cBeTa. [loaToMy B Hacrosmee
BpeMs akTUBHO oOcykaaetcs ydactue bC B me-

peaadyc CBCTOBBIX CUI'HAJIOB U IEPCKPECT HyTeI\/‘I
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¢dotopeuenuuu u BC. Tak, pe3ynbrarsl, MOIY-
gernble C.IO. Tumenko c¢ coaBropamu (200la,
2001b) npu u3yueHuu BiusiHUS 24-3n1MOpaccu-
HOJIUJa Ha POCT ¥ TOPMOHAJBHBIA OaaHc mpo-
pocTkoB apadugoricuca (4. thaliana), mO3BOISIOT
MPEATONIOKUTE PETYISITOPHYIO pONb  24-31H-
OpaccuHOonMaa B mporecce (oromopdoreHe-
3a apabujoricuca Ha CHHeM cBetry. l3mepeHue
YPOBHSI TOPMOHOB I0OKa3aJ10, 4TO 24-3mHdpaccu-
HOJIIUJ YBEIUYHMBAJ B 7-CYTOYHBIX IPOPOCTKAX
apabugoncuca conepxkanne MYK, uuTOKHHUHOB
u ocobeHHo ABK (ypoBeHB KOTOpOH OBLT TpH-
MEpPHO B 3 pasa BBbIIE, YeM B KOHTPOJIC) U 3HAa-
YUTEIHHO YMEHBINAN CONICPKAHUE CBSI3aHHBIX
¢dopm ruddepennunoB rpymmsl ['K4,7 (Tuimenko
u ap., 2001 a, b). B cBsi3u ¢ 3TUM MOXKHO TIpej-
MOJIOKHUTh, YTO SMHOPACCHHOMU] MPUHUMACT
y4acTHe B PEryJISIIH 0allaHca YHIOTEHHBIX TOp-
MOHOB B PaCTCHHUSIX.

Hexotopeie wucciieioBaHUsS TOKa3bIBAIOT,
yto BC u rub0OepesinHbl ASHCTBYIOT HE3aBU-
CHUMO ApPYT OT JAPYyTa, OJHAKO WUMEIOTCS TaHHBIC
O CHHEPrHYecKOM WJIH ajJuTUBHOM 3ddekre
(T'onopankasi, Buanukosa, 2007). Tak, B Tem-
HOTE y NMpOpOCTKOB apabdujorncuca (4. thaliana)
pa3BUBaETCs alMKaJIbHAS MEeTeIbKa (CTPYKTYpa,
3aIUIIAIOIIAs CEMSIIO0IN U alUKaIbHbIC MEPH-
CTEMAaTHYECKHe TKAHW IPU IMPOPACTAHUH depe3
no4By) 3a cueT nupHepeHIIHaIbHOTO yIJIUHE-
HUSI U JCTICHUS KJICTOK Ha MPOTHBOIOJIOKHBIX
CTOPOHAX T'HUIOKOTHIIS, TJIe CKOPOCTh YyIJIHHE-
HUsI KJICTOK HA BHEIIHEH CTOpoHE OOIbINe, YeM
Ha BHyTpenHeil (Silk, Erickson, 1978; Li et al.,
2004). beuto mokaszaHO, YTO JaHHEIN Iporecc
YIPABISICTCS MEPEKPECTHBIM B3aUMOJICHCTBHEM
MeXay HeckonbkuMHu ropmoHamu (De Grauwe
et al., 2005; An et al., 2012). M3BecTHO, uTO
AYKCHHBI, STUJICH U THOOEPEITUHBI KOOPIUHU-
POBAaHHO B3aWMOJCHCTBYIOT MpPH 0Opa30BaHUU
anuKaJbHOM metenbku (Achard et al., 2003; Li
et al., 2004; Vriezen et al., 2004; De Grauwe et
al., 2005; Zadnikova et al., 2010; Vandenbussche

et al., 2010). MccnenoBanust Hakamypsl ¢ coas-
topamu (Nakamura et al., 2003) mpogeMoHCTpH-
pOBaIM TaKXKE PEryJsiui0 OpPacCHHOIHIAMHU
HECKOJIBKMX T€HOB ayKCHHOBOI'O OTBETA IPHU 00-
pa3oBaHUU anmuKadbHOW meTenbku. Yuactue bC
B (OPMHUPOBAHUH AMHMKAIBHOU METENbKH IOJI-
TBEPXKIACTCS M TEM, UTO HapyueHue cuare3a bC
U3MEHSIET PEeaKIMI0 ayKCHHA TPEANOI0KUTE b
HO MyTEM BO3JCHCTBHS HA TPAHCIIOPT ayKCHHA
(De Grauwe et al., 2005).

Ha cBeTy momoOHasi ClioKHAsi TOPMOHAIIb-
Has peryJsiius Oblia 0OHApyIKeHA HA YPOBHE y/I-
JINHEHUS TUITOKOTHUJISA, CTUMYJITHPOBATH KOTOPOE
MOT'YT KaK ayKCHHbI, THOOEPEIUIMHBL, dTHIICH UITH
€ro MPEIIeCTBEHHUK |-aMHHOIMKJIONpOIaH-1-
kapookcunbHas kucnora (AKK), rak u BC (De
Grauwe et al., 2005). beuia npeasioxkeHa rurmo-
T€3a 0 B3aUMOJICHCTBUU ITUJICHA C ayKCHHAMH
(Smalle et al., 1997; Vandenbussche et al., 2003a),
a TAK)Ke PAaCCMOTPEHA CBSI3b ATUIICHA U Ay KCUHOB
¢ rubbepemnaamu (Saibo et al., 2003). Oxnako
BOIPOC, TJIe M KaK B 3TOW CETH FOPMOHATBHOM
peryisuuu Berynatot B urpy bC, octaeTcs ak-
THUBHO 00OCYIKIaeMbIM.

MOXHO MPOBECTH HEKOTOPBIC MapalIciiu
MEXy 00pa30oBaHUEM alUKalbHOMN METENbKH B
TEMHOTC U yIJHUHCHHUEM THIIOKOTUJIS Ha CBETY.
Bo-niepBbix, 00a mporecca 3aBUCAT OT TUIICHA
u aykcuna (Schwark, Schierle, 1992; Boerjan et
al., 1996; Lehman et al., 1996; Smalle et al., 1997,
Zhao et al., 2001; Vandenbussche et al., 2003a,
2003b; De Grauwe et al., 2005; Stepanova et al.,
2008; An et al., 2012). Bo-BTopbix, oHU 00a uMe-
0T BPEMEHHOEe OKHO 4yBCTBUTeNbHOCTH (Raz,
Ecker, 1999; Saibo et al., 2003). B-Tperbux,
aHaiu3 hls MyTaHTOB apaOWIOICHca ITOKAa3bI-
BaeT, YTO HUX COOTBETCTBYIOLIHWEC TI'C€HHBIC IPO-
JOYKThl (QYHKIIHOHUPYIOT HE TOJILKO B JTHUJICH-
OMOCPEIOBAHHOM 00pa30BaHUU  ANMKAJIbHON
METEeNbKA B TEMHOTE, HO U B ITHJICH-CTUMYJIHU-
POBaHHOM Y/UTMHCHHH THIIOKOTHJS Ha CBETY

(Vandenbussche et al., 2003a; De Grauwe et al.,
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2005; An et al., 2012). CiiezioBaTeIbHO, 3TH PEaK-
LU, TI0-BIUAUMOMY, KOHTPOIUPYIOTCSI OTHUMU U
TEeMH e MexaHn3Mamu. Heo0XoaumMo oTMETHUTD,
4yT0 Ha cBeTy BC crtocOOHBI KOMIICHCHPOBATH HE-
YyBCTBUTEIBHOCTD K ATHIICHY /1lS MyTaHTOB, UTO
MpEeIoiiaracT WX CYILICCTBCHHYIO POJb B JIaH-
HoM miporecce (De Grauwe et al., 2005).

B mocnennee Bpems Ooiblioe BHUMAaHUE
ynensiercs: u3ydenuto Biusinus bC Ha nokasa-
TETU TPOAYKTUBHOCTH W YPOKAWHOCTH CEIIb-
CKOXO3MCTBEHHbIX pacTeHui. M3BecTHO, 4TO
BC oxa3pIBaroT BO3AeHCTBUE MIPH O0OJIEe HU3KIX
koHueHTpanuax (103-10""" M), yem ocrasbHbIe
¢uroropmonsl (Khripach et al., 2000). Haubonee
MPOCTBHIM U SKOHOMUYHBIM CIIOCOOOM MPHMEHE-
Hust bC mpu3HaHO 3aMavYiBaHUE CEMSH CPEITHETO
pasmepa B TeYeHue 6 4 B pacTBOpe romoodpaccu-
vonmuga (0,05 Mr/m) ¢ mociemyromed MOACYII-
KOW Ha BO3JyXe Iepes noceBom (Sairam, 1994).
YcTaHOBIIEHa BO3MOXKHOCTh €0 ITPUMEHCHUS U
MyTEeM ONPLICKMBAHUSI, OJHAKO IIPH ITOM OO0JIb-
e pacxoJ] Impemnapara ¥, CIeJOBaTeIbHO, BEIIIC
oO11re AeHeXHbIe 3aTPaThI.

WMeroTcss MHOTOUYHCIICHHBIC JaHHBIC, YTO
AMUOPaCCHHONIN/IBI CTUMYJIMPYIOT NIPOpPAacTaHUE
1 BexokecTh ceMsiH Ha 15-20 % (Budaj, 2000;
Enaruna, Berormma, 2001; Miransari, Smith,
2014; Kim et al., 2019; Small et al., 2019), cro-
COOCTBYIOT (POPMHPOBAHUIO OOKOBBIX IOOCTOB
(Pugachov et al., 2000; Small, Degenhardt, 2018),
YBEJIIMYCHUIO TUJIOIIAJAN ACCUMMIISILIMOHHOMN I10-
BEPXHOCTH JIUCTHEB, MPONYLHUPOBAHHUIO OO0Ib-
nreid Oumomaccel (Sairam, 1994), yiydiieHuio
KJIyOHe- 1 nionoobpa3oBanus Ha 17-34 % (Taii-
tep, 2001; [Tonosa, 2001). Y 06paboTaHHBIX AITH-
OpacCUHOIUAOM PACTCHHH TaK)Ke HaOII0aI0Ch
yBEJIIMYCHHUE KOJIMYECTBA 3aBsi3eil IJIOJAOB Ha
50 %, mpenoTBpaIanoch X ONagaHue U yCKopsi-
JICh TeMITbl 00pa30BaHUs U CO3PEBAHMUSI I1JI0/I0B
B cpenneM Ha 11 % (Taiitep, 2001).

[MonoxxuTesbHOE BIMSIHUE ATUOPACCUHOIH-

Ja Ha NPpOAYKTUBHOCTb CEIIbCKOXO03SIHCTBEHHBIX

pacTeHU CBS3BIBAIOT C YCHJICHHEM JIbIXaHUS,
TIOTJIOMICHUS BJIaTW U a30Ta U3 MOYBHI, YTO OJa-
TONPHUATCTBYET (DOTOCHHTE3Y, CHHTE3y OCJIKOB,
AKTHBHOMY POCTY M Pa3BUTHIO PACTEHUII U B KO-
HEYHOM uTOore ()OPMHUPOBAHUIO BBICOKOTO YPO-
’kas. YCTaHOBJEHO, 4yTo npumeHenue bC ysenu-
YUBaeT ypoxaiHoCTh Ha 25-42 % (CrpensbiioBa,
OmnpxoBuk, 1990; Sairam, 1994; Taittep, 2001;
[Tomoa, 2001; Gomes et al., 2006; Hayat et al.,
2012; Serna et al., 2012; Ali, 2017).

Hy»xHO Takke OTMETHTh, 4TO 00paboTKa
MI0CA0YHOT0 MaTepHalla pacTBOPOM SMUOpaccu-
HOJIMJIA CHU)KAET COJIep)KaHNEe HUTPATOB B IPO-
nykouu B 2-3 pasa (Budaj, 2000; ITomosa, 2001)
U yBEJIMYMBAET HAKOIUJIGHHWE Kpaxmalia, acKop-
OMHOBOM KHCIIOTHI U IPYTUX OPraHUYECKUX CO-
enunenuii (ITormosa, 2001), TeM caMbIM MOBBIIIIAS
MTUTATEIbHYIO [IEHHOCTh CEIbCKOX03AHCTBEHHOM
npoayKuuu. BnusiHue snubOpaccuHonuia Ha
TPAHCIIOPT U HAKOIIJICHHWE B PACTEHMSIX IIEHHBIX
MeTa0OJUTOB B HACTOsIIEE BPEMsi aKTHBHO M3-
ydaercsi coTpyaHukamMu CHOMpPCKOro MHCTUTYTa
¢usnonorun u O6uoxumum pacrenuii CO PAH
(r. Upxytck) (TopOeineBa, boposckmii, 2018;
Glyan’ko, 2018). Tpancnopt yepe3 BakyoJsIpHY IO
MeMOpaHy caxapoB, aMHHOKHCIIOT, a B HEKOTO-
PBIX ciydasx U Heopranndeckux noHos (K, Na,
Ca?', NOy", CI) sHepreruyuecku 3aBucuMm. [loma-
raroT, YTO PEryJIsHsI TPAHCIIOPTA ITUX BEIIECTB
MOXET OCYIIECTBIISITBCS 4YEpe3  PEryJIsIHIo
aktuBHocTH H'-AT®azmr (E.C. 3.6.1.34) u H'-
nupodocparassr (E.C. 3.6.1.1) (Stevens, Forgas,
1997; Forgac, 1998). ccnenoBanus E.B. IIpane-
noBoit (2001) mokazanu, 9TO AMHOPACCHHOIHT
MOXKET OJIHOBPEMEHHO PEeryJimpoBaTh U TUAPO-
JIUTUYECKYI0, W TpaHCIOpTHyIo (yHkunn H'-
AT®a3er 1 H'-nupodocdarasel BakyoaspHOU
MeMOpaHbl KOPHEIJIOI0B CTOJOBOM CBEKJIBI, H
9Ta PEryjsilusi 3aBUCHT OT CTaJHM OHTOIEHEe-
3a. Hapsiny ¢ atum snubpaccnHomna cnocodeH
CTUMYJIMPOBAThH MOCTYIICHHE CaXapo3bl TOJIBKO

yepe3 akruBanuio H'-AT®da3b1 ToHOMITacTa (CO-
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Jiep’)KaHue caxaposbl yBennuuBanoch Ha 40 %),
TOTAa KaK B MPUCYTCTBHH MUPOQochaTasbl du-
OpaccHHOIM HE CTHMYJIHPOBAJ MOCTYILICHHE
caxapossl B Bakyonu (O3osnHa u z1p., 2007).

B MHCTPYKIMSIX 110 UCTIOJIb30BAHUIO MpeTia-
paTta DUuH-DKCTpa He PEKOMEHAYETCS TIPH MPH-
MEHEHHH CMEIIMBATh €ro C JIPYrUMH Ipenapa-
tamu. OnHako B.M. T'oH4apyk ¢ coTpyAHHKaMU
(2002) ycTaHoBuIIa, YTO OMHAPHBIC KOMITO3HITHH
2’>-5’-onuronykiaeoruoB 1 bC mnpeBocxoaunun
MO CBOEH OMOJIOrMYecKOd aKTUBHOCTH OT/ICIBHO
B3sATHIC KOMITOHEHTHI. [IpmdeM ypoxkail KapTo-
(eist, NONYYCHHBIH ¢ IPUMEHEHUEM yKa3aHHbIX
cmeceid, coctaBuna 179-242 % k KOHTpOIO B Te-
MIWYHBIX yeIoBUsAX U 154-183 % — B moneBbIX
YCIIOBHSIX, a KOMOWHHpPOBaHHBIE OOPaOOTKHU
CeMSH SpPOBOro sfuMeHs copra Gonar cMecsMu
colieil KapOOKCHMETIUINEIUTIONIO3bl ¢ 24-31u-
OpaCCHUHOIMIOM, SIHTAPHOW KHUCJIOTOW MJIH IKC-
TPAaKTOM alIKaJOWJOB B TIOJIEBBIX YCIOBHSIX
IpHUBENIN K yBeIW4YeHuto ypoxas Ha 0,26-0,39 T
(Kabashnikova et al., 1998). CnemoBarensHo,
Bompoc o npuMmeHeHnu bC B xommiekce ¢ npy-
TUMHU TIpenaparaMu s o0paboTOK CeIbCKO-
XO35IUCTBEHHBIX KYJIBTYPHBIX PACTEHMM Takxke
HYXIaeTCs B TAJbHEHIIIEM HU3YUCHHUH, K TOMY JKe
npUMeHEeHUe OMHAPHBIX WIIN IPYTUX CMeceH Io-
3BOJIUT CHU3UTH HOPMBI PacXoja COCTABIISIFOIIHX
UX TpenapaToB U CJeNaTh UX IePCIeKTUBHBIMU
JUTSL TIPAKTHYECKOTO HUCIIOIh30BaHUS B KAUueCTBE
CTUMYJISITOPOB POCTA M PA3BUTHSI PACTCHHI.

B coBpeMeHHOI HayuHOH TUTEpaType UMe-
IOTCSl MHOTOUHCIICHHBIE JIaHHBIE O CIIOCOOHOCTH
BC noBsImars TOJIEPAaHTHOCTB PACTEHUH K CTPEC-
coBbIM Bo3zeicTBusM (Ali et al., 2007; Kagale et
al., 2007; Ali et al., 2008; Bajguz, 2009; Bajguz,
Hayat, 2009; Yuan et al., 2010; Hayat et al., 2012;
Jiang et al., 2013; Fariduddin et al., 2014; Fang
et al., 2019; Fu et al., 2019; Parmoon et al., 2019)
U yCTOMYHUBOCTH K Oose3HsM (Abe, 1989; Enaru-
Ha, Beroruna, 2001; Kykpem, Xoasakosa, 2002;
Albrecht et al., 2012; Alazem, Lin, 2015; Deng et

al., 2016). BC sBisItOTCS PUPOJHBIMU AJAIITO-
reHAMHU, 3aIyCKAIONUMHU B PACTUTEIbHBIX KIIET-
Kax 3allMTHbIE MEXaHM3MbI IPH CTPECCOBBIX
BozaeicTBusax: 3acyxax (IlycroBoiitoBa, 1990;
Sairam, 1994; ba6enko, 2004; babenko, Cadpo-
HOBa, 2007; Cadponora, babenko, 2008; Yuan et
al., 2010; Nie et al., 2019; Wang et al., 2019), 3a-
Mopo3skax (Pociecha et al., 2015; Filek et al., 2017,
Janeczko et al., 2019), BbicokuX TeMmIepaTypax
(Sonjaroon et al., 2018; Bhattacharya, 2019), ue-
nocrarouHoi ocseuienHocTu (Kang et al., 2001;
Li, He, 2016), nepecanke, ueperakoBanun (Small,
Degenhardt, 2018; Zhou et al., 2018). B cTpecco-
BBIX YCJIOBHUSIX B KJIETKAaX PACTEHHUSI MOBBIIIACTCS
AKTUBHOCTH (DEPMEHTOB, U3MEHSIETCS CTPYKTYypa
u ¢pynknus memOpan (Dahse et al., 1990; IIpa-
nenosa, 2001), yckopsieTcsi KJIETOUHOE NeJeHUe
(Pugachov et al., 2000; 3y6apes, 2001; Small,
Degenhardt, 2018), cuHTe3UpyeTCsl «IIOKOBBIN
6enoxk (Kymaesa u ap., 1989; Shigeta et al., 2015),
MOBBIMIAIONIUI TEPMOCTAOMILHOCTh M TEPMO-
[POYHOCTH MEMOpaH KJIETKH. AHTUCTPECCOBBIM
a¢dext BC cBSA3BIBAIOT ¢ TI1yOOKUMHU U3MEHEHH-
sSMH  (PU3HOJIOT0-OMOXUMHYECKUX MPOIECCOB, B
TOM YHCJIE M Ha YPOBHE OEJIOKCHHTE3UPYIOIIeit
cuctemsl (Watt, Cresswell, 1987).

B mocrnennee BpeMsi BO3MOXHOCTb pacTe-
HUH NIEPEHOCUTD HEOIArONPHUSITHOE BO3ICHCTBHUE
PpazHOOOPa3HBIX CTPECCOPHBIX (PAKTOPOB CBSI3bI-
BAIOT C MX CIOCOOHOCTHIO B HEOIArOMPHUSITHBIX
YCJIOBHSIX TIEPEKIII0UAThCs MY aKTUBAIMeH 1
monasieHueM pocta (Feng et al., 2016; Bechtold,
Field, 2018). [Ipu 3TOM peIIaroIyo pojib B OT-
BeTax KaK Ha aDMOTUYECKUH, TAK U OUOTUYECK U
CTpecChl MOTYT UI'PATh Iy TH NEpeady CUTHaja,
onocpenoBanubie (utoropmonamu (Verma et
al., 2016). Cuurtaercs, 4YTO KJIOYECBBIM IIYTEM,
KOHTPOJHUPYIOIUM PEAKIUI0 PACTUTEIBHOIO
opraHn3Ma Ha HeOJaromnpus THOE BO3JCHCTBUE
cTpeccopHOro (haktopa, SIBISETCS CHTHAJBHBIN
nyth ABK (Yoshida et al., 2014; Zhu et al., 2017).

O,Z[HaKO HC MCHCEC y6€I[I/ITGJ'IBHBI€ J0Ka3aTeJib-
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CTBa yKa3bIBalOT Ha TO, uTO bC Takke Urparot
3aMETHYI pOJIb B KOHTpOJE OallaHCa MEXIY
HOPMAaJIbHBIM POCTOM M YCTOHYHBOCTHIO K BO3-
JNEHCTBHUIO OKPYIXKAIOMICH Cpelbl, NEHCTBYS THO0
yepe3 IMEPEKPECTHOE 3aTyXaHHE CHUTHAJIOB C
ABK-curHanmpHBIM IyTeM, JHOO HE3aBUCHMO
(Planas-Riverola et al., 2019). M3BectHo, uTO
BC crnocoOcTBYIOT pOCTy 3a CYeT aKTHUBAIUU
TPaHCKPUIIMOHHBIX (akTopoB BZRI u BESI
(Bechtold, Field, 2018). HemaBHO mpoBencHHOE
HCCJICIOBAaHUE [10KA3aJI0, YTO CTPECC, BBI3BAH-
HBII 3aCyXO0H, OAaBIIsleT CUTHAIBHBIN nyTh BC
U, TEM CaMbIM, POCT KJIETOK PacTEHHs, CIIOCO0-
CTBysI nerpananuu BES] mocpencTBoM yOUKBU-
TUHHUPOBAHUS U CeJICKTUBHOM ayTodaruu (Nolan
etal., 2017).

WHTerpanusi pasindHBIX T'OPMOHAJIBHBIX
CUTHAJIOB OIOCPEAYET LENbIN P peakIuil pas3-
BUTHUSI PACTUTEIBHOIO OpraHu3Ma U peakiuil Ha
okpyxaromyro cpeny (Vandenbussche, Van Der
Straeten, 2004). 3a mocienHue 1Ba ACCATUICTUS
MHOTOYHUCJICHHBIX T€HETHYECKUX U OMOXHMHUYE-
CKHX HUCCIICJIOBAHUMN, UCTIONB3YONIuX 4. thaliana
B Ka4eCTBE MOJICIIPHOTO OpraHu3Ma, ObLIH OIpe-
JICJICHBI U 0XapaKTEPU30BaHbI OCHOBHBIC KOMIIO-
HeHThl curHaisHoro nytu bC (Li, Chory, 1997;
Li, Nam, 2002; Li et al., 2002; Nam, Li, 2002;
Mora-Garcia et al., 2004; Vert et al., 2005; Wang,
Chory, 2006; Tang et al., 2008; Yan et al., 2009;
Li, 2010; Clouse, 2011; Hothorn et al., 2011; She
et al., 2011; Wang et al., 2011; Wang et al., 2012;
Zhu et al., 2013; Zhu et al., 2019). Bocpusitue
BC mnpoucxomuT perentopamu, JOKaJIM30BaH-
HBIMH B MeMOpaHaX KIJETOK, Jajiee HUCXOIs-
e
BC-omocpenoBanHbIe CUTHANEI B SAPO, TIe OHU

[UTO30JIbHBIE  PETYJISATOPHI  MEPENAIOT
AKTUBUPYIOT TPAaHCKPUIIUIO BC-0T3bIBUMBBIX
TEHOB, KOTOPBIE YIIPABIAIOT KIETOUHBIM POCTOM
(Zhao, Li, 2012; Belkhadir, Jaillais, 2015). Co-
OTBETCTBEHHO, MyTAIlMH B T€HAX, KOJUPYIOMIHX
OCHOBHBIE KOMITOHEHTHI cuHTe3a BC, mpuBOaST

K BLIpa)KeHHOﬁ KapJIUMKOBOCTH, HapyUICHUIO

pocTa U pa3BUTHS OPraHOB, OTPAHMUYCHHUIO TIPO-
IyKTHBHOCTH W ypoxkaiHocTh pacteHuid (Li,
Chory, 1997; Singh, Savaldi-Goldstein, 2015;
Planas-Riverola et al., 2019). HecmoTps Ha u3y-
YEHHOCTh KOMIIOHEHTOB CHTHaibHOrO myTu bC,
MHOTHE BOIIPOCHI OCTAIOTCS HESICHBIMH, B TOM
yucie kiaerouHas cneunpuunocts bC, kak cur-
HanbHbIA yTh BC B3auMOJECTBYET ¢ ApyrumMu
FOPMOHAJIBHBIMHU IyTSIMH TPU HOPMaJIbHBIX H
9KOJIOTMYECKH CIIOKHBIX CIIEHApHAX M B KaKUX
TkaHax npoucxonut cuure3 bC (Cano-Delgado,
Blazquez, 2013; Vukasinovic, Russinova, 2018).

B HacTosiiiee BpeMsi ak THBHO BelyTcst pabo-
THI 10 pacmIu(poBKEe MEXaHU3MOB, C ITOMOIIBIO
koTopeix BC-omnocpezoBaHHasi CUTHAIU3ALUS
perynupyer aganrtanuio K OwmormueckuMm (De
Bruyne et al., 2014) u abuornuyeckum (Lozano-
Duran, Zipfel, 2015; Nolan et al., 2017) cTpeccam.
Ha naHHBIH MOMEHT MHPOBBIM HAy4YHBIM COO00-
IIECTBOM IPEIOKEHO HECKOIBKO MEXaHH3MOB,
0OBSCHSIONNX, KaK CUTHAJIBHBINA yTh BC omoc-
penyer aganrtanuio K crpeccy. K Hum orHocsTes:
1) TouHast HACTpOIiKa CTpPECC-4yBCTBUTEIBHBIX
TPaHCKPHUIIIIMOHHEIX MexaHu3MoB (Ye et al,
2017); 2) axTuBauus aHTHOKCHIAHTHBIX MeXa-
Hu3MoB (Xia et al., 2009; Kim et al., 2012; Lima,
Lobato, 2017; Tunc-Ozdemir, Jones, 2017; Zou
et al., 2018); 3) crumymnupoBaHUE BBIPAOOTKHU
ocmomnpotekTopoB (Fabregas et al., 2018). Cie-
noBaTenbHo, bC UrparoT KIIroueByIo poiib B IMOJ-
JIep)KaHUU HOPMAJIbHOI'O POCTA PACTEHUH Kak B
HOPMaJIBHBIX YCIIOBUSIX, TaK M B OTBET Ha BO3-
JICUCTBUE HEraTUBHBIX (PAKTOPOB OKPYIKAIOIIEH
Cpenbl, U B HACTOsSIIEE BPEMs MMEETCsl J0CTa-
TOYHO JaHHBIX, TTOITBEPKAAIOLINX HUICI0 O TOM,
410 MOAM(UKALUS CUTHAIBHOTO Ty TH bC MokeT
OBITh CTPATErMYECKUM HaIpaBJICHHEM sl pa3-
paboTkm Oosiee alaNTHUPOBAHHBIX CEIHCKOXO-
3SIICTBEHHBIX KYJIBTYD.

BerimenepeuncieHnble  0COOCHHOCTH BO3-
JCUCTBUSI SMUOPACCUHONINIA HA PACTEHUS I10-
3BOJISIIOT

paccMaTpuBaTh  OMOCTHMYISATOP
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OnuH-DKeTpa (IeHCTBYIOIIEe BeMECTBO 24-31u-
OpaccuHONMNA) Kak A((GEKTHBHBINA, 3KOJIOTHYE-
CKU YHCTBIA PEryJsiTOp pocTa M pa3BUTHS pac-
TEeHHH KaK B HOPMAJIBHBIX YCIOBHSX, TAK U MOJ

BO3/ICHCTBUEM CTPECCOPHBIX (haKTOPOB.

IIpoTexkTopHoe AeiicTBHe DNMUH-IKCTpPA

B YCJIOBUAIX CBUHIIOBOI'O 3arpsi3HCHUSA CPEAbI

CornacHo gaHHBIM BcemupHoO# opraHuza-
WU 3paBOOXPAHEHUs, CPEAM IOJIIOTAHTOB,
OKa3bIBAIOIINX HEraTUBHOE BIMSHUE HA YEJIOBE-
ka, TM 3aHMMalOT BTOpOE MECTO, YCTYIIasl JINIIb
HNeCTUIUAAM M 3HAYUTEIBHO OINEepekas TaKue
XOPOIIIO N3BECTHBIE 3arPSI3HUTEIH OKPY KaIoIeH
Cpelbl, KaK JABYOKHUCH yriiepoaa u cepbl. OKomo
11 % nouB Tepputopuu Poccun UMEIOT BBICOKHUI
ypoBeHb 3arps3Henus TM (Tutos u ap., 2014).
Opnum 3 TM, ube KOJMYECTBO B OKpYKaroLIei
cpezie cTabuIIbHO YBEIMYUBAETCs, siBisieTcs: Pb.
[To pasBemanubIM 3amacam Pb crpanbr Boctou-
Hoii EBponbl, KaBkaza u IleHTpanbHOil A3suu
(BEKLIA) 3aHMMaroT miepBoe mecto B Mupe. Ha
ux npomto mpuxonutcs 22,4 % MHUPOBBIX MOMI-
TBEP)KJCHHBIX 3amacoB Merajua. Hawmbosee
3HaYMTENbHBIC 3anackl Pb 3akitoueHsl B MeCTO-
poxnaenusix Kaszaxcrana (40,3 % ot 3amacos
ctpad BEKI[A), Poccun (36,1 %) u Y306ekucrana
(11,4 %). Ha octanbHble cTpanbl — A3epOaiiixkaH,
Apwmenuto, ['py3uto, Kuprusuio, Tagxukuctad u
VYkpauny — npuxogurcs Bcero 12,2 % 3amacos
Pb, pazeenannbix B crpanax BEKIIA. 92 % 3a-
racoB Pb 3THX cTpaH MpuypoOYEeHBI K MECTOPOIXK-
JCHHUSAM TONMMETAIIINYECKUX U CBHHIIOBO-IIMH-
KOBBIX pyZ. AHAJIH3 MUPOBOro norpebiexus Pb
MOKA3bIBACT yBEIMUCHUE TPOIIEHTa BTOPHYHOTO
Pb o 85-90 % (Crniepanckas, 2008).

OCHOBHBIMH UCTOYHUKAMHU MOCTYTUICHUS U
HakorieHus: Pb B okpyskatomeit cpeze ¢ mocie-
JNYIOLEH MHTOKCUKALMEN JKUBBIX OpPraHU3MOB,
B TOM YHCJIC M OPTaHU3Ma 4YellOBEKa, SIBIISTIOTCS
HNPEANpPUATHS. LIBETHOHM METaJUlypruueckol U

XHUMHYSCKOI MIPOMBIIIJICHHOCTH, BBI6pOCLI aBTO-

tpancnopta (LeGalley et al., 2013; Muzychenko
et al., 2017), mepepaboTKa CBHHIIOBO-KUCIOTHBIX
akkyMmyssiTopHeix Oarapeir (Liu et al., 2014),
IpUMeHeHne CBHHLOBBIX Kpacok (O’Connor et
al., 2018) u t.1. C 1921 r. ObLIO HaJIAXKEHO TIPOU3-
BOJICTBO 3THOJINPOBAHHOTO OEH3MHA, B KOTOPOM
OKTaHOBOE YHCJIO MOBBIIIAIOCH TOCPEACTBOM
UCIIONIb30BaHMs TETPA3TUIICBUHIIA, YTO obecre-
YUBAJIO0 aHTHACTOHAIMOHHBIN 3(dekT. B cBsizn
C yXyJIUIEHUEM 3KOJOIMYECKOH CHTyalnH, CBS-
3aHHO# ¢ HakorieHueM Pb B Ouocdepe, B Poc-
cun, CHIA, crpanax EBpocoro3a npousBoacTBO
U HCIIOJIb30BaHUE ITHUIIMPOBAHHOIO OEH3MHA C
MIPUCAAKON TETPAa3TUIICBUHIIA B KAUECTBE aHTH-
JIeTOHaTopa ObLIM MOJHOCTBIO 3alpelieHbl K
2003 1. HMckiaroueHue CBUHIIOBBIX J00ABOK W3
OeH3WHa W 3arpeT Kpacok Ha ocHoBe Pb mpuse-
JIU K HE3HAUNTEIBHOMY CHUIKEHHUIO COZICPKaHM
cBuHIIA B atMocdepe Bo BceM mupe (Skerfving,
Bergdahl, 2015). Omgrako 3a TOABI HCIOIB30-
BAaHMS JTHJIMPOBAHHOTO OCH3MHA C MPHUCAIKON
TETPadTUIICBHHIIA conmepkanue Pb B OGmocdepe
3HAUUTENIBHO YBEJIMYUIIOCh U MPOJIOJIKAET CTa-
ounbHO Bo3pacTaTh ([laBbnoBa, Taracos, 2002),
MOATOMY Tpo0iieMa 3arpsi3HEHHsI OKPYIKAIOIIeH
cpensl Pb He Tepsier cBoei akTyaIbHOCTH.

K Tomy e pacuimpeHue HHIYCTpuaiu3a-
LMY 3HAYUTEJIBHO YBEIMYMBACT HaKOIUICHHUE
TM B BepxHEM clioe MOYBBI, 0OCOOEHHO Ha CElb-
CKOXO3STHCTBEHHBIX NOJISIX. MaKkcuMasbHbIE Ha-
rpy3KH BblnazieHui Pb, BeqyIiue K nerpaganuu
9KOCHCTEeM, HabaromaTes B MocKoBCKo#, Bia-
numupckoit, Hoeropoxckoni, Psasanckoit, Tymb-
ckoii, PocToBckoit u JIeHUHTpaIckoil oOacTsx
Poccun (Crnepanckas, 2008). B kyasTypHOM
arposiaHamadTe Mo CTENeHH PacIpoCTPAHEHHO-
ctu Pb 3aHuMaeT BTOpoe MecTo, ycTymnas JUIIb
uuHKyY (Zn) (Anekcees, 2008). ITo pesynpratam
MOHHUTOPHHI2, NpPOBEJeHHOr0 [ocynapcTBeH-
HBIM KOMHTETOM CaHUTapHO-3ITHIEMUOIIOTHYe-
CKOI'0 HaJ30pa COBMECTHO ¢ MIHCTHTYTOM IuTa-

Hus Poccuiickoi akajeMuy MEAULMHCKUX HayK,
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B 11esioM 110 Poccun B 0,8 — 4 % u3yd4eHHBIX TPOO
MUIIEBBIX MPOJYKTOB HaOIIOIANOCh IPEBbIIIe-
Hue conepxkanust TM, B Tom uucie o Pb u xaz-
muto (Cd) (Cnpuruak, 2004; bokosa, 2005).
[TpoOsiema CBUHIIOBOIO 3arpsi3HEHHS OKPY-
JKarome cpeabl akTyainbHa M Ui KazaxcraHa
(Muzychenko et al., 2017). Exxeronno B Kazax-
CTaHe C MIPOMBIIICHHBIMHU BEIOPOCAMH B aTMOC-
(depubIl BO3ayX mocTymaet Oonee 1 ThiC. T Pb.
«JImpepammu» B 3TOM TIpouecce sBisitoTcs Kapa-
ranjauHckas, Bocrouno-Kaszaxcranckas u FOx-
Ho-KazaxcraHnckas 00nacTi, Ha JJOIIO KOTOPBIX
npuxonutcst 99,8 % ot obiero odbema BbIOPO-
coB Pb B cTpane (Kopuesckuii u ap., 2010). [Ipo-
OieMa CBUHIIOBOI'O 3arpsi3HEHHsI UMEET MECTO
JlaKe B TE€X Topojax, I71e OTCYTCTBYIOT KPYyITHbIE
MPOMBIIIICHHBIC TPENNPUITHS, TakuX kak [le-
tTponasioBck (CeBepo-Kazaxcranckas o0yacTb)
u Kokmeray (AxkmonnHckas odnacte). Tak, npu
OIIpeleNIeHNH  (U3UKO-XUMHUYECKHUX IT0Ka3aTe-
neit mpoO Ttanoro cHera (pH, comepxaHue HU-
Tparos, Zn, Pb, menu (Cu) u Cd), B3STHIX B pas-
nuuHbIX Toukax I. Kokmeray (KazaxcTan), 6b1110
BeIsiBrieHO nipeBsimenwe [1JIK Pb B 2,7 (B mpobax,
B3sITHIX BOJTM3U KOTCIIBHOMW) U 1,7 pa3a (B mpoodax,
B3SITBIX BOJIN3M aBTOMAarucTpaiy), TOTAA KaK BCeE
ocTaJibHBIC MOKa3aTeau ObLIN B Mpeaesax Hop-
Ml (I'paboBckast, 2017a). AHATOTHIHO OBLIO BHI-
SIBIICHO TPEBBIIICHHIE CofiepKaHus Pb B mpodax
MOYBBI, B3SITBIX W3 CAHUTAPHO-3aIIUTHOW 30HBI
3aBoga uM. Kuposa r. Ilerponasnoscka (Kazax-
cTaH) — B 2 pasa, a TaKkXKe B IpoOax MOYBEI, B3s-
THIX M3 CAHUTAPHO-3AIIMTHOW 30HBI TEIIOAIEK-
TpoctaHuuy, — B 1,5 pa3a (I'pabosckas, 2017b).
B opranusm genoBeka 6ombinas yacte TM,
B TOM uncie u Pb, moctynaeT npenmymniecTBeH-
HO ¢ nponykramu nurtanus (Liu et al.,, 2010;
Liu et al., 2014; Gardener et al., 2019; Obiora et
al., 2019), a Taxxe c Bomoii (Pragst et al., 2017)
u mpuleBBIMU aspozonsimMu (Jarup, 2003; Li et
al., 2009; Absalon, Slesak, 2010; Skerfving,
Bergdahl, 2015; Maret, 2017; Bai et al., 2019). B

ONTUMAJIbHBIX 103aX MHorue TM sBisitores ac-
CCHIMAJBHBIMH ISl PACTCHUH M JKUBOTHBIX U
HEOOXOIUMBI JUJIsl IPOTEKAHUS BaKHEHIINX (u-
3uoyornyeckux nponeccos (Hemepemmuna u np.,
2013). Ecnu ke xonnuecTBo TM, mOCTynaromux
B JKHBBIE OPT'aHU3MBI, IIPEBBIIIAET ONTHMAJIbHbIC
3HAYEHUs], TO ITO OKA3bIBAET TOKCHYECKOE JICH-
CTBHE, CIOCOOCTBYSI HpPOSIBICHHUIO Pa3IMYHBIX
natoioruit (Hemepemmuna u np., 2011; poraii-
ueBa, [lerposa, 2014). Ocob60 PUTOTOKCHIHBIMH
QJIEMEHTAMH CUHTAIOTCS T€, KOTOPbIE OKa3bIBa-
10T BpEIHOE JIeHCTBHE HA TECT-OPraHU3MBI NPH
KOHLEHTpPAI[MK B IHTATEILHOM pPacTBOpe [0
1 mr/n. K Takum sreMeHTaM OTHOCSITCS, HAIpH-
Mep, HOHBI TAKUX METAJIJIOB, Kak cepebpo (Ag),
6epmnuii (Be), crponuwmii (Sr), pryts (Hg) n
JpyTHe, a TaK¥kKe, BeposiTHO, HOHBI Pb (Anekcees,
2008).

[To xknaccudukanuu MexayHapOIHOrO KO-
MHUTETa HO NpodiieMaM OKpy>Karomen cpeasl Pb
oTtHOCHUTCH K | kimaccy omacHoctr (CIMTKOBCKHIt
u ap., 1994). Beicokne xoHueHTpauu Pb B mo-
YBaX B 3HAUUTEJILHON CTENEHU MOT'YT [TOJaBJISTh
poct u pa3putue pacteHuil (Anekcees, 2008). Pb
HE SIBJISIETCS] DCCEHIMALHBIM AJIEMEHTOM, XOTS
1 00Hapy>XKUBaeTcs B Kax10M pacteHuu (MnbuH,
1991). Onucan 3¢ GexT TOPMOKEHHSI META00IIH3-
Ma pPacTEeHHWH, KOTOPbIH BOZHUKAET M3-32 HU3KO-
ro conepxkanust Pb B mouse (Rout, Das, 2003). ITo
HEKOTOPBIM JIaHHBIM, B HEOOJIBIITNX KOJTMYECTBAX
OH CIIOCOOEH YCKOPSITh ITPOpPAacTaHUE CEMSH, I10-
BBIIIATH COZAEP)KaHHE Kpaxmajga ¥ CTUMYIHPO-
BaTh pocT (Sromun u ap., 1989, 2002). Cnenyet
OTMETHTb, 4TO Pb Memiennee, uem npyrue TM,
NOCTYIMAET B PACTEHHUs] U TPAHCIOPTUPYETCS U3
KopHsT B Ham3emHble opranbl (Foroughi et al.,
1982; Ceperun, Banos, 1998).

KoaddummeHT OHOIOrHYecKoro Moriormie-
Hust (KBII) — mokasarens, xapakTepuU3yIOIIUN
CIIOCOOHOCTH PACTEHHMH TOIIIONATh METAJIIbI
U3 MOYBBI, — IMPEICTABISET COOOH OTHOIICHHUE

CoACp:KaHM METaJlJla B paCTECHUHN K €TI0 COACP-
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skanuto B ouse. [lo gmanuabiM C.®. TTokpoBckoit
(1995), nns MHOTHX pacTeHUH (TOpoX, KyKypy-
3a, oBec, u T.4.) KBII Pb cocrasnser 0,001-0,005
(nst cpaBHenus: KBIT Cd miis 9TuX &e KynbTyp
coctasinseT 0,01-0,5). OnHa U3 MpUYUH HUZKOTO
KBII Pb pacTenmsiMu 3akito4acTcsi B TOM, 4TO
noHbl Pb B mouBe OBICTPO TEPSIOT CBOIO IOJI-
BIKHOCTb, TaK KaK BCTYHalOT B XUMHUYECKHE pe-
aKIMK ¢ 00pa30BaHHEM MaJIOPACTBOPUMBIX CO-
eIMHEHUU: MOTHOIaToB, cynbdaToB, hocdaros,
KapOOHATOB, TMJIPOKCHJIOB, XPOMATOB, a TaKXkKe
TIOTJIOMIAIOTCS. MUHEPAIbHBIMH OPTraHHYECKIMHU
kosutongamu (Anekcees, 2008).
OUTOTOKCUYHOCTE Pb B  3HAYUTEIBHOM
CTENEHU HMBEIUPYeTCsl HallMYMeM B pacTH-
TEJIbHOIN KJETKE XOpOUIO JAECUCTBYIOIIEH CUCTe-
Mbl MHAKTHBALlMU JJIEMEHTA, IPOHUKAIOIIETO B
KOPHEBYIO CHCTEMY, IO9TOMY OCHOBHAsl 4acTb
Pb 3agepxuBaercs B kopHsax pactenuit (Cepe-
ruH, VBanos, 1998). B onbitax H.}O. I'apmamn
(1983) ObLIO TIOKA3aHO, YTO B COJIOMY IIIICHUIIBI
noctynaer menee 1 %, a B 60TBy KapTodens —
2 % Pb, conepxkarerocst B KopHsx. [Ipu atom u
B 3€pHE MIICHUIbI, U B KIyOHAX KapTodes co-
nepxanue Pb He 3aBHCeIIO OT 7103bI €0 BHECEHHU S
B TIOYBY, ¥ JUIIb NIpH KOHIEHTparuu 200 Mr/kr
OHO HE3HAa4YMTeNbHO Bo3pacTano. Ho mpu BeIco-
KMX KOHIeHTpauusx Pb B mouBax mHrnobmupyer-
cs1 BcaceiBaHme kenesa (Fe), uto mposiBiseTcs
pa3BUTHEM XJIOPO3a M CYIIECTBEHHBIM I0/IaBJIe-
HUEM pOCTa PACTEHH, CHUKEHUEM MPOAYKTHB-
HOCTH U YCTOMYMBOCTH CEIbCKOXO3AHCTBEHHBIX
pacTeHuil, 3arpsi3HEHUEM TPOJYKTUBHBIX Opra-
HOB noHamu Pb (Anekcees, 2008).
DKCHEPUMEHTAJIbHO YCTAHOBJICHBI U JOKa-
3aHbI CIeIyIOINe MEXaHW3MbI Bo3aelcTBus Pb
Ha kieTKy. Pb B3aumopeiicrByer ¢ JIHK kiuer-
ku U mpoBouupyetr myrtanuu (Reichmayr-Lais,
Kurchgessner, 1984; PeyTosa, llleBuenko, 1992;
Gichner et al., 2008; Pourrut et al., 2011; Zhang
et al., 2014). OH YaCTMYHO UHTUOUPYET CHCTEMBI

pernapanuu, 4To CHIDKaeT X 3(dexkTnBHOCTS,

[OATOMY BO3pacTaeT BBIXOJ MYyTalUMd 3a CYeT
YacTH CIHOHTAHHBIX W WHAYLUPOBAHHBIX I10-
Bpexaenuin monekyn JIHK, koTopeie B HOpMme
penapuposanuck 061 (Hartwig et al., 1990). Tax-
e Pb okasbiBaeT 001ee TOKCHYECKOe JICHCTBUE
Ha KJETKY 3a c4eT 00pa30BaHMs YCTOHYHMBBIX
KOMILIIEKCOB ¢ amuHokucinoTamu (Venugopal,
Luckey, 1978; qunesa u np., 1993). HyxHo yun-
ThIBaTh U 3ddekrT cymmaiuu, o0yCIOBICHHBIN
TEM, UYTO B €CTECTBEHHBIX YCIOBHIX HAa OPraHU3M
4acTO BJIMSIET HE OJINH KaKOH-TMOO CTPECCOPHBI
(akTOp, MPOUCXOAUT KOMIUICKCHOE CTPECCOPHOE
BoznelictBue cpenbl. H.B. T'onuapooii (2005)
ObUIO M3YyYCHO KOMIIJIEKCHOE BO3ICHCTBHE Ha
pacTeHusi HOHU3UPYIOLIETO M3JIY4YCHHUS U TIOBBI-
LIeHHOT 0 cofepkanus B mouse Pb. Coryacuo pe-
3yJIbTaTaM €e HCCJIeIOBaHUsl, HEeOObIINe J03bI
obnyuenus (2 cl'p) B couetaHuum ¢ pa3HBIMU
KOHILIEHTpalUsiMU Pb BBI3BIBAIOT aHTarOHHUCTH-
geckue 3¢dexTsr, a mo3a 20 c['p B 3THX XE yc-
JIOBUSIX MPHUBOJAUT K CHHEPrU3MY — KOJIMYECTBO
MyTallMid B KJETKaX HCCIEAYeMbIX PAaCTCHHH
JIOCTOBEpHO yBenuunBaetcs. [Ipu aTom crocoo-
HOCTh PACTEHHH NPOTHBOCTOATH HEOIArONpH-
STHOMY BO3JICHICTBHIO CTPECCOPHBIX (HaKTOPOB
(3acyxa, TM, marorensl, Y®-o0mayueHue, sKc-
TpeMaJibHbIE TEMIIEPATyPbl, 030H, CBET BHICOKOI
WHTCHCUBHOCTH, OBOJHEHHME M JIp.) BO MHOTOM
3aBHCUT OT AHTHOKCHUJAHTHBIX CHCTEM pacTH-
tenpHOTO opranm3ma (Hallgren, Gezelius, 1982;
Hertzberg, Mac Donell, 2002; CoIH3BIHBIC | 1.,
2005).

CrocoOHOCTh pacTeHU HakamauBath TM,
B yacTHOCTH Pb, He oMHAaKOBa M 3aBHUCHUT OT
ux BupoBoi nmpuHaiexkHoctu (Fan et al., 2017,
Cheshmazar et al., 2018; Sihlahla et al., 2019).
BmecTe ¢ TeM, BBISBIECHHE PACTEHUH-AKKyMY-
JIITOPOB MMeEET OOJIBIIOE MPAKTHYECKOe 3Haue-
HUE KaK B IJlaHe O€30IIaCHOIO BbIpAIIMBAHUS
Ha TI0YBAX, 3arPA3HEHHBIX TOKCHYECKHMH DHJie-
MEHTaMH, TaK U B HCIOJIb30BAHUU B KaueCTBE

TECT-00BEKTOB B OIBITAX I10 HU3YYCHUIO MOCTY-
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MIJICHUS U pacipe/iesieHu sl KCeHOOMOTHKOB B Pa3-
JUYHBIX OpraHax PacTeHUH U MOUCKa P PEKTHB-
HbIX aganToreHoB. M.A. 3Bapux u W.I. Munnc
(Zwarich, Mills, 1982) moxy4nnu 3KCIIEpHMEH-
TaJIbHBIC JAHHBIE, Kacawoluecs HakorieHus TM
OBOIIHBIMH PACTEHUSMH: OBOIIHBIM TOPOXOM,
CaJlaTOM M MOPKOBBIO. DTH KYJIBTYPbI BbIpAIIH-
BaJIM HA II0YBaX, yJOOPEHHBIX OCAaJKAMU CTOY-
HBIX BOA, coxepkamumu: Zn — 2920; Cd — 22;
Cu — 790; Pb — 408 mr/kr cyxoro BemecTBa. [lox
ooty BHecau 55, 110 u 200 T/ra BO3ayIIHO-CY-
xoro BemiecTBa ocanka. [lousa umena pH 6,7 u
conepkana 3,5 % yrunepona. B pesyabprare npo-
BE/ICHHOTO OAKCIIEPUMEHTa ObUIO YCTaHOBIICHO,
YTO HamOOoJbLIeH CIOCOOHOCTHIO HAaKaIlJIUBaTh
HcclielyeMble METaJLIbl 00J1alaeT calaT; Halpu-
mep, mis Pb aror mokasarens paBeH 1,6 MI/kr
CyXoi Macchl (I cpaBHEHUs: MOPKOBb — (.9,
oBoIHOH ropox — 0,2 mr Pb Ha 1 kr cyxoii Mmaccel
COOTBETCTBEHHO).

B ycnoBusix yBeNMYHUBAIOIIEHCS «CBUHLO-
BOI Harpy3km» Ha Ouocdepy odecreunTh 3amiu-
TY PaCTEHUM MOXKHO ABYMs Iy TsIMU. Bo-nepBoIX,
MPsIMBIM  BO3JICHCTBUEM HA HeOIAaronpusTHBIA
(dakrop, T.e. CHU3UTH KojiuuecTBO Pb, mocryna-
IOLIETO B T€OCUCTEMBL. BO-BTOPBIX, akTHBanneH
3alUTHBIX (QYHKLIHUHA C€amMoro pacTHTEIbHOrO
opranusma. [ToaTomy 0HOM M3 OCHOBHBIX 3a/1a4
ABJISIETCSI TIOMCK PA3JINYHOTO POJa alallTOreHOB,
KOTOpPbIE MOTJIM OBl YMEHBIIUTH 3TO HETAaTHBHOE
Bo3zaelicTBue. C TOUKH 3PEHHS BO3MOXKHOCTHU
MIPAKTUYECKOTO TPHUMEHEHHsI NEePCIEeKTHBHBIM
MPEICTaBIACTCS HCIOJIB30BAHHE €CTECTBEH-
HBIX (PUTOTOPMOHOB M3 TPYMIBI OpaccuHOCTE-
pounoB. Kak ObUIO OTMEYEHO PsJIOM aBTOPOB
(Ikekawa, Zhao, 1991; Li, Van Staden, 1998;
Sasse, 1999; Ali et al., 2007; Kagale et al., 2007,
Bajguz, Hayat, 2009; Yuan et al., 2010; Hayat
et al., 2012; Jiang et al., 2013; Fang et al., 2019;
Fu et al., 2019), umenno bBC urpaiotT 0CHOBHYIO
pOJIb B NOBBIIICHUN YCTOMYMBOCTU PACTEHUN K

TAKHUM BHCHIHUM CTPECCOpPAM, KaK DKCTpEMaJib-

Hble TeMIlepaTypsl, 3acyxa, TM, 3aromeHue,
3aCOJICHHE, IOBPEXKJCHNWE TepOuIuaamMu, II0-
paxeHHe maToreHaMHu. [ TaBHOE IMPEUMYIIECTBO
ncrionb3oBanus bC 3akiiovaeTcst B TOM, YTO OHH
HE BPEIsT OKPYKarollel cpejie, MOCKOIbKY Jeil-
CTBYIOT B €CTECTBEHHBIX /103aX M €CTECTBEHHBIM
nyTeM, a TaKXe He MHAYLUPYIOT KOIBOJIOLHIO
Bpenureneii (Khripach et al., 2000). B To e Bpe-
Msl IPUMEHEHHE OOJBIIMHCTBA CTUMYJISTOPOB
pocTta MOXET HHTEHCH(HUIHMPOBATH MOTJIOIIE-
HUE PACTEHUSIMU M3 TOYBbI MUHEPAJBHBIX CO-
ennHeHnH. lo MMeIOMmMMMCS TaHHBIM, CHCTEMa
HOTJIONICHHS] U TPAHCIOPTa METAJIJIOB Y pacTe-
Huil HepocTatouHo crienupugHa (Clemens et al.,
2002). Io >0l npuYMHE CYIIECTBYET ONACHOCTh
HAaKOIUJICHUS B TKAaHSIX M OpraHax pPacTeHHH B
U30BITOYHOM KOJIMYECTBE KaK HEICCEHIHAJb-
HBIX, TaK W 3CCEHIMAIBHBIX 3y1eMeHTOoB. Ilpu-
MEHeHHe OOJIBIIMHCTBA PEryJsTOpPOB pocTa B
COBPEMEHHOM DPAaCTEHHEBOJCTBE IOBBIIIAET I10-
TEHIMAJIbHBIA PUCK NPEBBIMICHUS JOIYCTHMOTO
conepxkanuss TM B pacrenusix. OqHaKO CHUHTe-
TUYECKUH Tpenapar DMUH-DKCTPa MO3ULIHOHU-
pyeTcst Kak YHHBEPCAJIBHBIH CTUMYJIATOP pocTa
pacTeHU# U ajanToreH, NPUMEHEHHE KOTOPOTo
HUBEJIHMPYET BO3JCHCTBHE HAa PAacTEHUs TaKUX
CTPECCOPHBIX (PAKTOPOB, KaK BO3ACHCTBHE IKC-
TpPEeMaJIbHBIX TEMIIEpaTyp, 3aCyXH, TOBBIIICHHO-
ro cojepkanus B nouse TM, paguoHyKIuJIOB
W Tp., YTO JOCTHUTAeTCS IOCPEACTBOM CTHMY-
JAIUH COOCTBEHHOI'0 MMMYHHTETa PACTEHUN;
oH o0ecreunBaeT MOBHIMICHHE YCTOWYMBOCTH K
3a00JIeBaHHUSM IPAKTUYECKH Y BCEX CEIIbCKOXO-
3siicTBeHHBIX KyneTyp (LlamoBan u ap., 2014).
CrnenyeT akIeHTHPOBAaTh BHUMAHUE HAa TOM, YTO
OnuH-DKCTpa CHUXKACT aKKyMYJISIUI0 XUMHUYe-
CKHX DJIEMEHTOB M UX COSAMHEHUN, HAXOAAITHX-
csl B M30BITKE, YTO Ba)KHO JUIsl O€30MAaCHOCTH 1
KadecTBa PaCTCHHEBOAUECKON MPONYKIINU. AHa-
JU3UPYsl WMEIOLINecs: JaHHbIE HCCIeJOBAHUI
(Bajguz, 2000; Kaur, Bhardwaj, 2003; Janeczko
et al., 2005; IIpycakosa, Ymxkona, 2005; Sharma,
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Bhardwaj, 2007), MOXHO 3aKJIOYHMTh, YTO OC-
HOBHOH NPHUYMHON YMEHBIICHUS IPOSBICHUS
ToKcHueckoro aeicTeus TM mpu o6padotke bC
CIIy)KHT YMEHBIIEHUE UX KyMYJSILIUU B OpraHax
pacTeHusl.

B nacrosimee BpeMst omyOIMKOBaHO Orpa-
HUYCHHOE KOJHMYECTBO PE3yNbTAaTOB HCCIIEAO0BA-
Huit (Bomomekuu, 2003; Janeczko et al., 2005;
TutoB u ap., 2011; Hayat et al., 2012; I'py3HoBa,
2017), HEmOoCPeACTBCHHO KACAIOIIMXCS IIPUMe-
HeHus bC U cHHTeTHUYeCKUX NpenapaToB Ha MX
OCHOBE C IEJIBIO 3aIIUTHl CEIbCKOXO3SIHCTBEH-
HBIX BHJIOB PAaCTCHUH B YCJIOBHSX 3arpsi3HEHUs
cpensr TM, B wactHocTu Pb. Hampumep, Obu10
MoKa3aHo, 4To 00paboTKa KiIyOHEW KapTode-
ns 0,4%-HpIM paboyuM pPacTBOPOM IIperapara
OnuH-DKCTpa W BereTaTMBHOW Macchl B (ase
oyronuzanuu 0,02%-HeIM paboyuM pacTBOPOM
CHIDKaeT cojiepkanue B Hux Pb, actara (At), Znu
Cu (Bosogpkun, 2003). O6paboTka npenaparom
OnuH-DKcTpa (MPEArnoCeBHOE 3aMayuBaHUE U
OIIPBICKMBAHKE BET€THPYIOUINX PACTEHUI) a0
HOJIOKUTENIbHBINA PE3yJIbTaT MPHU BbIPAIIMBAHUN
CBEKJIBI CTOJIOBOH copTa «bopro» u nepra ciaj-
Koro copra «PomHuK» Ha OYBaxX, 3arPSI3HEHHBIX
Pb u Cd. Ilpumenenune naHHOTO OMOCTUMYJIS-
TOpa CrocoOCTBOBAJIO TOBBIIIEHHIO YPOXKAWHO-
CTHU U CHHKEHUIO KOHLIEHTpauuu TM B roToBOit
HPOJIYKIHHU KaK CBEKJIbI, Tak ¥ nepua. [Ipu atom
yBEJIIMYEHNE YPOXKAWHOCTHU Tepra ObLIO MaKCH-
MaJIbHBIM M cocTaBuiio 20,6 % 1Mo CpaBHEHHIO C
koHTposeM (Turo u ap., 2011). K.A. I'py3HOBOM
(2017) Obuto moOKa3zaHo AM(PEpEHIIMPOBAHHOE
BIUSIHUE PETYJSTOPOB POCTa Ha NpO- M aHTH-
OKCHUJAHTHYIO aKTUBHOCTbh PACTEHUIl IMIICHHUIIbI
B MPUCYTCTBUM Pa3IMYHbIX KOHLUEHTpauuid TM
B cpele, B ToM umcie u Pb: perynsarops! pacre-
Huii [utoned n TunuasypoH MOTYT OKa3hIBaTh
KaK CHHEPTrUYecKoe, TaK U aHTarOHUCTUYECKOE C
nonamu TM geiicTBue, Torga kKak SMUH-DKCTpa
u PubaB-DkcTpa 0Ka3bIBaIOT TOJNBKO aHTAarOHU-

CTHYCCKOC I[eﬁCTBHC, MO3TOMY X IIPUMCHCHHUC B

yCIIOBUSX 3arpsi3HeHus cpensl TM, B TOM uncie
n Pb, saBusiercs Hamboiee MpeqOYTHTEIBHBIM
BBUJY OoJiblIeii 3 PEKTUBHOCTH IIPOTEKTHPYIO-
IIEro JEUCTBUSL.

B uccnenoBanusax H.U. I'pabosckoit (2018)
IIPU HM3YYEHUH MPOTEKTHUPYIOIIETO JeicTBUS
OnuH-DKCTpa Ha CeMEeHa U PACTEHHUs Kpecc-
cajara, KOTOpbIE MMOMEIIATIH B CPEIbl C TOBBI-
LIEHHBIM cojiepkaHueM Pb, ObLI0 BBISIBIICHO He-
raTHBHOE Bo3JeicTBue noHoB Pb Ha BcxokecTb
cemsH. Konnenrtpamuu obiero Pb B cpezne B 50,
100 ITJIK mirst moussr (1600, 3200 MI/KT) 1 BBIIIE
netanabHBl — 100 % ceMsH moru6ano M MpoTeK-
THpYyIOlIee AeficTBUe DNUH-DKCTpa HE ONpese-
nsinock. PoctoBbie mokazatenu 10-qHEBHBIX pac-
TEHUI, BBIPAIICHHBIX B CPEAE C IMOBHIIICHHBIM
comepkanueM Pb, ObUTH 3aMETHO CHUIKCHBI IO
CPaBHEHHIO C NPOPOCTKAMH, BBIPALICHHBIMH B
OeccBUHIIOBOW cpene. Hawbosbiee TokcHue-
ckoe BoszelicTBue Pb oOka3pIBad Ha KOPHEBYIO
CHUCTEeMY, MOAaBNsisA ee pocT U pa3Butue. CHH-
xKeHue (GopMUpOBaHMS KOPHEBOH CHUCTEMBI Ha-
0JII0/1J10Ch YKe MPHU KOHLeHTpauuu Pb cBbiiie
10 TTK mnst mousst (320 mr/kr). [lo cpaBHEHHIO
C KOHTPOJIEM Y TECT-00BEKTOB, BhIPAIICHHBIX B
cpelie ¢ MOBBIMIEHHBIM cozepkanueM Pb, ¢op-
MHPOBaHHE KOPHEBOW CHCTEMbI OJIOKMPOBAJIOCH
Ha 85-90 %, 4TO BecbMa CyIeCTBEHHO (pHc. 2).

B ycnoBusx 3arpsizHenus Pb npumenenue
OnuH-DKCTpa ylnydIalo pOCTOBbIE OKA3aTelH
KOpHEBOit cuctembl Ha 11-28 %. Biusinue Pb Ha
nodern OBIJIO HE CTOJb BBIPAXKEHO, KaK Ha KO-
pesb. B cpeaHem, CHU)KEHHE POCTOBBIX IOKa3a-
Tesel modera cocraBuio 50-75 % 1o CpaBHEHHIO
¢ KoHTpoJieM. Takxke ObLIO 3aMEUYEHO, YTO IPH
KOHLEHTpanusax Pb, ONM3KMX K KPUTHUYECKHUM,
MIPOUCXOJIUT pa3pylleHue xJjopoduiia U Hapy-
IIeHue 0OMEeHa BEIIECTB, YTO BHI3BIBACT MOXKEII-
TEHUE M HCKpHBIIeHHE moleroB. [IpumeHeHue
OnuH-DKCTpa ylydInalo pOCTOBbIE OKA3aTelH
moberos Ha 0,7-17 %. Takum 00pa3om, MPOTEK-

THpYIOIllee JEHCTBHE Ipenapara ONHH-DKCTpa
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Puc. 2. Uarubupytoriee AeHCTBUE CBHHIIA HA Pa3BUTHE KOPHEBOW CHCTEMBI U obera y kpecc-canata (Lepidium
sativum) copta [lanckuii (poro H.UM. I'pabosckoii). [lokazaHbl pacTeHHs Kpecc-cajiaTa Ha TMATBHIA JCHb
Bereranuu. CieBa — KOHTPOJIBHOE pacTEHHE Kpecc-caliaTa, BhIpAllleHHOEe B OECCBMHLIOBOM cpele; cripaBa —
OMBITHOE PACTEHHUE KPECC-caiaTa, BRIPALICHHOE B Cpeie ¢ KoHIeHTpalueit Pb 1200 mr/n

Fig. 2. Inhibitory effect of lead on the development of the root system and shoot in cress plants (Lepidium sativum)
of the Dansky variety (photo of Grabovskaya N.I.). Cress plants on the fifth day of vegetation are shown. On the
left — the cress plant grown in a lead-free medium (control); on the right — the cress plant grown in a medium with

Pb concentration of 1200 mg/L

Ob110 GoJiee BRIPAXKEHHBIM Ha KOPHEBOW CHCTE-
Me, Hexeln Ha nodere. [Ipn koHueHTpanusx Pb
B cpene csbiie 30 [TJK s moussr (960 mr/kr)
POCT pacTeHHil 3HAYUTEIBHO HMHTHOMPYETCS.
CriemoBaTesbHO, IPUMEHEHHE Mpernapara JMiH-
DkcTpa Haubojee 1e1eco00pasHO MPU KOHLICH-
Tpaumsx obmero Pb okxono 10-30 ITJIK must mo-
9BbI (320-960 MI/KT).

3akaroueHne

B cBs3u ¢ yXyAlIEHHEM 3KOJOTHYCCKOM
CUTYallMd W Jerpajalueii SKOCHCTEM pPa3HOTO
YPOBHS TCHACHIIUS BO3JCHCTBUS HA PAaCTCHHS
HeOMaronpusATHBIX (akTopoB Oymer Hapac-
TarTh, IOJTOMY IPUMEHCHUE CCTECTBCHHBIX,
0e30macHBIX ISl OKPYIKAMOMIEH Cpeabl U 4eso-
BEeKa OMOCTUMYJISITOPOB SIBJISICTCS BEChbMa IEp-
CIICKTHBHBIM HAIpaBICHUEM U TPeOyeT Iaib-
HEHUIIUX HCCIECIOBAHUM C IIEJbIO TOBBIIICHUS
s dexTuBHOCTH U 0€30MTACHOCTH UX HCIIOIB30-
BaHus1. OUEBUIHO, UTO JAHHBIN BOIIPOC TPeOyeT

Z[aﬂbHCﬁLHeFO HU3y4YCHUs €lIC U BBUAY TOI'O, UTO

paznuunbie TM oOxanaoT pa3zHooOpa3HBIMHU
MEXaHM3MaMH HaTOJOTMYECKOro AEHCTBUSA Ha
PaCTHTEIIBHYIO KJIETKY, CJICI0BATEIbHO, 3 dek-
THBHOCTH NPUMEHEHUSI CHHTETHYECKHX IIperna-
patoB Ha ocHOBe BC Takke MOXeT 3HAYUTEIBHO
BAapHUPOBATh.

BeposiTHO, 4TO 110I00HOT0 pojia UccienoBa-
HUS 11e1ec000pa3Ho MPOBOJUTH METOIOM OHOTe-
CTHPOBAHUS Ha IPOPOCTKAX C MCHOIB30BAHUEM
pacTeHNH-NHINKATOPOB, TaK KaK ATO MO3BOJISET
CO3/IaTh CTaHJAPTU3UPOBAHHbIE YCIOBHUS, Oojee
TOYHO PEryJMpoBaTh KOHIEHTpauuio kak TM,
TaKk ¥ OMOCTUMYJISITOpA, 4TO AacT Oojee 10CTo-
BEPHBIC PE3yJIbTATHI 10 CPABHEHUIO C OIIBITAMU B
OTKPBITOM I'DYHTE.

[Tpn mombope pacTUTENBHBIX PEryJsiTOPOB
JJIs1 HUBCJIMPOBAHUA TOI'O UJIX MHOT'O CTPECCOP-
HOro (pakTOpa HEOOXOAMMO y4YeCTh IEIBIH psij
JACTCPMUHAHT. BO-HepBI)IX, KOHIICHTPAaIXMOHHBIC
3G QeKTH peryyiiaTopoB pOCTa, HAINPABICHHBIC
NIPOTUB CTPECCOPHBIX BO3JEHCTBUI, OYEHb 3a-

BUCAT OT BHJA CTpECCOpa, €ro A03bl, ocobeH-
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HOCTEH PacTEHUU U yCJIIOBUH MX BbIPALLMBAHUS,
II03TOMY HEBO3MOXKHO NO100paTh OAHY-/IBE
KaKHe-TO KOHLEHTPAILMK PEryJlsiTOpOB pPOCTa,
mo3BoJIsronue 3PpPEeKTUBHO OOPOTHCS ¢ A0HOTH-
YEeCKHM/aHTPOIOr€HHBIM CTpeccoM. Bo-BTOpbIX,
MIOCKOJIBKY CHHTETHYECKHE (a TakyKe MHOTHE
HPUPOJIHBIE) 3K30TCHHBIE PEryJsiTOpbl poCTa
SIBJISIFOTCS. KCEHOOMOTHKAMHU /ISl pacTeHUH, OHU
MOT'YT OKa3bIBaTh KaK IOJIOKUTEIbHbIE, TAK U
HEeTraTHBHBIC YPPEKTHI (B HOPME U IIPU CTPECCax).
B-Tpetbux, Bce (PUTOrOPMOHBI B PACTEHUH CO3-
JaroT o0ImyIo perynstopHyio ceth (JIykarkuw,
Jlykarkun, 2017), u Bo3MyIlEHHE, CO37]aBacMOe
BBEJICHUEM OJIHOTO KAaKOTO-THOO JIOTOTHHUTEIb-
HOT'O 9K30M€HHOT0 PEryJjsiTopa pocrta, NPOBOIH-
pYeT cepbe3HbIe N3MEHEHUs B pabOTe HENOCTHOH
FOPMOHAJIBHOM cucTeMbl pactenus. K Tomy xe
IIpU TIPUMEHEHUH CTUMYIISATOPOB ISl YJIydIlle-
HUS COCTOSIHUSI PACTEHUI IIPH cTpecce, BhI3BaH-
HOM BoszfeiicTeueM TM, B Tom uucie u Pb, Hyx-
HO YYHUTBIBATh, YTO HEKOTOPbIE CTUMYJISTOPBI HA
OCHOBE (pUTOrOPMOHOB ¥ TOPMOHOIIOIOOHBIX CO-

€IMHEHHUH WHTEHCU(HUIMPYIOT HAKOIIJICHUE pac-
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Abstract. Abscisic acid (ABA) plays an important role in the regulation of protective processes
under stresses of various nature. In contrast to abiotic stresses, when a plant and a pathogen interact,
this phytohormone is in most cases a negative regulator of resistance. However, even with a similar
nature of pathogenesis, ABA can produce different effects. For example, ABA treatment in different
experiments induced either a decrease or an increase in the susceptibility of cereals to powdery
mildew. The aim of this work was to study the immunomodulatory properties of exogenous ABA
depending on its concentration in the pathosystem composed of wheat Triticum aestivum L. plants
and powdery mildew pathogen Blumeria graminis (DC.) Speer f. sp. tritici (syn. Erysiphe graminis).
We studied the change in the number of pathogen colonies on susceptible wheat leaves (Zarya and
Tavrichanka varieties) when two-week-old seedlings were treated with various ABA concentrations
(0-9 uM) before and immediately after they were infected. When whole plants were used in the
experiment, ABA was added to Knop’s solution; in experiments with detached leaves floating in Petri
dishes, aqueous solutions of the phytohormone were used. Our results show that the magnitude and
direction of the effect of exogenous ABA on the number of colonies of the pathogen depends on its
concentration and the time of application relative to the moment of infection. ABA concentration
dependence was variable in form: similar concentrations could be inhibitory, resulting in the minimum
number of colonies, or stimulating, with the maximum number of colonies. At the same time, the
pre-infection use of ABA was more likely to be inhibitory. The non-monotonicity and variation of
the form of concentration dependence could probably account for the contradictory literature data on
the immunomodulatory properties of ABA. The complex nature of the concentration dependence and

the corresponding variation in the immunological state within a fairly wide range seem to ensure the
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maintenance of equilibrium in the pathosystem and the chances for survival of both the host plant and
the pathogen.

Keywords: Blumeria graminis f. sp. tritici, powdery mildew, wheat, susceptibility, abscisic acid

(ABA), concentration dependence.
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Bausinue ad0cun30B0OH KHCJIOTHI
HA BOCHPUMMYHUBOCTD JMCThEB MIICHULbI
K BO30YIMTEJ0 MYYHHUCTON POCHI
Blumeria graminis f. sp. tritici
A.B. Ba6oma

Iasnwviti 6omanuueckuti cao um. H.B. Luyuna PAH
Poccuiickasa ®@eoepayus, Mocksea

Annoranus. Aocum3oBoii kuciore (ABK) mpuHamIeKUT BakHAsT POJb B PETYISIUN 3alIUTHBIX
MPOLIECCOB IpPHU CTpeccax paslIMYyHOM HpHUponabl. B oTiamume oT abMOTHYECKHX CTPECCOB IpHU
B3aMMOJICHCTBUU DPACTEHHS W IATOreHa ATOT (UTOrOPMOH B OOJBIIMHCTBE CIy4aeB SBIISIETCS
HETaTUBHBIM DPETyISATOPOM ycToH4YuBOCTH. OJHAKO da)ke HMPH CXOZHOM XapaKTepe IaToreHesa
aktTuBHOCTh ABK MoxeT ObITH pa3HOHampaBieHHOH. B wacTHOcTH, 00paboTka ABK B pasHBIX
SKCHEepUMEHTaX MHAYLIHMpPOBajlda KaK CHIDKEHHE, TaK W YBEJIHWYCHHE BOCHPHHUMYHMBOCTH 3JaKOB K
My4HHCTOH poce. Llenpio naHHON pabOTHI SBHIJIOCH M3Y4YEHHE MMMYHOMOIYJIHPYIOIINX CBOMCTB
sk3oreHHOil ABK B 3aBHCHMOCTH OT €€ KOHIIGHTpPAllMHW B NMAaTOCHCTEME, BKJIIOYAIOLIEH pacTeHHS
neHuns! Triticum aestivum L. m Bo30ynuTens MydHHUCTON pockl Blumeria graminis (DC.) Speer f.
sp. tritici (syn. Erysiphe graminis). ViccnenoBaiau u3MeHEHUE YKCIa KOJOHUH MMaTOTeHa Ha JIUCThIX
BOCTIPHMMYNBOMH MIIEHUIBI (copToB 3aps u TaBpuyanka) npu o0padoTke 2-HeJEeIbHBIX IIPOPOCTKOB
paznuuHbiMu KoHIeHTpauusaMu ABK (0-9 MxM) 110 M HemocpeACTBEHHO TOciie WHPUIMPOBAHUSI.
IIpu o6pabotke uenbix pacteHuit ABK mobGaBmsuiim B pactBop KHoma, B JKcrepuMeHTax ¢
OT/ICJICHHBIMHM JIMCThSIMH Ha I1JI1aBYy B yaiikax [leTpu ncrosib30Banu BoAHbIE pacTBOPbI (PUTOrOPMOHA.
IlokazaHo, 4TO BEeIWYMHA U HANPABIEHHOCTb BO3JeHCTBHUS 3Kk30reHHOM ABK Ha uncno xonoHuit
MaTOreHa 3aBHUCAT OT €€ KOHLEHTPAallMd W BPEMEHH IPHUMEHEHHsS OTHOCHTEIBHO MOMEHTa
nHpunuposanus. Konnenrpannonnas 3aBucumocts 111 ABK BapsupoBana o ¢opme, Moria nMeTh
MUHUMYM (YMEHBIICHHE BOCIHPHUMYHBOCTH) WM MaKCUMyM (yBEJIWYCHHE BOCIPUHUMYUBOCTH)
Yycaa KOJOHWH NMPH CXOAHBIX KOHIEHTpauusax. IIpu 3ToM MHrnOupoBaHue pocTa MaToreHa ObLIo
0osiee xapaKTepHO IPH MpeaBapuTeabHO 00paborke ABK. HeMOHOTOHHOCTH M BapbHPOBaHUE

q)OpMLI 3aBUCUMOCTHU OT KOHLCHTPpAlUU, BEPOATHO, MOT'YT OOBSICHUTH HMCIOIYIOCA B JIMTEPATYpPEC

— 165 —



Alexander V. Babosha. Effect of Abscisic Acid on the Susceptibility of Wheat Leaves to Powdery Mildew...

HEOHO3HAYHOCTh IPH OIpeNelIeHn HMMYHoMoaynupytomux cBoiictB ABK. CrnoxHblit xapaktep

KOHL[GHTpaL[PIOHHOﬁ 3aBUCUMOCTH H O6YCJ'IOBJ'I€HHO€ UM BapbUpPOBAHUC B JOCTATOYHO HIUPOKUX

npeacjiax UMMYHOJIOTHYCCKOTO COCTOAHM A, ITIO-BUAUMOMY, 00ecIeYynBarT MOAACPIKAHUC PABHOBECHU A

B [IATOCHUCTEMC U HIAHCHI HAa BBIDKUBAHWEC KAaK PACTCHUIO-XO35IMHY, TaK U [IATOTCHHOMY OpPraHU3MY.

KuatoueBsle caoBa: Blumeria graminis f. sp. tritici, My9HUCTas poca, MIIEHUTA, BOCIPUUMINBOCTb,

abcumsoBas kuciora (ABK), KoHIIEHTpallHOHHAS 3aBUCUMOCTb.

Iuruposanne: baboma, A.B. Bnusaue abciu30Boil KUCIOTH Ha BOCTIPHUMYHMBOCTD JINCTHEB IIIEHUIB K BO30YIHUTEIO
MYYHHUCTOU pocsl Blumeria graminis f. sp. tritici / A.B. ba6oma // XKypu. Cub. denep. yu-ta. buonorus, 2020. 13(2). C. 164-

172. DOI: 10.17516/1997-1389-0316

BBenenne

AbcumsoBoii kucnote (ABK) mpuramiexut
Ba)KHAsI POJIb B PETYJISIIUH 3AIUTHBIX ITPOLIECCOB
TIpH cTpeccax pa3aIudHoi mpupoasl. [loBermenue
koHneHTpauuun ABK B pacTeHnn npoucxomut
10/ ICHCTBHUEM 3aCyXH, 3aCOJICHHSI, TEIJIOBOTO U
xoJoa0Boro ctpeccopa (Kynaesa, 1994). B otnu-
4yye 0T aDMOTHYECKUX CTPECCOB IIPH B3aMMOJICH-
cTBUU pacTeHus u natoreHa ABK nmpunuceiBarot
B OOJIBIIMHCTBE CJIy4aeB POJIb HEIaTUBHOI'O pe-
ryjasitopa ycroiunBoctd (Mauch-Mani, Mauch,
2005). D10 00ycioBIMBaEeT OCOOBIM XapakTep
MU3MCHEHHSI YCTOHYMBOCTU TPH KOMIUIEKCHOM
CTpecce ¢ ydacTHeM OHOTHYECKHX W aOHOTH-
YecKUX (aKTOPOB MJIM B YCJOBHSIX, KOTJA OJUH
THN cTpecca npemmecTByeT apyromy (Gupta et
al., 2017). B3aumozielicTBusI MEXy OTBETaMH Ha
OrnoTnyeckne U aOMOTHYECKUE CTPECCOPHI MOT'YT
OBITh CHHEPIMYECKMMH WJIH aHTArOHUCTHYECKH-
MH, B PETyJSIMUN OOOMX NPUHHMACT y4acTHE
ABK (Asselbergh et al., 2008).

B narocucremax ¢ pa3HbIM THIIOM IaTOTe-
He3a MJIM Ha Pa3HBIX CTAJUSIX Pa3BUTHS aKTHB-
HOCTh ABK MOkeT OBITH pa3HOHAIpaBIICHHOU
(Ton et al., 2009; Van Gijsegem et al., 2017).
OnHako Jake B MATOCHCTEMAaxX C y4yacTHeM Ono-
TPO(MHBIX TATONCHOB IOJIyYEHBI TPOTHBOPEUH-
BBIe pe3ynbrarhl. Tak, ABK mHTrHONpOBana pas-
BUTHE Oypoii n xenToi pxxaBunnbl (JleBun, 1984;

OunensHaHT U 1p., 1985; Jlapuna u np., 1991),

OJIHAKO CTHMYJIMpOBaJia pa3BUTHE CTeOIeBOU
pxaBunHbl (OKurankuna, Yurpun, 1986). O6-
pabotka ABK B pa3HbIX 3KCIIEPUMEHTAaX MOTIJIA
CTUMYJIMPOBATH Pa3BUTHE MYYHHCTONW POCHI S4-
menst (Edwards, 1983) uiau uHIyIHpOBaTh orpe-
JICIICHHBIN ypoBeHb ycroitunBocth (Wiese et al.,
2004).

Herarusnas pons ABK no ornomenuio k
YCTOHYMBOCTH PACTEHUMH, MO-BUAUMOMY, 00y-
CJIOBJICHA €€ aKTHBHOCTBIO KaK aHTAaroHKHCTa ca-
JIMIUJIOBOI KHCJIOTHI, YTO IIPUBOJAUT K MHTUOU-
POBAHUIO 3aUTHBIX PEAKIIUN U TPHOOPETEHHOM
ycroitunBoctu (Anderson et al., 2004; Yasuda et
al., 2008; Sugano et al., 2013). [TosuTrBHOE BO3-
nericteue ABK Ha yCcTOMYMBOCTH K MaToreHam
MOXET OBITh CBSI3aHO C pEryisinuell (yHKINH
yerbun (Lim et al., 2015; Melotto et al., 2017) niu
obOpazoBanuem manwini (Asselbergh et al., 2008;
Garcia-Andrade et al., 2011).

3HAUUTEIBHOE YNCIO ITATOTCHHBIX W MHU-
KOpH3HBIX TpubOoB cuHTe3upyoT ABK (Tanu-
eBa, ®uaumonopa, 1992; Crocoll et al., 1991;
Danneberg et al., 1993; Siewers et al., 2004).
MOXHO TIpEeIoNIOKHUTh, YTO 00paboTKa 3THM
TOPMOHOM Ha Pa3HbIX 3Tanax HHPEKIHOHHOrOo
IIpoIIecca MOXET B OIPE/ICJIICHHON CTENeHH MO-
JenupoBaTh noBeinieHne ypoBHs ABK B cTpecco-
BBIX YCJIOBHUSIX.

Lenbto HacTosLIeH PaOOTHI SIBUJIOCH H3YYe-

HHUC UMMYHOMOAYJIUPYOIIUX CBOICTB JK30TCH-
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Hoii ABK B 3aBHCHMOCTH OT €€ KOHLIEHTpaIN’
B MIATOCUCTEME, BKITIOYAFOIICH pacTeHHS MIICHH-
ubl Triticum aestivum L. v BO30yIuTeNh MyYHU-
ctoit pocsl Blumeria graminis (DC.) Speer f. sp.

tritici.

MarepuaJibl U METObI

B pabote ncnonp3oBany 2-HeAeIbHbBIE pac-
TeHUs MIIeHUIpl 7. aestivum copToB 3aps u
TaBpruanka, KOTOpbIE BEIPAIIMBAIN B PyJIOHAX
¢unpTpoBanbHOl Oymaru Ha pactBope Knoma
npu temneparype 20-22 °C u 16-uacoBom ¢o-
TONEPHOE MPH OCBEIIECHUHU JIIOMHUHECLECHTHBI-
vu nammamu (20003000 nkc). MHOKYISITNIO
BO30YAMTEIEM MYYHHUCTOH POCHI MIICHUIIBI B.
graminis f. sp. tritici (syn. Erysiphe graminis)
MPOBOAMIIN TYTEM CTPAXHUBAHUS KOHHAMAIb-
HOT'O MHOKYJIIOMa ¢ MH(QHUINPOBAHHBIX JIUCTHEB
HECKOJIbKMX PACTECHUN-HAKOIUTENEH C IPUMEHE-
HUEM METOAMKH, 00ecIeunBaronie MaKCHMab-
HO paBHOMepHOe uHbuuupoanue (Babosha,
2009). B pabore WHCIOIB30BANHA TOMYIISITHIO
naroreHa, coopanHyto B MocCKoBCkoW obsacTu
U TIOJICP)KUBAEMYIO B J1a0OpPaTOPHBIX YCIIOBH-
SX Ha PACTEHUSX IIIEHHUIBI BOCIHPUUMYHBBIX
copToB. PacTenus nmeHnsl copra 3aps mome-
manu Ha pactBop Kuoma ¢ mo6asienuem 0,25,
0,5, 1, 1,5, 3, 4,5 u 9 MkM aOCLH30BOI KHUCIOTHI
(ABK, Sigma, CIIIA) HenocpeacTBeHHO MOCIie
nHpunuposanus. C pacTeHUSIMHU MIIEHUIBI CO-
pra TaBpruyaHKa MPOBOAWIM TPH THUIA IKCIIE-
PUMEHTOB B 3aBUCHMOCTH OT CXEMBbI 00paboTKH
ABK, xotopyro nobasnsanu B pactBop Kuoma B
koHueHntpauusx 0,062, 0,125, 0,25, 0,5 u 1 mxM:
1) 3a 2 cyT 10 MHGUIHPOBAHUS C TOCICTY FOIIEH
3aMeHoit Ha pactBop KHoma 6e3 ABK nocie mHo-
KYJISLUM TaTOTeHa; 2) HEeMOCPEICTBEHHO IOCIe
nHGUIMPOBaHUS (B 3TUX PACTBOPAX PACTCHHUS
OCTaBJISUTM 70 MOMEHTAa IOJCYeTa KOJOHHH);
3) 3a 7 CyT 10 MH(HUIIMPOBAHUS C 3aMCHOHW Ha
CBEeKeNpHUToToBiIeHHBIEe pacTBOpbl ABK B Tex ke

KOHHOCHTpAIUAX IIOCJIC WHOKYIIALWMKW MNaTorcHa.

B KOHTPONBHBIX BapHaHTaX HCIOIb30BAJIN pac-
tBOp Kuoma 6e3 ABK. B ombite ¢ 00paboTkoii
JIUCTHEB Ha IUIABY OTACJICHHBIC JIUCThS TOMEITa-
nu B vawiku Ilerpu Ha BogHble pacTBOpbl ABK
(0,25,0,5, 1, 1,5, 3, 4,5 1 9 MxM) HEOCpEACTBEH-
HO I0CJIe MHOKYJIAIHHY narorena (copt 3aps). [lo-
clie TOABJIEHUS! BUJUMBIX KOJOHUNW MYYHHUCTOU
pochl (5—7 cyT) ¢ mpuUMEHCHHEM OWHOKYIISIPHOM
JIyTIbl YUYUTHIBAJIM UX YUCIIO HA a0AKCHAJILHON U
aJlaKCHAJIbHOM MOBEPXHOCTIX 8—12 5HCThEB Ha
yyacTke JUIMHOU 7,5 cM. B ombiTe ucnonb3oBa-
1 1-e u 2-e HacTOosIUe JUCThS IPUMEPHO OJIU-
HakoBoW mupuHB (3,5-4 MMm). JlocToBEpHBIMU
CUMTANN Pa3IU4Msl MEXJY CPEIHUMH KOHTPO-
Ji1 M ONBITAa C HCIOJIb30BAHMEM f(-KPUTEPHS U
p<0,05.

Pe3yabTaThl 1 00CyKACHUE

[lonydeHHble pe3yNbTaThl TPEACTABICHBI
Ha puc. 1 u 2. KoHUeHTpauHOHHbIE 3aBUCUMO-
CTH Ha puc. | ObUIM NONYYeHBI pH 00paboTKe
ABK pacreHnii mmieHunbl copta 3aps HEMHo-
CPEICTBEHHO TMocie HuX HHUIMpoBaHus. B
9THUX 3KCHEPUMEHTAX JAHHBIH TOPMOH OKa3bIBall
MPEUMYIIECTBEHHO HHIHOUpYIOllee JeHCTBUE
Ha YHUCIIO KOJIOHWH BO3OYAMTENS MYYHHCTOH
pochl. XapakTepHOW OCOOCHHOCTBIO KOHIICH-
TPAIIMOHHBIX KPUBBIX pUC. | ABIISETCS HaIMIne
MHUHMMYMa Tpu HHU3KHX KoHUeHTpanusx (0,5
Ha KpuBoil 2 u 1 MkM Ha xpuBoi 1). B o6oux
ciaydasx yBenndyeHue KonueHTpanuu ABK ocma-
6115110 MHTHOMpoBaHue. Ha TMCThAX HHTAKTHBIX
pacTeHu pH BBICOKUX KOHIIGHTPAIIUAX KPUBas
rMena mato: npu yseandenuu 1036l ABK Boiie
1 MKM 4HCIIO KOJOHUH HE M3MEHSJIOCh, XOTS H
0CTaBaJIOCh JOCTOBEPHO HIKE KOHTpoJs. Ha oT-
JICNIEHHBIX JINCThAX MPH YBEIWYCHHUH J03bI HH-
ruOMpoOBaHME MOJTHOCTHIO MCYE3aslo, & CaM MHU-
HUMYM MPUXOAHJIICS Ha 00JIACTh 00JIee BHICOKUX
KOHIeHTpauii. CXOfHbIe KPUBBIE MOJTYUYCHBI Ha
JIUCTBAX MIIEHUIBI copTa TaBpumuaHka (puc. 2),

HO B BapHaHTe ¢ 00pabOTKOH 3a JIBOE CYTOK JIO
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Puc. 1. Bnausnue ABK Ha uucio koynoHuH My4HHCTOH pockl (% OT KOHTpOJs, l-e HacTosALIue JUCTbs)
npu ob6paboTke oTaeneHHbIX JucTheB (1) M pacrenuii (2) mmeHWNbl copra 3aps HEMOCPEICTBEHHO IOCIe
uH(pUIMpPOBaHUs. B KOHTpOJIE HA OTJENEHHBIX U MHTAKTHBIX JIMCThAX HaOmonamu 2,8+0,6 u 23+3 kosoHuu/cm>
COOTBETCTBEHHO. 3aII0JIHCHHBIM MapKepOM OTMEYEHbI BAPHAHTHI, JOCTOBEPHO OTINYAIOIINECS OT KOHTPOJIS

Fig. 1. Effect of ABA treatment on the number of powdery mildew colonies (% of control, first leaves) on detached
leaves (1) and plants (2) of Zarya wheat immediately after infection. In the control, on detached and intact leaves,
2.8+ 0.6 and 23 + 3 colonies/cm?, respectively, were observed. The filled marker indicates treatments that differ
significantly from the control
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Puc. 2. Bnusaue Bpemenu 06padotku ABK Ha uncio komoHuit MyuHUCcTON pockl (% OT KOHTpoJs). PacTeHus
nuIeHuIbl copra TaBpuyanka obpabortansl: 1 — 3a 2 ¢yt g0 uHbuuuposanus (1-i aucrt); 2 — 3a 2 cyT 10
uHuuupoBanus (2-if nuct); 3 — HemocpencTBeHHO mnocie MHpuuupoBanus (1-i mucr); 4 — 3a 7 cyt 1o
HHOHUITUPOBAHUS M IOMOJHUTEIBHO mocie uHuuupoanus (1-i nuct). B konTpone 14,9+£2.0 (1), 6,8+1,7
(2), 18,8+3,8 (3) u 4,2+0,7 (4) xomoHHK/CM?. 3aIOJHEHHBIM MapKepoOM OTMEUYCHbI BAPHAHTHI, JOCTOBEPHO
OTJIMYAIOLINECS OT KOHTPOJIS

Fig. 2. Effect of ABA treatment before and after infection on the number of powdery mildew colonies (% of
control). Treatment of Tavrichanka wheat plants: 1 — 2 days before infection (first leaf); 2 — 2 days before infection
(second leaf); 3 — immediately after infection (first leaf); 4 — 7 days before infection and additionally after
infection (first leaf). In the control, 14.9 £ 2.0 (1), 6.8 + 1.7 (2), 18.8 £ 3.8 (3) and 4.2 + 0.7 (4) colonies/cm?. The
filled marker indicates treatments that differ significantly from the control
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uHpuuupoBanusi. Haubonbiee WHrHOUpYyIO-
mee JeiicTBUe HA JIAHHOM COpPTE HMMENH KOH-
nentpauun ABK 0,125 u 0,25 MxM. IIpu sTom
MOICYET KOJIOHUH Ha BTOPBIX JINCTHSX MOKa3all
UX HECKOJIBKO MEHBINIYIO OT3bIBYMBOCTH HA HH-
rubupyromee aericteue ABK. Ilpu Goxee mo3a-
HeMm npuMeHeHun ABK B naHHOM sKcniepuMeHTe
WHTUOMpOBaHUE HcYe3ano (Ipu oOpaboTke He-
HOCPEACTBEHHO T0cie HHOUIIMPOBAHUS, KpUBas
3), a mpu JIATETPHOH WHKYOAallMW pacTeHUU B
pactBopax ABK kak /10 nHOHUIIMPOBAHUS, TAK U
T10CJIe HETo MPOMCXOUIIa CMEHa 3HaKa HMMYHO-
Monynsauun. Ha xpuBoi 4 mpu KOHLEHTpaIuu
0,25 MKM BUJHBI AOCTOBEPHBIE OTIUYHUS CPEI-
HETo YHciia KOJIOHUHM OT KOHTPOJS, OJHAKO H3-
MEHEHHSI UMEIOT IPOTUBONONOXKHBIN 3Hak: ABK
CTUMYJIUPYET Pa3BUTHE MYUYHUCTON POCHI.
Takum 006pa3om, 3aBUCHMOCTH UMMYHOMO-
nynupyromei aktuBHOCTH ABK 0T KoHIIEHTpa-
MU He MOHOTOHHas. Haumboiee xapakTepHBIM
9JIEMEHTOM KOHLIEHTPALIMOHHOM KpPUBOWM ObLI
MUHUMYM TIpH HHU3KHX KOHIIEHTPALHUAX, KO-
TOPBIH MPOSIBUIICS y PAaCTeHHUU OOOHMX COPTOB.
dopma KpUBOI B pa3HBIX MOJEIBHBIX CHCTEMax
OTJICJICHHBIX JINCTbEB M HMHTAKTHBIX PaCTCHHIl
(copt 3apsl) UMena OTIINYHS B TOJIOKEHUH MTHKA
UHTMOMPOBAHUS TPU HU3KUX KOHIIEHTPALHUIX U
B 3HAKe MMMYHOMOIYJISIIUM NpH Oojiee BBICO-
kux (puc. 1). MHTEpecHoit ocoOeHHOCThIO (op-
MBI KOHIIEHTPAIIHOHHBIX KPHUBBIX, MOJYUYCHHBIX
Ha copre TaBpuuaHka, ObLI MEPEXoJ OT MHTH-
OMpOBaHUS YMCIIA KOJOHHUI NpH NPUMEHEHHH
ABK 10 MHOKYIAIIMN BO3OYAMTENS MYYHUCTON
POCHI K €ro CTUMYJISIIMKA HPU JOTIOITHUTEIEHON
obpaboTke nocie nHduuupoanus (puc. 2). [lpu
9TOM Ha KOHLEHTPAIMOHHOM KpUBOW B BapH-
anTe o0paboTku ABK HenocpeacTBeHHO mocie
WHOKYJISIIMM HaOJIIOAAJIn CTaTUCTHYECKH He-
CYILIECTBEHHBIE (IYKTyallMu OPAMHATHI BOKPYT
YPOBHS BOCHPUUMYHMBOCTH B KOHTpoJIe. B ompe-
JICIIEHHOM CMBICIIE 3Ta MOCJIEAHSA KpUBasi UMe-

Jla TPOMEXYTOUHBIH XapakTep MeXmy IBYMs

YHOMSHYTHIMHU BbIme. CienyeT OTMETHTb, 4TO
paHee KpUBBIE CXOAHOH (opMbl HaOmIOgaNH B
TOI1 ke MaToCUCTeME NMPU U3yUYEHUU HMMYHOMO-
IYIAPYIOMHUX CBOMCTB MUTOKUHUHOB (Babosha,
2009). B ciyuae 3eaTnHa NOCTENEHHYIO TPaHC-
(dopMannio KOHLUEHTPALMOHHOW KPUBOW C IKC-
TPEMYMOM OJTHOT'O 3HAaKa B KPUBYIO C IKCTPEMY-
MOM JIPYTOT'O 3HAaKa, a TAaK)Ke IMPOMEKYTOUHYIO
3aBHCHMOCTb CO 3HAYEHUSIMH, OJM3KUMHU K KOH-
TPOJIIO0, HAOIIOAATN TPH U3MEHEHUH MHHEPAJIb-
HOT'O COCTaBa cpeJibl HHKYOAIMK 1 ITPU COBMECT-
HOW MHKYOAIIMy pacTeHNH B pacTBOpax 3eaTHHA
¢ 100aBlIeHHEM Pa3HbIX KOHIEHTpAIMi THna-
3ypona. [Toxoxwue Tpanchopmanuu GopmMbl KpH-
BOI OBLIN MOJyUYEHBI NMPH UMHUTALHUU CIOXKHOM
KOHLIEHTPAIIMOHHON 3aBHCHMOCTH C IOMOIIBIO
MaTeMaTHYeCKOW MOJAETH, OCHOBaHHON Ha TO-
CJIEZIOBATEIbHOM COEAMHEHHUH JIByX HPOIIECCOB
¢ cyOcTtpatHbiM uHrHOMpoBanuem (Babosha,
2009). DT0 MO3BOJISIET MPEAIOIOKHUTE MPHHA-
JISKHOCTh KOHIIEHTPAIIMOHHBIX 3aBHUCUMOCTEH
ABK & ToMy e KilacCy MHOTO(a3HBIX KPUBBIX,
YTO HE SABIAETCA HEOXKMIAHHBIM, €CIIH IPUHSITH
BO BHHUMaHHE OOIIEHM3BECTHYIO B3aWMO3aBHCH-
MOCTb CUT'HAJIbHBIX CUCTEM pa3HbIX (UTOropMo-
HoB (Shigenaga, Argueso, 2016).

[Ipy MaTremMaTH4eCKOM MOAETUPOBAHUU
BapbUpOBaHHE (OPMBI KOHIEHTPAIIMOHHOW 3a-
BUCHUMOCTH TPOUCXOAMIIO NPH H3MEHEHUU TIa-
paMeTpoB, COOTBETCTBYIOIIMX CHHTE3y, pas3-
PYWICHUIO MM TPAHCIOPTY TOPMOHAJIBHOTO
BemecTBa. OUEBUAHO, YTO B PEAbHBIX YCIOBH-
SIX M3MEHEHHE aKTUBHOCTH COOTBETCTBYIOIIMX
(EepPMEHTHBIX CHCTEM MOJXET IIPOUCXOAMTH ITIOJ
JIeicTBUEM pa3HbIX (PakTOpOB, BKJIIOUash U Te,
WHTEHCUBHOCTH KOTOPBIX HE KOHTPOJIMPOBAJIACh
WJIU IPUHIIUIIHATIEHO TPYIHO KOHTPOJIHUPYETCS B
9KCTIEpUMEHTE. BeposTHO, UMEHHO 3TUM MOKHO
OOBSICHUTH UMEIOLIYIOCS B JINTEPATYPE HEOIHO-
3HAQUYHOCTh HPH OIPEICICHUH UMMYHOMOYJIH-
pyromux coicTB ABK, a taxxe psma apyrux

(1)I/ISI/IOJ'IOFI/I‘I€CKI/I AKTHUBHBIX BCIICCTB.
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bonee pannee mpumenenue ABK otHOCH-
TEJIBHO MOMEHTAa MH(QUIMPOBAHMS C OOJbILICH
BEPOSITHOCTHIO MMEII0 MHTHOMPYIOLINI Xapak-
tep (puc. 2). Kpome Toro, B Tpex HE3aBUCHUMBIX
JIOTIOTHUTEIBHBIX AKCIIEPUMEHTAX Ha JIUCTHAX
copTa 3apsi, IPOBEACHHBIX IO CXOTHOH CXeMe,
npu obpadborke ABK 1o nHpuuupoBanus u He-
MOCPEICTBEHHO TMocie WHpuuupoBaHus B 20
BapHAHTAX C MCIOJb30BAHUEM PA3HBIX KOHIICH-
Tpauui MOJy4eHO MHTHOMPOBAHHE M TOJBKO B
MATH BapUaHTaX — CTUMYJISIHS YUCIIAa KOJTOHUI
10 CPaBHEHHUIO ¢ KOHTpojeM. HaoboporT, npu nc-
noas3oBanuu ABK yepe3 1 cyT u Oonee mocie
MHOUIMPOBAHNS COOTHOLICHNE HHIMOMPOBAHUS
U CTUMYJISIIIUYU YHCIIa KOJIOHUH OBLIIO IPUMEPHO
OJIMHAKOBBIM: B 15 BapuaHTax HaOIIONAIH TEH-
JICHLIMIO K MHI'UOMpoBaHuio, a B 20 — K CTUMYJIs-
OWH (TaHHBIC HE MPEICTABICHBI).

B nanHo# paboTe TpaH3UTHOE ITOBBILICHHE
ypoBHst ABK, kKoTopoe conpoBoxaaeT peakiuio
pacTeHus Ha JEeHCTBUE CTPECCOPOB Pa3IUYHOMI
MpUPOIBI, MoaenupoBanu o6padoTkoit ABK
KOpHEeH pacTeHuid. BaxxHO TO, B Kakoil mepe
pe3yJIbTaThl, MOJIYYEHHBIE B HCIOJIb30BAaHHOMN
MOJICTBHON CHCTEME, OTPaKal0T 3aKOHOMEp-
Hoctu yuyactusa ABK B perynsuuu npoueccoB
natoreHes3a. IIOCKONBKY OCHOBHBIM MECTOM
cunte3a ABK saBisrorcs kopau (Hartung et al.,
2002), 06paboTka KOpHEH JaHHBIM (pUTOTOPMO-
HOM MIPEJCTaBISACTCS JOCTATOYHO aJICKBaTHOM
MOJENBHONM CUCTEMON ISl MCCIENOBAaHHS €ro
HMMYyHOMONYIUpYRImuX cBoiicTB (Wiese et al.,

2004). TIpu nefcTBUM TEMJIOBOTO IIOKa MaKCH-
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Abstract. The article presents the results of research into the effect of removing phosphate from a
nutrient medium on the content of auxins and cytokinins in roots, root elongation and content of
reactive oxygen species in root tips of the barley ‘Steptoe’. In our experiments, the growth response
was detected as root elongation after a 4-day exposure to a phosphate-free medium. Activation of
linear root growth was preceded by changes in hormonal balance and in the level of reactive oxygen
species. Auxin content in the roots increased after 6 h of phosphate starvation and a two-fold increase
in the concentration of auxins in roots was detected by the end of the first day of the exposure to the
phosphate deficit conditions. Staining with diaminobenzidine revealed an increased level of reactive
oxygen species in the root tips of phosphate-starved plants after 6 h of exposure. However, after one
day (24 h), a reverse pattern was observed: the level of staining was higher in the plants supplied with
phosphates. Immunolocalisation of cytokinins in the root tips, where the zones of cell division and
extension determining root elongation are located, showed a decreased content of zeatin in the cells
under the effect of phosphorus deficit. The obtained data suggest that the detected rise in the amount
of reactive oxygen species was due to the increased concentration of auxins accumulated as a result
of the phosphate deficit effect on the barley plants. The increase in ROS and auxins contents could in
turn influence the level of cytokinins and, in the end, affect root elongation. Further experiments are

needed to test this hypothesis.

Keywords: Hordeum vulgare, phosphate deficit, root growth, auxins, cytokinins, reactive oxygen

species.
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Bausinue nepunura pocdopa Ha pocT KOpHei,
NMPOAYKUHMIO AKTUBHBIX (OPM KHUCJIOPOAA

H COACPKAHUE TOPMOHOB B PACTCHUAX SAIYMCECHHA

I.P. KynosipoBa, JI.b. Boicoukasi, A.B. ®eokTuCcTOBA,

N.N. UBanos., I.1O. 3aiiues, I.P. AxusipoBa

Ypumckuii uncmumym ouonocuu

Ypumckozo pedepanvrozo uccredosamenvcrkoeo yenmpa PAH
Poccuiickas ®@eoepayus, Yeha

AnHoTaumsi. B pabore npeacraBieHbl pe3yJbTaThl M3y4EHUs BIHMSHUS yaaleHus GocharoB w3
MUTATEILHOTO PAacTBOPA Ha COJEPXKaHWE ayKCMHOB M IUTOKMHMHOB B KOPHSAX, YAJIMHEHHE KOPHEH
U COjiep)KaHHe aKTHBHBIX (DOpPM KHCIIOpOAa B KOHUMKAX KOpPHEH pacTeHuil siumeHs. Pocroas
peakius, HPOSBUBINASCS B HAIIUX OSKCIEPHUMEHTaX B YMJIMHEHHN KOpPHEH pPACTEHHH SUMEHS
copta Steptoe, Obljia oTMeuyeHa mocie 4 cyToK Bo3jeiicTBust OecdocdarHol cpeabl. AKTHUBAIMH
JMHEHHOH CKOPOCTH pOCTa KOpPHEH IpeNIIecTBOBAIN H3MEHEHHs T'OpPMOHAJIBHOro OajaHca M
YPOBHS peakTUBHBIX (popMm Kuciiopozaa. C MoMoIIbI0 METOJ[a UMMYHO(PEPMEHTHOI'O aHaJln3a Yepe3
6 uvacoB BozaelcTBHs AepunuTa Gochopa OBIIO OTMEUEHO JOCTOBEPHOE BO3pACTAHUE, a K KOHIY
MEePBBIX CYTOK — JIByKPaTHOE YBEJIMUYCHHE KOHLIEHTPAI[MU ayKCHHOB B KopHe. Ha ¢done pocdarnoro
TOJI0/IaHMS OKpAIIMBaHNUE KOPHEH THaMUHOOCH3UAMHOM ITO3BOJIMIIO BBISIBUTH MOBBIIICHHBIH YPOBEHB
peakTUBHBIX (OPM KHCIIOPOAa B KOHUMKaX KOpPHEH yepe3 6 4acoB; MO MCTEUEHHH IEPBBIX CYTOK
(24 v) Habmrogamu oOpaTHYI KapTHHY — YPOBEHb OKPAIIMBAaHHS KOPHEH CHaOKEeHHBIX (ochaTtamu
pacteHuil ObLT Bbilie. Pe3ynbraThl HMMYHOJIOKAIM3AMK [TUTOKHHUHOB B KOHYMKAX KOPHEH, r1e u
HaXOJSITCSI ONIPEEIISIONINE POCT KOPHEH B JUIMHY 30HBI IEJICHUS ¥ PACTSKEHUS, [TOKA3aJI1 CHHYKCHNE
COZICpKaHUS 3eaTHHA B KJIETKaX, HAXOJSIIMXCA Moj BiusHueM neduuura pochopa. IloayueHnsle
JAaHHBIC TIO3BOJISIIOT IPEANOJIOKHUTh, YTO BBISIBICHHOE HAKOIJICHHE B KOPHSIX aKTHBHBIX (hopm
KHCJIOPOJia MOXKET OBITh OOYCIIOBJICHO MOBBIIICHHOW KOHIIEHTPALMEH ayKCHHOB, HAKOIHMBILUXCS B
pesynbrarte Bo3zaehcTBHs AepunuTa Gochopa Ha pacTeHUs TuMeHs. [[oBbIIIEHNEe YPOBHS ayKCHHOB
U peaKTUBHBIX (POPM KHUCIOPO/a B CBOIO OYepe/ib MOIJIO MOBJIHATH HA YPOBEHb IUTOKMHUHOB U, B
KOHEYHOM CYeTe, Ha yJJIuHeHue KopHei. TpeOyrorcs manpHEHIINE MCCIEAOBAHMS Ul TIPOBEPKHU

OTOI'0 MPEANOJIOKECHU .

Kurouessbie cnoBa: Hordeum vulgare, neduuut gocdopa, poctT KOpHEl, ayKCHHBI, IUTOKMHHUHBI,

AKTHBHBIE (OPMBI KHCIIOPOJIA.
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Introduction

Regulation of the rate of root growth and
development is an important mechanism of plant
adaptation to phosphate starvation. Allocation of
new biomass to root growth (Hermans et al., 20006;
Wang et al., 2015), changes in the rates of primary
roots elongation and the pattern of root branching
influence root ability to explore different layers
of soil and the nutrient uptake capacity of plants
(Lynch, 2011). Nevertheless, the mechanisms of
root growth response to phosphate starvation
are still not completely clear (Aibara and Miwa,
2014). A deficit in phosphates influences hormone
concentration in plants (Ribot et al., 2008; Rubio
et al., 2009) and reactive oxygen species (ROS)
production, while both hormones and ROS are
capable of affecting root growth and development
(Tyburski et al., 2010). However, little attention
has been given to possible interaction of these
factors under phosphate starvation conditions. In
the present paper we study the effect of removing
phosphate from the nutrient medium on auxins
and cytokinins contents in roots, root elongation
and ROS content in the root tips of barley plants
(up to the zone of root hairs).

Materials and methods

Barley plants (Hordeum vulgare L. ‘Steptoe”)
were grown on 0.1 strength Hoagland-Arnon (H-
A) nutrient medium (0.5 mM KNO;, 0.5 mM
Ca(N0;),, 0.1 mM KH,PO,, 0.1 mM MgSO,,
0.5 mM CaSO,) in which potassium phosphate
was substituted with sodium phosphate (modified
H-A). After stratification and germination, half
of the seedlings were transferred to a medium
without phosphates (P-). Plants were grown
at the 14-h photoperiod with the irradiance of
400 pmol m? s' PAR, temperature of 25/18°C

(day/night) and relative air humidity (RH) of 60—
70%. Preliminary experiments had showed that
substitution of potassium for sodium phosphate
did not inhibit the growth of plants.

Auxin content was determined by means
of enzyme immunoassay (Vysotskaya et al.,
2003) and ROS level in roots was detected
using diaminobenzidine (DAB) staining (the
protocol was adapted from Daudi et al., 2012)
after 6 and 24 hours of phosphate starvation. For
immunolocalisation of cytokinins, root tips were
fixed in a mixture of aldehydes and carbodiimide
(Kudoyarova et al., 2014) on the second day after
removing phosphates from the nutrient solution.
The intensity of staining on the photographs was
estimated in arbitrary units using the Imagel
program (the minimum and maximum values
were taken for 0% and 100%, respectively). Root
length was measured on the fourth day of the

experiment.

Results and discussion

Auxin content in the roots increased after
6 h of phosphate (P) starvation (97 £ 11 and
160 + 17 ng/g of root fresh weight on the medium
with and without P, respectively; mean+SE, n=9)
and after 24 h it was 2 times higher than in the
control (72+6 and 120+9 ng/g of root fresh weight
on the medium with and without P, respectively;
mean+SE, n=9). These results agree with the
literature data (Nacry et al., 2005). DAB staining
revealed an increased ROS level in the root tips of
the plants grown without phosphates during 6 h:
the intensity of staining increased approximately
3-fold (Fig. 1). After 24 h of exposure, a reverse
pattern was observed and the level of staining
was 3.5 times higher in plants supplied with
phosphates (Fig. 2).
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Fig. 1. (A) Level of ROS in root tips of barley plants (intensity of DAB staining) grown on modified Hoagland-
Arnon medium (P+) and 6 h after removing phosphates (P-) from the nutrient medium. Scale bar: 200 pm.
(B) Diagram presents the results of the semiquantitative assay of intensity of staining of root tips of ‘Steptoe’
obtained using the ImageJ program (as described by Sharipova et al., 2016). The images of nine independent
sections per treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and
minimum staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9
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Fig. 2. (A) Level of ROS in root tips of barley plants (intensity of DAB staining) grown on modified Hoagland-
Arnon medium (P+) and 1 d after removing phosphates (P-) from the nutrient medium. Scale bar: 200 pm.
(B) Diagram presents the results of the semiquantitative assay of intensity of staining of root tips of ‘Steptoe’
obtained using the ImageJ program (as described by Sharipova et al., 2016). The images of nine independent
sections per treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and
minimum staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9

Auxins are known, on the one hand, to ROS production may link the elevated auxin
induce ROS production and, on the other hand, concentration with the initial increase in the
to contribute to their inactivation brought ROS level in the roots of P-starved plants, while
about by up-regulation of the genes coding the hormone-induced inactivation of ROS may
for antioxidant enzymes (Krishnamurthy explain the subsequent decline in ROS detected
and Rathinasabapathi, 2013). Auxin-induced under P deficit.
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Fig. 3. (A) Immunohistochemical localisation of cytokinin zeatin in root tips of barley seedlings grown on
modified Hoagland-Arnon medium (P+) and placed for 2 days on the medium without phosphates (P-). Scale bar:
50 um. (B) Diagram presents the results of the semiqunatative assay of intensity of staining of root tips obtained
using the ImagelJ program (as described by Sharipova et al., 2016). The images of nine independent sections per
treatment were taken. The intensity of staining was expressed in arbitrary units, with maximum and minimum
staining intensity taken for 100% and 0%, respectively. Error bars are standard error, n=9

In the present experiments, phosphate
deficit stimulated a 16% elongation in roots on
the medium without P after 4 days of exposure
(29.5£1.1 and 34.3+1.3 cm on the medium with
and without P, respectively; meantSE, n=40).

ROS are known to influence cell extension
(Tyburski et al., 2010) suggesting their possible
involvement in the changes in root elongation
induced by P deficit. However, the data are
contradictory as both stimulatory and inhibitory
effects of ROS have been reported (Tsukagoshi
et al., 2010).

Immunolocalisation of cytokinins in root
tips showed a decline in zeatin content in the
cells influenced by P deficit (Fig. 3). Since
cytokinins are known to inhibit root growth at

the expense of cell division (Ivanov and Filin,
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2018), acceleration of root growth under P deficit
is likely to be due to a decrease in the level of
cytokinins in cells. The decline in the level of
cytokinins could result from either a transitory
increase in the ROS level exerting cytokinins
decay through their oxidation or accumulation of
auxins able to activate enzymatic destruction of

cytokinins (Hare and van Staden, 1994).

Conclusion

The obtained results suggest the following
succession of events: a phosphate deficit causes
changes in the ROS level brought about by
accumulation of auxins which finally results in
the changes in cytokinins level and elongation
of roots. Further research is needed to test this

hypothesis.
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Abstract. Red amaranth Amaranthus cruentus L. is a valuable fodder and grain crop. To generate new
varieties of this plant, genetic transformation methods can be used, but for A. cruentus such methods
remain undeveloped. The present study describes the results of our research in Agrobacterium-
mediated transformation of epicotyl segments of A. cruentus variety “Bagryanyi” by the 4ARGOS-
LIKE transgene of Arabidopsis thaliana controlled by the 35S promoter in the binary vector pCambia
1301 with a selective hygromycin B resistance gene. For shoot regeneration from epicotyl segments
after Agrobacterium-mediated transformation, Murashige-Skoog (MS) medium containing 13 uM
6-benzylaminopurine and 1 pM 1-naphthylacetic acid was used. For the selection of transgenic shoots,
10 mg/L of hygromycin B was added to the MS medium. Rooting of shoots was performed on selective
MS medium supplemented with 2 pM 3-indoleacetic acid. Three transgenic amaranth plants with the
genetic engineering structure 355::ARGOS-LIKE were generated. The efficiency of Agrobacterium-
mediated transformation of 4. cruentus was 4%. The amaranth plants transgenicity was confirmed by
the PCR analysis for the presence of marker and target genes. Two transgenic plants were acclimatized

to soil and open air conditions.
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ArpobakTepuaJjbHas Tpanchopmanus
IKCIVIAHTOB JMMKOTHJIe aMapaHTa 0arpsiHOro

Amaranthus cruentus L.

P.M. Taunosa®, X.I. Mycun*?, b.P. Kyayes*®

*BauKupcKutl 20Cy0apCcmeenHblll yHugepcumen

Poccuiickas ®edepayus, Ypa

*Uncmumym Ouoxumuu u 2eHemuxu —

000cobNeHHOe cmpYKmypHoe noopaszoeieHue

Vpumckoeo ¢eoepanvrozo uccredosamenvcrkozo yenmpa PAH
Poccuiickas ®edepayus, Ypa

AHHOTAanUA. AMapaHT OarpsHbelii Amaranthus cruentus L. sBIgeTcs LIEHHOW KOPMOBOH U
3epHOBON KyJbTypoi. JJIs ONy4YeHUs HOBBIX COPTOB ATOI'O PAaCTEHUs MOTYT OBbITh HCIIOJIb30BaHbI
METOZABI I'eHEeTHYeCKOW TpaHchopMmauuu, oxHako ais A. cruentus TaKue TEXHOJIOTHMH OCTAIOTCS
Hepa3paOoTaHHbIMH. JlaHHAsi CTaThs IIOCBSIIEHA OINMCAHUIO PE3yJIbTaTOB HalKMX paboT 110
arpoOakTepuaIbHOM TpaHCPOPMAIIUN CETMEHTOB SHUKOTHIEH A. cruentus copta «barpsHbiii»
tpancrenoM ARGOS-LIKE Arabidopsis thaliana L., HaxomsimuMes o1 KOHTpoJieM 35S mpomoTopa
B OunapHOM BekTope pCambia 1301 ¢ celleKTUBHBIM I'€HOM YCTOWYMBOCTH K THrpoMHUIMHY B. Jlns
pereHepanuy IMOOEroB M3 CErMEHTOB JIMKOTHIICH MOcie arpodakTepralbHON TpaHchopManuu
ucronp3oBaiy cpeny Mypacure-Ckyra, cogepxkamyto 13 MxM 6-OensmiamuHonypuna u 1 MM
1-HaTUITYKCYCHOM KUCIOTBL. JIJIsl celleKiMu TpaHCTeHHBIX M00EroB aMapaHTa B Cpeiy J00aBiIsuIu
10 Mr/n rurpomunnHa B. YKopeHeHHEe MOTYyUSHHBIX B XO/€ PadOTHI pereHepaHTOB MPOBOAMIN Ha
cenekTuBHOM cpene MC ¢ nodaBnennem 2 MKM 3-HHIONHITYKCYCHOM KUCIIOTHI. B X0/1e poBeieHHO
paboThl OBLIM TOJIY4YEeHBI 3 TPAHCTCHHBIX PACTEHHsS amapaHTa OarpsiHOro, HECyIIue TI'€HHO-
HHXEHEePHYI0 KOHCTPYKIHio 355::ARGOS-LIKE. TpaHCT€HHOCTH MOTYy4YEeHHBIX PAaCTEHUN amMapaHTa
Obuta monTBepxkaeHa myTteM I1I[P-anann3a Ha HanMumMe MapKEpHBIX M 1eNeBOro reHoB. IIpomeHT
3G GEeKTUBHOCTH arpobakTepuaibHO TpaHchopmauuu A. cruentus TPU HCIOIH30BAHHOM HAMU
MeTozie cocTaBmil 4 %. JIBa TpPaHCTEHHBIX PACTEHUS YAAJIOCh AKKIIMMaTH3UPOBATh K YCIIOBHSIM TTOUBBI

M OTKPBITOI'O BO3AYyXa.

KuroueBbie cioBa: Amaranthus cruentus, amapaHT OarpsiHbIA, in Vitro, pereHepamusi mooOeros,

arpoOakTepuaibHas TpaHcopmMaius, Tpancrennsle pactenns, ARGOS-LIKE.

HutupoBanue: TaumoBa, P.M. ArpoOakrepuanbHas TpaHCHOpPMAaLUs SKCIUIAHTOB SIUKOTHUICH aMapaHTa OarpsHOro
Amaranthus cruentus L./ P.M. Taunosa, X.I. Mycun, b.P. Kynyes // XKypu. Cu6. penep. yn-ra. buonorus, 2020. 13(2). C. 179-
187. DOLI: 10.17516/1997-1389-0292
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BBenenne

AMapaHT SBIISIETCSI paCTEHHEM, IIPUMEHSE-
MbIM B Ka4eCTBE OBOLIHOMN, KOPMOBOM, 3¢pHOBOH,
JIEKAPCTBEHHOW U JIEKOPATUBHOW KYJIbTYp. BbI-
COKasl NMUTAaTeIbHAs IEHHOCTh, OOYCIOBICHHAS
TIOBBIICHHBIM COZAEp)KaHUEeM Oenka, cOajlaHCH-
POBAHHOTO 1O aMHHOKHCIOTHOMY COCTaBy, KO-
JINYECTBY BUTAMUHOB M MUHEPANBHBIX COJEH,
JieJlaeT MPUBJICKATEIBHBIM HCIIOIb30BaHNE aMa-
paHTa B KyJIMHApUU, MEAUIIMHE U CEIbCKOM XO-
3sicTBe (Maromeno, Uupkosa, 2015).

CeJeKIIMOHHBIE pPabOTHl 110 BBIBEACHUIO
HOBBIX COPTOB aMmapaHTa B Poccun BemyTes no-
BOJIEHO MHTEHCUBHO. [lomydeHo 0obloe KoJu-
YECTBO OTEYECTBEHHBIX COPTOB 3TOM KyIBTYPHI C
YIIyUILIEHHBIMU POCTOBBIMH XapaKTEPUCTHKAMU,
C IOBBILIEHHOW YPOXKalHOCTBIO U APYTUMH XO-
3STCTBEHHO LEHHBIMU npu3Hakamu (JKyXykuH,
[Mop, 2010). AmapaHT HmpomoKaeT HAOUPATh
MOIYISIPHOCTD U MOXKET CTATh OAHOM U3 BaXKHBIX

KYJIBTYD,
CCJIbXO3MPONU3BOAUTCIAMU. OZ[HI/IM H3 OpenAdT-

BBIPAIMBAEMbIX ~ OTEYECTBEHHBIMHU
CTBHI1 U1 IIMPOKOTO PACHPOCTPAHEHU ST aMapaH-
Ta SBJISIETCS €F0 OTHOCUTEIBHO HU3Kas XOJOMI0-
YCTOMYUBOCTh BBUJY FOKHOTO MPOUCXOXKCHHUS
KyJnbTypbl. CypoBble KIMMATHYECKHE YCIOBHUS
Halllei CTpaHbl MOT'YT OKa3blBaTh HEraTHBHOE
BO3JICHCTBHE, MPEXKAE BCErO, HA YPOKAHHOCTH
amapaHTta. Jlyisg yBeJNMYEeHHS MPOAYKTHBHOCTH
U CTPECCOYCTOHYMBOCTH amMapaHTa MOTYT OBITh
UCIIOJIb30BAHBI HE TOJIBKO METObI CEJICKIHH, HO
U COBPEMEHHBIC T'€HHO-WH)KCHEPHBIC TEXHOJIO-
ruu (Tannosa, Kynyes, 2015; Kuluev et al., 2017).

B Hacrosmiee BpeMsi MeToAbl TpaHchop-
MallMM amMapaHTa OCTaloTCs Mallo pa3padoTaH-
HBIMU. B nuTeparype MMErOTCS NaHHBIC JIMIIb
O HECKOJBbKHX HCCIIEIOBAHUSIX 10 CO3/aHUI0
TpaHCTeHHBIX pacTeHni amapanTa (Jofre-Garfias
et al.,, 1997; Pal et al., 2013; Munusamy et al.,
2013; Murugan, Sathishkumar, 2016), omrako
OHU HE OTHOCSTCS K IIHPOKO paclpoCTpaHeH-

HOMY KyJBTYPHOMY BHIy aMapaHTa 0arpsHoro

Amaranthus cruentus L. B cBoro ouepens paHee
HaMH ObLIa WCIIBITAHA TEXHOJOTHS TpaHCQop-
Mali¥ COPHOTO BUJa aMapaHTa 3alpOKHHYTOr0
Amaranthus retroflexus L. (mupwuia) MeTomom
norpysxenus usetkos (Kuluev et al., 2017). On-
Hako 3(QeKTUBHOCTE TpaHCPOpPMALIHH aMapaH-
Ta 3aIPOKUHYTOr0 METOJOM IOI'PY KEHHS [[BET-
KOB OKa3allaCh O4YeHb HU3KOH (He Ooinee 1,4 %).
AHaNOTUYHBIE AKCIIEPUMEHTHI OBLIH MpOBEne-
HBI M HA IpUMepe A. cruentus, OTHAKO METOIOM
floral dip HaM He y1ajOCh NONYYUTh HU OJHOTO
TPaHCI'C€HHOI'O PacTEHUsl STOr0 BUIA aMapaHTa.
B cBsi3M ¢ 3THM OCTaeTcsi akTyaJlbHbIM BOIIPOC
pa3pabOTKH HOBBIX ITOJXOJOB ISl MOJYYCHHS
TPAHCIE€HHBIX PACTECHUN 3TOH KYJIbTYpPbl 4epe3
UCIIOJIb30BaHME METOJIOB pEreHepanny noberos
W3 DKCIUJIAHTOB B YCIOBUSIX 7 Vitro.
[TponyKTUBHOCTH pAacTEHUIl MOXET OBITh
TIOBBIIICHA 32 CYET BIIMSHHUS HAa POCT OPraHOB.
B ocHOBe KOHTpOJISI pocTa OpraHOB PAacTECHHH
JIeKAT JIBa OCHOBHBIX MEXaHH3Ma, & UMEHHO pe-
TYJSIUSL KJIETOYHOTO JAEJIEHUS W POCT KIIETOK
pactsokenuem (Gonzalez et al., 2012). Baxuyro
POIb B KOOPAMHALIMH IIPOIIECCOB KJICTOYHOTO Jie-
JICHUS U PACTSIKCHUS UTParoT OelIKH ceMelcTBa
ARGOS (Fengetal., 2011; Kynryes, Caduysinna,
2015). Y Arabidopsis thaliana 06HapyKeHO 1 U3-
YHY€EHO YeThIpe I'eHa, KON PYIoIne OeIKu TaHHOH
rpynnsl: ARGOS, ARGOS-LIKE (ARL), OSRI n
OSR2 (Hu et al., 2003; Hu et al., 2006; Feng et al.,
2011; Qin et al., 2014). I'en ARGOS-LIKE (ARL)
A. thaliana xogupyeTt TpaHCMEMOpaHHBIN OCIIOK,
MIPEIIONIOKUTENIFHO YYaCTBYIOIUN B mepe/aye
U TPaHCAYKIMHM CHTHAJIOB OT (PUTOrOPMOHOB K
TPaHCKPHUIIIMOHHBIM (pakTopam. CBepXIKcIpec-
cust TeHoB cemelictBa ARGOS cmocobcTByeT
YBEJIIMYCHUIO Pa3MEpPOB HAJ3EMHBIX OPraHOB 3a
CUCT ITOJIOXKHUTEILHOTO BIMSHUS Ha POCT KIJIETOK
pactsokenuem (Hu et al., 2006), a Takxe npu-
BOJUT K TIOBBIIICHUIO CTPECCOYCTONYHMBOCTH 3a
CUET HEeraTUBHOT'O BJIMSHUS HA STUJICHOBBIN CHUT-

HanuHT (Shi et al., 2015). Panee Hamu ObuTH TIO-
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JIy4eHbI TPAHCT'€HHBIC pacTeHUs Tabaka, parnca u
amapaHTa 3alpOKHHYTOI'0, CBEPXIKCIIPECCUPY-
rorrue red ARL (Kuluev et al., 2013; Muxaiinoga,
Kynyes, 2015; Kuluev et al., 2017), HekoTopsie
JMHUHM KOTOPBIX XapaKTepU30BAJIUCh YBEIHYeE-
HUEM pa3MepoB JINCThEB M CTEONs 1O CpaBHe-
HUIO ¢ KOHTpoJieM. McXo/st U3 Moy4eHHBIX pa-
Hee JAaHHBIX, TeHHO-WHXXEHEepPHAasi KOHCTPYKIHS
35S::ARL Obina orobOpana aiis Tpanchopmanuu
XO0351IUCTBEHHO-LIEHHBIX PACTEHUH.

[enbto npeacTaBiIeHHON pabOThHI ObLIa pas3-
paboTka MeToma arpobakTepuaIbHOI TpaHchop-
MallM KyJIbTYPHOTO BUJa aMapaHTa 0arpsHoro
A. cruentus ¢ UCTIONb30BaHUEM I€HHO-HHKECHEP-
HOW KOHCTpyKuuH 35S:ARL. Jlnst 3Toro Oblna
MOCTaBJICHA 3a/ladya — IOJYyYNUTh TPAHCTCHHBIC
pacTeHusi amapaHTa 0arpssHOro MOCPEICTBOM ar-
pobakTepuaabHON TpaHC(HOPMALIUU TPH KYIBTH-
BUPOBaHHMH DKCIUIAHTOB DIMKOTHIICH Ha Cellek-

TUBHBIX CpCaax, COACPKAIIUX TMT'POMUTNH B.

MartepuaJibl U METO/bI

B pabote ncrnosb30Bajgy reHHO-HMHKEHEP-
HYIO KOHCTPYKIHIO 35S8::ARL, conepxalyro Le-
neBoii red ARGOS-LIKE w3 A. thaliana (Kuluev
etal., 2013). lsist ombITOB 10 arpobaKkTepuaIbHON
TpaHc(hOpMaLUK PACTEHHI aMapaHTa HCIOJb-
30Bajiu ceMeHa A. cruentus copta «barpsHblii»
(Arpocepsep, Poccus), kotopsie mepen mpopa-
muBaHueM crepunn3oBand 70 %-HbIM 3THIO-
BBIM CIIUPTOM B TeueHne MUHYTH U 20 %-HbIM
pactBopom otbenuBarens «bemmsna»n (00O
«bambsiTipom», Crepnuramak, Poccust; npen-
craBysier coboit 15 %-HBIH pacTBOp THIIOXJIO-
puTa HaTpHs) B TEUCHHE 8 MHUHYT, IOCJIE Yero
CeMEHa TINATEeJIbHO IPOMBIBAIN CTEPHUIIBHON
JUCTUJUIMPOBAHHOHN Bonoi 5-6 pa3. Ilocne 3ta-
Ia CTEPIJIM3ANNN CEMEHa aMapaHTa PacCeBaH
Ha Cpeay, COAEPKAIIYI0 MOJOBHHHYIO KOHIICH-
Tpanuio coneil cpeasl Mypacure-Cxyra (MC)
(Murashige, Skoog, 1962), BUTaMUHBI CpeIbl
I'ambopra (Gamborg et al., 1968) u 30 r/n caxa-

po3bl. CemeHa MpopaiiyBaiy Ipu Temneparype
2741 °C 1 FHTEHCUBHOCTH CBeTa 35 MKMOJIB/M>-C.

JIist MHOKYJISILMK  OKCIIAHTOB  aMapaH-
Ta WCIIOIB30BAJIM KYJIBTYpy KIETOK IITaMMma
A. tumefaciens AGL, Hecyuly: T€HHO-HHKeE-
HepHylo KOHCTpykuuio 35S:ARL (Kuluev et
al., 2013), KOTOpy KyJbTHBUPOBaIU B 15 M
XKUIKOH cpenpl LB, comeprkameit pupaMounuH
U KaHaMWIMH, Ha OpOUTAIBHOM IIeHiKepe npu
temneparype 28 °C u ckopoctu BpameHus 180
00/MuH. Hapamuanue arpo0akTepuil mpomoJi-
KaJIl IO JOCTYOKEHHS ONTHYECKOW IJIOTHOCTH,
COOTBETCTBYIOIIEH KOHIIeHTparuu 2—3x10% kie-
TOK/MIT (00b19HO OKOMO 1 cyToK). [lomyueHHYIO
CYCIIEH3UIO arpo0akTepuil LEeHTPUPYrupoBaIn
mpu 3500 o6/muH B TeueHue 10 MUHYT, HAIO-
CaJI0YHYIO KHAKOCTh CIMBAJIM, a OCaJ0K pecy-
CIIEHJMPOBAJIN B SKBUBAJICHTHOM 00BEME JKH[-
Kot cpenst MC.

W3 ceMuIHEBHBIX NMPOPOCTKOB B CTEPUIIb-
HBIX YCJIOBHSIX BBIPE3aJli CETMEHTbI CeMsJI0Jb-
HBIX JINCTHEB, THUIIOKOTUJIECH U OSIUKOTHIICH
(3KCTUTaHTHI) M KYJIBTUBHPOBAIN B TEYCHHE 6
CYTOK Ha pereHepanuoHHoil cpene MC, coxep-
xamei 13 MxM 6-6ensunamuHonypuna (BAIT)
n 1 MxM 1-nadrunykcycnoit kucnorsl (HYK).
3areM CerMeHTbl, NPEABAPUTEIBHO MOABEPIHY-
ThIE NTOPAHEHUIO, TTOTPYXKaJIN B OAKTEPHATIBHYIO
cycnensuio Ha 10 MHHYT, mocje 4ero HEMHOTO
MOACYIINBA  CTEPHIIBHON (UIBTPOBATBHOM
OyMaroii ¥ NepeHOCHIIM Ha TaKyIo JKe pereHepa-
LIMOHHYIO CPEy AJIsl COKYJIBTHBAINU C arpo0ak-
TepusaMU. B paMkax Bcelt pabOTHI OBLIO MCTIONb-
30BaHO 45 ceMs0abHbIX, 60 TUTOKOTHIILHBIX U
70 SMHUKOTUIIBHBIX IKCILIAHTOB.

CoBMecCTHOE KyJIbTHBHPOBAHHUE IKCINIAHTOB
¢ arpo0akTepHusiMU MPOBOJMIIN B T€UYEHHE 2 Cy-
TOK, IT0 HICT€UYEHNH KOTOPBIX HX IIPOMBIBAJIH pac-
TBOpOM aHTHOHOTHKA IeoTakcuma (300 mr/i) u
MIEPEHOCHJIN Ha CeJIEKTUBHYIO cpeny MC ¢ Temu
xe perynstopamu pocta (BAIl u HYK) ¢ anano-

TAYHBIMU KOHLCHTpALUAMHU U aHTUOUOTHUKAMU
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Puc. 1. OmbiTel Mo arpoOakTepuaibHOil TpaHchopmanuu A. cruentus: a — oOpa3oBaHHE Kajulyca Ha
CerMEeHTax TUIIOKOTHIICH M pereHepalus NOOEroB Ha cerMeHTax snukotmied Ha cpeae MC, coxmepixkamieit
6-6ensunamunonypus (BAIT) u HadpTunykcycuyo kuciaoty (HYK); 6 — perenepanust moGeros u3 CerMeHTOB
SMUKOTHIICH Mocie arpobakTepuanbHoil Tpancopmanuu Ha cenextuBHOM cpexe MC ¢ BAIl u HYK; B —
ykopenenue Ha cpere MC ¢ HHIOTHITYKCYCHON KHCIOTOM; I' — aKKJIMMAaTH3al1sl aMapaHTa K YCJIOBUSIM ITOYBBI

Fig. 1. Agrobacterium-mediated transformation of 4. cruentus: a — the formation of callus on the hypocotyl
segments and regeneration of the shoots on segments of epicotyls on MS medium with 6-benzylaminopurine
(BAP) and naphthylacetic acid (NAA); 6 — regeneration of shoots from epicotyl segments after Agrobacterium
transformation on selective MS medium with BAP and NAA; B — rooting of shoots on MS medium with

indoleacetic acid; r — acclimatization of amaranth to the soil conditions

nedorakcumom — 300 mMr/n u rurpomunHom B
(Gold Biotechnology, CIIIA) — 10 mr/n. Dkcruan-
ThI, Ha KOTOPBIX Ha CEJIEKTUBHOM cpeie HauMHa-
JIM PETeHepUpOBaThH 1M00ETH, OBLIHN HEepECaskeHbI
Ha cpeny MC ¢ 2 mxkM BAII u rurpoMuiuaom
B (10 mr/m) (puc. 1). YKopeHeHne oy YeHHBIX B
X0Jle PaboThl pereHepaHTOB MIPOBOJUIIN Ha Cpe-
ne MC ¢ no6asiennem 2 MKM 3-HHIOITHITYKCYC-
Hoi kucnotsl (MYK) u rurpomuiiuia B B xoH-
nerTpanuu 10 Mr/1. YKopeHHUBIIHECS pacTCHUS
ObUIM AKKJIMMAaTU3UPOBAHBI K YCIIOBHUSIM IOYBBI
1 OTKpPBITOro Bo3nyxa. JlIst 3TOro mepeHoCuiIn
aMapaHTbl B BEreTalMOHHBIE COCYIIbI 00BEMOM
450 mu1, 3allOJIHEHHBIE YBJIAXKHEHHBIM YHHUBEpP-
canbHbIM rpyHTOM Terra vita (Poccusi). Cepxy

PAaCTCHUA HAKpPbIBAJIW IMMPO3PAYHBIMU IJIACTH-

KOBBIMH COCYJIaMU U BBIPAIIMBAJIA B yCIOBHUAX
OTCYTCTBHSI JOIIOJHUTEIEHOIO OCBELICHUS IIPH
KOMHATHOI TemmepaType. Uepes3 Hememto mpo-
3payHbIe MJIACTUKOBBIE COCY b YOUPaIH U TIepe-
HOCHJIU PACTEHHS B OOBIYHBIC YCIOBHSI CBETOBOM
KoMHaThl (pu Temneparype 27+1 °C u uHTEH-
CHUBHOCTH CBETA 35 MKMOJIB/M>-C).

W3 yKOpeHUBIINXCS Ha CENICKTUBHOM cpejie 1
AKKJIUMATH3UPOBAHHBIX K YCIOBUSAM IOYBHI pac-
TeHui amapanTa Beiaensin JJHK metonom cose-
Boii akcTpakuuu (Aljanabi, Martinez, 1997) u no-
my4deHHble 00pa3iel noasepramu I11[P-ananusy
Ha MPUCYTCTBHE IeNIeBOro reHa ARL u mapkep-
HBIX TeHOB P-TirokypoHugasel (GUS) n rurpo-
munuHpochorpanchepassl (HPT). s aminu-

¢ukannm reHa ARL WCHONB30BAIU MpaiiMephl
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5-TCTACAAAACGACATCATAAACAT-3" n
ACATAAAAGTGGAAGAAGAAGAAA. lns
[TIIP-ananu3a rena GUS ucnosib30Baiu mpaime-
pel 5-TGTGGAATTGATCAGCGTTGGTG-3’
n 5-AAGCCGACAGCAGCAGTTTCATC-3
(pasmep amruimkoHa 989 1mL.H., ONT. TeMIle-
parypa omkura — 59 °C). s ugeHTUH-
kauuu reHa HPT wcnonbp3oBaiv mpaiimMe-
pel 5-GCTTCTGCGGGCGATTTGTG-3' un
5-AGCTGCGCCGATGGTTTCTAC-3" (pas-
Mep aMIUIMKoHa 786 I.H., ONT. TeMIepaTy-
pa orxura — 60 °C). Jns HMCKIIOYEHHS BO3-
MOKHOM ~ KOHTaMHMHAIUM  arpo0akTepusMu
AQHAJIN3UPYEMBIX TPAHCTEHHBIX PACTCHWH J10-
noJiHuTeNbHO nposoawiu III[P-ananu3 Ha Ha-
JMYHe XPOMOCOMHOT0 T'eHa rpoA A. tumefaciens
(AF111855.1), mpu 3TOM HCHOIB30BAIHU MpanMe-
pet - TTCTGTTGTCTTCTCTGCGTGGTG-3'
u 5-CGATTCTTCTTCTGCTTCCTTCTG-3
(pa3mep amrutmkoHa 587 T.H., OINT. TeMmIepa-
typa orxkura — 59 °C). DnekTpodhopeTuyecKuit
aHayn3 npoBoawid B 1 %-HOM arapos3HoMm reie
B nipubopax monenu Sub-Cell GT WIDE MINI

(«Bio-Rad Laboratoriesy, CIIIA).

Pe3yabTaThl U 00CYKIEHHE

Jns nanHOW paboThl 1Mo arpobakTepu-
aJbHON TpaHCHOpPMALMKM aMapaHTa IIPEenMy-
IIECTBEHHO OBILJIM HCIIOJIb30BaHbI SMUKOTHIIb-
HbIE SKCIUIAHTBI M3 NPOPOCTKOB A. cruentus,
BBIPAIICHHBIX M3 CTEPHIIbHBIX ceMsiH. BbiOop
SMUKOTHJIEH B KadyecTBE OCHOBHBIX O3KCILJIaH-
TOB OOBSICHSIETCS TEM, YTO HAIIU OIBITHI IO-
Ka3aln OTCYTCTBHE pereHepanun 1o0eros
U3 THUIOKOTHJIBHBIX CErMEHTOB M CeMsoyen
npu ucnonbizoBanuu BAIl m HYK (puc. 1la).
Ha runokoTuisix ¥ ceMmsAoNbHBIX IKCIIAHTaX
00pa30BBIBAJICS JHUIIb KaJIyC, HO pereHepa-
nuu 1noderoB He npoucxoauio. [lostomy mnpu
JajdpHEHIe arpoOakTepHaabHOU TpaHCcPop-
Mali¥ MCIOJIb30BAJIUCH CErMEHTHI SIMUKOTHIICH

(70 sKCTIIAHTOB).

3a BpeMs NpPeaBAPUTEIBHOTO KYJIBTHBH-
pOBaHUsI SKCIUIAHTOB JSIHUKOTHUIEH B TedeHHE
6 mHeil Ha pereHeparoHHON cpeae ¢ mobaBie-
Huem BAIl m HVK npoucxonuno yeenndeHue
pa3MepoB UCXOJHBIX IKCILIAHTOB, BUAMMO, OJia-
rojapsg HAJU4YMI0 B Cpele OTBETCTBEHHBIX 3a
HOPMaJIU3aI{I0 IPOLIECCOB POCTA PETYIISATOPOB.

ONUKOTHIIBHBIE O3KCIUIAHTHI IOABEPrasin
arpo0akTepuaibHOi TpaHCPOpPMAIMK, HECYIIeH
TFE€HHO-UHXXEHEPHYI0 KOHCTpyKuuwo 35S:ARL,
[IpEABapUTEIbHO NIOPAHUB UX UIJIoN. Takol no-
MOJTHUTEIBHBIN 3Tanm paboThl OBLT HpPOBEICH
JUIS TIOBBILICHUS 9YaCTOTHI MO JaHus OaKTepui
B KJICTKM amapaHTa. B xone pa®oThl U3 3MuKO-
TUJIBHBIX AKCIUIAHTOB Ha CEJIEKTHBHOH cpene
Obut0 TOoTyueHo 18 mobGeros (puc. 16). Ykope-
HEHHE IOJYUYCHHBIX 00EroB NPOU3BOAMIIN TaK-
ke Ha cpene MC, copepxkameit 2 mxkM UYK. B
xozie paboThl yKopeHUIUCh 14 moberos (puc. 16).
Jlanee Bce ykopeHHMBIIHecs 1moOern ObLIN HC-
MOJIb30BAaHbl JUISI ONTHMH3AIMU METOAOB aK-
KJINMAaTH3allud PACTEHUI K YCIOBUSM HOYBHI U
OTKpBITOTO BO3ayXa (puc. le). 3 14 yxopeHus-
muxcs pereHepartoB 11 ymanoch akKIMMaTH3H-
pOBAaTh K yCIOBUSM ITOYBBI.

TpaHCreHHOCTH NONIYYEHHBIX B X0je pabo-
THl pacTeHUH amapaHTa Oblja OmpeneseHa Me-
topoM [I[[P-ananu3a Ha Haauyue MapKepHBIX
n neinesoro reHoB (puc. 2). IIIIP-ananu3 moka-
3aJl, YTO HAMH OBUIN IOJyYeHB! 3 TOTEHINAb-
HBIX TPAHCTEHHBIX PAacTEHUs BUIA A. cruentus,
HECYIIMX T'€HHO-WHXXEHEPHYIO KOHCTPYKIHIO
358::ARL. Meronom IIIIP Obli0 moka3zaHo Ha-
JUYME B 3TUX 3 PAaCTEHMX Kak IIeJIEBOTO I'eHa
ARL, tak u renoB HPT u GUS. Ilponent s¢¢ek-
THBHOCTHU arpo0aKkTeprasbHOl TpaHChOpMauu
A. cruentus TIpu UCIIOIB30BAHHOM HAMH METO/IE
cocraBui 4 %, To ecThb Bcero 4 % o0paboTaHHBIX
arpo0akTepHsIMHU HKCIUIAHTOB SMUKOTUIICH TaIu
TpaHCT'eHHbIE pacTeHHs. VIcnonb3oBaHHAs IS
JIaHHOM paboThl 10 TpaHc(OpMAIMKU CETMEHTOB

SIIUKOTUIIEH TEHHO -MHKCHCPHAA KOHCTPYKIUSA
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l1 2 3 4 5 6 7 &8 9 10 11 12

n.H.

100
750
500

250

Puc. 2.

[M1[P-ananuza 4.
rurpomunuHpochorpanchepassl (HPT). 1 — mapkep monekyisipuoro Beca 1kb (Esporen, Poccus), 2-12 —
aKKJIMMaTU3UpOBaHHbIC pacTeHust amapanTa. [11[P-nonoxuTenbHbIMU OKa3aauch pacTEHUs 1101 HOMEpamu 2,
419 (nopoxku 3, 5 u 10 coorBeTcTBEeHHO). Pa3zmep amminkona — 786 1.H.

OnekrpodoperpaMma  pe3ysbTaToB cruentus Ha HaJlu4ue TIeHa

Fig. 2. Electrophoretogram of the results of 4. cruentus PCR analysis for the presence of
hygromycin phosphotransferase gene (HPT). 1 — 1kb DNA Ladder (Evrogen, Russia), 2-12 — acclimatized
amaranth plants. PCR-positive plants are 2, 4 and 9 (tracks 3, 5 and 10, respectively). The size of the amplicon

is 786 bp.

COJCPXKUT MAapKepHBIH TI'eH TUrpoMHIHH(pOC-
tdotpancthepassr (HPT), IpoayKT KOTOPOTO OT-
BETCTBEHEH 34 YCTOWUMBOCTb PACTEHUU K aHTU-
O6uotuky rurpomununy. Ilpenmnonaranock, 4To
TPAHCTEHHBIMH JOJDKHBI OBITH 1OOEru, co-
XpaHUBIINE >KM3HECIOCOOHOCTh M YKOPCHHB-
HIMecs Ha CEJNeKTHBHOM cpene C conxep’kaHueMm
TUTPOMUIMHA, OJHAKO MHOTHE pEreHepaHThl
OKa3aJINCh HETPAHCTEHHBIMH. B03MOXHO, M1t
OIITUMU3AIUH CEJIEKIINN TPAHCTCHHBIX 0OEroB
amapaHTa He0OXOIMMO YBEJIMYeHHE KOHLIEHTpa-
LIUU CEJIEKTUBHOTO aHTUOWOTHKA I'MTPOMHUIIMHA
B cpeae MC, ncnoiap30BaHHON MOCHIE COKYJIBTHU-
BHPOBAHUS HKCIIAHTOB SMHMKOTHIIEH ¢ arpoOak-
TEePHUSAMU.
[MIP-ananu3 Ha Hajauyue reHa rpoA
A. tumefaciens 1oxasain ero OTCyTCTBHE BO BCEX
obpasmax JIHK aHanmsmpyembIX amapaHTOB.
OTH NaHHBIE CBHAETEIHCTBYIOT 00 OTCYTCTBHH
arpo0OakTepruaIbHOM KOHTAaMHHALMK B pEreHe-
paHTax aMmapaHTa, 4TO B CBOIO O4Yepenb IOKa-
3bIBa€T TPAHCTEHHOCTb TPEX TONTYUYEHHBIX HAMU
pacTeHuil. Y ABYX TPaHCT€HHBIX PACTEHMH yna-
JIOCh TMOIYUYUTh CEMEHA, OJHAKO OHHM OKa3aJIUCh
HEBCXOKMMHU. MBI mosiaraeM, 4To HEBCXOXKECTh

CeMsH CBsJ3aHa HE C IeHETHYCCKOM Tpchq)Op-

Maluel, a ¢ yCJOBHSIMH BbIpAIlMBAaHUS ama-
panTa. B mpensiaymux paborax ¢ amapaHTOM
A. cruentus HaM Tak Xe HE yAaBaj0Ch NOIYYUTh
BCXOKHE CEeMEHa 3TOT0 PACTEHUS NPH BBIPAIIH-
BaHUU B JIaOOpaTOpHBIX ycnoBusix. OgHaKo Te
K€ pacTEeHUs AaBaJii MOJTHOLEHHBIE CEMEHA ITPH
BBIpAIIMBAHUU HA OTKPBITOM rpyHTE. BeposiTHee
BCET0 3TO CBS3aHO C HEAOCTATKOM MHTEHCHBHO-
CTH CBETa, TAK KaK aMapaHT OTHOCUTCSI K CBETO-
JOOMBBIM PACTEHUSIM.

Panee y>xe Oblia nokasana 3pekTuBHOCTH
UCIIONIb30BaHMs JKCIUIAHTOB SIHUKOTHIICH ama-
pauta Amaranthus tricolor npu arpobakrepu-
anpHOHN Tpanchopmanuu (Pal et al., 2013). TIpu
5TOM aBTOPBI MCIOJIb30BAIN OMHAPHBII BEKTOP,
HeCymuid TeH HeoMuIuH(pocPoTpaHCHEepassl.
HoBu3Ha Hateit paboThl 3aKJ1I04aeTCs B TOM, YTO
MBI BIIEpBBIE MOKa3aJI BO3MOXHOCTH arpoOak-
TepuabHOM TpaHchopManuu Buna A. cruentus,
TIPH 9TOM BIEPBBIE JJIsI aMapaHTa ObIJI HCIIOTb30-
BaH OMHApHBIA BEKTOP, HECYIIUH T€H TUTPOMHU-
uuHbochoTpancdepassl. Mcxons U3 3THUX JaH-
HBIX, MOYKHO IIPEII0JaraTh, YTO UCII0JIb30BAaHUE
CEerMEHTOB J3IMUKOTHJIEH MpH arpobakTepuaib-
HOW TpaHChOpPMaLUU MOXKET okazaThes 3 hex-

THUBHBIM IJIs1 MHOT'MX BUJIOB aMapaHTa. HpI/I 9TOM
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MOT'YT OBITh MCHOJIb30BaHbI OMHAPHBIE BEKTOPBI
C TeHAMH YCTOMYMBOCTH KaK K KAHAMULMHY, TaK

U TUT'POMUIUHY.

1 ONITUMU3UPOBAH MPOTOKOJ CO3JaHUA TpaHC-
T'CHHBIX paCTeHI/Iﬁ OTOro BMJaa aMapaHTa € HC-

IMMOJIb30BAHUEM TUTPOMHIIMHA B Kad€CTBE CC-

JIEKTUBHOrO arcHta. Hambonee onTuMaIbHBIM

3akjrouenne

st arpoOakTepuanbHOM  TpaHchopmanuu

Hamu BIICPBBIC MPOBCJACHA arp06aKTepI/I— A. cruentus SBIISETCS UCIIOJIL30BaHUE CETMEH-

ajbHas TpaHchopMmalus amapaHTa A. cruentus — TOB SIHKOTHICH.
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Abstract. Bioassays based on aquatic plants are a convenient tool for studying the quality of bottom
sediments. One of the stages in the development of a bioassay is the selection of optimal growth
conditions for indicator plants in a model test system. Response of indicator physiological endpoints of
Canadian waterweed (Elodea canadensis) to light flux density was investigated to determine optimal
irradiance level in a “water — sediment” model system, proposed previously for contact bioassay of
natural bulk bottom sediments. Based on the response of shoot and root growth (length and weight),
and concentration and ratio of photosynthetic pigments (chl. a, chl. b, and carotenoids) of Elodea to
the change of light flux density, no limitation or inhibition of growth and photosynthesis of Elodea
was revealed at light flux density from 56 to 143 pmol quanta - m? - s™. Hence, the level of irradiance
within this range can be recommended for use in the experimental system proposed for bioassay of

bulk bottom sediments using E. canadensis as an indicator.
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Buusinne cBeToBOro gakTopa Ha poct
U cofep:xkanue GOTOCHHTETHYECKUX MUTMEHTOB
sy0aen kanajackoii (Elodea canadensis)

B MOJIeJILHOM CHCTEMeE «BOAA-JTOHHbIE OTJIO0KEHUS

FO.B. Anekcanaposna®, T.A. 3oruna™?®, H.A. I'aeBckuii®
“Uncmumym 6uogusuxu

@UL] «Kpacnoapckuu nayunwviii yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnospck

SCubupckuil ghedepanvhviil ynusepcument

Poccuiickaa ®eodepayus, Kpacnospck

AnHoOTanus. bruoTecThl Ha OCHOBE BOJHBIX PACTCHHUU SBISIOTCA YIOOHBIM WHCTPYMEHTOM
JUISL U3YYCHHSI KAaueCTBa MOHHBIX OTVIOKeHHH. OOUH U3 3TAmoB pa3paboTKu Ounorecta — 1oabop
ONTHMAJIBHBIX YCIOBHHA JUISI pPOCTa WHIWKATOPHBIX pACTCHUI B MOICIBHON TeCcT-CHCTEME.
B HacTosimieit paboTe OLEHHMBAJIOCH BJIMSHHUE YPOBHSI OCBELIGHHOCTH Ha HHAMKATOPHBIE
(bu3nomornYecKue moKazaTe’Iu BOXHOTO PACTCHHS dJI0/eu KaHaacKoi (Elodea canadensis) ¢ neibio
10/100pa ONTHMAaJIBHOTO YPOBHSI OCBELICHHOCTH B MOJICJIBHOM CHCTEME «BOJA-TOHHBIE OTIOKEHHUSI,
MIPEIJIOKCHHON paHee Il KOHTaKTHOI'O TECTHPOBAHMS IENBHBIX JOHHBIX OTJIOKCHHW. AHamm3
peakiiy mokasateyieldl pocta MOOCroB M KOpHEH 3j101eu (IUIMHBI U Beca), a TaKKe COACPKAHUS W
COOTHOMICHHS (POTOCHHTETUYCCKUX TUTMEHTOB (XJI. @, XJI. 6, KAPOTUHOUIOB) HA H3MCHEHHUE YPOBHS
OCBELIEHHOCTH IO3BOJISET BEIAEIUTE JUANA30H CBETOBOIO MOTOKA OT 56 10 143 MKkMoub * M2 - ¢, B
KOTOPOM HE TPOUCXOUT CBETOBOTO TMMUTHPOBAHUS I HHTHOMPOBAHUS POCTa U (DOTOCHHTE3a 3JI0/ICH
kaHajckoi. CiiesoBarebHO, YPOBEHb OCBELICHHOCTH M3 BBIJICIICHHOTO JHANa30Ha PEKOMEHIYeTCs
HCTIOTB30BaTh B MOACIBHON CHUCTEME, IPEJIOKECHHOMN ISl OMOTECTHPOBAHUS JOHHBIX OTIOXKEHUH C

HCTIOJIb30BAHUEM 2JIOZIEH KaHAJCKOW B KaUECTBE HHAUKaTOopa.

KarwueBble cjioBa: 6I/IOTCCTI/IpOBaHI/Ie, JOHHBIC OTJIOKCHM, BOJHOC PAaCTCHUC, AJIMHA no6era, JJIMHa

KOpHA, q)OTOCI/IHTCTI/I‘IGCKI/IC IIUTMCHTBI, CBETOBOC HACBIIICHUC.

Hutuposanue: Anekcanaposa, FO.B. BiausHue cBeToBOro (hakropa Ha pocT U cofepkanne GOTOCHHTETHYECKUX TUTMEHTOB
anonen KaHaackoit (Elodea canadensis) B MOIOENBHON CHUCTEME «BOJa-IOHHBIE OTIOkeHUs» / FO.B. Anekcanaposa,
T.A. 3otuna, H.A. l'aesckwuii // Kypn. Cub. dpenep. yu-ta. buonoruns, 2020. 13(2). C. 188-196. DOI: 10.17516/1997-1389-0317

BBenenue

Dnopes kanazackas (Elodea canadensis Mi-
chx.) — MHBa3MBHBIN BH], HATYPAIU30BABIIHUICS
B PECHBIX BoJ0eMax EBpasumu, B TOM YHCIIE B P.
Enwuceii (3otuna, 2013; 2014). E. canadensis mu-
POKO HCIOJIb3YETCs KAaK MHMKATOP TEXHOT€HHO-

T'O 3arps3HEHUS PUPOJHBIX BOI0EeMOB (Samec-

ka-Cymerman, Kempers, 2003; BoscynoBckuii
u np., 2007; Krems et al., 2013; Muratova et al.,
2014; Medvedeva et al., 2014), a Takske 11 Henei
ouorectupoBanus (Girling et al., 2000; Knauer et
al., 2006; McGregor et al., 2008; Arts et al., 2008;
Brain et al., 2012; Zotina et al., 2014; 2015; Koca

et al., 2018). Panee Hamu ObLIIa MIPEIIIOKEHA MO-
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JICJIbHASI CUCTEMa 11 KOHTAKTHOI'O TECTHPOBA-
HUSI IPAUPOIHBIX IENBHBIX JOHHBIX OTIOKEHUH ¢
HCIIOJIb30BAHUEM DJIOJICH KaHAJCKON B KauyeCTBE
WHIUKATOpHOTO BUa (Zotina et al., 2014; 2015).
VHaukaTopHbIC MOKa3aTeNIH 3JI0ACH KaHAICKON
(nmuHA TIOOETOB, JUIMHA KOPHEH, BeC MOOEToB,
CoJIepXKaHUE XJIOPOQHILIA) MPOSIBIAIOT PA3HYIO
YyBCTBUTEIBHOCTh K TOKCHKAaHTAM U XapaKTe-
pH3YIOTCsl pa3HO BaprabenbHOCThIO (Arts et al.,
2008; Brain et al., 2012; Zotina et al., 2015). Kak
dboToTpodHBIN OpraHu3M, 3J0Aes KaHaJCKas
YyBCTBUTEIbHA K KAYCCTBCHHBIM (CIIEKTPAJIb-
HOMY COCTaBY) U KOJIMYECTBEHHBIM (YPOBHIO OC-
BEIIICHHOCTH, (POTOIEPUOAY) XapaKTEPHCTHKAM
CBETA, YTO MPOSBIISICTCS B U3MCHCHHUH [TOKa3aTe-
neit ee pocta u porocunTesa (Lichtenthaler et al.,
1981; Wolff, Senger, 1991; Madsen, Sand-Jensen,
1994; Riis et al., 2012; Eller et al., 2015). IToaTomy
B JIAHHON paboTe HCClenoBaiach 3aBHCUMOCTH
(hM3HOOTHYECKUX TAPaMETPOB JJIONEH KaHaJ-
CKOH (ToKaszaTeseil pocta MoOeroB W KOpHEH,
cojepxaHus (HOTOCHHTETUYCCKUX ITHTMEHTOB
B moberax) OT YPOBHS OCBELICHHOCTH C LIEIbIO
mo00pa ONTUMATBFHOTO CBETOBOTO PEKUMA IS
pacTeHHS B MOJCJIBHOU CHCTEME «BOJa-IOHHBIC
OTIIOXKCHHS», MPEIJIOKCHHON HAMHU paHee s
KOHTaKTHOTO OHMOTECTUPOBAHMS ICJIBHBIX TOH-

HBIX OTJIOKCHHH.

MartepuaJibl U METOABI

[ToGern »siozen KaHaJCKOW oOTOHMpanu B
p. Exnceii B ceHTAOpE co CTOPOHBI JIeBOro Oepera,
Ha 13,5 kM BBIIIE pedHoro Bok3ana r. KpacHosp-
CKa, OJHOBPEMEHHO OblIa 0ToOpaHa mpoOa BOIBI
JUISL XUMHYECKOro aHanuza. PacreHust ObLIH
MIPUBE3EHBI B J1A0OPATOPUIO0 M aKKIMMATH3UPO-
BaJIMCh B eMKOCTH 00beMoM 40 J1, HaITOJTHEHHO
BOJIOIIPOBOIHOM BOJIOM KOMHATHOM TeMIIEpaTypbl
(22-23 °C), mpu OCBEIIEHUH JIIOMUHECIICHTHBIMHU
JIAMIIaMH XOJIOZHOTO OEJIoro CHEeKTpa B TEUECHHUE
16 4acoB B CyTKH NpH YPOBHE NOBEPXHOCTHOI

ocBeleHHocTH okoJIo 4 kJIk. PacTeHus exxeqHes-

HO TIepeMeIlnBajIK, BOJIY MEHSIIN 110 Mepe Heoo-
XOIUMOCTH. [[i1s1 sKcrieprMenTa Opaiy annKaib-
HBIC TI00ETH IJTMHOMN 4 CM OIMHAKOBBIC 110 (hopMme
1 pa3Mepy JIMCThEB, OTPOCIINE B Ja0OPATOPHU.
JL1st mepBOTo SKCIEPUMEHTA HCIIOIB30BaIH pac-
TEHMsI TT0CTIe aKKJIMMAaTH3alluid B TedeHue § cy-
TOK, JUIsl BTOporo — mocie 25 cytok. CpenHuit
CyXOi Bec 1mo0era »J10/1eM B HadaJle IepBoro KC-
nepumenta coctaBisut 0,021+0,003 r, B Hauame
Broporo — 0,014+0,004 1. B xauecTBe cyOcTpara
UCTIOJIB30BAJIM NCKYCCTBEHHBIE TOHHBIE OTIOXKE-
nus (J10), npurorosnenHsle no nporokony Op-
TaHU3AIUU HKOHOMUYECKOTO COTPYAHHYECTBA U
pazsutus (OECD, Guidline 219), kak omnmcano
Hamu panee (Zotina et al., 2015). B crexyistHHBIC
cTakaHbl 00beMoM 650 M, muaMeTpoMm 6,5 cMm
nomernaia 1mo 260 1 ceipsix IO, 00beM KOTOPBIX
cocTaBJIsl1 0KoJI0 150 M1, pUCKINAIA KPYTHBIM
neckoMm. [Toeepx /1O nmanusanu 450 M Bogompo-
BOJIHOH BOJIBI, OT(QUIBTPOBAHHON Yepe3 MeMOpa-
HBI ¢ auameTpoM mop 0,22 mxMm (45 MM auam.,
GSWP, Millipore). Bony HanmuBam 1o miacTuko-
BOMY MINATEI0, 4TOOBl MUHUMHU3UPOBATH B3MY-
yuBanue J]O. Yepes cytku B JIO BblcakuBanu
no0Oery AJIo/ieu KaHaACKOW 10 7 MITYK Ha CTaKaH,
Ha PaBHOM PACCTOSIHUHM JIPYT OT ApyTa IO Mepu-
METpY, ¢ NOMOIIbIO CTEKJISIHHOU najiouku. uc-
TaJBbHYIO YacTh MOOErOB MOMEIIAIN B cyOcTpaT
Ha riy6uny okoso 1 cm. [lepen Boicaikoii pacre-
HuH BenmunHa pH BOIBI B CTaKaHAaX COCTABIIsIIA
7,5. CtakaHbl ¢ pacCTEHUSMHU OCBEIIAJU CBEPXY
JIOMMHECLIICHTHBIMH JIaMITAMH  XOJIOZIHOTO Oe-
goro cnektpa (FSLYZI18RRTS8/765) B TeueHue
16 yacoB B CyTKH. YPOBHH OCBELICHHOCTH Ha
MOBEPXHOCTH BOIbI cocTasisnu 0,5; 1; 2; 4; 6; 8
u 10,2 kJIK, 94TO COOTBETCTBOBAJIO MOBEPXHOCT-
HOH IJIOTHOCTH ITOTOKa KBAHTOB 7; 14; 28; 56; 84;
112 u 143 mxwmonb - M2 - ¢!, B mepBom orieHou-
HOM 9KCIEpPUMEHTE HCIIOIb30BaIN Ooee KOpoT-
KU{ Mana3oH ypoBHEH ocBelleHHOCTH: 14; 28;
56 u 84 mxmonb - M2 - ¢!, TeMHOBOH KOHTpPOIb

co31aBaliu, 060paqHBa$1 CTakaH aJIOMUHUEBOM
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¢orbroii co Bcex cropoH. Ha kaxblii ypoBeHb
OCBEILICHHOCTHU MPUXOJMIICS OJUH CTaKaH C pac-
TEHUSIMH. DKCIIEPUMEHT IPOBOAMUIN B TEPMO-
CTaTHPyEeMOM IIOMEIIeHNH. Temmeparypa BOJbI B
cTakaHax coctasisina 21-22 °C. EsxxenHeBHO cTa-
KaHbl TIOBOPAYMBAJIM BOKPYTr cBoedl ocu Ha 90°,
YTOOBI BBIPOBHSTH OCBEIIEHHOCTh 110OEroB, H3-
MepsiTH TeMiiepatypy u pH Boasl, motepu BOBI
3a CYeT UCIHAPeHHsI KOMIIEHCHPOBAJIU JUCTUILIHU-
poBaHHO# Bomo# (okoio 20 mu B cyTkm). Uepes
10 cyToK mocie mocagky pacTEHHUS BRIHUMAIH U3
JO, u3mMepsnu AMUHY 100EroB, [UIMHY KOpHEH,
B3BEIIMBAIIM TOCJIE BBICYIIMBAHHUS B TEMHOTE
IIpyu KOMHaTHOH Temmneparype. CoaepkaHue Biia-
Iy B OMoMacce 1o0OeroB 3J10/ied B Havyalie dKCIie-
pumenToB coctaBuiio 90,8+0,6 %. Jlns skcTpak-
UK MHICMEHTOB HCIIOJIB30BalM 110 TPU Tobera
Ha Kbl YPOBEHb OCBEIIEHHOCTH. [IUTMEHTEHI
JKCTparupoBaiu 96%-M 3THIOBBIM CIUPTOM U3
LENBIX MOOEroB, BHICYIICHHBIX B TEMHOTE IIPH
KOMHATHOM TeMIIepaType 10 NOCTOSTHHOro Beca 1
pacTepThIX B TIOPOLIOK B KEPAMUYECKON CTYTIKE.
OnTHYECKYIO TUIOTHOCTh B IKCTPAKTaX M3Mepsi-
JIM ¢ TIoMoLIbI0 criekTpodoTomerpa (Specol 1300,
Analytic Jena, Germany), KOHIEHTPALIUIO XJIOPO-
¢bumToB a (XJ. @) 1 6 (XJ1. 6) U CYMMBI KApOTHHO-
U70B (Kap.) B 9KCTPAKTE PACCUUTHIBAIN COTTIACHO
(Lichtenthaler, 1987; Lichtenthaler, Buschmann,
2001). Conmeprkanue METaJJIOB B BOJE HU3MEPs-
mu ¢ nomomrsto MCII-ciekrpomerpa (ICP-OES;
iCAP 6300 Duospectrometer, Thermo Electron
Manufacturing), kak ommcaHo panee (Zotina et
al., 2015). Pe3ynbraThl U3MepeHHii MpencTalie-
HBI KaK apu()METHIECKHE CPEIHNE BEITMYNHBI CO
CTaHJAPTHBIM OTKJIOHEHHEM.

OTtHocuTenpHy0 ckopocTh pocta (OCP)

9JIOJICV PACCUNTHIBAIIN 110 hopMmyJie:
OCP (cyt™") = In(X/Xp)/t,

rae Xou X — cyxol Bec mo0eroB B Hauaje U KOH-
e AKCIEPUMEHTA, t — NIUTENBHOCTh JKCIEpH-

MCHTA B CyTKax.

JloCTOBEpHOCTh BIIMSIHHSI CBETOBOTO (hak-
TOpa OIECHMUBAIM C IOMOMIBIO OJHO(pAKTOPHO-
ro ananuza (ANOVA) c nmocnenyromum LSD u
HSD ananusom Ha ypoBHe 3HaunmmocTtu p<0,05
B mporpamme Statistica 8.0. KoadduiueHTs
BapuadensHocTH (CV, %) MHINKATOPHBIX Hapa-
METPOB 3JIO/IEH PACCUUTHIBAJIN KaK OTHOIICHUE
CTaHAapPTHOTO OTKJIOHEHHUS CPEHETO K CpeiHeH

BEIMYMHE MTapaMeTpa U BEIpakaiu B %.

Pe3yabraTsl U 00cy:KIeHUE

dunprpoBaHHAs BOJONPOBOAHAS BOJA, WC-
MOJIb30BaHHAsA B IKCIIEPUMEHTAX, MOXKET OBbITh
KJIACCH(DUIIMPOBAaHA KaK YMEPEHHO JKECTKas,
63,5 ppm (Ca, 20,3+0,3 mr/1; Mg, 3,1+0,1 mr/m,
n=3). B Boze 3aperucTpupoBaHbl HE3HAYUTEIb-
HbIE KOJIMYECTBA MOTEHIIMAIBHO TOKCUYHBIX Me-
TaJIJIOB M OMOTEHHBIX 3JIEMEHTOB (MT/11, n=3): Cu—
0,03+0,01; Zn — 0,054+0,029; Pb — 0,001+0,000;
P -0,007+0,001; N (NH,) — 0,11+0,01, He mpeBBI-
matomue [TJIK nis nuteeBoit Boasl. Comepika-
HUE KaTHOHOB )KECTKOCTH B Bozie p. EHnceil B me-
cre orbopa aoaeu Juist skcriepumenTa (18,2 mr/n
Ca u 2,8 mr/n Mg) ObuI0 aHAJOTHYHBIM UX CO-
JIePKAHUIO B BOAOIPOBOIHON BOJE.

3a BpeMsl SKCIIEpUMEHTa B TEMHOBOM KOH-
TpOJIE JINCThS Ha JUCTAJIBHOW 4YacTH MOOEroB
YTpaTHJIM MUTMEHTHI, HO 1MOOErn yAJINHUINCH
B cpenHeM B 1,3 pasa; Ha cBeTy noberu yJJiu-
Huiuch B 1,7-2,4 pa3za 1o cpaBHEHUIO C UX Ha-
yaJgpHOW nnuHOM (puc. la). Ha GompmmunCTBE
1Mo0EroB  BBIPOCIM OOKOBBIE OTBETBIICHHS,
BKJIaJl KOTOPBIX B CYMMapHYI0 JUIMHY 110OEroB
cocTaBisin 10 28 % B IEPBOM DKCIEPUMEHTE
u 11-24 % — Bo BTOpOM. B TeMHOBOM KOHTPO-
Jie KOpHM Ha mo0erax 3J0/ed HE MOSBHIINCH.
Uucno u AnuHa KOpHEH Ha mobere yBeIn4ynBa-
JIUCH TIPH BO3pAcCTaHUM YPOBHS OCBEIICHHOCTH
no 14 mxwmonb - M2 - ¢! (puc. 16). Ilpu MuHu-
MaJIbHOW OCBeIleHHOCTH (7 MKMOIb - M7 - ¢)
B cpenHeM BeIpocio mo 0,7 xopHsA Ha moOer,

npu 6osee BeICOKOH — 1,2-1,8 KopHs Ha moOer.
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Puc. 1. ITokaszarenu pocta u GOTOCHHTETUUICCKOH aKTUBHOCTH E. canadensis B SKCTIEPUMEHTE B 3aBUCHMOCTH
OT TUIOTHOCTH MOTOKAa KBaHTOB cBeTa (cpennee£SD): a — quHa mobera, cM; 6 — cyMMapHast JJIMHA KOPHEH Ha
nobere, CM; B — OTHOIIICHHUE JJIMHBI KOPHS K JUTHHE o0era; r — cyxoii Bec mobera, T; 1 — OTHOCHUTEIIbHASI CKOPOCTh
pocta buomaccel mobera, 1/cyT; e — comepkanue HOTOCHHTCTHUCCKUX MUTMEHTOB B CyXoil OMomacce mooera,
MI/T; % — OTHOIICHUE COACPIKAHUSI CYMMBI XJI. @ M XJ. 6 K COICPKAaHUI0 KapOTHHOHUIOB B CyXOil Omomacce
nobera; 3 — cpenusis BeanunHa pH Ha 3-10 cyTku sxcnepumenta. L{udppamu 1 u 2 0603HaYCHBI IKCIEPUMEHTHI,
HPOBEJCHHBIC ¢ pa3HHULEeH B 2,5 Hexenu. Ha kax1oM ypoBHE OCBEIICHHOCTH HCIIOJIb30BaJIOCH 110 CEMb OOEroB
9JI0/IeH, [Tl aHAJIN3a MMT'MEHTOB HCII0JIb30BaJIOCH 110 TPU rnodera

Fig. 1. The growth and photosynthetic activity endpoints of E. canadensis in the experiment, depending on the
density of the flux of light quanta (mean+SD): a — shoot length, cm; 6 — total length of roots on the shoot, cm; B —
the ratio of root length to shoot length; r — dry shoot weight, g; i — relative growth rate of shoot biomass, 1/day;
e — the content of photosynthetic pigments in the dry shoot biomass, mg/g; x — the ratio of the content of the sum
of chl. @ and chl. b to the content of carotenoids in the dry shoot biomass; 3 — the average pH at 3-10 days of the
experiment. Numbers 1 and 2 indicate experiments conducted with an interval of 2.5 weeks. At each irradiation
level, seven shoots of Elodea were used; for analysis of pigments, three shoots were used
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CyMmMapHas JUIMHa KOpHEH MpeBblliaia JJIHHY
noGeroB Ha 29-131 % (puc. 1B). IIpupoct Ono-
Macchl IOOETOB 3a BpeMs DKCIIEPUMEHTA COCTa-
B 36-117 % (puc. Ir). OTHOCHTENBHAS CKO-
pocth pocta (OCP) Onomaccsl moOEroB BhIIILIA
Ha HACBHIIICHHE TPU MJIOTHOCTH MOTOKA KBaH-
TOB cBeTa 28 u 56 MKMOJIb - M2 - ¢! B IepBOM
U BTOPOM DJKCIIEPHUMEHTaX, COOTBETCTBEHHO
(puc. 1n). bonee Bricokas OCP Ouomaccsl mo-
6eroB (mo 0,077+£0,022 cyt') 3apeructpupo-
BaHa BO BTOpPOM dKcriepuMeHTe. [loBbiieHHOE
coiepkanre (HOTOCHHTETHYECKHX ITHUTMEHTOB
(xJ1I0poGUIIIOB MU KapOTHMHOUAOB) ObLIO 3ape-
TUCTPUPOBAHO NPHU INIOTHOCTH IMOTOKA KBaH-
TOB 7-28 MKMOJb - M2+ ¢!, MO CpaBHEHHIO C
COZIep)KaHHEM ITMTMEHTOB MPH 00Jee BBICOKHX
ypOBHSAX ocBenieHHOCTH (puc. le). OTHOmEHNe
Coep)KaHHUsl CYMMBI XJOPO(QHIUIOB K coiep-
JKAHUIO KapOTUHOUJIOB OBLIO TAaK)Ke BBILIE MPH
Oonee HHU3KOI ocBemeHHOCTH (puc. 1x). Benu-
yuHa pH BOABI AOCTHUINIA CTALIMOHAPHOTO PaB-
HOBECHOT'O 3HAYCHUS Ha BTOPBIC-TPETbU CYTKH
9KCIIEPUMEHTA MPU BCEX YPOBHSX OCBELICHHO-
CTH, YTO TIO3BOJIMJIO HAM YCPEIHUTH BEIUYMHbBI
pH B nepuof ¢ TpeThux 110 BocbMble cyTKH. [10-
Jy4YeHHas TaKUM 00pa3oM paBHOBECHAs BEJH-
yuHa pH, KOTOpYI0 MOYKHO paccMaTpuBaTh Kak
KOCBEHHBII ITOKa3aTellb MHTEHCHBHOCTH (OTO-
CHHTE3a D3JIOeU, BBILLIA HAa HACBILICHHE IIPU
MJIOTHOCTH MTOTOKA KBAHTOB CBETA B AHAINA30HE
28-56 Mmxmouth - M~ - ¢! (puc. 13).
OTHOCHTEJIbHAS CKOPOCTH POCTa OHoMac-
ChI TOOETOB 3JI0/IeU JJOCTUTIIA CBETOBOIO HACHI-
LICHUS PH WHTCHCUBHOCTH CBETOBOI'O MOTOKA
Mexay 28 u 56 mxmons - M2 - ¢! (puc. 1), uTo
COOTBETCTBYET IAHHBIM, HOJYYCHHBIM B pa-
6ote (Madsen, Sand-Jensen, 1994). B stom xe
JMara3oHe OCBELICHHOCTH HAOIIONAJICS BBIXOX
Ha Haceimenue ypoBHs pH (puc. 13). Conepixa-
HUe POTOCHHTETHYSCKUX MUTMEHTOB B oberax
9JI0/Ien cTaTUcTUYecKH 3HauuMo (p<0,05) Bo3-

pacTajjo € YBCIUYCHUCM CBCTOBOI'O INOTOKa U

JIOCTHUTIIO MAaKCUMyMa Tipu 14 MKMOIB *+ M2 - ¢,
[Ipu panpHEWIIEM MOBBIIIEHUH YPOBHS OC-
BELICHHOCTH COJIEp)KaHUE IHUTMEHTOB CHHU-
3UJIOCH W BBIILIO HA CTAMOHAPHBIA YpO-
BEHb MPU OCBEIICHHOCTH 56 MKMOIB - M™ - ¢!
(puc. le). Takke B auana3’oHe OCBEIIEHHOCTHU
7-28 MmO - M - ¢! HaGIIOAAMOCH CTATHCTH-
gecku 3HaumMoe (p<0,05) yBenwmdeHHe IITHHBI
moberos 3oaeu (puc. la). YBenuueHue IIUHBI
mo0eroB u cojepkanusi (HOTOCHHTETUUCCKUX
IIUTMEHTOB ITIPU OTHOCHUTEIBHO HU3KUX OCBE-
mennoctsix (7, 14 u 28 mxmonb - M2 - ¢ ') B Ha-
LIMX DKCIEPUMEHTAaX Mbl MOXEM OOBSICHHUTH
HEJIOCTATKOM CBETOBOU YHEPrUH, IPUHUMAS BO
BHHMMaHHE CHI)KEHHE BBINICYKA3aHHBIX Mapa-
METPOB IIpu 00JIee BBICOKUX YPOBHSX OCBEIIEH-
HocTH (56 MKMOJIB - M7 - ¢! 1 Goxtee) (puc. la,e).
Takum 00pa3oM, ypOBEHb OCBEIIEHHOCTH OKOJIO
60 MKMOJITB - M™ * ¢! MOKHO CYHTATH OJIU3KUAM K
ONTUMYMY ISl JI0/IEU KaHAJCKOM, U 3amaceH-
HOW TIPU 5TOM JHEPrHH JOCTATOYHO I HOP-
MaJbHOIO pOCTa M Pa3BUTHUs pacTeHus. Harie
MIPEJIITOJIOKEHHUE COTJIACyeTCs C JaHHBIMU, OITY-
onmukoBaHHEIMHU B pabote (Lichtenthaler et al.,
1981), rme mokaszaHO, YTO MPH JOCTATOYHOM
YPOBHE OCBEIIEHHOCTH COJIEPIKAHUE XJIOPO-
(GUILIOB M OTHOIICHUE COJEPIKAHUS XIOPODuUII-
JIOB K COJEPKAHHIO KAPOTHHOHUIOB B JIUCTHAX
pacTEeHUM CHUXKAIOTCS.

[Tpu OGHOTECTUPOBAHUU JIOHHBIX OTIIONKE-
HUH Bec MOOEroB CUUTAETCSI OCHOBHBIM MHIMKA-
TOPOM POCTa MOr'PYKEHHBIX MAKPO(UTOB, B TOM
Yycia€ B CHJIy HauMEHbIIEH BapuaOeIbHOCTH
9TOrO MOKA3aTelsl M0 CPABHEHUIO C APYTUMHU I10-
kasaressimu ux pocta (Knauer et al., 2006; Feiler
et al,, 2013). M3 umcna wucciemoBaHHBIX HaMH
(U3MOIOTNYECKUX WHIMKATOPOB IIOACH KaHa[-
cKoil juinHa 1modera, Bec mobdera u CojepiKaHue
XJI. @ UMeJH OJIM3KYIO 10 BeJIMYMHE Bapruadesb-
HOCTH (Ta0I1.), IPUEMIIEMYTO JIJIsl MHIMKATOPHBIX
mapaMeTpoB npu ouotectupoBanuu (Knauer et
al., 2006; Feiler et al., 2013). BapuaGenpHOCTH
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Tabnuna. Bapuabenbrocth (CV, %) MHAMKATOPHBIX MOKaszareiei pocta W (orocuHrtesa E. canadensis B

SKCIICPHMEHTE C BOCEMBIO YPOBHSIMH OCBEIICHHOCTH B nana3one 0-143 MkMosb - M2 - ¢

1

Table. Variability (CV, %) of indicator endpoints of growth and photosynthesis of E. canadensis in an experiment
with eight levels of irradiance in the range of 0-143 pmol - m? - s!

Nunukarop

Kos¢ppunnent Bapuadbensuoctu, CV, %

I[I/IaHa30H BCIIMYHUH

Cpennee+SD (n=8)

Jlnuna nobera 11,1-254 16,7£5,1
Jlnuna xopHs 36,9-97,5 59,5+19,1
Bec nobera 47-27,7 17,4+6,9
CopepxaHue XJ1. a 7,3-41,3 18,0£12,2

JUTHHBI KOPHE# Obljia B TPH pa3a OoJblIe, YeM
BapHabeIbHOCTh APYTUX (PU3MOJOTUUYECKHX T10-
Kazarejled 2J10eu KaHaJCKOU. [Ipyrue aBTOpBI
TAK)Ke OTMEUYAIOT OOJIBUIYIO YyBCTBHUTEIBHOCTD
JUTHHBI KOPHEH K KaQueCTBY OKPYIKAIOILICH Cpebl
(Arts et al., 2008; Zotina et al., 2015), mo cpas-
HEHHIO C IMOKA3aTeIsIMH POCTa IOOETOB, a TAaKIKe
O0JBLIYI0O BapuabeabHOCTh MOKa3areield pocta

KOPHEH.

COZIEp)KaHMSI U COOTHOIICHUS (POTOCHHTETHYE-
CKHUX IUTMEHTOB B GroMacce N0OeroB pacTeHHsI
Ha W3MCHEHHE YPOBHS OCBEIIEHHOCTH MO3BOJIS-
©T BBIICIHTH JHAIIa30H CBETOBOTO MOTOKA OT
56 mo 143 MxMoIb - M - ¢!, B KOTOPOM HE Mpo-
HCXOOUT JIMMUTHPOBAHHUS ¥ WHTHOWPOBAHUS
pocta u orocuHTe3a ToAeH KaHaackoi. Cie-
JIOBATEIIbHO, YPOBEHb OCBEICHHOCTH M3 BBIJIE-

JICHHOT'O Auara3oHa PEKOMEHAYETCA HCIIOJIb-

30BaTh B MOJEJNHHOH CHCTEME, MpeII0KEeHHOH
3aksouenue JUIsl OMOTECTHPOBAHMSA JOHHBIX OTJIOKEHHUH C
AHanu3 peaknuu mokasaresiel pocTa Mo- — MCHOJIb30BAHMEM JIIOJEH KaHAICKON B KaUueCTBE

06eroB M KOpHEW »yIofeM KaHAJCKOH, a Takke HHAMKATOpaA.
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Abstract. Tree-ring formation studies are important for assessing the impact of environmental factors
on tree growth at intra-seasonal resolution. This information is necessary for understanding plant
acclimatization to current and expected climate changes. Little is still known about how tree age may
affect the duration and rate of annual ring formation. In this study, we investigated tree-ring formation
in Scots pine (Pinus sylvestris L.) trees of different ages (30- and 95-year-old trees) from the forest-
steppe zone in Southern Siberia. The main objectives were 1) to estimate the timing of cambial activity
by distinguishing the phases of division, enlargement, wall thickening, and maturation of tracheids
and 2) to compare the anatomical structure of the tracheids forming the annual rings of the differently
aged trees. Stem tissue was sampled weekly from April to September 2014. The results showed a 1-2
week difference in duration of the phases of xylem formation between the groups; in addition, the ring
width of the young trees was slightly narrower. The size of the tracheids of the entirely formed ring
(i.e. the results of the enlargement phase) did not differ between the groups whereas the dynamics
of the cell-wall thickness showed significant differences. The data obtained in the present study can
provide references to calibrate process-based models linking environment to wood formation. These
data can be used to benchmark time-explicit simulated measurements of annual ring increment and
cell anatomical structure against the corresponding parameters of mature trees growing under natural

conditions.
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OCo0eHHOCTH KCHJIOTE€HE32 COCHBI 00BIKHOBEHHOM
B Pa3HOBO3PACTHOM [IPEBOCTOE

Munycunckoi koTioBuHbI (FQxHasa Cudupsb)

M.B. ®ontn?, E.A. BadymkuHna®,

J.®. )Kupnosa®, E.A. Baranos™*

“Cubupckutl hedepanvbHblil YHUBEpCUMEN
Poccuiickas ®@eoepayus, Kpacnospck

S Xaxacckutl mexHuueckuil uHCmumym, Guauai
Cubupckozeo eodepanvrozo yHusepcumema
Poccuiickas ®@eoepayus, Abaxan

‘Uncmumym neca um. B.H. Cykaueea CO PAH
@UI] «Kpacnoapckuu nayunwiii yenmp CO PAH»
Poccuiickas ®@eodepayus, Kpacnospck

Annortanms. VccienoBaHusi ce30HHOrO (OPMHPOBAHHUST KCHUJIEMbl TOJMYHBIX KOJIEI JIEPEBbEB
TI03BOJISIOT OLICHUBATh BIMSTHUE (PaKTOPOB CPEbI Ha POCT IPEBECHBIX PACTEHHI C BBICOKMM BPEMEHHBIM
pa3pemeHreM U CKOPOCTh UX aJanTallly K TeKYIIUM U 0XKUAaeMbIM U3MEHEHHUAM KinMaTa. Bee eme
HEJIOCTaTOYHO M3Y4EHHBIM SBIISICTCS BOIPOC, KAK BO3PACT AEPEBBEB MOXKET BIIUATH HA CKOPOCTH UX
pOCTa W MPOAOIIKUTEIBHOCTh KCHUJIOTeHe3a. B CBS3M € 3THUM LENbI0 HAIIEro MCCIeIOBAaHUS ObLIO
YCTAHOBHTH OCOOCHHOCTH CE30HHOTO ()OPMHUPOBAHUS TOAMYHBIX KOJIEI] COCHBI OOBIKHOBEHHOM (Pinus
sylvestris L.), npouspacratoiieii B 30He jecocrenu OxHoit Cubupu, 1ist 1epeBbeB IBYX BO3PACTHBIX
rpynn (30 w 95 5meT) W MONYYHTH NaHHBIE O MPOMOJDKUATEIBHOCTH KaMOHWAlbHONH aKTHBHOCTH,
PaCTSDKEHUH TPaxenl, yTOJNIICHUH UX KJICTOYHON CTEHKH U TMOSBICHUHU 3PENBIX TPaxen ] B KOJbIIE, a
TaK’Ke COITOCTABUTh aHATOMHUECKYIO CTPYKTY Py 00pa30BaHHBIX TOAUYHBIX KOJIEIl y IEPEBLEB PA3HOTO
Bo3pacta. OTOOP CE30HHBIX 00Pa3IOB MPOBOAMIN EXKEHenelnbHO B TeueHue 2014 1. ¢ ampens mo
CeHTA0pb. Pe3ynbTaThl HCClIeIOBAaHUS TIOKa3aJIH, YTO JITUTEIBHOCTD PA3IMYHBIX (a3 GOpMUPOBAHUS
KCHJIEMBI Yy 3THUX TPYMNI OTAWYaIach Ha [-2 Hemedaw, MpH 3TOM B TEUCHHE CE30HA POCTa Y MOJIOBIX
JiepeBbeB chopMHUPOBATIOCH OOJIEE Y3KOE KOJIBIIO C MEHBIITHM YHCIIOM KJIETOK IT0 CPABHEHUIO CO CTApBIMHU
JepeBbsMU. PajinajibHble pa3Mepbl Tpaxew]l MOJHOCThIO CHOPMUPOBAHHOIO KOJIbIA Y JIBYX TPYIII
JIEPEBbEB OCTABAJIHCH IIPAKTUIECKH OJIMHAKOBBIMH, TOT/1a KK JMHAMHUKA TOJNIIHHBI KJIE€TOYHOH CTEHKH
MoKa3aja 3HauuMble pa3nuuus. [lonyueHHble TaHHBIE MOTYT OBITH UCTIOJIB30BAHBI B JaJIbHEIIIEM Kak
BXOJISIIIME TTapaMeTpbl MMUTALIMOHHBIX MOJIENICH pocTa JPEBECHBIX PACTEHUH M MO3BOJAT MOIYYHUTh
Ouosornyecku 00yCIOBICHHYIO COTIACOBAHHOCTD MEX /1y M3MEPEHHOM 1 MUMUTALIMOHHOM BETMYNHAMH

TOAUYHOI'0O MpUpPOCTa U aHATOMHYECCKOU CTPYKTYPbI KCUJICMEI.
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Introduction

The effect of short-term climatic fluctuations
(including weather anomalies) on the tree-ring
growth and productivity of tree species can
be assessed using xylogenesis observations
performed at a weekly resolution over the
growing season (Lobzhanidze, 1961; Vaganov,
Shashkin, 2000; Antonova, Stasova, 1997; Vieira
et al., 2009; Cuny et al., 2015; Rathgeber et al.,
2011). Such observations provide time-explicit
ecophysiological information on the process
of growth, linking physiological processes
(photosynthesis, transpiration, accumulation and
redistribution of carbohydrates, etc.) to structural
and functional changes in xylem and enabling
analysis of a wide range of factors influencing
plant growth with high temporal resolution
(Rinne et al., 2015; Steppe et al., 2015; Churakova
et al., 2016; Fonti et al., 2018). These data are
needed to understand current and to predict
expected multi-parameter tree-growth responses
to climate change.

To correctly interpret the environmental
variability of growth responses to environmental
changes, it is also important to investigate the
effects of ontogenetic processes on tree-ring
formation dynamics. For example, little is still
known about the effect of age on the rate and
duration of tree growth (different phases of
xylem formation). The few previous studies
reported that under equal environmental
conditions, young trees have an earlier onset and
a longer duration of each phase of xylogenesis
compared to the old trees (Rossi et al., 2008).

Therefore, young trees usually form a greater

number of cells during the growing period, are
more sensitive to drought, and more easily form
intra-annual density fluctuations (Rossi et al.,
2008; Kishchenko, 2014; Campelo et al., 2015;
Vieira et al., 2018; Popkova et al., 2018). The
discrepancy in the timing of the different phases
of xylem formation might cause variations in the
climate signal recorded by different parameters
of the tree ring such as the ring width, the cell
and the
wood density (Connor, Lanner, 1990; Vaganov,
Shashkin, 2000).

The aim of this study was to estimate the

anatomical structure, intra-annual

differences in the timing and rate of intra-annual
xylem formation in young (30 year-old) and old
(95 year-old) Scots pine trees growing in the
forest-steppe zone of Southern Siberia (Russia).
By quantifying the timing of cambial activity,
we also determined the onset and cessation
of different phases of tracheid formation such
as the division, enlargement, wall thickening,
and maturation and estimated impact of these
processes on the anatomical parameters of
tracheids forming the tree rings. Two groups of

trees of different ages were compared.

Materials and Methods

The study area is located in the forest-steppe
zone of Southern Siberia, close to the city of
Minusinsk (53°39’ N, 91°35' E, 319 m a.s.l.). The
uneven-aged Pinus sylvestris L. stand is part of
the pine forest band of the Minusinsk Depression
(Fig. 1). The stand understory is composed of
shrubs (Caragana arborescens Lam., Cotoneaster

melanocarpus Fisch. ex Blytt., Rosa acicularis
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Fig. 1. A photograph of the study stand

Lindl.)) — 30%, and grasses (Iris ruthenica Ker.-
Gawl., Phleum phleoides (L.) H. Karst., Poa
pratensis L., Pulsatilla flavescens (Zucc.) Juz.,
Thalictrum minus L)) — 40-50%. The climate
is continental with an annual air temperature
of 1.2 °C and the total annual precipitation of
343 mm (data are retrieved from the Minusinsk
Meteorological Station of the Russian Research
Institute of Hydrometeorological Information for
the period of 1936-2015 (https:/meteo.ru)).

To monitor tree stem radial growth,
wood cores 5-mm in diameter were collected
perpendicular to the stem axis at breast height
from 20 dominant and co-dominant pine trees
with regular growth and equally distributed
between two age groups. Annual tree-ring
width (TRW) was measured on each core using
a LINTAB measuring table combined with the
TSAP program (Rinntech, Heidelberg, Germany)
with 0.01 mm precision (Rinn, 1996). The time-
series obtained were visually cross-dated, and
dating quality was verified using the COFECHA

program (Holmes, 2001). Five trees per age group

(30 and 95 year-old ones) were chosen for further
xylogenesis observations.

Stem wood samples about 1 cm long
(including two—three annual rings of the preceding
growth years) were taken from the five young
and five old trees weekly from the beginning of
April to mid-September in 2014 using a Hagloff
increment borer (Sweden). Samples were taken
following a spiral pattern around the trunk at 5 cm
apart starting at breast height. After collection,
samples were immediately placed into cylindrical
containers with a glycerin-alcohol-water fixing
fluid (1:1:1). In total, seasonal wood samples were
collected 20 times over the growing period.

From each sample, a 15 pm-thin
microsection was cut with a Thermo Scientific
Microm HM 450 sledge microtome. Sections
were stained with 2% astra-blue and 1% safranin
solution to enhance contrast between lignified
and unlignified tissues. The sizes of different
zones of rings and the number and size of cells
were measured using an image analysis system

(Carl Zeiss, Jena, Germany) and AxioVision
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SE64 Rel. 4.9.1 software package, which made
it possible to determine the parameters of cell
structure in different parts of an annual ring in a
semiautomatic mode. Three tracheid radial rows
(from the internal towards the external tree-ring
boundary) were measured for each annual ring
and the values were then averaged.

The cells were assigned to the following
developmental zones: (1) cambial zone; (2) cell
extension zone; (3) zone of primary cell wall
lignification; and (4) mature tracheid zone. The
polarization filter was used to discriminate
between the cell extension zone and the zone of
primary cell wall lignification.

Tracheid

measured in the last collected sample, which

anatomical parameters were
included all mature tracheids formed during the
2014 growing season. Five radial rows of cells
with the largest cross-sectional area were selected.
The radial lumen diameter (LD) and double cell-
wall thickness (2CWT) were measured and then
used to calculate the radial size of tracheids
(D =LD + 2CWT). According to Mork’s index
(Denne, 1989), the ratio between the width of the
double cell wall and lumen diameter was used to
assign the tracheids to early (EW, 2CWT < LD)
and late wood (LW, 2CWT > LD) of each ring.
Because of the different numbers of cells within
the annual rings of the young and the old trees,
cell number (cell-wall thickness and cell radial
diameter) was standardized to a common number
(15) to compare the same ring sectors between
two groups (Vaganov, 1990; Babushkina et
al., 2019). The significance of differences of
anatomical parameters between the two groups

was estimated using Student’s -test.

Results

The cambial zone of the trees included five to
seven cells during their dormant period (in spring
and autumn) (Fig. 2A). The beginning of the

cambial activity, as observed on the xylem side,

occurred simultaneously in both groups on April
11 (Day 101 of the year (DOY)). The duration of
the cambial activity was 110 days, and there were
10 dividing cells within the zone, on average.
The maximum activity was observed two weeks
earlier for younger trees than for older trees (May
18 and June 2, respectively); the first cells were
detected in the enlargement zone at the same time
(Fig. 2B). At the end of July, the cambial activity
stopped. Cell enlargement in younger trees ended
two weeks earlier than in the older ones.

The emergence of cells in the cell-wall
thickening and the primary lignification zones
was observed on May 8 (DOY 128) for young trees
and on May 16 (DOY 136) for old trees, reaching
the maximum on August 7 and 28 for young and
old trees, respectively. On the last sampling day
(September 18), two young trees out of five did
not finish cell-wall lignification, whereas all old
trees had already completed xylem formation.

Mature tracheids with the fully formed
secondary cell wall were observed in pine
earlywood of both age groups simultaneously, at
the beginning of June. The maximum number of
cells (up to 60) was counted for trees of the old
group. However, the percentage of the mature
tracheids relative to the total cell number within
the tree ring was higher for the young trees,
reaching 80% as early as the beginning of August
(Fig. 3).

The mean tree-ring width in the young and
old trees for the period from 1985 to 2014 was
2.34 and 141 mm, respectively. Ring width
dynamics in the young trees was similar to the
ring width dynamics in the old trees when they
were of the same age (Fig. 4A). The range of ring
widths was also comparable between the groups
at similar ages (Fig. 4B). Periods of 1962-1965 and
1975-1977 were characterized by dry conditions
(Kostyakova et al., 2018), which significantly
affected the old trees (Fig. 4A). The absence of

fire scars suggests that the selected trees were not
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affected by forest fires, although fires often occur
in the pine forests of the Minusinsk Depression
in years with low amounts of precipitation in the
spring following a low-snow winter.

In 2014, the tree-ring width in young and old
trees was 1.52 and 1.76 mm (p = 0.399), with the
average cell number of 46 and 52, respectively.
The intra-annual variability of the cell radial
diameter in young and old trees showed similar
patterns, with 45 pum sized tracheids in the first
partofthe ring and a uniform decrease towards the
ring boundary (Fig. 5A). The cell-wall thickness
showed statistically significant differences
between the groups, which are more clearly seen
in the standardized tracheidograms (Fig 5B, C).
Cell-wall thickness was higher in the young trees
in the second part of earlywood and transition

zones (positions 8-12 of the tracheidogram,

— individual tree-ring width chronologies of trees, B — tree radial growth relative to the cambial age. /,

p < 0.10), with the maximum CWT reaching
6.2 um in the young trees compared with 5.5 pm
in the old trees. In addition, cell-wall thickening
occurred when the difference between the
integrated growth rates in the two age groups was

the greatest (Fig. 3).

Discussion

Based on the climate data, 2014 was one of
the most favorable years in the last few decades
2019). The

Scots pine xylogenesis dynamics was consistent

for the study area (Tychkov et al,,

with the data previously reported for other
conifer species in the boreal zone (Rossi et al.,
2008; Bryukhanova et al., 2013). The maximum
cell number in the enlargement zone matched
the highest level of the cambial activity and

corresponded to the longest sunshine duration
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and highest rate of photosynthesis and production
of assimilates (Vaganov et al., 2006). The non-
significant differences in the number of cells in
the cambial zone between the young and the old
trees resulted in the similar tree ring widths and
numbers of tracheids produced. The delay of the
cell enlargement and cell-wall thickening noted
in the old trees was reflected in differences in
the cell-wall thickness but not in the cell radial

diameter. Based on the results obtained in this

study, the maximal cell number in the zones of
wall thickening and mature cells was observed in
August for the young trees and in September for
the old trees. As it has been reported that cell-wall
thickening can take place for up to 45-50 days in
the old pine trees (Vaganov, Shashkin, 2000), the
kinetics of cell-wall thickening could be assumed
not only to start later, but also to have a lower rate.
Detailed measurements and special experiments

are needed to see whether this difference results
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from a lack of assimilates for biosynthesis of the
cell wall or from the competition for assimilates
between tracheid differentiation processes
(Carteni et al., 2018). However, the differences
in the physiological processes (photosynthesis,
transpiration, discrimination of carbon isotopes)
and in the accumulation and redistribution of
assimilates during the growing season, which
affect the stem growth rate and productivity of
both groups, may also be associated with their
age (Meinzer et al., 2011). Indeed, as noted
above, young trees grow at a fast rate, whereas
mature and old trees may have more conservative
growth strategy (Vieira et al., 2009). In addition,
the direct influence of exogenous factors, such
as solar radiation, on the growth of Scots pine
and the anatomical structure of its annual rings
can be modified by the canopy position of the
tree (Kishchenko, 2015). As under natural (non-
experimental) conditions, it is rather difficult to
separate the influence of the tree size from the
effect of its age on stem growth, this might be the
next step of a complex xylogenesis study in even-
and uneven-aged forests.

In addition, a thinner cell wall means less
carbon accumulation in the stem of a woody
plant. Consequently, faster seasonal growth of
the young trees in the study area also implies
accumulation of greater carbon mass per unit of
wood volume. This may be another argument in

favor of formation of young stands as potential

Acknowledgements / bBiarogapHocTu

sink for atmospheric carbon dioxide (Zhou et al.,
2015).

Conclusion

The data obtained in this study could not
confirm the definitive effect of tree age on the
timing and duration of various phases of wood
formation. Research addressing differences in
the xylogenesis between the trees of different age
groups should take into account the tree vigor and
social status, the possible level of competition, and
other factors that might limit tree growth. Long-
term changes in annual radial growth of the trees
of this species and the duration of the juvenile
period also play an important role. Despite the
similar duration of the growing season (160 days)
of both young and old trees, the delay in some
developmental phases of older trees compared to
the younger ones suggests potential time shift in
recording of the climatic signal by the numerous
tree-ring parameters. This assumption may be
confirmed in the future by the dendroclimatic
analysis. The data on the onset and duration of
the cambial activity, the dynamics of seasonal
cell production, cell extension, and cell-wall
thickening in young and old pine trees can be used
in the future as input parameters for the VS-model
(Vaganov, Shashkin, 2000). This will provide
biologically supported values as benchmarks for
simulated values of both the annual growth and

xylem anatomical structure (tracheidogram).
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Abstract. Polyhydroxyalkanoates (PHAs) are polymers of hydroxy derived fatty acids
synthesized by various organisms. These polymers can be effectively used as a biocompatible
and biodegradable alternative to the chemically synthesized plastic. PHA cost, however, still
limits the increase in PHA production. One of the ways to reduce PHA cost is to use inexpensive
carbon sources such as fatty acids. The aim of this work was to study the effect of various
concentrations of oleic acid (5-50 g/L) on the growth of the Cupriavidus necator B-10646
bacterium, polymer synthesis and properties. Cells were grown for 48 h in Schlegel mineral
medium at 30°C and 200 rpm on an incubator shaker. The content and the composition of the
polymer were determined by chromatography of fatty acid methyl esters using a chromatography-
mass spectrometer. The molecular weight distribution of the polymer was determined using gel
permeation chromatography. Thermal analysis was performed using a differential scanning
calorimeter. The maximum yield of biomass (6.4-6.7 g/L) and the highest polymer content (64-
71% of the weight of dry biomass) were obtained from 10-20 g/L of oleic acid after 48 hours
of cultivation. In addition to 3-hydroxybutyrate, which is the dominant monomer (more than
98 mol.%), 3-hydroxyvalerate (0.7-1.7 mol.%) and 3-hydroxyhexanoate (0.1-0.4 mol.%) were
identified in the polymer synthesized by the bacterium. As the concentration of oleic acid was
increased, both the weight average and the number average molecular weights decreased (from
803 to 381 kDa and from 292 to 94 kDa, respectively) but polydispersity of the polymers increased
(from 2.8 to 4.1). The results obtained in the present study provide the basis for the next stage of

scaling up the process of PHA synthesis from oleic acid.
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AnHoTanus. [TonurnapokcuaskaHoaTsl — MOJUMEPHI THIPOKCHIIPOU3BOAHBIX )KHUPHBIX KUCIIOT,
CUHTE3MpPyEeMbIe pa3JIMYHBIMH MHUKPOOpPraHW3MaMHu, MOryT 3()()EeKTHBHO HCIOJIb30BATHCS B
KadecTBe OMopaspymraeMoil 1 ONOCOBMECTHUMON albTEPHATUBBI MJIACTHKY, TOJYUYEHHOMY ITyTeM
XHMHYecKoro cuatesa. Ognako ctouMocTts [IT'A mo-mpekHeMY OrpaHMYNBAET UX IPOU3BOJICTBO.
OnHUM U3 TTOAXO0/10B CHUKEHU A cTonMOCTH [1T'A siBiIsieTCs MCIT0JIb30BaHNE HEZJOPOTUX YTIIEPOJHBIX
UCTOYHMKOB, HAIPUMED TAKH X, KAK )KHUPHbIE KUCJIOTHI. Lleibio JaHHOW paboThl OBLIO HCCIIE0BAHKE
BIUSHUSA pa3IUYHBIX KOHICHTpPAUWH OJNEeHHOBOH Kuciotel (5-50 1/1) Ha pocT OakTepuit
Cupriavidus necator B-10646, cuHTe3 oIuMepa U ero XapakTepUCTUKHU. bakTepun BeIpamuBain
B TeueHue 48 4 B MuHepanbHOU cpene lllierens B TepmocTaTupyeMoM IIelKepe-HHKyOaTope
npu 30 °C u 200 06/mun. CoaepkaHue W COCTaB IMOJHMMEpa OMpPEHSsiId XpomaTorpadueii
METHJIOBBIX 3(HPOB )KHUPHBIX KUCIOT HA ra30BOM XPOMATO-MaCC-CIEKTPOMETPE, MOJIEKYIISIPHO-
MacCOBO€ paclpe/esieHne oJuMepa — ¢ UCIOJIb30BaHHEM TelIbIIPOHUKAIOIIEH XpoMaTorpaduu.
Tepmudecknii aHaJIN3 TPOBOAMIIH C TIOMOIIBIO U (HepeHIINATBHO-CKAaHUPY IOLIETO KAJIOPUMETPA.
MakcuMaiibHass KOHIEHTpalus ouomaccel (6,4-6,7 r/n) u comepkanue noaumepa (64-71 % or
Beca CyXoi OMOMAacCHI) MOTYYCHEI IPH KOHICHTPAIUAX OJICMHOBOW KHUCIOTH B cpexe 10-20 r/n
3a 48 W KynpTHBHpOBaHHA. B cocraBe mosmmepa, CHHTE3UPYeMOro OaKTepHSMH, MOMHMO
3-runpokculyTupara, SBISIONIETOCS JOMHHUPYIOIIMM MOHOMepoM (Oomee 98 wmou. %),
UICHTHU(PUIIMPOBAHBI BKIItoUeHH 3-ruapokcuBanepara (0,7-1,7 moi. %) u 3-rugpoKCcUrekcaHoaTa
(0,1-0,4 mom. %). [TokazaHo, 9TO C yBEeIUUYCHHEM KOHIICHT PAI[HH OJICHHOBOU KUCIOTHI TPOUCXOIHIIO
CHHXeHHe Kak cpenHeBecoBoi (¢ 803 mo 381 kJla), Tak u cpeaneunciaoBoit (¢ 292 no 94 x/la)
MOJICKYJISIPHOH Macchl Ha (OHE yBeIWUYeHHS moinuaucruepcHocTu (¢ 2,8 mo 4,1). IlomyueHHBIE
Pe3yJIbTAThI CIyKAT OCHOBOM ISl [TOCIIEYIOIIEro ITana MacliTaOuPOBaHMS TEXHOJOTUH CHHTE3a

TIT’A u3 0JIeMHOBOM KHCIIOTEI.
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BBenenue

IMonmuruapokcnankanoars! (I1T'A) cuurtaroT
Xoporrel 3aMeHON OOBIYHBIM TuracTukam. [1TA
CHHTE3UPYIOTCSI MUKPOOPTAaHU3MAaMH U MOTYT
paspymarbscsi B a9pOoOHBIX YCIOBHUAX 10 BOJBI U
YIJIEKHUCIIOro Tas3a, JI0 MeTaHa — B aHa’pPOOHbBIX
ycnoBusaX. MexaHuueckue, XUMHUECKUE U Tep-
Mmuyeckue cBoiictBa III'A MoryT peryiaupoBaTh-
csi Moau(UIIMpPOBaHMEM COCTAaBA U COJCPIKAHUS
MOHOMepOB. ORHAKO IIMPOKOMY HCIIOIB30Ba-
nuto III'A nmpensiTcTByeT ux BBICOKasl LIEHA IO
CPaBHEHMIO C XHMMUYECKH CHHTE3MPOBAHHBIMU
nonumepamu (Lee, Choi, 1998). C sxonommue-
CKOM TOYKHM 3pEHHUS I KOMMEPIHAIU3AINU
nponykuuu [I[A odeHp BaXHO pa3paboTaTh
HOBBII TpoIecc ¢ HU3KOM CTOMMOCTBIO U Clla-
ObIM 3arps3HEHHEM IIPH BBIJICIICHUH HOJIHMEpPA
u3 OaktepuanpHbix KiaeTok (Chen et al., 2001).
IToxazano, uto okoso 40 % oT 1eHbsl moau(3-
ruapokcudyTupara) (II(3I'B)) mpuxoaurcs Ha
HcToNb3yeMblii cyocrpar. CienoBaTenbHO, IS
CHIUJKEHHUSI BBICOKOM IPOLYKLUOHHOH CTOMMO-
ctu II(3I'B) HeoOxommmo mpHMeHEHHE Ooiee
JIeleBbIX yriepoaHbix cyocrparos (Kim, 2000).
B aT0i1 cBsI3M pacTuTeNbHBIE Macia (aJbMOBOE,
COEBOE, MOJICOTHEYHOE U JIP.), & TAKXKE KUPHBIC
KHCJIOTHI (OJIEMHOBas, NaJIbEMUTHHOBAS, CTEAPU-
HOBAsI U JIp.) MOT'YT OBITh HCHIOIB30BaHBI KaK I
TOBBIMICHUSI TIPOJYKTUBHOCTH M YPOXKasl TIOJIHU-
Mepa, TaK M B KAa4eCTBE JCUICBBIX HCTOYHUKOB
yraepoxaa (Fukui, Doi, 1998; Kahar et al., 2004).
[-oxucieHne KUPHBIX KUCIOT IPUBOJIUT K YBE-
JIMYEHUI0 KOHUEHTpauuu aneTuia-CoA, KoTopblit
SIBJISIETCSl OCHOBHBIM METa0OJIMTOM B KJIETKE M

JJIA TOCTPOCHU A OPraHUYCCKUX MOJICKYJT (BK.]'IIO-

qas [1T'A), 1 17151 SHEPreTUYECKUX HY XK CHHTE3a
4yepes UK TPUKApOOHOBBIX KUCIOT. B HAcTOSI-
mee BpeMs MPUMEHEHHE JKUPHBIX KHACIOT W JIH-
MUJ0B IS MUKPOOHOT'O TIPOM3BOICTBA IICHHBIX
MPOAYKTOB HaOWpaeT MOMYISIPHOCTh, TaK Kak
CHHTE3 BeriecTs, noaooubix [1T'A, 6omee a3 dek-
THBEH IIPH UCIIOJIb30BAHHH MUKPOOpPTraHU3MaMU
TaKuX CyOCTpaTOB M3-3a 00JIee BBICOKOTO Y/ICIIb-
HOTO MOIISIPHOTO COICpXKaHUS B HUX yIiepona
(Kahar et al., 2004; Riedel et al., 2012; Tsuge et
al., 2013). IToka3aHo, YTO SKOHOMHYECKHH KO-
a¢dunuent mo I1I'A npu pocTe Ha IIIIOKO3€ CO-
crasis Beero uib 0,32-0,48 r [ITA/r ucnois-
3yeMoil rmroko3bl (Yamane, 1992), Torna kak Ha
coeBoM Macie — ot 0,72 go 0,76 r I[IT'A/r macna
(Fukui, Doi, 1998; Kahar et al., 2004). Ncnomb30-
BaHHE B KAYECTBE UCTOYHUKA YTIIepoa AJIsl IPO-
nykiuu [II'A onernHOBON KMCIOTHI KaK OJJHOM 13
U poKo pacupoctpaHeHHBIX KK 1 vacToro kom-
MOHEHTA TPUALMITIUIECPUHOB IPUPOJHBIX Ma-
cel mokaszaHo st Aeromonas hydrophila (Chen
et al., 2001), Ralstonia eutropha (Marangoni et
al., 2000; Grigull et al., 2008), Bacillus cereus
(Masood et al., 2017).

Lenpro maHHOW pabOTHI OBLIO WCCIEIOBA-
HUC BIUSHUS PA3IMYHBIX KOHIIGHTPAI[UH OJICH-
HOBOM KHCJIOTHI Ha pocT Oakrepuit Cupriavidus
necator B-10646, cunTe3 moamumepa 1 €ro xapak-

TCPUCTUKHU.

MaTepﬂaJ’lbl U METOAbI

B pabore ucnonb3oBaju MmMITaMM BOJOPO-
nokucisromux Oakrepuit C. necator B-10646,
JIETIOHUPOBaHHBIA BO Bcepoccuiickoil Kosek-

OUHU OPOMBIIJICHHBIX MHUKPOOPTaHHU3MOB. baxk-
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TEpUHU BBIpANIUBAIM B TeueHue 48 4 B KUIKOM
COJICBOU Cpefie B CTEKJISHHBIX KOI0aX 00BheMOM
1 1 npu xoadduuuenre 3anonnenus 0,5 ¢ wmc-
MMOJIb30BAHUEM TEPMOCTATHPYEMOTO IIeHKepa-
uHkybaTopa Innova® cepuu 44 (New Brunswick
Scientific, CIITA) npu 30 °C u 200 o6/mun. s
BBIpAIMBaHUsl OaKTepUil MCIOIBb30BAIN CPELY
[nerens (Schlegel et al., 1961): Na,HPO,xH,O —
91, KH,PO, - 15 MgSO,xH,0 - 0,2;
Fe;C¢H;0,x7H,0 — 0,025; NH,Cl — 1 (1/m).
Mukpo3eMeHTbl BBOAMJIM 10 nponucu Xoa-
TJIaHJa W3 pacueTa 3 MJI CTAaHAAPTHOT'O PAacTBO-
pa Ha | 1 cpenpl. CTaHOApTHBIH PacTBOp CO-
nepxut: H;BO; — 0,288; CoCl,x6H,0 — 0,030;
CuSO,x5H,0 — 0,08; MnCl,x4H,0 — 0,008;
ZnS0O,4x7H,0 - 0,176; NaMoO,*x2H,0 — 0,050;
NiCl, — 0,008 (r/m). B kadecTBe yrjiaepoaHO-
ro cyoOcTtpara B3siTa oJewmHOBas kuciora (AO
«39KOC-1», Poccus; crenenb 9uctoThl 98-99 %)
B KOHIIGHTpanusax 5-50 1/

PacueT sxoHOMHUYECKOTr0 KO3 PHIIHEeHTa 1O

Oromacce IPOBOIUIIH 110 popmyIIe

Y= (X-Xo)/(So-S),

rae X u X, — KOHIEHTpalus 0MoMacChl B KOHIIE
U B Hayaje SKCIIEPUMEHTa COOTBETCTBEHHO; S U
Sy — KoHIeHTpanus cyocTpara B KyJIbType B KOH-
1€ ¥ B HayaJje HKCIepPUMEHTa COOTBETCTBEHHO.
PacueT sxoHOMHYECKOT0 KO3 PHUIIHEHTA 1O

HOJIUMEPY IIPOBOLMIIH 110 hopMyIIe:

Y= (P-P)/(So-S),

rae P u Py, — KkoHUEHTpanus nojivumMepa B KOHIE
1 B Ha4aJie HKCIIEPUMEHTA COOTBETCTBEHHO, S U
S — KOHIIEHTpaLus cyOcTpara B KyJIbType B KOH-
1Ie ¥ B Ha4aJje 3KCIIEPUMEHTA COOTBETCTBEHHO.
Konuenrpanuio  Ouomacchl  OakTepuid
pPerucTpUpOBAIN IO BECy CYXOro BelIecTBa
U ONTHYECKOW IUIOTHOCTU KYJbTYphl Ha KO-

nmopumerpe KDK-2MIIT (Poccus) mpu nnune

A=440 um. CoumeprkaHue OJICHHOBOW KHUCIOTHI
B CpeZe ONPEIEIIsIN MOCIe SKCTPAKLIUU €€ IeK-
CaHOM Ha XpoMaTo-Macc-crekTpomerpe Agilent
Technologies 7890A (CIHA). Cogmepxanue u
COCTaB TMOJIMMEpa OIPEICIsii XpoMaTorpa-
¢buell METHJIOBBIX 3(HPOB JKUPHBIX KHCIOT C
NPpUMECHCHUEM
Agilent Technologies 7890A (CIIA) (Volova
et al,, 2002). YcaoBusi xpomarorpaduu: ras-

XpoMaTo-MaccC-ClIEKTpoMETpa

HOCHTENb — TSN, CKOpOCTh 1,2 MII/MHH; KO-
noHka kamwiuisipHas DB-35MS, mnuna 30 M,
nuametp 0,25 MM; HauyallbHas TeMIeparypa
55 °C, monbem Temmnepartypsl 10 310 °C co cko-
poctpio 10 °C/MuH. MonekysipHyo mMaccy U
MOJIEKYJIIPHO-MAacCOBO€ pacIpeneseHue Io-
JIMMEpPa MCCIeI0BAIN C UCTIOIB30BAHUEM Tellb-
npoHuKaroleit xpomarorpaduu (xpomarorpad
Agilent Technologies 1260 Infinity (CILIA))
OTHOCHUTEJIBHO TOJIUCTUPOJIOBBIX CTaHAapTOB
(Fluka, [eeitmapus, I'epmanms). Haxommmm
cpenneBecoByto (M,) u cpenneuunciioByro (M,)
MOJICKYJISIPHYIO Maccy, a TaKXe MOJIUIUCIIepC-
vocte (I = M,/M,). IlonpobGHoe onucanue
METOJa OLIEHKH MOJEKYJSIPHO-MacCOBOTO pac-
NpelesieHns NojuMepa IMPUBEICHO B pabote
(Volova et al., 2014). TepMuueckuii aHaIHU3 MPO-
BOJIHITH C IIOMOIIBI0 TH(PEepeHITHATbHO-CKAHU-
pytomero kanopumerpa DSC-1 (Mettler Toledo,
HIseitmapusy). Ilonmumep wmaccoit 4,0+0,2 wmr
MIOMEIIAJIM B aJIOMUHHUEBBIC TUTIN M Harpesa-
nu co ckopocTeio 5 °C B MuHyTy. Temmneparty-
py nnasnenus (T,,) u TepmMuyeckol aerpana-
uuu (T, onpenensyin Mo 3K30TEPMUYECKUM
IMKaM Ha TEpMOIpaMMax C HCIOJIb30BaHUEM
nporpaMmmHoro obecrnieuenust «StarE» (Mettler
Toledo, LIBeitnapus).

DKCHEPUMEHTHI TPOBEJIEHBI B TPEX TOBTOP-
HocTsix. [lpuBemeHsl cpenHeapupmMeTHUECKHUE
3HAUEHHS] U UX CTaHJApTHbIC OTKJIOHeHUs. Jis
OLIEHKH JOCTOBEPHOCTH BIIMSHHS Pa3IUYHBIX
KOHLIEHTPALUi OJIEMHOBOM KUCJIOTHI Ha KOHLIEH-

Tpanuro Ouomaccel u COACPIKAaHUEC IMOJIUMEpa
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BBITIOJIHEH  OJHO(AKTOPHBII  JIUCIIEPCUOHHBIN

aHaJIu3 npu ypoBHe 3HaYuMocTu a=0,05.

Pesyabrarsl n 00cyxaeHue

HccnenoBano BJIMSIHUE pa3IMYHBIX
KOHIICHTPALHH OJEHHOBOU KHUCIOTHI (5-50 r/m)
Ha POCT OaKTEPHil U COACPKAHKE MOJTUMEPA, ErO
COCTaB M MOJIEKYJISIPHBIA Bec. MakcumanbHas
KOHIIGHTpaIst Ouomaccel 6,4-6,7 r/n mojaydeHa
[pY  KOHIEHTPAIUAX OJIEMHOBOM KHCIIOTHI B
cpene 10-20 r/m.

KOHHOCHTpALU O0JICUHOBOH KHCJIOTEI HIpHUBLIIO

JanpHelilnee yBeauueHue

MoKa3aTrejeu

(puc.
conepkanue nonumepa (64-71 % ot Beca cyxoit

K CHUXXEHHUIO ypOKallHOCTH

OGromacchl D). MaxkcuManpHOE
O61oMacchl) TaK)Ke MOJTYYEHO HpPHU HEBBICOKHX
KOHIIGHTPAIUSX OJCHHOBOW KucaoThl (10-25 /i)
(puc. 2). JlucriepcHOHHBIN aHAJIA3 MMOKA3aJl, YTO
BJIMSIHUE KOHLEHTPAIMH OJICMHOBOH KHCJIOTBI

Ha BeJIMYMHY YypOXalHOCTH 10 Onomacce

U CONEPKAHHWIO TMOJUMEPA CTATHCTHYECKH
J0cTOBEPHO (1 = 24, Fypnacea™ 531, Fromunep= 507,
a = 0,05). Huskoe comepxanue OHOMACCHI

3,5 r/m) u monumepa (48 % oT Beca cyxoi
( p y

OuoMacchl) TMpU KOHIIGHTPAIIMU  OJICMHOBOM

£ »

Buomacca, r/n

N

KHCIIOTBI 5 T/, IO BCEW BHAMMOCTH, CBS3aHO
C TOJHOH YTHJIM3aIlMed ITaHHOrO cyOcTpaTa
Ha Ooiee paHHUX CTaAUAX KyJIbTUBHPOBAHUS,
YTO MOATBEPKJIAETCSI OTCYTCTBHUEM OJIEMHOBOM
KUCJIOTBl B KYJBTYypallbHOM cCpelle B KOHIIE
(Tabm. D).

OTMETHUTD, YTO MPAKTUYCCKHU BCA KHCJIOTa Obl1a

KYJIbTUBUPOBaHUS Crnenyer
YTHJIN3MPOBaHa OAKTEPHSMU 32 48 4 TOIBKO MPH
UCXOIHON KOHLIEHTPAaLlMU OJIEMHOBOM KHUCIJIOTBI
5 m 10 1/m, Torma kKak mpu Ooyiee BBICOKUX
HavaJbHBIX KOHUEHTpauusax (25-50 /i) B cpeme
0CTaJIOCh MHOTO HEUCIIOJIb30BaHHOM OJIEMHOBON
KHCJIOTHI.

[Ipu xynsruBupoBanuu C. necator B-10646
Ha OJICMHOBOM KHCJIOTE€ DKOHOMHYECKUI KOA(]-
¢unment mo Omomacce (Y) cocramusan 0,64-
0,72 r Ouomaccel/T HCIOIb3yeMOro cyodcrpara
(tabm. 1), 9TO MpaKTHYECKH B 2 pasa BBIIIC, YeM
Ipy KyJIbTHUBUpOBaHUU Ha caxapax (Kahar et al.,
2004; Riedel et al., 2012; Tsuge et al., 2013), u co-
[JIACYeTCs C paHee MoJy4YeHHBIMU pe3yJIbTaTaMu
npyrux aBTopoB (Yamane, 1992; Akiyama et al.,
2003).

Panee nokaszaHo, 4TO UCCIIEYEMbIH IITAMM

C. necator B-10646 nipu pocre Ha caxapax (ppyx-

5 10 15 20

25 30 40 50

KoHuUeHTpauus onenHoBoW KUCHOTHI, I/

Puc. 1. BiussHre KOHIEHTpALMK OJICMHOBON KUCIIOTHI B cpelie Ha poct 0akrepuid Cupriavidus necator B-10646

Fig. 1. The effect of the concentration of oleic acid in the medium on the growth of bacterium Cupriavidus

necator B-10646
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Puc. 2. Coneprxanue nonumepa B kietkax 6axrepuit Cupriavidus necator B-10646 B KoHLIe KyJIbTUBUPOBAHHUS
(48 1) npu pa3IMYHBIX KOHLEHTPAIMIX OJICHHOBOI KHCIIOTHI B Cpefie

Fig. 2. Polymer content in the cells of Cupriavidus necator B-10646 at the end of cultivation (48 h) at various

concentrations of oleic acid in the medium

Tabnuma 1. [Toxazatenu KynsTypsl 6aktepuiit Cupriavidus necator B-10646, BeIpaniuBaeMbIX IPU Pa3InIHBIX

KOHICHTpausax OJICMHOBOW KHUCIIOTHI B cpene

Table 1. The culture parameters of Cupriavidus necator B-10646 grown at different concentrations of oleic acid

in the medium

Konnentpanus  Coctas monumepa, Conepxanue
OJIEMHOBOM Mo . % OJIENHOBOM
Y9 Y9
KHCJIOTHI B M,, M., KHCJIOTBI
b\ r Ouomaccel/ T mosimmepa/
cpezie B Havalle k[a x/la B KOHIIE revberpata T evGerpara
KYJBTHBHPO- T8 3IB 3IT KYJABTHBHPO- yoerp yoerp
BaHUs, I/71 BaHus, /11
5 98,5 1,2 0,3 803 292 2,8 - 0,70 0,34
10 98,7 0,9 0,4 642 222 2,9 0,6 0,68 0,48
15 98,9 1,0 0,2 617 217 2,8 5,9 0,72 0,47
20 98,8 1,0 0,2 604 199 3,0 10,1 0,68 0,43
25 99,1 0,7 0,2 595 190 3,1 15,5 0,64 0,41
30 98,9 1,1 - 485 109 4.4 223 0,70 0,36
40 98,6 1,3 0,1 423 104 4,1 333 0,72 0,33
50 98,0 1,7 0,3 381 94 4,1 45,2 0,71 0,28
IIpumeuanue: — — OTCYTCTBYET.

TO3a, IJIIOKO33a) CHUHTE3HPYET TOMOIOIHMED
nonu(3-rugpokcudytupar) (Zhila et al.,, 2015). B
COCTaBe MOJIHMEPa, CHHTE3UPYEMOTr0 OaKTepHs-
MU TIPH POCTE HA OJENHOBOW KHCIIOTE, IIOMHMO
3-ruapokcuOyTHpaTa, SBIAIOMIETOCS JIOMHUHH-

pyfomuM MoHOMepoM (bonee 98 moi. %), uieH-

TU(GULIUPOBAHBI BKJIIOYEHHUS 3-THAPOKCHBaJIE-
para (0,7-1,7 mon. %) u 3-TuapoOKCHTeKcaHoaTa
(0,1-0,4 mom. %). OgHaKo MPOLIEHTHOE COMEpIKa-
Hue MmoHoMepoB 3I'B u 3I'T mpaktuuecku He 3a-
BUCEJI0 OT KOHLEHTPAILUH OJEUHOBOW KHCIIOTBI

B cpexe (tabm. 1). IosBnenne 3-ruapoxcuBaie-
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pata U 3-TUIPOKCUTEKCaHOaTa B COCTaBE TOJIH-
Mepa Takke HaOJIIOAAIN MPH KYJIbTUBHPOBAHUH
Alcaligenes sp. NCIM No 5085 Ha 0JIcHHOBOI
kucnore (Srivastava, Tripathi, 2013). Kpome
TOro, U3MEHEHHE cocTaBa rnojumepa y Bacillus
cereus FAll mpu 3amMeHe YIIIEBOTHOTO CYO-
CTpaTa Ha OJMBKOBOE Macjo MOKa3aHo B paboTe
(Masood et al., 2017).

[loMmumo oOImero BBIXOIA, HCCIIEAOBAHBI
COCTaB M MOJICKYJISIPHO-MACCOBBIE XapaKTe-
puctuku I1['A, cuHTE3UpyeMbIX OaKTEpHIMH
C. necator B-10646 (ta6s. 1). IlokazaHo, uTo ¢
YBEITUYEHHUEM KOHIICHTPAIIUU OJIEMHOBOI KHCIIO-
THI IIPOUCXOAMIIO CHUKEHHUE KaK CPEeTHEBECOBOIA,
TaK U CPEIHEUNCIOBOW MOJIEKYJISIPHOW MaccChl
Ha (OHE yBEJIMYECHHS IOIUANCIEPCHOCTH. M3-
BECTHO, 4TO MoJekyisipHas macca [1['A 3aBucut
OT HECKOJNIBKUX (akTopos: tuma [IT'A-cuHTa3HI,
JIOCTYITHOCTH MOHOMEpPOB st cuHTe3a [ITA,
MIPUCYTCTBHS (DEPMEHTOB, KOTOpBIE JETOJINME-
pusyiot III'A, u ypoBHs skcnpeccun IIT'A cun-
ta3sl (Rehm, 2003). Cunre3 III'A ¢ HU3KUMU
3HauYeHUsIMU M, IPOUCXOAUT IIPU BBICOKON KOH-
LeHTpauuu B kieTkax akTuBHOU I1['A-cuHTazbl
W/WJIH BBICOKOH DKCIIPECCU U T'€Ha, KOAUPYIOLIEro
atoT ¢gepment (Sim et al., 1997). Hannuue npy-

TUX MOHOMCPOB B COINOJIHMMEPE MOKET TaKIKE

HPUBOJIUTh K 3HAYUTEIBHOMY CHIIKCHHIO €ro
MOJIEKYJISIpHOH Macchl. CHMXKEHHE MOJIEKYJIsIp-
HOM Macchl MojuMepa M BO3pacTaHue ero Io-
JUNCIIEPCHOCTH TIPH YBEIUYEHUHN KOHLEHTpa-
UM OJICMHOBOW KHCJIOTBI, KaK MPEATIONIONKHIIN
Jurasek et al. (2004) u Tomizawa et al. (2010),
ObLIN CBSI3aHbI CO CHUYKEHHEM CKOPOCTH PabOThI
[T’A-cuHTa36l W/WIW yBEIHYCHUEM CKOPOCTHU
peaknuu mepeHoca uenu. Creayer OTMETHTb,
YTO HOJUMED, CHHTE3UPYEMBbIH Ha (PPYKTO3€ nC-
ciaenyembiM mTamMmmoMm C. necator B-10646, xa-
pakTeprzoBaicsi Ooee BEICOKOH MOJIEKYIISIPHOM
maccoii (Volova et al., 2017). CHuxeHue Mole-
KYJISIPHOW Macchl moiaumepa y Aeromonas caviae
SO5E/K/P mipu pocTe Ha COEBOM MacJje 10 CpaBs-
HeHMIo ¢ (QpyKTO30ii MokazaHo B padore Tsuge
et al. (2007). Bojee HU3KKME 3HAYCHHUS MOJICKY-
JSIpHOM Macchl moiydeHsl u ans Cupriavidus
necator H16 npu BblpamiuBaHuu OakTepuil Ha
M1aJJbMOBOM MAacJIe 110 CPaBHEHUIO C (PPYKTO30H
(Arikawa et al., 2016).

IT'A, cunresupyemsie C. necator B-10646
IIPHU POCTE Ha OJICMHOBOM KUCIIOTE, XapaKTePH3Y-
10Tcsl Oojiee HM3KOM TeMIeparypoil IIaBIeHUS
(T,,) MO CpaBHEHUIO C TOTUMEPOM, OTYyUEHHBIM
IIPU MCHOJIB30BAHUHU (PYKTO3bI B Ka4eCTBE HC-

TOYHMKa yrieposaa (tabia. 2). BosmoxHo, 3TO

Tabnuma 2. TemmepaTypHbIe XapaKTEPUCTHKHU IIOJMMEPOB, IOJNYUYEHHBIX NPH BHIpAIIUBAHUHM OakTepuil Ha

0JICUHOBOM KHUCIIOTE

Table 2. Temperature characteristics of polymers synthesized by bacterial cells grown on oleic acid

Konnenrtpamus Cocras nonumepa, Moit. %
OJIEMHOBOM KUCIOTHI T, °C Tyerps °C Ccpliika
B cpene, I/ rb 3B arr

10 98,7 0,9 162 288 DTO HCCIIeIOBaHUE

30 98,9 1,1 168 294 DTO HCCIIeIOBaHUE

50 98,0 1,7 169 201 DTO HCCIIeIOBAHUE
100 - 178 295 Volova et al., 2017
100 - 173 H.JI. Grigull et al., 2008

1,5 100 - 171 H.L. Grigull et al., 2008

3,0 100 - 149, 162 H.IIL Grigull et al., 2008

IIpumedanue: — — OTCYTCTBYET, H.A. — HET JaHHBIX.
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CBs3aHO ¢ nMeromumucs B coctase II'A B He-
OoipIux KonmmaectBax MoHomepamu 3I'B u 31T,
HaJIMYUE KOTOPBIX B MOJUMEpE, KaK HU3BECTHO,
compoBoxaaercst cHmxenuem T,, (Murugan et
al., 2017; Volova et al., 2013). Ognako B padboTe
Grigull et al. (2008) mokazano cHmwxkeHue T, ro-
mormonumepa [1(3I'b), cuHTe3npoOBaHHOTO B MpU-
CYTCTBUH OJIEMHOBOW KHCIIOTHI B KOHIIEHTPALNN
3 r/n, no cpaBHenuto ¢ [1(3I'B), monmydeHHbIM pu
OoJiee HU3KUX KOHIEHTPAIMIX OJEHHOBOW KHC-

JIOTHI UJIH TIPH €€ OTCYTCTBHH B cpefe (Tada. 2).

3akJouenne

UccnenoBan poct C. necator B-10646 u
CHHTE3 MMOJIMMEpPa MPHU BhIPALIUBAHUN OaKTEPHil
Ha cpene, COAepIKaIel B KaueCTBE CAMHCTBCH-
HOTO UCTOYHHUKA yTIIEPOJa OJIEMHOBYIO KUCIOTY
B KOHIIGHTpanusax 5-50 r/i1. MakcuManbHEIC Be-

JIMYMHBI YPOXKAWHOCTH MO OMoMacce M cojep-

Baarogapuoctu / Acknowledgements

JKAHUIO TOJUMEpPa MOJYYEeHbl NPU HCXOTHBIX
KOHIICHTPAUSIX OJENHOBOH KUCIOTH 10-20 r/m
U MHUHUMAJIbHBIX OCTaTOYHBIX KOHIEHTPALH-
sax cybocrpara (0,6-10,1 1/m). YcTanoBneHo, 4to
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Abstract. Streptavidin is a homotetrameric protein produced by Streptomyces avidinii, each subunit
of which binds biotin (vitamin H), forming a stable complex (Kd = 105 M). Streptavidin-biotin
coreaction is widely used in analytical systems, for targeted delivery of compounds, for affinity
purification, etc. The aim of this study was to develop a rational technique to produce functionally
active recombinant streptavidin. Recombinant Escherichia coli strains producing minimal core and
full-sized streptavidin variants were obtained. The E. coli BL21 Codon Plus (DE3) RIPL, as host
cells, and the pET19b plasmid carrying gene of minimally-sized core (miniSAV) or full-sized (SAV)
streptavidin were used. Synthesis of miniSAV results in its localization as insoluble inclusion bodies.
Denatured miniSAV yield was 130 mg per liter of E. coli culture. The renaturation gives only 10-
15 % of the functionally active protein. Full-sized streptavidin localizes in the cytoplasm in a soluble
state, but its toxicity causes low yield of the protein (10-13 mg per liter of the culture). The induction
of SAV synthesis at the end of the logarithmic stage of cell growth was found to increase the yield of
SAV approximately 2-fold. The yield of functionally active protein was 30 mg per liter culture. SAV
was produced practically in individual state after affine chromatography on 2-iminobiotin agarose.
One molecule of full-sized streptavidin bound 3.9 biotin molecules as was shown by colorimetric
analysis using HABA (4-hydroxyazobenzene-2-carboxylic acid). Both streptavidins form sandwich-
type complexes with biotinylated molecules in solid-phase microassay conditions. E. coli BL21 Codon
Plus (DE3) RIPL/pET19bSAV strain was stable during storage with 20 % glycerol at -70 °C, which was
shown by repeated two-year reseeding. The streptavidin producing strain (£. coli BL21 Codon Plus
(DE3) RIPL/pET19bSAV) is deposited in the Collection for extremophile microorganisms and type
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The method for producing functionally active recombinant streptavidin developed in this study ensures

its availability for biotechnological research.
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Pa3paborka croco0a mosryuyeHust
(l)YHK]_[l/IOHaJIbHO AKTUBHOT O
PEKOMOMHAHTHOIO CTPENTABU/IMHA
B KJeTKax Escherichia coli
E.E. bammakoBa, A.H. KyapsBues, JI.A. ®pank
Huemumym 6uogpusuxu CO PAH

QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickaa ®@edepayus, Kpacnosapck

Annorauus. CTpenTaBuIUH — TOMOTETPaMEPHBIA OCJIOK, MPOAYLUPYeMblit Streptomyces avidinii,
Kaxmas CyObeIWHHUIIA KOTOPOTO CBs3bIBaeT OMOTHH (BuTamMuH H) ¢ oOpasoBaHmeM CTaOWIBHOTO
kommiekca (Kd = 10 M). CrpentaBuanH-OHOTHHOBOE B3aMMOJEHCTBHE KCIONB3YIOT B
AQHAJMTHUYCCKUX CHCTEMaX, JUIS aAPECHON JOCTABKH COEAMHEHUH, 11 ap(GUHHON OYMCTKH BEIIECTB U
T.21. Llenb 1aHHOTO MCcie0Banus — pa3padoTarhk paloHaIbHbINA CIIOCO0 MOMYyYEeHUS] PEKOMOMHAHTHOTO
(DYHKIIMOHAIBHO aKTUBHOT'O CTpenTaBuIuHa. CKOHCTPYHUPOBaHBI ITaMMbI Esherihia coli — IpomylieHThI
MHHHMMAJILHOTO KOPOBOIO M TIOJIHOPa3MEPHOIO BAPUAHTOB CTPENTABUIMHA C HCIIOIB30BAHMEM OJIHOM
n ToOl ke sKcnpeccupytomen cuctemsl — E. coli BL21 Codon plus (DE3) RIPL B kadectBe KieTok-
x03seB W 1wiasmuael pET19b, Hecymield reH MuHHUMaibHOro (MIiniSAV) WIH TOJHOPa3MEPHOTO
(SAV) crpenraBummHa. OKcnpeccuss miniSAV conpoBokmaeTcst ero Jokanmmsaiweii B E. coli B Bume
HepacTBOpUMBIX Tenel BKoueHus. C | 1 KyasTypsl Obuto momydeHo 130 MI BBICOKOOUHMIIIEHHOTO
JIeHaTypupOBaHHOTO Oenka. Brixon (yHKIMOHANBEHO akTHBHOTO Oenka rocne pedonaunra cocraBmi 10-
15 %. ITommHOpa3MepHbIi CTPENTaBUINH CUHHTE3UPYETCSl B pACTBOPE LIMTOILIA3MbI, HO €r0 TOKCHYHOCTh
oOycioBmmBaeT HU3KUH BbIxox (10-13 Mr ¢ 1 1 KymeTypsl) 3TOro O€liKa TpU CTaHAAPTHBIX YCIIOBHIIX
KyJIBTHBHPOBAHUS. YCTaHOBJICHO, YTO HHAYKIHsI CHHTE3a SAV B KOHIIE jJorapudmudeckoii (hasbl pocta
KyJIBTYpbl 00ecnednBaeT BIX0 (PyHKIMOHAIBHO akTHBHOTO Oenka 30 mr ¢ 1 1 KynsTypsl. Ilpemapar
BBICOKOOYHIIIEHHOTO SAV monyyainu onqHocTauiiHoi adduHHOM Xpomartorpadueii Ha 2-UMHUHOOHMOTHH-
arapose. KomopumerpraeckuM aHaTH30M ¢ HCIToNb30BaHneM kpacutenst HABA (4-ruapokcna3zo0eH300-
2-kapOOHOBOW KHUCIIOTBI) OINPEEICHO, YTO OJHa MosieKysna SAV cBsizbiBaeT 3,9 MOJeKyJbl OMOTHHA.
HItamm E. coli BL21 Codon Plus (DE3) RIPL/pET19bSAV crabumnen npu XpaHeHHH C J00aBICHHEM
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20 % mmnepuna npu Munyc 70 °C, 4To MOATBEP)KAEHO MHOTOKPATHBIMH IIEPECEBAMH B TE€UCHHUE 2 JIET.
[Noka3aHa MPUMEHMMOCTh OOOMX BapHaHTOB CTPENTABUIMHA JUIL 00pa30BaHMs BEICOKOCTICIM(HYHBIX
KOMIIJIEKCOB MEXJly OMOTHHWIMPOBAHHBIMU MOJICKYJIaMHU B YCIOBHSX TBEPI0()a3HOr0 MHUKpOaHAIM3a
cornBuy-tuna. llltamm-ipoxgyneHT pexomOuHaHTHOTO crpentaBuanHa (E. coli BL21 CodonPlus
(DE3) RIPL/pET19bSAV) xpaHutcsi B KOJIEKIUU SKCTPEMOMUIBHBIX M THIOBBIX KyinbTyp UXBOM
CO PAH (HoBocubupck), Ne KOMTK 3505. Pa3paGoransslii criocod HosydeHus] peKOMOMHAHTHOTO
(DYHKIIMOHAIBHO aKTHBHOT'O CTPENTABUANHA 00ECIIEUNBACT €r0 JIOCTYITHOCTb JJIsl OMOTEXHOJIOTMYECKUX

HUCCIIEIOBAHUMN.

KuroueBble cj10Ba: peKOMOMHAHTHBIN CTPENTABUINH, IITAMM-TIPOAYLEHT E. coli, MUKpOaHAIH3.

Huruposanue: bammakosa, E.E. Paspaborka cmocoba mnonyueHus (GYHKIHOHAIBHO aKTHBHOT'O PEKOMOMHAHTHOTO
CTpenTaBuanHa B KineTkax Escherichia coli / E.E. bammakosa, A.H. Kynpssues, JI.A. ®pank / XKypn. Cub. penep. yH-Ta.

Buonorns, 2020. 13(2). C. 218-229. DOI: 10.17516/1997-1389-0324

BBenenue

CrpenTaBUAMH — 3TO TOMOTETPaMEpHBIN
OeInok, mponyuupyemslii Streptomyces avidinii,
Kaxgass cyObelMHHMIA KOTOPOI'O CBSI3bIBAET
ouotun (BuramuH H). OOpasyromwuiics upwu
9TOM KOMILIEKC 00JiaJjaeT yHUKAJIBbHOW ISt
HEKOBAJICHTHBIX COCIMHEHUH CTAOMIIBHOCTBHIO
(Kd = 10" M). Baaromapst 3TOMy CTpeNTaBH-
IUH-ONOTHMHOBOE  B3aWMOJEHCTBHE LIMPOKO
UCIIOJIB3YIOT B PA3JINUHBIX aHAJUTUYECKUX CH-
cTemax, ISl aJlpecHOl JIOCTaBKH COCIUHEHH,
st ah(GUHHON OYMCTKH IEICBBIX COCAUHCHUN
" T.4. (cM., Hamp., 00630op Dundas et al., 2013).
CrpenTaBUAMH BCECTOPOHHE HW3YYEH: OIpe-
JeJieHbl ero  (pU3MKO-XMMHYECKHE CBOMCTBa,
CTPYKTYpa
Oenka M €ro MHOTOYHCICHHBIX T€HEeTHYECKHX

MPOCTPAHCTBEHHAS MHTAKTHOT'O
BapHAHTOB, a TAK)KE KOMILJICKCOB C OHOTHHOM.
KomMmepueckn mocTymneH cam OelOK M MHOXKe-
CTBO €ro MPOU3BOAHBIX — XUMHYECKHX KOHB-
FOTaTOB U TCHETUYCCKUX THOPUIOB C IPYyTUMU
Oenkamu, a Tak)ke OMOTHH U €ro MPOU3BOIHbIE.
VHUKaIbHEIE CBOMCTBA 3TOM CUCTEMEI BEI3BIBA-
10T TIOCTOSSHHBIM HHTepec, B OONbIIel CTeNeHU
MPUKIATHON, U MyOIHKALHMH O MOJNYYSHUU HO-
BBIX BApUAHTOB CTpPENTaBUIWHA, pa3padoTKe

HOBBIX MPOAYLCHTOB H croco0oB BBIJICJICHU A

9TUX OEJIKOB MOSBIISIIOTCS peryssipuo. B mure-
patype ¢ 1990-x rr. onucanbl O6akTepuaIbHbIE
MPOAYIEHThI, B KOTOPbIX HAKOIUICHUE CTpEI-
TaBUJAMHA MPOUCXOJUT B BHAC HEPACTBOPH-
MBIX TeJell BKJIIOUYeHHs (CM., Hamp., Sano &
Cantor, 1990; Humbert et al., 2005; Jouybari et
al., 2018; Chua et al., 2018). DToT monxox obe-
CIICYMBACT MOJYYCHHE OOJBIIOr0 KOJIHYECTBA
JICHATYPUPOBAHHOIO OE€JIKa, OHAKO OCIOXKHSI-
eTCsl He0OXOAMMOCThIO MPOBEACHUS pe(OITUH-
ra, KOTOPbIM MPOUCXOJUT C HU3KUM BBIXOJIOM
(GyHKUMOHANBHO aKkTUBHOrO Oenka. [Ipemso-
JKEHbI BapUAHTBI MOJYYEHHUS PEKOMOMHAHTHO-
ro CTpPENTaBUIWHA C TPAHCIOKALMEH B ICPH-
IJ1a3MaTHYecKoe NMPoCcTpaHcTBO KieTok (Veiko
et al., 1999) unu B pocroByto cpeay (Noda et
al., 2015). st BeIIEneHUS IeieBoro Oelka B
9THUX ClydasX HEOOXOAUMBI JOMOJHHUTCIbHBIC
craauu b0 (HPaKUOHUPOBAHUS KIIETOUHOU
OroMacchl, JIM0O ero OCaXKACHUS U3 POCTOBOI
Cpelibl C MOCIEAYIONIEH eHATY pallHei.

B HekoTOphIX padoTax CTPENTABHAMH I10-
JIy4aloT B BUJE I'MOPUIHOrO OejKa cO BCIOMO-
raTeJIbHBIMU TENTHIAMH, OOCCICYHBAIOIIUMU
€ro pacTBOPUMOCTh B IIMTOILIA3ME, a TaKXKe
ofHocTanuiiHyto adhduHHy0 ouncTKy (Schmidt
& Skerra, 1994; Gallizia et al., 1998; Serensen
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et al., 2003; Humbert et al., 2008; Noda et al.,
2015). Ananu3 nuTepaTypHBIX JAaHHBIX IO TIO-
JIYYCHUIO PEKOMOMHAHTHOTO CTPENTaBHIMHA
BEISIBIISICT JOBOJBHO TIECTPYIO KapTHHY, KOTna
ABTOPBI MOJYYAIOT Pa3HbIC BapHUAHTHI CTPEIITa-
BHJIMHA C TIOMOIIIBIO PA3HBIX IKCIPECCHPYIOMIHX
KOHCTPYKIHH, HCIIOJB3YIOT pa3jiudyHbIC YCIO-
BHSI ICHATY palliu-pe oI IUHTA [IEIeBOTO OeKa,
WHOI/Ia YKa3bIBAIOT HA BOSHHUKAIOIIKE IIPOTUBO-
pedns ¢ paHee OIYOIMKOBAHHBIMU HCCIICIOBA-
HUSIMH U T.J0. Bce 3TO He Mo3BOJISET BBIOpATh
CpPeIr W3BECTHBIX CIOCOOOB MOIYYEHHUS ITOTO
Oenika HanboJIee ONTHUMAJIBHBIN.

Lenpro HamIero WccieIOBaHHS OBIIO pas-
paboTaTh paIlMOHANBHBIN CHOCOO MOJyYCHHUS
PEKOMOMHAHTHOTO (PYHKITHOHATHFHO AKTHUBHOTO
CTPENTABUANHA, IS YEro MOJYYUTh PEKOM-
OuHaHTHBIN wTamMMm Escherichia coli, obecme-
YUBAIONIUN CHHTE3 OelKa ¢ XOpolled MpOayK-
THBHOCTBIO H TIPOCTOH CHOCOO €ro BBIICICHUS
U O4KMCTKH. B xome paboT ObUIM PaccMOTPEHBI
CHIOCOOBI MOYYCHHSI IBYX BapHaHTOB CTpEITa-
BUMHA — MUHAMAJILHOI'O KOPOBOT'O M TIOJTHOPA3-
MEPHOTO, OTJIWYAIOMINXCS 10 pa3Mepy, HO TpU
9TOM, TI0 JINTEPATYPHBIM JaHHBIM, 00J1aJaOIIHX

6nu3K0l (PyHKIIMOHATBHOW aKTHBHOCTBIO.

MarepuaJibl U METO/bI

Mamepuanvi

BricokoounmieHHblii  Ca’’-akTHBUPYEMBbIii
(doTonpoTenH 00CIUH MOTydYaad TakK, KaK OIH-
caHo pasree (Illarionov et al., 2000). buotnHHIIH-
pPOBaHHBIE MPOM3BOAHBIC OBIYBETO CHIBOPOTOY-
Horo ansOymuHa (BSA-bio) n o6enuna (bio-Obe)
noigydanu peakmueil ¢ 20- u 5-MOJSIPHBIM H3-
OBITKOM CyKIMHUMHIHOTO MPOM3BOAHOTO OWO-
tuHa (Pierce, CIIIA) ¢ nocneaywomumM ypaae-
HUeM u30bITKAa peareHTa reyb-(UIbTpannei
(Frank, Vysotski,
OOO buocan (Poccus). B

HCIIOJIB30BaJIN

1997). OauroHyKJICOTHUABI
CHHTE3HPOBAHBI
ObIunii

CIIIA), d-OumotwH,

pabore CBIBOPOTOU-

HBI  anpOymuH (Sigma,

4-runpoKCcua3’00eH30/1-2-KapOOHOBYO  KHCIOTY
(HABA) (Pierce, CIIIA). Bce BcrmomMoraTenbHBIE
peareHTbl OTEUECTBEHHOIO IIPOU3BO/ICTBA (COJIH,
KHCJIOTHI, IIEI0YN) ObUIM aHAJUTHYECKOH WIIH
XUMHMYECKON YMCTOTBHI.

benkoBelii  coctaB 00pa3noB  aHAIW3U-
poBanmM C TOMOIIBI0 BEPTHUKAJIBHOTO TI€llb-
antekTpotopesa B 15%-HOM MOJIMaKpHIIAMUTHOM
rejiie B JAeHarypupyromux yciopusax (Laemmli,
1970). Amnanm3 reneil MPOBOAMIN B KaMmepe
Alphalmager (Alphalnnotech, CIIIA).

KoHIeHTpanuio crpenTaBuinHa Onpeaes-
JI1 KOJIOPUMETPUYECKH 110 METOAY, OTUCAHHOMY
B (Green, 1970), nu6o cnekTpooTOMETPUIECKH
Ha JuTHE BOJHBI 280 HM, MMOJB3YACh 3HAYCHUEM
kodppuumenta sxkctuHkHU E*'” =34 (Schmidt

& Skerra, 1994).

Koncmpyuposanue naazmuonvix JJHK
PETI9b-SAV u pETI19b-miniSAV

€ NOC1e0068AMENbHOCTAMU,
KOOUPYIOWUMU NOJTHOpA3MepHDbILL (A)
UIU MUHUMATbHBLU KOpOosblil ()

cmpenmasm)unbl coomeenicnmeerHHo

(A) Iltamm Streptomyces avidinii (AC865,
Poccuiickass HanMOHAJbHAs KOJUICKLUS IIPO-
MBIIUIEHHBIX ~MHUKPOOPIaHM3MOB)  BBICEBAJIH
B uakyto cpeny (10 r/m menrona, 5 r/m NaCl,
pH=7,2) n xynsruBupoBanu 3 cytok mpu 28 °C.
Kierkn  ocaxpmanum  neHTpudyrupoBaHuem
(4000 g, 4 °C). Xpomocomuyrw JAHK S. avidinii
BEIIEISLITH ¢ moMotbio Habopa GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific) u unc-
[10JIb30BaJIM B KauecTBe MaTpuLbl aJist [TLIP.

®parment HK, konupyromuii mogHopas-
MEpHBIN CTPEeNTaBUANH 0€3 JTHIESPHOr0 NENTHIa
(480 m.0.) ¢ caiitamu pectpukuuu 5'-(Ncol) u 3'-
(Xhol), momyuanu ¢ momornisto [TIP ¢ nucnons3o-
BanueM Pfu-nonumepaser (Cu6OH3uM, Poccns) u
CIIEAYIOUINX IpaiiMepoB:

Up 5-CGCTCCATGGACCCCTCCAAGG

ACTC-3";
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Dn 5'-CGGGCTCGAGCTACTGCTGAA
CGGCG-3". CuHTe3upoBaHHBIN (parMeHT KJIO-
HupoBanu B Bektop pET-19b (Novagen) o coot-
BETCTBYIOUIMM CaiTaM C MOJyYeHHEM IIa3Mu-
161 pPET19b-SAV.

(b) B xadectBe MaTpuIbl IS TOTydYe-
HUSl TeHa MHMHHMAJbHOIO CTPENTaBUAMHA HC-
noas3oBasin masmMuay pETSAV (Bashmakova
et al., 2017). ®parmentr JHK, xomupyromuit
MHHHUMAaJBHBIN cTpentaBuauH (376 1.0.) C caii-
tamu pectpukuuu 5'-(Ncol) u 3'-(Xhol), momy-
yanu ¢ nomoinbio TP ¢ ucnons3oBanuem Pfu-
MOJIMMEPAa3bl U CJIEAYIOIINX MTPaiiMepoB:

Up 5-CGCTCCATGGGCATCACCGGC
ACCTGGTAC-3;

Dn 5-CGGGCTCGAGTCACACCTTG
GTGAAGGTGTCGTGG-3"

HBIH (hparMeHT KIOHUpoBaiu B BekTop pET-19b

CHHTE3UpOBaH-

(Novagen) 1o COOTBETCTBYIOLIUM CalTaM C IO-

ayderueM miaasmuasl pET19b-miniSAV.
IlocnenoBaresbHOCTD KJIOHUPOBAHHBIX

(parMeHTOB MOATBEP)KJECHA CEKBEHHPOBAHUEM

(IIKIT «I'enomuka» CO PAH, Poccus).

buocunmes cmpenmaeuduna

xnemxkamu E. coli

Knetku E. coli BL21 Codon Plus (DE3)
RIPL, mamee — RIPL (Novagen), Tpancdop-
pET19b-SAV,

au B LB-cpene, conepiauieid aMOULUIIUH

MHPOBaHHbBIE KYJBTHBUPOBA-
(200 wmr/m), ¢ aKTHUBHBIM IEPEMCIIHBAHUEM
(220 06/muH, Excella E25R Shaker, Eppendorf,
I'epmanus) mpu 37 °C. CuHTe3 LEIEBOTO
Oenka WHUIMUPOBAIN pnoOaBiaeHueM | MM
uzonponui-f-D-1-TuoranakTonupano3uga
(UIITT) mpu ompenencHHOM 3HAYCHUHU OITH-
yeckoil miaoTHOCTH KyJbTypsl (ODgy) u mpo-
JIOJKaJTH KYJIbTUBHPOBAHHE B TEX )K€ YCIOBHUIX
emie 4 4. 3a HAKOMJIEHUEM CTpPENTaBUINHA ClIe-
JUITU ¢ TIOMOIIBIO AJIEKTpodopesa, AaHATUZHPY S
OENKOBBIM COCTAB KJIETOK B MEPUOJUUYECKH OT-

OmpaeMbIX Mpodax.

PexomOunantHeie kiaetkn RIPL/pET19b-
miniSAV  KyJIbTUBUPOBAJIM B AHAJIOTHYHBIX
YCIOBUSIX; HMHIYKIMIO CHHTE€3a MHHHUMAaJIbHO-
ro KOPOBOTO CTPENTAaBHIMHA IPOBOIWIH IIPH
s3HaueHun ODyoy KynbTypsl, paBHoMm 0,8. lanee

KYJbTUBHUPOBAJIU B TCX K€ YCIIOBUAX CIIIC 449,

Buvioenenue u ouucmra noJIHopa3mepHo2o

cmpenmasuouna (SAV)

Kinerku E. coli ocaxpamu ueHTpudyru-
poBanueMm (4000 g, 15 mun, 4 °C). Ocanok pe-
cycnenaupoBasn B Oydpepe A (0,5 M NaCl,
50 MM Na,CO;, pH 11,0) u pa3pymanu c mo-
MOIIBIO YIBTPA3ByKOBOTO JIE3NHTETpaTopa IMpH
OXJIQX/ICHUH JIbAOM. [ToNydYeHHYI0 CyCIeH3UIo
uerrpudyruposanu (10000 g, 10 mun, 4 °C),
ocaziok ortoOpacbiBany. CynepHaTaHT HaHOCH-
J¥ Ha KOJIOHKY, COAEPIKAIlyI0 2-MMHHOOHOTHH
arapo3y (Pierce, CIIIA), ypaBHOBeLICHHYIO OYy-
(depom A, IPOMBIBAIH MATHKPATHBIM 00BEMOM
Toro xe Oydepa, a 3aTeM IByKpaTHBIM 00EMOM
6ydepa b (1 M NaCl B 0,1 M K-Na-docdarnom
oydepe, pH 7,0 — ®B). Dnronuio cTpenTaBuInHa
nposoaunu pactsopom 50 MM CH;COOH, pH
4,0, smr0aT HEMEJICHHO HEUTpaau30Balu JIO-
6asneanem 1 M Tpuc-HCl, pH 7,5. ®paknum,
COZIepIKalllie CTPENTaBHANH, OOBEIMHSIIN, Ie-
peBoaunu auanuizoM B 5 MM Tpuc-HCI, pH 7,5,

JMO(GUITM3UPOBAIIN U XpaHUIU 1ipu MuHyc 20 °C.

Buloenenue u ouucmra p€KOM6uHaHmH020
MUHUMATIBHO20 KOPOB0O2O

cmpenmasuoura (miniSAV)

KieTkn ocaxxjganm u Je3MHTErPUPOBAIIH,
Kak onucano Bbinie. [locne nentpudyruposanus
CyNEepHATaHT OTOpachIBaJIM, a OCaJ0K PACTBO-
psuin B 20 MM Tpuc-HCI pH 7,0, conepxanium
6 M MoueBuHY, 1 HAHOCHJIM Ha KO0JIoHKY DEAE
Sepharose FF (GE-Healthcare, CIIIA), ypaBHo-
BEIICHHYIO TeM k€ pacTBopoM. benku amtoupo-
Banu rpaagueHToM NaOAc (0-0,5 M) B ToM ke

oydepe. Dpakiuu, coaepKaIIne IeIeBOi OEIOK,

— 222 —



Eugenia E. Bashmakova, Alexander N. Kudryavtsev... Development of the Method to Produce Functionally Active...

00beIMHIIN. ATUKBOTHI, COEPIKAIINE OUUIIEH-
HBIH MUHUMAaJIBHBIN CTPENTaBUINH, THATH30Ba-
s ipotuB: a) 10 MM Tpuc-HCl pH 7,0; 6) 20 MM
K-Na-docdarroro Oydepa, pH 8,0; B) 0,2 M
NaHCO;, pH 9,8. BeinaBmuii Bo Bcex cinydasx
ocazok, comepxkammii 10 90 % miniSAV, or-
JOCISUTH  HEHTPU(YTUPOBAHUEM, CYICPHATAHT
WCTOTB30BATU I JanbHeWmed padoTsl. Ilo-
BTOPHBIM PACTBOPCHHEM OCaIKa W IHAJIHU30M

moryvaJ emre okono 10 % aktuBHOTO MiniSAV.

Mooenvhbiti meepoogasnsiii MUKPOAHATU3

B nynku Henmpo3pausoro mianmeTa (Costar,
CHIA) Brocuau no 100 mkn pactBopa BSA-bio
(1005 33,3; 11,1; 3,7; 1,2; 0,41; 0,14; 0 ur/mn, OB)
n nakyouposanu 12 4 ipu 8 °C. [Tocie nmpomMbIs-
ku (Db, 0,1 % Tween 20, 5 MM D/ITA) B nyHKH
BHOcwiH 110 110 Mk 1%-ro pacTBOpa ObIYBETO
CBIBOPOTOUHOTO anboymuHa B OB, nukyouposa-
mu 1 4 mpu 37 °C, 3arem npomeiBanu. [lanee B
NyHKY BHOCHIHU 1o 100 MK pacTBOpa MOIy4eH-
HBIX 00pasuoB ctpentasuauaa (OB, 1 MKr/mm),
UHKYOUpoBaju co BcTpsxuBanueM (350 00/mMuH,
Thermomixer C, Eppendorf, ['epmanus) B Teue-
Hue | 1 mpu 37 °C, 3aTeM IpOMBIBAIN U BHOCHU-
mm nio 100 mka pactBopa bio-Obe (0,2 MKr/™Mi B
20 MM Tpuc-HCI, pH 7,0, 0,15 M NaCl, 5 mM
O/ITA). Tlocne mMHKYyOMpOBaHUS CO BCTPSAXH-
BaHueM B TeueHue 1 4 mpu 23 °C u npOMBIBKI
W3MEPSIN  WHTETPAIBbHBIH  OMOIIOMHUHECHIEHT-
HBI CHTHaJ CBA3aBLIErocs OOEJMHA C IOMO-
IIpI0 [UIAHIIETHOTO JTFOMUHOMeTpa Mithras LB
940 (Berthold, I'epmanust) cpa3y nocie BIpbICKa
100 mku pactBopa CaCl, (0,1 M B 0,1 M Tpuc-
HCI, pH 8,8) B TeueHue 3 ¢. YcpenHEHHBIH CHT-
HaJ OT KOHTPOJIBHBIX JYyHOK (¢ ©b) BIunTaNIN OT

CHTHAJIOB pabOYHX JIYHOK.

Pe3yabrarhbl u 00cyxkaeHune

CoBpEeMEHHBIM PBIHOK IIpeiIaraeT mpera-
paThl CTPENTAaBUJIMHA, €TO AHAJOIOB M KOHBIO-

raToB C IPYTMMH MOJICKYJIaMH, B IOAABJIAIOIIEM

OOJIBIIMHCTBE UMIIOPTHOTO IPOU3BOJICTBA, CTO-
UMOCTh KOTOPBIX JJOCTaTO4HO BbIcoka. Ctpen-
TaBUJMH-OMOTHHOBAsI cCUCTeMa OJarojapsi CBo-
UM YHUKaJIBHBIM CBOIMCTBaM Hamula IIHPOKOE
MPUMEHEHHE KaK B ()yHIaMEHTAJbHBIX, TaK U B
MIPUKJIAHBIX HCCIIEOBaHUAX. B 3TOM acnekre
BXXHBIM SIBJISIETCS HAJM4YUE JOCTYITHOTO OT-
€UeCTBEHHOro Ipenapara 3toro Oenka. Ilpu-
POIHBIN cTpenTaBUAMH S. avidinii B pe3ynpTare
MOCTTPAHCISIIUOHHOTO ~ IPOIIECCHHTA  MOXKET
HaXOJHUThCS B PA3JIMYHBIX YKOPOUEHHBIX BapH-
aHTax, KaXJbIi U3 KOTOPBIX 00iazaeT ouoce-
nupuyeckoil akTuBHOCTHIO (Bayer et al., 1989).
AMWHOKHCIIOTHAsI TOCIIEJOBATEIFHOCTh HATUB-
Horo ctpenTaBuanHa (183 a.o., puc. 1) Bkirouaer
nuaepHbIi mentun (24 a.0.), oOecreunBarOMIHiA
CeKperuio O6enKa, U MOJTHOPa3MEPHBINA CTpenTa-
BuguH (159 a.o., pdb ID: 1STP). YkopoueHHBIH
B pe3yJibTaTe MpOTeou3a CTpenTaBuanH Al3—
S139 (127 a.0.) Ha3pIBaeTCS HATHBHBIM KOPOBBIM,
nHorga «3penblm». IlokazaHo, 4TO KOpOBBII
CTpENTaBUANH Oojee cTaOWiIeH, W, BEpOSTHO,
MHOT'M€ KOMMEpUECKHe IpenapaTsl dToro oenka
SIBJISIFOTCS TPOAYKTaMH YaCTHYHOTO ITPOTEO0IN3a
MIOJTHOPA3MEPHOr0 CTPENTaBHINHA.
MuHUManbHbIA KOPOBBIM BapuaHT CTpel-
taBuguHa (G16-V133,

TOJIBKO M3 aMHMHOKHUCJIOT B-L[I/IJ'II/IH,E[pa, ObLI 1I0-

119 a.0.), cocrosuuii

ayden T. Sano ¢ coaBropamu (Sano et al., 1995).
WMy moka3aHo, 4To MOJHOE YAaJeHHe KOHLEBBIX
AMUHOKHUCIIOTHBIX OCTATKOB NPHBOAMUT K IOBbI-
LICHUIO CTPYKTYPHOH CTaOMIBHOCTH Oelka H
€ro CIIOCOOHOCTH K CBSI3bIBAHHIO OMOTHHCOEP-
HKALIMX MOJICKYJL.

Ha nepBoMm 3Tarne HaMu NOJYYEH LITAMM
E. coli — n1pogyueHT MUHHMAIBHOTO KOPOBOT'O
crpentaBuanHa (miniSAV) kak Haubojee cra-
OWJIBHOTO BapuaHTa (YHKLIHOHAJIBHOIO CTpEIl-
TaBHIMHA MUHHAMAaJIBHOTO pa3Mepa (Sano et al.,
1995). PekomOWHAHTHEIC KJIETKH, TpaHCchopMHu-
poBanHble maazMunoil pET19b-miniSAV, kyib-

TUBUPOBaIU A0 MIOTHOCTH ODgy,=0,8 u uHULU-
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SAV (159 a.0.)

21

130 159

1
LP 24 2.0+ (M)DPSKDSKAQVSAAEAGITGT- - TKVKPSAASIDAAKKAGVNNGNPLDAVQQ

core SAV (127 a.o.)

13 21 130
maeaciTeT- I -TKVKPSAAS

'

139

miniSAV (119 a.o.)

16 21

130 133

Wepges gy

Puc. 1.

AMWHOKHUCIIOTHAasT TOCJEA0BATEIbHOCT, HATHBHOI'O CTPENTAaBUIWHA: JHUJASPHBIM nentun (24 a.o.,

BBIJICJICH CHHUM), ITOJIHOpa3MepHbIit 6emok (SAV, 1-159), HaTuBHBINM KOpOBBIH hparmeHT (coreSAV, 13—139 a.o.),
MHUHHMAaJIbHbII KOpoBbIi (pparmeHT (MiniSAV, 16—133 a.0.). 3e1eHbIM BbIJIeJICH KOHCTAaHTHBIIH yuacTok O6enka. B
CcKOOKax MOKa3aHbl METHOHHMHBI, BBEICHHbIC TPU KOHCTpyHpoBanuu miuasmua pET19b-SAV, u pET19b-miniSAV.

a.0. — aMUHOKHUCJIOTHBIC OCTATKH

Fig. 1. Amino acid sequence of native streptavidin: leader peptide (24 a.a., highlighted in blue), full-sized
protein (SAV, 1-159), core streptavidin (coreSAV, 13-139 a.a.), minimal core fragment (miniSAV, 16-133 a.a.).
Constant protein fragment is highlighted in green. Methionines introduced during construction of pET19b-SAV
and pET19b-miniSAV plasmids are given in parentheses. a.0. — amino acid residues

HPOBANH CHHTE3 CTPENTABUANHA JOOABICHHEM
UTITT. 3a xomoM HaKOMJEHUs CTpenTaBUINHA
W ero paclpeielicHHEeM B KJICTKaxX CICIUIH C
MOMOIIBI0 Telb-3iekTpodopesa (puc. 2a). Ye-
pe3 1 4 mocnme WHAYKIHWH TOSBISETCS IOJIOCA
HOBOro Oenka ¢ MOJ. maccoi okomo 13 k/la,
ONM3KON K pacyeTHOMY 3HAUYCHHUIO MACCHI MOHO-
Mepa miniSAV. Bkiax 3toit mosockr uepes 1, 2,5
u 4 49 coctaBun 9, 14 u 25 % COOTBETCTBEHHO.
[IpakTH4yecku Bech OCIIOK OBLIT aKKyMYJIHPOBaH
B TENBIAX BKIIOUEHUS (pHUC. 2a), U3 KOTOPBIX
ero nepesenu B Oydep, coaepxamuii 6M Moue-
BHUHY, I OYHCTHIIA XpoMaTorpaduuecku. Brrxon
MOJIYYEHHOI'0  JIGHATYPHPOBAHHOIO miniSAV
BBICOKOH cTeneHn ouucTku (99 %) cocraBmi
130 Mr/n KyabTypbl. @yHKIIHOHAIBLHO aKTHBHBII
OCIIOK IMONyYaJid C IMOMOIIBI0 JHalin3a MPOTHB
Oy(epHBIX PACTBOPOB PA3JIUYHOIO COCTaBa (CM.
AKCIEPUMEHTAIBHYIO 4acTh). [Ipu 3TOM BO BCex
skcnepuMeHTax 85-90 % Oeka BHOBb BbIIAIAIH
B 0CaJOK, KOTOPBIH OTICISUIH LEHTPUPYTUPO-
BaHHEM, O€JOK B CyNEpHATaHTE HCIOIb30BAIU

st pabotel ganee. CmocobHOCTE MiniSAV 00-

pa3oBBIBaTh CICLM(DUYHBIA KOMIUJIEKC COHJBHY-
THNAa ¢ OWOTMHWJIMPOBAHHBIMU MOJICKYJIAMH,
CTaOMJIBHBIA B YCJIOBUSAX TBepAO(a3HOro MH-
KpOaHaju3a, UCCIeNOBaIN B MOJCIBHOM JKCIIe-
pUMEHTE (CM. CXeMy Ha pHC. 3, CBEpPXY).

B kauecTBe pemoprepa HCHOJIb30BAIH

Ca?*-perynupyemblii  HOTONPOTEHH  OOENHH,
MOJICKYJIa KOTOPOTO MpPEACTaBisieT coboit dhep-
MEHT-CyOCTpaTHBIH KOMIUIEKC aro0eska U Ipe-
JIOKHCJIEHHOTO CyOCTpaTa — nepoKcHleeHTepa-
suHa (Frank, 2010). [Ipucoennnenne noHos Ca*
BBI3BIBAET SIPKYIO BCIIBIIIKY T0JyOOro cBeTa,
WHTEHCUBHOCTh KOTOPOTO TIPH HAaCHIIAIOIIECH
koHIeHTparu Ca>” mpsiMO TIPOMOPIIHOHATBHA
coxepkanuto ¢orornporenHa. OO0enuH U Ipy-
rue (OTONPOTEUHBI INHPOKO HCIOJIB3YIOTCS B
KayecTBe YyNOOHOTO BBICOKOUYBCTBHTEIHHOTO
MHCTPYMEHTa B Pa3JIMYHBbIX aHAJIUTHYECKHX
cucremax (Frank, 2015). Ha moBepxHOCTH He-
NPO3pPavHOro IUIAHIIETa I10CJEe0BATEIbHBIM
MHKYOMpOBaHUEM PACTBOPOB OEIKOB IOTYyYaH
KOMIIJIEKChI M@Ky OMOTHHUIMPOBAHHBIM IIPO-

HU3BOJHBIM OBIUBETO CBIBOPOTOYHOT'O aJ'IB6yMI/IHa

— 224 —



Eugenia E. Bashmakova, Alexander N. Kudryavtsev... Development of the Method to Produce Functionally Active...

i 2 3 4 § 6 7

a
v

FEI

3
3
34

¢
-

! o

a)

Puc. 2. (a) DnexTpodoperndeckuil anaau3 00pa3oB Ipu BeiAeaeHnN miniSAV: 1 — ToTanbHbIe OSIKH KIETOK
RIPL/pET19b-miniSAV 1o uaAaykmuy; 2-4 — ToTadbHbIE KIETOYHBIE OenKku depe3 1, 3, 5 4 mocie MHIYKIUH,
00pas3mbl HOPMUPOBAHBI [0 INIOTHOCTH KYJIBTYPBI; 5 — MUTOIIIa3MaTHIecKue OTKU; 6 —0CaTOK TeJe BKIIOUCHU S
(pactBOp B 6 M MoueBuHe); 7 — MapkepHble Oenku (BioRad, SDS-Page standards Low Range); (0) anamus
00pasnos mpu BeAeneHnH SAV: 1-6, To ke, 4TO U B cirydae (a); 7 — MOTHOpa3MEpHBIN CTPENTaBUANH IIOCTe
xpoMmarorpaduyeckoit ouncTky; 8 — mapkepHsie 6enku (BioRad, Precision Plus Protein Dual Xtra Standards).
MounekymnsipHasi Macca CTaHAAPTHBIX OelkoB B K/la MOKa3aHa YUCIaMHM ClipaBa. DIEKTpodope3 MPOBOAUIHN B
15%-HOM MOTMAaKPUIAMUIHOM relie B ICHATY pUPYIOMINX YCIOBUsX, okpamuBanue Coomassie blue. Ctpenkamu
TIOKa3aHbI MOJOCHl CTPENTaBHINHOB

Fig. 2. (a) SDS-PAGE analysis of samples during minimal core streptavidin production: 1 — whole cell lysates
before IPTG induction; 2-4 whole cell lysates 1, 3, and 5 h after induction, respectively, samples are normalized
against cell density; 5 — cytoplasmic proteins; 6 — 6 M urea extract of inclusion bodies; 7 — marker proteins
(BioRad, SDS-Page standards Low Range). (6) The analysis of samples during full-sized streptavidin production:
1-6 — samples like in (a); 7 — SAV sample after chromatographic purification, 8 — marker proteins (BioRad,
Precision Plus Protein Dual Xtra Standards). Molecular masses of standard proteins are shown by numbers on the

right side. 15 % polyacrylamide gels stained with Coomassie blue. Arrows show streptavidin bands

(BSA-bio), miniSAV u OHOTHHMJINPOBAHHBIM
npousBogHbIM obOenuHa (bio-Obe). Mx obOna-
PYKHBallK 1O OHOJIFOMHUHECLEHTHOMY CHUTHAIY
obesnuHa npu qobasienuu pacteopa CaCl,. Be-
JIMYMHA CUTHAJA MPSIMO MPOMOPIIHOHATBHA KO-
JM4YecTBy copoupoBanHoro BSA-bio Bo Bcem
Jana3oHe ero KOHIEHTpamuii (puc. 3).

DTOT pe3ysbraT I[OKa3blBaeT, YTO IOJNY-
YeHHBIH HaMu miniSAV npezacraBiser coOoi
CTaOMJIBHBIN OJIMTOMEPHBIH OCJIOK, CITOCOOHBIN
MPUCOSTUHSITh OJHOBPEMEHHO KAaK MHHUMYM
JBe OMOTHHUJIMPOBAHHBIC MOJICKYJIBI C 00pa3o-
BaHHEM KOMIIJIEKCA COH/IBUY-THIIA K MOXKET OBITh
WCIIONIb30BaH JUIsl ATOM 1eiau B TBeprodasHom
MHUKpOaHaJH3e.

CuHTe3 pPEeKOMOMHAHTHOTO TOJHOpa3Mep-
Horo crpentaBuauHa (SAV) ocymIecTBISUIH
WHKYOMpOBaHHEM pPEKOMOMHAHTHBIX  KJIETOK

E. coli, tpaHcOpMUPOBaHHBIX IIa3MHIOH

pET19b-SAV. 3a HakoruieHneM Oernka, ero JoKa-
JIA3alued B KJIETKaX M YMCTOTOM I0JIyUYEHHOIO
nocine adQuHHOW Xpomarorpaduu mpenapa-
Ta CJEAMIN C TOMOIIBIO Telb-3JieKTpodopesa
(puc. 26). Bugno, uto uepe3 | 4 mocie WHIYK-
un (pu ODgy,=0,9) mosiBnsieTcst mojioca HOBOTO
Oenka ¢ MoJI. Maccor okoso 16 k/la, 6mu3Koil K
pac4yeTHOMY 3HaYCHHUIO MAacChl MOHOMEpA MTOJTHO-
pa3MepHOro cTpenTaBuIuHA. Bkiag aTol momo-
ChbI OT BCeXx OenkoB yepes 1, 3, u 5 1 cocraBmi 9,
13 u 13 % cootBeTcTBeHHO. [IpH 3TOM OCHOBHOE
KOJIMYECTBO OeJKa HaXOAUTCS B PAaCTBOPHUMOM
¢pakuuu (puc. 26). Ilocne xpomatorpaduu u3
KJIETOYHOTO JIM3aTa ObLJI [TOJyYeH Mmpenapat oe-
Ka BBICOKOU CTEIICHU OYUCTKH, BBIXOJ KOTOPOTO
coctaBisit Bcero 11-13 mr ¢ 1 1 kynbrypshl. Oue-
BHJTHO, 3TO CBSI3aHO C IIOKAa3aHHON paHee TOKCHY-
HOCTBIO CTPENTABUUHA IS KJIETOK E. coli. Mbl

IIPEANOJIOXKNIN, YTO Oonee TIO3OHASA UHAYKINUA
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Puc. 3. Ilpumenernme miniSAV (-0-) u SAV
(-A-) B T1BepmodazHOM  OHMOIIOMHHECICHTHOM

MHUKpOaHAaJIU3€ COHABUY-THUIIA. Kaxnpgass Touka —
CpCaAHEC 3HAYCHUEC OT TPEX HE3aBUCUMBIX HSMCpeHI/Iﬁ
+ CPEAHCKBAAPATHUIHOC OTKJIOHCHHC. 0.C.C.—
OTHOCHUTCIIBHBIC CBCTOBBIC CAMHUIIBI

Fig. 3. Use of miniSAV (-o0-) and SAV (-A-) in a solid-
phase bioluminescent sandwich-type microanalysis.
Each point is the average of 3 independent
measurements = SD

MOXET YBEJIWYUTH BBIXOJ CTPENTABHIMHA 3a
CYeT YBEIUYCHUS KOJTUYECTBA KJICTOK B MOMEHT
nmobasnenns UIITT. Tlpu mapauieIpHOM KYIb-
THBUPOBAHUU TPEX 0OPA3IOB KYJIbTYPHl B OAH-
HAKOBBIX YCJIOBHUSIX CHHTE3 MWHAYLIHPOBAIH NPH
ontuueckoit noTHocTH ODg),=0,9, 1,9 unu 2,8 u
KYJIBTUBUPOBAIH emle 4 4.

C HavaJioM CHHTE3a CTPENTaBHIHWHA POCT

KJICTOK PE3KO 3aMCJIACTCAd 110 CPABHCHHUIO C

POCTOM TE€X K€ KJIETOK 0e3 MHIAYKIuu (puc. 4).
B Tabnume mpuBeneH BBIXON Oelka B KaXOM
ciaydae. Okasanoch, 4TO HWHIYKIUS CHHTE3a
crpentaBuauHa npu ODgy=1,9 Bcero Ha mnod-
yaca mosxe, ueM npu ODg,=0,9, yBenuuupaet
POy KIIHIO IIeJIEBOro Oenka Ooee uem B 2 pasa,
10 28 = 1,4 mr/n. B cinyyae eme Oosiee mo3aHen
nHayknun, npu ODgy=2,8, korna KyneTypa Ha-
XOJUTCSl B CTAJIMM 3aMEJICHHOTO POCTa, BBIXOJ
Oenka He YBEIHYMIICS B cOCTaBWII 27 £ 2,3 MI/IIL.
[Tpu 3TOM HEOOJIbIIOE KOJUYECTBO Oeka ObLIO
00Hapy KEHO B KyJIbTYPaIbHOH Cpele, 0OUeBHIHO,
M3-32 HA4YaBIIETOCs JU3Kca KJIETOK. Kak BUIHO
73 KUHETUKH POCTa KYJIbTYypHl (puC. 4), mocie
WHIYKIIUA POCT OCTAHABIMBAETCS MPUMEPHO
gepe3 2 9, IOCJIe Yero MPOI0IDKATh KyJIbTHBUPO-
BaHHE HELEIeCO00Pa3HO.

KomopuMeTprdeckuM METOIOM Ha OCHOBE
komiiekcoB ¢ HABA (Green, 1970) nokazaHo,
910 MOJIb SAV cBsi3bpiBaeT 3,9 Monst OnoTuHa. B
MOJICJIbHOM TBepAO(ha3HOM aHaIHM3e MOJyYCH-
HBIH TIOJTHOPa3MEPHBIN CTPENTAaBHANH TaK XKE,
KaK ¥ MUHHMAaJbHBIH KOPOBBIN, 00pa3yeT KOM-
IIJIEKChl MeXAy OnmoTuHMIMpoBaHHBIMU BCA n
obenunoMm (puc. 3).

Takum oOpa3om, B IOMCKAaX Hambolee pa-
[HOHAJIBHOIO CIOC00a MONYyYEeHUS] PEKOMOU-
HAaHTHOTO CTPENTAaBUIINHA HAMHU PACCMOTPCHBI
nBa ero Bapuanta — miniSAV u SAV. Beictpoe
HakorieHue miniSAV mpHBOIUT K €ro ocaxk-
JIEHUIO B BHUJE HEPACTBOPUMBIX TeJell BKIIOYE-

HH. HeCMOTpH Ha OYCBUJAHBIC NPEHUMYILICCTBA

Tabnuua. Pe3ynabraTsl KyJIbTUBHPOBaHUS peKOMOMHAaHTHBIX KiieTok RIPL/pET19b-SAV

Table. Results of cultivation of the recombinant RIPL/pET19b-SAV cells

Wunyxnums npu KosmdecTBo nomydeHHoro KonmgectBo 6romaccsr, OObiee Bpemst
ODyo CTpenTaBUIMHA', MI/J KYJIBTY b CBIpOIf Bec, T KyJIBTUBAPOBAHHUS, 4
0,9 156+1,2 52+0,9 6,75
1,9 28,0+ 14 6,7+0,3 7,25
2,8 27,0+£23 6,3+0,2 9

"XpomarorpahudecKy O4UIEHHbIN OEIIOK.
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TaKo# skcnpeccuu (B ocajke 0EIOK HAXOAUTCS
B 3HAYHUTEIBHOM KOJIWYECTBE W MPAKTHYCCKU
UHJIMBU/YyaJIbHOM BHUJIE; €r0 JIETKO OTAENSTh OT
OCTaJBHBIX ITUTOIIA3MATHYECKUX OCITKOB IICH-
TpUQYTrUpOBaHUEM; «BBIBOA» O€JIKa U3 pacTBOpa
OHUTOIIA3MBI YMEHBIIIACT BPEIHOE BO3ICHCTBIE
B Clly4yae ero TOKCHYHOCTH), OHA COIIPOBOXK/a-
eTCs Cephe3HOW mpobiemoill ¢onauHra Oenka
JUISL BOCCTAHOBJICHUSI €ro crenuduyeckor ak-
THBHOCTH. [Ipenckas3aTh JIOKAIHU3AIUI0 PEKOM-
OMHAaHTHOTrO OeJKa, KaK U HAaWTH ONTHMallbHbIC
YCIIOBUSL €ro (OJIUHTA, HE BCEraa YIaeTcs.
Tak, panee HamMu ObLI MOJy4YeH sl GYHKIHO-
HaJlbHO aKTHBHBIX PEKOMOWHAHTHBIX OCIIKOB —
ano(oTOoNpPOTEnHOB U Jiouudepas pasinyHbIX
OpraHWU3MOB, a TaK)Xe THOPHI MHHUMAJIBEHOTO
KOPOBOI'O CTPENTAaBUAMHA C 00CIMHOM JIOKAJIH-
30BaHHBIX B KJIETKaX E. coli HICKIIOYUTEIHHO B
BUJIE TeJel] BKioueHus (cM., Hamp.: Illarionov
et al., 2000; Markova et al., 2004; Titushin et
al., 2008; Markova et al.,, 2010; Bashmakova
et al., 2017). B To e BpeMs cymepIKCIpeccus
OakTepuanbHO# sronudepassl Photobacterium
leiognathi B pekoMOMHAHTHEIX KiIeTKax E. coli
RIPL BoOOIIIe HE COMPOBOXKIACTCS €€ BBIMAC-
HHEM B 0OCaJ0K (HEONmyOIWKOBAHHBIC JTaHHBIC).
Pedonauur nonyyennoro Hamu miniSAV ¢ mo-
MOIIBI0 YacTO HCIOIB3yeMOTO Ipolecca na-
JIM3a, K COXKaJeHUI0, o0ecreunBall HU3KHUH BbI-
xo1 akTuBHOro Oenka — 10-15 % oT ucxomHOro
JICHATYPUPOBAHHOIO OEJIKa.

[MomHOpa3MepHBIN CTPENTABHIWH TPH IIO-
JIyYEHUU C IIOMOLIbIO AHAJOTMYHOM 3KcIpec-
CUPYIOIIEH CHCTEMBI aKKyMYIHPYETCS B LUTO-
IiasMe, 4TO IPUBOJUT K PE3KOMY CHUIKEHUIO
CKOPOCTH pOCTa KJIETOK H3-3a €r0 TOKCHYHOCTH.
3aMemiieHre KJIETOYHOro MeTadosiu3Ma He I10-
3BOJISICT HAKONMUTH 3HAYUTEIBHOE KOJIMYECTBO
LeNeBOro Oelika, OJHAKO MHIYKLHUS B CTaJuU
mo3aHer morapupmMudeckoit (passl pocTa yBeIH-
YuJia ero BBIXOJ MOYTH B 2 pa3a. Cunrte3 Oenka B

pPacTBOPEHHOM BHJIE HE CO3/1aeT MpoodiieMsl (our-

Bpewms, u

Puc. 4. Kuneruka pocra xymbTypsl E. coli RIPL/
pET19b-SAV:  6e3 UIITTI-uanykmumn  (-0-), ¢
WHIyKOHEH mpu onTudeckoil miuotHocTH ODgy,=0,9
(-0-), 1,9 (-0-), 2,8 (-A-). Cepbie CHMBOJIIBI IOKA3bIBAIOT
3HaueHust ODg,, mocme wuHayknunu. Crpenkamn
nokas3aH MOMeHT nobasienus UTITT

Fig. 4. Kinetics of E. coli RIPL/pET19b-SAV culture
growth: without IPTG-induction (-0-), with induction
at a density of ODg=0.9 (-0-), 1.9 (-o-), and 2.8 (-A-).
Gray symbols indicate the absorbance after induction.
Arrows indicate the IPTG introduction

JUHTa: ero (yHKIMOHAJbHAsE aKTUBHOCTH IIO-
Ka3zaHa ¢ nomolubto peakuuu ¢ HABA, a takxe
B MOJIEJIbBHOM MHKpoaHaiuse. Takum oOpasom,
MONy9YeHHE TOTHOPa3MEPHOTO CTpPENTaBUINHA
MPEJIOKEHHBIM CIIOCOOOM 00JagaeT OuYeBUII-
HBIMU [TPEUMYIIIECTBAMH: BBIXOJ O€IIKa BBICOKON
OYHMCTKH cocTaBisieT okoso 30 mr ¢ 1 11 Kymb-
TypajgpHOH cpensl. Bemok Ilerko BBICISICTCS
OHOCTAaIUWHON XpomaTorpadueii U obmamaet
onocrenu(puIecKoil aKTUBHOCTBIO, OJM3KOU Ta-
KOBO# it mpuponHoro 6enka. Kinerku E. coli
BL21 Codon Plus (DE3)/pET19b-SAV =e TepsioT
IIJIa3MULY TIpH XpaHeHUH B 20%-HOM TTIUIEprUHE
npu MmuHyc 70 °C, 4TO NOKa3aHO MHOT'OKpPaTHBI-
MU niepeceBaMu B TedeHue 2 net. llltamm xpa-
HUTCS B KOJUICKITUH KCTPEMO(IIIBHBIX U THIIO-
BbIX KynbTyp UXB®M CO PAH (HoBocubupck),
Ne KOMTK 3505.
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