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Koxkopes O. 1. Ctpec-npoTeKTOPHUI BILUIMB MOJIaMiHIiB HA POCJIMHHU Ta
HOoro (QYHKIHIOHAJBHUI 3B’A30K 3 CHTHAJBHUMH T[OCEPEeAHUKAMHU. —

KBamidikariiina HaykoBa mp alis Ha Tp aBax p YKOITUCY .

JucepTarmiss Ha 3100yTTS HAYKOBOTO CTyIleHS JokKTopa diutocodii 3a
cnemanpHicTIO 091  «biomorisiy. — XapKiBCbKHI HAIIOHATBLHUAN —arpapHUM
yHiBepcurteT iM. B.B. JlokyuaeBa, Incrutyt Gotaniku im. M.I'. Xonognoro HAH
VYkpainu, Kuis, 2021.

AKTYaJIbHICTh, MeTa i 3aBAaHHS 10CHiKeHHs. [[o11aMiHu ABIISIIOTH CO0 010
aniaTUYHI aMiHH, IO MAIOTh PETYJISPHE [P OCTOPOBE p 0O3TAIIYBAHHS MO3UTUBHUX
3ap /B B MOJIEKYI1. OCTaHHIMU ACCITIIIITTSIMA aKTUBHO JTOCIKYIOTHCS MEXaHI3MH
ydacTi TMoOJiaMiHIB B ajanTaiii pOCIMH 10 CTPECOBUX UYHMHHHKIB. YacTKOBO
MPOTEKTOPHI €PEKTH IMOJIIaMIHIB TMOSCHIOIOTHh iX CTaOULTI3yIOUOK0 €0 Ha OUTKH,
HYKJIETHOBI KUCJIOTH 1 MEMOp aHHi1 cTp yKTYpH. OJIHaK B LIJIOMY CIIEKTP 010JI0TTYHUX
e(eKTiB MojiaMiHIB 3HAYHO IIHMPIINA. 30KpeMa, OTPUMAHO JaHl Mpo iX ydyacTh B
KJIITUHHOMY CWUTHAJIIH[y y POCIHH, L0 MOX€ OyTH 3YMOBJIEHO YTBOPEHHIM
akTuBHUX (popM kucHIO (ADK) 1 okcray a30Ty npu MeTabo0J113M1 OJI1aMIHIB, @ TAKOXK
iX BIUIMBOM Ha CTaH 10HHUX KaHaliB. KpiM Toro, € naHi mpo BIUIUB MOJI1aMiHIB Ha
eKCIpecit0 TeHIB 1 AaKTUBHICTh AHTHOKCHJAHTHMX ()EPMEHTIB Ta BMICT
HU3bKOMOJIEKYJISIPHUX aHTHOKCH/IaHTIB.

[IpoTe B miiomMy YySBIEHHS MPO MEXaHI3MU CTPEC-MPOTEKTOPHOI [ii Ha
POCIMHU TIOJIaMIHIB Ta MPO 3B'S30K MDK iX 3ally4EHHSIM Y TPOIECH KIITHHHOTO
CUTHAJIHTY 1 (QOpMyBaHHSIM KOHKPETHHUX 3aXMCHUX peakuliii jgotenep He
copMyBaIUCH.

JucepTartiiiitHa po0oTa TMNPUCBSIYEHA BCTAHOBICHHIO POJII  KIHOYOBUX
CUTHAJIbHUX TMOCEpeaHUKIB, 30kpema, ADK, okcuay a3oTy, CIpKOBOAHIO Ta 10HIB

KaJIBIIIO Yy peali3alii CTpec-MpOTEeKTOPHOI Jli Al- 1 TETpaaMiHIB Ha POCIMHU 32
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rinep rep mii Ta 3HeBOJHEHHA. OCHOBHUMM i1 3aBIaHHAMHU 0YyJI0 JOCTIIKEHHS BIUTUBY
€K30TE€HHHUX IOJI1aMiHIB Ha CTIMKICTh POCIHH JI0 TIIEpTEpMii Ta HECTaul BOJIOTH y
3B’A3Ky 3 MOJU(DIKAIIED aKTUBHOCTI AHTUOKCUJAHTHUX (EPMEHTIB 1 BMICTY
HU3bKOMOJIEKYJISIPHUX MOJ1()yHKIIIOHATLHUX P OTEKTOPHUX CIOJYK; BCTAHOBJICHH I
yuacti ADK, okcuay a3oTy, cip KOBOJHIO Ta 10HIB KaJIBIIIIO B P eajizalli 3aXucHol i
MOJTIaMIHIB Ha TPOPOCTKH MIICHMIII 32 YMOB TimepTepMii; TOCIIKEHHS BIUIUBY
T1aMiHIB HAa aKTHBHICTh TIaMIHOKCH/Ia3H 1 HITp aTp eAyKTa3H SK MOKIUBHUX (ep MCHTIB
cuate3y NO Ta BCcTaHOBJIEHHS (DYHKIIOHAJIBHUX 3B SI3KIB MK OKCHUAOM a30Ty 1
NEpOKCHUIOM BOJHIO MPU peajizallii CTpec-MpOTEKTOPHUX €(PEKTIB MyTpEeCIUHy 1
KaJlaBepuHy; BH3HAYEHHS Jii EK30T€HHUX TOJIiaMiHIB Ha (YHKIIOHYBaHHS
TP OIMXOBOI0 ariapaTy P OCIIMH Ta JOCTIKEHHS y4acTi 10HIB KaJIbI[iF0 1 KOMIIOHEHTIB

O06’extH i Meroam. /[ nocnigkeHb BUKOPHUCTOBYBAJIM POCIUHHU MIIEHUII
o3umoi M’ skoi (Triticum aestivum L.) copty JlockoHasa ta pocauau ropoxy (Pisum
sativum L.) copty IlapeBny. B excnepumenTax 3i 3’siCyBaHHsS pPOJIi CHTHAIbHHUX
MOCEP STHUKIB y P eati3allii CTp ec-Tp OTEKTOPHUX e(PEeKTIB MOJIiaMiHIB IK MO JEIbHAN
00’€KT BHUKOPHUCTOBYBAJIM €TIOJIbOBaHI MPOPOCTKM mmieHuIi. Ha tperio moOy
OpOPOIIYBAaHHA HACIHHS B CEpPEIOBHINE J0JaBa JOCIIKyBaHI TMOJIaMiHA
(myTpeciuH, KaJaBepuH abo criepMiH) B KOHIEHTpalisax gianazony 0,05-2,5 MM 1
BUTP UMY BaJIH [P OPOCTKH HA ITUX P O34YMHAX TP OTSITOM OJTHIET TOOH.

s 3'sscyBanns yuacti ADK B peanizaiii ¢pi3i0J0riuHUX €(PEKTIB MOJT1aMIiHIB y
cep eoBHIIE 1HKYOaIli MPOPOCTKIB BIATOBITHUX BapilaHTIB BHOCHUIN aHTHOKCHUIAHT
numeruinrtiocedoBuny (AMTC — 0,15 mM) abo iHrioiTopu aiaMiHOKCHAA3U
amidoryaHigua (1 MmM) ta HAJI®H-okcunasu imimazon (10 MxM). Ilpu BuBueHH1
HMOBIPHOi ydYacTi OKCHIY a30Ty 1 KaJbI[il0 B MPOSBI CTPEC-IPOTEKTOPHOI Mii
M0JIIaMiHIB B OKp €MHUX Bap iaHTax JOCIIy P OPOCTKH MPOTATOM26 101 00p 06715711
ckaBenpkepoM NO PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxy|-3-oxide,
2 MM), inribitTopoMm aiaMmiHOKcuAa3u amiHoryaiguHom (1 MM), iHridiropom
HITpaTpeayKTa3u BoJb(ppamaTom HaTpito (2 MM) abo anTaronicramu kasnpiito — 500

MKkM EI'TA (xematop mnozakmituaHOoro Ca?*) uym 200 MM HEOMIIMHOM —
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iHri6iTopoM 3anexxHoro Bif ¢ocdoninazu C HaIXOIKEHHS KaJbllil0 B IIUTO30Jb 3
BHYTpIIIHbOKIITUHHUX KOMIIApTMEHTIB. B  ekcnepuMeHTax 31 3 sCyBaHHs
(yHKII0HATBHOI B3a€MOIi MIXK ITy TP €CLHUUHOM 1 CIpKOBOJHEM B OKpEMUX BaplaHTax
JOCIIiAY MPOPOCTKU 00p 00su 1HTri01ITOpOoM L-micTeinaecynbdripasu nipyBaTom
ka0 B koHneHTtparmii 0,3 mMM. VY BapiaHTax 3 BHUBYEHHS KOMOIHOBaHOI Iii
MOJTIaMIHIB 1 BKa3aHUX MOJYJISATOPIB BMICTY CHTHAJIBHUX TOCEp CAHUKIB Il ar€HTH
BHOCHWJIM B CEpEIOBHINE 1HKYOAIlil mMpOpOCTKIB 3a 2 Toj A0 AOJAaBaHHSI B HbBOTO
MOJIIaMiHIB.

B mporieci inky0Oaiiii mp OpOCTKiIB Ha cep €MOBUIIII 3 JOJABaHHSIMIIOJ1aMiHIB Ta
IHIKUX e(peKTOpiB, a TAKOXK MICIS CTPECOBOTO BIUIMBY BU3HAYaju BMICT MPOAYKTY
ITOJI MmamoHOBOTO J1JIBJETINY, BMICT €HIOTEHHUX M€ OKCUJTY BOIHIO, OKCU]Y a30TY,
CIpKOBO/JIHIO, aKTHBHICTh AHTUOKCHJIAHTHUX (hepMEHTIB (Cymnep OKCHIUCMYyTa3u —
CO/l, xartama3u 1 TBasKOJIEpPOKCHUIa3M), a Takox miamiHokcunasu (JAO) Ta
HITpaTpEAyKTa3U.

Jlnsg mocnipKeHp BIUIMBY IIOJIIaMIHIB Ha CTIMKICTh POCIHH IISHUIN 0
I'PYHTOBOI IOCYXH BHUKOPHCTOBYBAJIH P OCIMHH MIIICHUITI, IK1 BUP OIIyBaJIA BTPYHTI Y
IUTACTUKOBUX KOHTeHep ax. [lep eq CTBOpEHHAM YMOB MOCYXHY POCIMHY Yy Billl 7 a10
0OMp UCKYBaJIM p 0O3UMHAMHU Ty TP ECLIMHY a00 criep MiHy B KOHIIeHTp allisix 0,25,11 5
MM, KOHTpOJIb — OOMPUCKYBaHHS JUCTUIHLOBAHOIO BOj0M0. [locyxy cTBOpIoBasin
OpOTATOM YOTHPHOX 10, TMOYMHAIOYM 3 8-T0 JHS BHUPOIIYBaHHS POCIUH,
3MEHILIEHHSM HOP MU MOJIMBY 3 TOCTYIOBUM 3HUXEHHSIM BOJIOTOCTI IPYHTY 110 25%
BiJ1 MoBHOT BostoroemMHocTi (I1B). ¥V KoHTp 011 BOJIOTICTh TPYHTY MIATP UMYyBaJIU Ha
piBH1 70% Bix I1B.

Y nucTkax poCAMH 3a YMOB TIPYHTOBOI MOCYyXHM BH3HA4Yall BMICT
(OTOCMHTETUYHHUX IMIMEHTIB, KUIBKICTh MPOJIHY 1 ITyKpiB, BMICT BTOPMHHHX
merabomiTiB. Takoxk sSK KpuUTepid g BU3HAUEHHS CTpPEC-MPOTEKTOPHOI il
[0JIIaMIHIB BUKOPHMCTOBYBAJIM POCTOBI MapaMETPU POCIUH Ta BEIWYUHY BOJHOTO
nedinury.

JUis  mocnigkeHb MEXaHi3MIB BIUIMBY IMOJIIaMIHIB Ha CTaH NPOJUXIB

BUKOPUCTOBYBaJn 12—15-1€HHI POCIMHU TOPOXY, SIKI BUPOILLYBalu B KIOBETaX 3
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IPYHTOM 3a ONTUMaTbHUX yMOB. st mOoCSTHEHHS e(eKTy BiKpMBaHHS I OJUXIB
enizepMic 3 abakciaabHO1 HOBEPXHI 3PUIMX JIMCTKIB BUTP UMY BaJIU TP OTSATOM 2,5 1011
Ha xoJiogHoMy Outomy cBiTii (8000 nk) B yamkax Ilerpi 3 10 MM pozuunom KCl,
npurotoBanuM Ha 10 MM Tpic-HCl6ydepi6e3 CO, (pH 6,15). Ilicns uporo 3pa3ku
emiiepMicy JOCIITHUX BaplaHTIB TepeHocun Ha OydepHe cepenoBuIe 3
J0JIaBaHHAM IyTP €CIIMHY a00 CrepMiHy B KIHIIEBUX KOHIEHTpamisax Big 0,25 mo 5
MM. Ilomepenuro 3a gomomororw posbasienoro po3unHy HCl pH cepenoBumia
iHKyOamii emijgepMicy B yciX BapiaHTax mgoBoaunau g0 6,15. Uepes 60-180 xB
1HKyOaIIii enijgep Micy BUMIP FOBAJIHM P O3MIp arep TypH P OIUX1B.

OcHoBHI pe3yabTaTH. BcTaHoOBIeHO, 10 JOCTKYBaHI MOJiaMIHH
(myTpecuuH, KaJaBepUH 1 CIEPMIH) CHOPHUYMHSAIM MiABUIIEHHS TEIJIOCTIMKOCTI
OpOPOCTKIB MIIeHUII. MiHIMajdbHa KOHUEHTpalls IMyTPeCUUHY, SIKa BUKIHKala
BIp OT1JIHE MIABUIIIEHHS BUKUBAHOCTI P OPOCTKIB, craHoBwia 0,25 MM. HaliBumui
3aXMCHUI eeKT Bci mojiaMiHu BUSBISUIM B KoHueHTpamii 1 MM. Ilpu mnpomy
3axucHa Al cnepMiHy OyJjia BUpa)keHa Jenio OuThblne, HiK €PEeKTH MyTpECUUHy 1
KajgaBepuHy. BojgHodac cTpec-mpoTeKTopHaA i ABOX JiaMiHIB B Jlama3oHi
KoHIeHTpaiii 0,5-2,5 MM maiike He BIAp I3HAIAC.

O6pobka BciMa IOCHIIKYBaHUMHU MOJIIaMIHAMHU TIOM’ KIIyBaja pO3BUTOK
OKHCHIOBAJIBHOTO CTpecy, Clip MdMHIOBaHUN nporpiBoM. [Ipu nibomy BiazHayamocs
MiJBUILICHHS] AKTUBHOCTI aHTHOKcUJaHTHUX (epmentiB COJl, kartanmazu i
I'BasiKOJINIEPOKCHUIA3H SIK B KOP €HAX, TaK 1 B MArOHaX P OPOCTKIB MIIEHUIIL.

B peamnizartiii crpec-mpoTeKTOpHOI Ali MOJ1aMIiHIB HAIIEBHO 3a/lisTHI KJIFOYOBI
KJIITUHHI CUTHAJIBHI TTOCep eAHUKH. OTp MMaH1 HAMHU P €3YJIbTaTH BKa3yIOTh HA y9aCTh
A®K, 10HIB KaJblIii0 1 ra30TpaHCMITEPIB (OKCUY a30TY 1 CIpKOBOJHIO) Y 3A1MICHEHHI
¢bi3iomoriyHUX €PEKTIB MOJiaMiHIB. 30KpeMa, BCTAHOBJIEHO, IO T BIUIMBOM SK
MyTp €CLUHY, TaK 1 KaJlaBep MHY BIJ3HAYAJIOCh TP AH3UTOPHE MIIBUILIEHHS B KOP €HAX
BMICTY NEpOKCHAy BOJHIO. Takuil eQeKkT He BUSBISIBCS 3a MOMeEpeNHbOi 00po0KU
KOpEHIB MpopocTKiB aHTtuokcuaantoM JMTC Ta iHrioitopoM aiaMiHOKCHIA3U
aMiHOryaHiquHOM. BoaHouac oOpoOka kopeniB iHriditopom HAJI®H-okcunasu

iMi1a30710M 4acTKOBO ycyBasa edekT miaBuineHHs Bmicty H,0,, cnp nanHOBaHUN
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Ji€10 Ty Tp €CLIMHY i NP aKTHYHO He BIUINBAJIA Ha epeKTH KajaBepuHy. FiMoBipHO, 32
I1i p13HUX A1aMIHIB BHECOK P13HUX ()ep MEHTATUBHUX CUCTEM, 1110 TeHEP yI0Th ADK,
Bipi3HseTbCs. O0poOka npopoctkiB JJIMTC 1 amiHOTYaHIAMHOM yCyBaJjia 3aX MUCHUMN
BIUTUB MyTPECUMHY Ta KaJ[aBepUHY Ha MPOPOCTKH MIIECHUIN 32 YMOB TilepTep Mii.
Boanouac o6po6ka inriditopom HAJI®PH-okcunasu imimazonoM 3HIMalIa CTpec-
MPOTEKTOPHUM €(PEKT MyTPECHHHY, ajie c1abo BIUIMBAia Ha MPOSB TAKOTO €PEeKTy
KaJlaBep UHy.

Antaronictu  A®K  (AMTC, amiHoryaHinuH, 1MiIa3oid) ycyBalu
COPWYWHIOBAHI MYyTPECHMHOM eQEeKTH MBUIICHHA B KOPEHSIX aKTHUBHOCTI
antnokcugantHux ¢epmentis (CO/l, katanasu i reasikoinepokcuaasu). Bongnouac
1HIyKOBaHEe KaJaBepUHOM MiaBuIIeHHs akTUBHOCTI COJl B KOpEHAX MHpop OCTKIB
nmeHuil He ycyBasnocs niero JIMTC, amiHoryanigumHy Ta imigazony. llpote
MiJBUIICHHS. aKTHUBHOCTI KaTaja3W 1 TBasSKOJINEPOKCHUAA3U 3a Mli KaJaaBepHUHY
HiBenroBanocs aieto JIMTC. Omxe, TMOBIpHO, BIUIMB KaJaBEepHUHY HA aKTUBHICTbH
okpemux (epmentiB antuokcuaantHoi cuctemu (COJl) Moxke 3aiiicHIOBaTHCS 0€3
nocepeanuirsa ADOK.

3 BUKOpPHUCTAHHSM aHTArOHICTIB KaJIBIIIO JTOCIIIKyBalu yyacts 10HIB Ca?* B
nmporeci axkTUBaIii AHTUOKCHAAHTHOT CHUCTEMHM 1 MIJBUINEHHI TEIJIOCTIMKOCTI
[P OPOCTKIB MILIEHULIl €EK30T€HHUM J1aMIHOM Iy TP €ECUUHOM. BCTaHOBIIEHO, 1110 € eKT
nocwieHHs rerepanii ADK, cnpuunHOBaHMI MyTpeCHUHOM, MOBHICTIO yCyBaBCs
XenaTopoM Mo3akMiTUHHOTO Kanblilo EI'TA, ane He 1HTIOITOpOM HaIXOKEHHS
KaJIBI[IO 3 BHYTPIIIHBOKIITUHHUX KOMIApTMeEHTIB HeominmHoM. O6poOka EI'TA
TaKOX yCyBaJia iHyKOBaHE ITy TP ECLIMHOM 3P OCTaHHS aKTUBHOCTI aHTHOKCHTAHTHUX
dbepMeHTIB B KOpeHSX MpopocTkiB. HeominuH 3HIMAB e(eKkTu MiaBUILEHHS
AKTUBHOCTI KaTaJla3W 1 TBAaSKOJIEPOKCHAA3W B KOPEHSIX IMPOPOCTKIB IIICHHIII,
cnpuunHioBaH1 fgiero mytpecuuny. Sk EI'TA, Tak 1 HeoMiUMH 3MEHIIYBaJIH
NO3UTUBHUI BIUIUB IMyTPECHMHY HAa BWXHBAHICTb MPOPOCTKIB MICHIS TEIIOBOTO
ctpecy. OTxke, BCTAHOBJICHE 3HAYCHHS MIJABUIICHHSA KaJbIIO B LUATO30J1 3a MIii
NyTPECIUHYy HacaMIlepel 3a pPaxyHOK HOTO HAJIXOKEHHS 3 TO3aKIITHHHOTO

p OCTODY.



[le ogHUM MOcepeAHUKOM B peallizallii eeKTiB MoJI1aMIHIB € OKCUJ a30Ty.
BcranoBneno, mo o0OpoOka TPOPOCTKIB MyTPECHMHOM BHUKJIMKajda IIBUIKE 1
Tpan3uTopHe migBuileHHs Bmicty NO B kopensx. [Ipu mpomy BigzHaudamocs
nBop azoe 30ubIeHHs akTUBHOCTI JIAO. [Hriditop JIAO aMiHOTyaHIIUH TOBHICTIO
ycyBaB mifBuileHHs BMICTy NO, COpUYMHIOBaHE IMyTPECUMHOM. 30UIbIICHHS
aktuBHOCTI JIAO 1 BMicTy NO ycyBanocs 1 ipu oOp 0011 Ip OpOCTKIB aHTAaro HicTaMHu
kanpiito (EI'TA Ta meominmmuom). CkaBeHmxkep okxcuny azotry PTIO moBaicTiO
HiBeTIOBaB €(EeKT MiIBUIICHHS BMICTY TMEPOKCHIY BOJHIO B KOPEHSIX IPOPOCTKIB
NIISHHIN TpU iX 00poOIl myTpecuuHOM. Y TOH ke 4ac 00poOKa aHTaroHiCTOM
nepokcuny BogHto JIMTC nuiire Tp oxu 3MeHITyBajia epekT miaBuiieHHs BMicty NO
B KOPEHSX, CIP MUUHIOBAaHE MyTpecunHOM. AHTaroHictd NO ycyBajiv 3aXHUCHY 110
NyTPECHMHY MPH TEIIoBoMy crpeci. OTxe, MOKa3aHO y4acTh OKCUAY a30Ty, IO
CHUHTE3YEThCS 3a OKHMCHIOBAJIbHUM IIIAXOM, 1 HOTO (yHKIIOHAIbHY B3a€EMOJIIO 3
A®K Ta i0HaMU KaJbIlil0 MPHU pearizallli CTpec-mpOTEKTOPHOI Ali MyTp eCIuHy Ha
pOCITUHHI 00'€KTH.

JlocmimKyBaIu TaKOX MOXKIJIUBY y4acTh €HIOTEHHOTO CIpKOBOJHIO B MP OSIBI
NPOTEKTOPHOI Ail MiaMiHy MyTpeclMHy Ha MPOPOCTKH MIIEHUIl MPU TEIJIOBOMY
cTpecl 1 aKTUBHICTh aHTUOKCUIAHTHUX (pep MEHTIB B X KOp eHsX. [HKyOa1isi Kop eHiB
IHTAKTHUX OPOPOCTKIB B CEpEAOBUUIlI 3 JOAABAHHSAM IMYTpECLUUHY, CIPHUYHHSIA
MOCWJIEHHSI TeHepailii cipkoBojHI0. OOpoOka KOpEHIB MPOPOCTKIB IHIIOITOPOM
ocHOBHOTO (epmenty cuHtedy HoS (L-mucreinnecynbdrigpas3u) mipyBaToM Kairo
YacCTKOBO HIBENIOBaja CHPHWYMHIOBAHE ITyTPECIMHOM IMIJIBUINCHHS CTIMKOCTI
P OPOCTKIB /10 YIIKOJIXKY FouoTo nip orpiBy. [linBumienns aktuBHocti CO/l 1 kaTtanasuy,
sIKe BHKJIMKajia 00poOKa Iy TPECIIMHOM, TAKOK YCYBaJIOCs €10 MpyBaTy Kajiro. [le
JI03BOJISIE 3P OOMTH BUCHOBOK TP O MOKJIMBY y4acTh CIp KOBOAHIO SIK TTOCEp €AHUKA Y
AHTHOKCHUJAHTHOI CUCTEMHU.

BcraHOBIEHO TakOK MIABUIIEHHS MiJ BIUIUBOM IyTPECHUHY 1 CIEPMIHY
CTIMKOCTI €TI0JIbOBAaHUX MPOPOCTKIB MIIEHUIN /10 3HEBOHEHHS, CIIP MYUHIOBAHOTO

nieto ITED, Ta pe3ucTeHTHOCTI JOPOCIUX POCIUH 10 IPYHTOBOI nmocyxu. O6poOka
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00oma noJtiaMiHaMu 3ano0iraia iy KOBAHOMY OCMOTHYHUM CTP €COM IT1]IBUILEHHIO
BMICTY TE€p OKCHy BOJIHIO B TAaroHaX Mp opocTKiB. KpiM TOro, BILIUB HA TP OPOCTKH
OyTPECHMHY 1 CHEepMIHY 3amno0iraB COpHUYUHIOBAHOMY CTPECOM 3HMKEHHIO
aktuBHOocTi COJI. OOpoOKa myTpeCHMHOM BHWKJIMUKajda MiJABUIIECHHS BMICTYy B
TP OPOCTKAX P OJIIHY TP OCMOTHYHOMY CTP €C1, B TOM Yac SIK ITiJT BIULTMBOM CIIEp MIHY
BiH 3HIKYBaBCsA. EK30reHH! MojiiaMiHM HE YWHWIHW TOMITHOTO BIUIMBY HAa BMICT
ITyKp 1B, aJI€ CIIP USJTH ITiIBUIIIEHHIO BMICTY aHTOIIaHIB 1 ()JIaBOHOIMIB y TaroHax.

OOmpuCKyBaHHSA POCIUH MyTPECIMHOM B KOHIIGHTpaIlsax miama3zony 0,25-5
MM 1CTOTHO 3MEHIIYBaJIO PICTIHIIOYIOYUI BIUIMB I'PYHTOBOI MOCYXH, ISl CLIEp MiHY
Oyna MeHII e(heKTUBHOIO, ae Takoxk Biporiguow npu P < 0,05. [IyrpecuuH icTOTHO
3MEHIILYBaB P OB BOJAHOTO Ae(PILMTY, CIP MYMHIOBAHUN TOCYXO010. 3a Aii criep MiHy
BiJI3HaYajacs JIUIIIE TEHASHIIIS 1O 3HWKEHHS BOJIHOTO Je(MIUTY JUCTKIB.

[Tocyxa crnpuunHsiia €peKT OKUCHIOBAJILHOTO CTpECy, IO MNPOSBISBCA Y
30uIbIIeHH] y TucTKax BMicTy M/IA. 3a nmomnep eqHp01 00pOOKH p OCTUH Ciep MIHOM
3poctanHs Bmicty MJIA HiBemtoBajmocs 4acTKOBO, a 3a [ii MyTPECIHUHY Maixe
noBHicTIO. OO0poOka pocnuH oboma moJriaMiHAMHU CIpUsAiaa 30ep eKEHHIO IMyJTy
XJI0poduTiB 1 KapOTHUHOIAIB y JIMCTKaX 3a CTPECOBUX yMOB Ta COpUYUHSAIA
HAKOMUYEHHS WYKpiB y JnucTKax. [lig BmIMBOM NOCYyXH y JHUCTKaxX ICTOTHO
3HW)KYBaBCS BMICT aHTOLIAHIB 1 (p1aBOHOIAIB, 110 MOTJHMHAIOTH B obsacti Y®-B.
Ilepeno6pobka crepmiHOM JIEHIO MOM’SIKIIyBaJia HEraTUBHUM BIUIMB IMOCYXHW Ha
BMICT aHTOIlIaHIB. 3a JIii SIK Ty Tp €CLUHY, TaK 1 ClIep MiHY BiJj3Hayaacs cradinizaiis
BMICTY y JIUCTKaX (pJIaBOHOIIB, 1110 MOrIMHa0Th B Y®-B. O1xe, 3aXUCHUN BILIHUB
MoJIlaMiHIB Ha POCIMHU IIICHUIl 3a yYMOB IIOCyXH 3YMOBJICHUHM HacamIiep e
pEryJdii€l0 BOJAHOTO OOMIHY Ta TMOMEPEIKEHHIM PO3BUTKY OKHCHIOBaJIbHHUX
MOIIKOKEHb, XO04Ya BHECOK OKpPEMHX CKJIaJOBUX MPOTEKTOPHOTO BIUIMBY Ha
€TI0JIbOBaHI TP OPOCTKH MIICHUIN MTPH OCMOTHYHOMY CTpECi 1 JOPOCIl POCIUHU 3a
MOCYXH Y I'PYHTOBIM KyJIbTYpl MA€ MEBHI BIIMIHHOCTI.

OTpuMaHi pe3yJIbTaTH TaKOXK BKa3yIOTh HA y4acCTh MOJIAMIHIB y PeryJisuii
CTaHy npoJuxiBy pociuH. [lokazaHo, o iHKyOaIlis enijiep Micy JTUCTKIB TOpP OXY B

CEpEeIOBUIII 3 JIOJIaBaHHSIM MYTPECIMHY a00 CHepMiHYy CIpUYUHSIA 3MEHIIECHHS
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BEIMYMHU NPOJUXOBOi amepTypu. BruiumB mnoniamiHiB Ha (YyHKIIOHYBaHHs
P OJUXOBOTO arapary € KaJdblid3anekHUM. Y IPUCYTHOCTI OJI0KaTOpa KajlbIli€BUX
xaHaniB LaClg BIUIUB Iy TpeclMHY i cIiep MiHy Ha CTaH Hp OJMXiB BUABIABCA cnabo. Ix
e(eKTH YaCTKOBO HiBEIIOBAJIUCS XeIaTOpOM no3akiiTuaHoro kanbiito EI'TA, mp oTe
MOBHICTIO yCyBaJIMCA 1HT101TOp oM (pocdodtinazu C HEOMILIMHOM.

OTpuMaHO AaHi, IO BKa3YOTh TAKOK Ha TP MIETHICTh KOMITOHEHTIB JIIIHOTO
CUTHAJIIHTY JO PEeryJSITOPHOTO BIUTMBY IIOJiaMiHIB Ha CTaH MpOJWXiB. Bruius
OyTPEeCUUHY 1 CIEpMIHYy Ha BEIMYMHY amnepTypu NpOAUXIB HE BHSBISABCA Yy
NP UCYTHOCTI H-OyTaHOJy — IHTI0ITOPY 3asiexHOro Bia docdoninaszu D yTBopeHHS
docaTtuaHOT KMCIOTH, ajle HEe WOTrO HEAKTUBHOTO i13o0Mepy OyraHosy-2. Takum
YHUHOM, OTP UMaHi p €3yJIbTaT BKa3yIOTh HA MOYKIIMBY P OJIb HAJIXOJI’KEHHS KA bII110 B
[IUTO30JIb 3 BHYTPIMIHbOKIITUHHUX KOMIIAPTMEHTIB Ta 3HAYEHHS CUTHAJIbHHUX
IHTEpMeEIIaTIB, 1O YTBOPIOIOTHCS 3a yuactio ¢docdonimaz C 1 D, B peamizamii
P OTMXOBUX ()EKTIB MOJI1aMiHIB.

Omxe, aucepTarliiiHe MOCIIDKEHHS TOTJIMOIOE YSBICHHS MPO MEXaHI3MHU
CTpecC-Ip OTEKTOPHOI il TMOJIIaMiHIB HAa POCIWHM, OB’ S3aHI 3 iX 3aJy4YeHHSIM B
npouecd KJIITUHHOTO CUTHANIHTY. lle cTBOproe€ WIATPpYHTS [ BKIIOYEHHS
MO0JI1IaMiHIB B TP yIy NP aKTUYHO 3HAYMMHUX (P1310JI0TIYHO aKTUBHUX P €4OBHUH 31 CTp €C -
P OTEKTOPHUMU epeKTamMu. BcTaHOBIIEHUH y I'p YHTOBIN KyJIbTypi 3@ YMOB IIOCY XU,
HAOIMKEHUX A0 MPUPOJHUX, CTPEC-MPOTEKTOPHUMN BIUIUMB (poaiapHOi 0OpoOKH
OyTPECHMHOM 1 CHEpMIHOM Ha I1HTAKTHI 3€JIEHI POCIWMHU TMIIEHUI J103BOJISIE
PO3TISAATH 1EW MPUHUOM SIK TIEp CIIEKTUBHUUN JJISI MIJABHUINEHHS TOCYXOCTIMKOCTI

P OCIIMH y MOJIbOBUX YMOBAX.

SUMMARY
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Relevance, purpose and objectives of the study. Polyamines are aliphatic
amines that have a regular spatial arrangement of positive charges in the molecule. In
recent decades, the mechanisms of polyamines participation in the adaptation of
plants to stressors have been actively studied. The protective effects of polyamines
are partly explained by their stabilizing effect on proteins, nucleic acids and
membrane structures. However, in general, the range of biological effects of
polyamines is much wider. In particular, data on their participation in cellular
signaling in plants, which may be due to the formation of reactive oxygen species
(ROS) and nitric oxide in the metabolismof polyamines, as well as their effect onthe
state of ion channels. In addition, there is evidence of the influence of polyamines
gene expression andactivity ofantioxidantenzymes and low molecular content of
antioxidants.

However, the overall understanding about the mechanisms of stress protective
action on plantsby polyaminesand their relationship between involvement to cell
signalingand formation of specific defense reactions has notyet been formed.

PhD thesis is devoted to study the role of key signaling mediators, in particular,
ROS, nitric oxide, hydrogen sulfide and calcium ions in the implementation of the
stress-protective effect of di- and tetraamines on plants during hyperthermia and
dehydration. The main objectives were to exemine the effect of exogenous
polyamines on plants resistance to hyperthermia and lack of moisture due to the
modification of antioxidant enzymes activity and the content of low molecular weight

polyfunctional protective compounds; establishing the participation of ROS, nitric
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oxide, hydrogen sulfide and calcium ions in the implementation of the protective
effect of polyamines on wheat seedlings under conditions of hyperthermia;
establishing the effect of diamines on the activity of diamine oxidase (DAO) and
nitrate reductase as possible enzymes of NO synthesis and the establishment of
functional relationships between nitric oxide and hydrogen peroxide in the
implementation of the stress-protective effects of putrescine and cadaverine;
determining the effect of exogenous polyamineson the functioning of plantstomatal
system and the study of the participation of calcium ions and lipid signaling
componentsin the implementation of their effects.

Objects and methods. Winter soft wheat plants (Triticum aestivum L.) of the
Doskonala variety and pea plants (Pisum sativum L.) of the Tsarevich variety were
used for research. To elucidate therole of signaling mediators in the realization of the
stress-protective effects of polyamines, etiolated wheat seedlings were used in
experiments as a model object. On the third day of seed germination, the test
polyamines (putrescine, cadaverine or spermine) were added to the environment in
concentrationsin therange of 0.05to 2.5 mM and the seedlings were kept in these
solutions for one day.

To determine the participation of ROS in the implementation of the
physiological effects of polyamines in the incubationenvironment of seedlings of the
respective variants, the antioxidant dimethylthiourea (DMTU — 0.15 mM) or
inhibitors of DAO aminoguanidine (1 mM) and NADPH-oxidase imidazole (10 pM)
were added. Inthe study of probable participation of nitricoxideand calcium in the
manifestation of the stress-protective effect of polyamines in some versions of the
experiment seedlings were treated for 26 h with a scavenger NO PTIO (2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, 2 mM), nitrate reductase inhibitor
sodium tungstate (2 mM) or calcium antagonists — 500 uM EGTA (extracellular Ca2*
chelator) or 200 uM neomycin — an inhibitor of phospholipase C-dependent calcium
entry into the cytosol from intracellular compartments.

To elucidate the functional interaction between putrescine and hydrogen

sulfide, in some versions of experiments, seedlings were treated with an inhibitor of
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L-cysteine disulfhydrase potassium pyruvate at a concentration of 0.3 mM. In
variants of investigation the combined action of polyamines and these modulators of
signaling mediators content, these agents were injected into the incubation
environmentwith seedlings 2 h before adding polyamines.

Duringthe incubationina medium with the addition of polyamines and other
effectors, as well as after stress, the contentof lipid peroxidation product (LPO) of
malonic dialdehyde, the content of endogenous hydrogen peroxide, nitric oxide,
hydrogen sulfide, antioxidant activity enzymes (superoxide dismutase (SOD),
catalase and guaiacolperoxidase), as well as DAO and nitrate reductase.

To investigate the effect of polyamines on the resistance of wheat plantsto soil
drought, we used wheat plants grownin plastic containers with soil. Before creating
drought conditions, plants at the age of 7 days were sprayed with solutions of
putrescine or spermine in concentrations of 0.25, 1 and 5 mM, control — spraying
with distilled water. Droughtwas created for four days, starting from the 8t day of
cultivation, reducing the rate of watering with a gradual decrease in soil moisture to
25% of total moisture content (TMC). In the control, soil moisture was maintained at
70% of TMC.

The content of photosynthetic pigments, theamount of prolineand sugars, and
the content of secondary metabolites were determinedin the leaves of plants under
conditionsofsoil drought. Plantgrowth parameters and water deficit were also used
as a criterion for determining the stress-protective effect of polyamines.

To investigate the mechanisms of the influence of polyamines on the condition
of the stomata, 12 — 15-day-old pea plantswere used, which were grown in plastic
containers with soil under optimal conditions. To achievethe effect of openingthe
stomata, the epidermis from the abaxial surface of mature leaves was keptfor 2.5hin
cold white light (8000 lux) in Petridishes with 10 mM KCI solution prepared on 10
mM Tris-HCl buffer without CO, (pH 6.15). After that, the epidermal samples of the
experimental variants were transferred to buffer medium with the addition of
putrescine or spermine in final concentrations from 0.25to 5 mM. Previously, usinga

dilute solutionof HCI, the pH of the epidermis incubation mediumin all variantswas
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adjustedto 6.15. Epidermis after 60-180 min incubation, the stomata aperture size
was measured.

The main results. It was found that the studied polyamines (putrescine,
cadaverine and spirmine) caused an increase in heat resistance of wheat seedlings.
The minimum concentration of putrescine, which caused a probable increase in
seedling survival, was 0.25 mM. The highest protective effect of all polyamines was
found at a concentration of 1 mM. The protective effect of spermine was expressed
slightly more than the effects of putrescine and cadaverine. At the same time, the
stress-protective effect of the two diamines in the concentration range of 0.5 — 2.5
mM almost did not differ.

Treatmentwith all studied polyamines mitigated the development of oxidative
stress caused by heating. There was an increase in the activity of antioxidantenzymes
SOD, catalase and peroxidase in the roots and shoots of wheat seedlings.

Key cellular signaling mediatorsare probably involved in the imp lementation
of the stress-protective action of polyamines. Our resultsindicate the participation of
ROS, calcium ions and gas transmitters (nitric oxide and hydrogen sulfide) in the
manifestation of the physiological effects of polyamines. In particular, it was found
that under the influence of both putrescine and cadaverine there was a transient
increase in the roots of hydrogen peroxide. This effect was not detected by pre-
treatment of seedling roots with the antioxidant DMTU and the DAO inhibitor
aminoguanidine. At the same time, treatment of the roots with the NAD PH-oxidase
inhibitor imidazole partially eliminated the effect of increasing the H,O; content
caused by the action of putrescine and had practically no effect on the effects of
cadaverine. Probably, under the action of different diamines, the contribution of
different enzyme systems that generate ROS differs. Treatment with DMTU and
aminoguanidine eliminated the protective effect of putrescine and cadaverine on
wheat seedlings under conditions of hyperthermia. At the same time, treatment with
the NADPH-oxidase inhibitor imidazole relieved the stress-protective effect of
putrescine, but had little effect on the manifestation of such an effect of cadaverine.

12



ROS antagonists (DMTU, aminoguanidine, imidazole) eliminated the
putrescine-induced effects of increased root activity of antioxidant enzymes (SOD,
catalase and peroxidase). At the sametime, the increase in cadaverine-induced SOD
activity in theroots of wheat seedlings was not eliminated by the action of DMTU,
aminoguanidine and imidazole. However, the increase in catalase and peroxidase
activity under the action of cadaverine was offset by the action of DMTU. Therefore,
it is likely that the effect of cadaverine on theactivity ofindividual enzymes of the
antioxidant system (SOD) can be carried out without mediation of ROS.

Using calcium antagonists, the participation of Ca2* ions in the process of
activation of the antioxidant system and increase of heat resistance of wheat seedlings
by exogenous diamine putrescine was investigated. It was found that the increase
effect of ROS generation caused by putrescine was completely eliminated by the
extracellular calcium chelator EGTA, but not by the inhibitor of calcium intake from
intracellular compartments neomycin. EGTA treatment also eliminated the
putrescine-induced increase in antioxidant enzyme activity in seedling roots.
Neomycin removed the increased effects of catalase and guaiacolperoxidase activity
in the rootsof wheat seedlings caused by the action of putrescine. Both EGTA and
neomycin reduced the positive effect of putrescine on seedling survival after heat
stress. Therefore, the value of the increase calcium in the cytosol dueto theaction of
putrescine primarily dueto its receipt from the extracellular space.

Another mediator in the implementation effects of polyaminesis nitric oxide. It
was found that treatment of seedlings with putrescine caused a rapid and transient
increase in NO content in theroots. Therewas a twofold increase in DAO activity.
The DAO inhibitor aminoguanidine completely eliminated the increase in NO
content caused by putrescine. The increase in DAO activity and NO content was
eliminated by treatment of seedlings with calcium antagonists (EGTA and
neomycin). PTIO (nitric oxide scavenger) completely eliminated the effect of
increasing the content of hydrogen peroxide in the roots of wheat seedlings when
they were treated with putrescine. At the same time, treatment with DMTU

(hydrogen peroxide scavenger) only slightly reduced the effect of increasing the NO
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content in the roots caused by putrescine. NO antagonistseliminated the protective
effect of putrescine under heat stress. Therefore, the participation of nitric oxide
synthesized by the oxidative pathway and its functional interaction with ROS and
calcium ions in the implementation of the stress-protective effect of putrescine on
plantobjects is shown.

The possible participation of endogenous hydrogen sulfide in the protective
effect of putrescine diamine on wheat seedlings under heat stressand the activity of
antioxidantenzymes in their roots were also investigated. Roots of intact seedlings
incubation in the medium with the addition of putrescine, caused increased
generation of hydrogen sulfide. Treatmentwith an inhibitor of the main enzyme of
H.,S synthesis (L-cysteine disulfhydrase) potassium pyruvate partially offset the
increase in resistance of seedlings to damaging heat caused by putrescine. The
increase in SOD and catalase activity caused by treatmentwith putrescine was also
eliminated by the action of potassium pyruvate. This allows us to concludeabout the
possible participation of hydrogen sulfide as a mediator in increasing putrescin heat
resistance of wheat seedlings and activation of their antioxidant system.

Anincreasein theresistance of etiolated wheat seedlings to dehydration caused
by PEG and the resistance of adult plants to soil droughthas also been found under
the influence of putrescine and spermine. Treatment with both polyamines prevented
the osmotic stress-induced increase in hydrogen peroxide contentin seedling shoots.
In addition, exposure to putrescine and spermine seedlings prevented a stress-induced
decrease in SOD activity. Treatment with putrescine caused an increase in the content
of prolinein seedlings under osmotic stress, while under the influence of spermine it
decreased. Exogenous polyamines did not have a significant effect on the sugar
content, butincreased the content ofanthocyanins and flavonoids in the shoots.

Spraying of plants with putrescine in concentrations in the range of 0.25 -5
mM significantly reduced the inhibitory effect of soil drought, the effect of spermine
was less effective, but also probableat p < 0.05. Putrescine significantlyreduced the
water deficiency caused by drought. Under theactionofspermine there was only a

tendency to reduce the water deficit of the leaves.
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Drought caused the effect of oxidative stress, which manifested itself in
increase the content of MDA in the leaves. During pre-treatment of plants with
spermine, the growth of MDA content was partially leveled, and under the action of
putrescine almostcompletely. Treatment of plantswith both polyamines helped to
preserve the pool of chlorophylls and carotenoids in the leaves under stressful
conditionsand caused the accumulation of sugarsin the leaves. Under the influence
of drought, the content of anthocyanins and flavonoids absorbed in the UV -B region
decreased significantly in the leaves. Spermine pre-treatment somewhat mitigated the
negative effects of drought on anthocyanin content. Under the action of both
putrescine and spermine there was a stabilization of the content in the leaves of
flavonoids absorbed in UV-B. Thus, the protective effect of polyamines on wheat
plants in drought conditionsis primarily dueto theregulation of water metabolism
and prevention of oxidative damage, although the contribution of some components
of the protective effect on etiolated wheat seedlings underosmotic stress and adult
plants for droughtin soil culture has some differences.

The obtained results also indicate the participation of polyamines in the
regulation ofthe condition of the stomatain plants. It has been shown that incubation
of pea leaf epidermis in medium with the addition of putrescine or spermine caused a
decrease in the size of the respiratory aperture. The effect of polyamines on the
functioning of the respiratory system is calcium-dependent. In the presence of a
calcium channel blocker LaCls, the effect of putrescine and spermine on the condition
of the stomata was weak. Their effects were partially offset by the extracellular
calcium chelator EGTA, but completely eliminated by the phospholipase C inhibitor
neomyecin.

Data were obtained that also indicate on the involvement of LPO in the
regulatory effect of polyamines on the condition of the stomata. The effect of
putrescine and spermine on the value of the aperture of the stomatawas not detected
in presence of n-butanol —an inhibitor of phospholipase D-dependent formation of
phosphatidicacid, but not its inactive isomer of butanol-2. Thus, theresults indicate

the possible role of calcium in the cytosol from intracellular compartments and the
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importance of signaling intermediates formed by phospholipases C and D in the
implementation of the respiratory effects of polyamines.

Thus, the dissertation research deepens the understanding of the mechanisms of
stress-protective action of polyamines on plantsassociated with their involvement in
cellular signaling processes. This createsa basis for theinclusion of polyamines in
the group of practically significant physiologically active substances with stress-
protective effects. Established in soil culture under drought conditions close to
natural, the stress-protective effect of foliar treatment with putrescine and spermine
on intact green wheat plants allows us to consider this technique as promising for

increasing drought resistance of plantsin the field.
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