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CepoBoaopoa u aganTamus pacTeHu
K 1eiiCTBHI0O A0MOTHYECKHUX CTPeCcCOpoOB

Ceposodopoo (H,S) aensemcs oonum u3 KAIOUeEbIX 2a30MpancmMummepos 6
PACTUMENbHBIX U HCUBOMHBIX KaemKax. OOHaKo npedcmasieHus o e2o mecme 8
CUSHAIbHBIX CemAX PACMUMENbHBIX KIEMOK, Xapakmepe 83auMo0eiucmes ¢ Opyaumu
NOCPEOHUKaMU U POIU 6 POPMUPOBAHUU KOHKPEMHBIX 3AWUMHBIX DeaKyuil npu
Oeticmeuu cmpecc-@pakmopos 8 Hacmosujee epemsa auwib gopmupyiomes. B obzope
KPAMKO ONUCAHbL OCHOBHblE NYMu CUHME3Ad Ceposodopood, €20 (QYHKYUOHATbHOE
83aumooeticmeue ¢ OpyeUMU CUSHATLHLIMU NOCPEOHUKAMU (UOHAMU  KATbYUS,
AKMUBHBIMU POPpMAMU KUCTIOPOOd, OKCUOOM A30Ma) U HEKOMOPLIMU (PUMO2OPMOHAMU.
TIpueedenv ceedenus o enuanuu H,S na npoyeccor adanmayuu pacmenuii k 0eticmeuio
IKCMPEMATLHBIX MEMNEPAmyp, 00e360HCUBAHUS, 3ACONEHUS, MANCENLIX MEMANL08.
Akyenmupyemcs 6HumMaHue Ha e20 ponu 8 pecyiayuu COCMOAHUA AHMUOKCUOAHMHOU
cucmemyl, CUHMeE3Ad NPONUHA U GMOPUYHBIX MeMAbOIUMO8 C NPOMEKMOPHLIMU
ceovicmeamu. OOCYHcOeHbl C8e0eHUsI O MEXAHUSMAX GIUAHUA Cepo8o00pPoOd Ha
cocmosanue  ycmouy. Paccmompenvl  803MONCHOCMU — UCNONb308AHUSL  OOHOPOS
€eposooopoda Onid UHOVYUPOBAHUA YCMOUYUBOCMU PACHEHU K CMpeccopam,
pe2ynayuu nPopaAcManusl CeMaH, nPedomspawerus. NOMepPs YPOorcas npu XpaHeHuu.

KiioueBble €i10Ba: ceposo0opoo; akmueHvie Qopmvl KUCIOPOOd, KALbYUL, OKCUO
asoma, GumozopmoHsl; AHMUOKCUOAHINHASL CUCTEMA, YCIMOUHMUBOCTb.

BBenenune

Ceposonopon (H,S), napsny ¢ monookcunom asora (NO) U MOHOOKCHIOM
yriepona (CO) OTHOCHTCS K KIIOYEBEIM MOJIEKYIaM-Tra30TpaHCMUTTEPaM B KJIET-
Kax pacTeHud W kuBOTHBIX [1-3]. Tlom TepMUHOM «CepoBOAOPOA» MOApa3zyMe-
BalOT He TOJIbKO H,S Kak pacTBopeHHOE ra3000pa3sHOE COETMHEHNE, HO H AHHOH
HS", B kOTOpBIi B pU310I0rHIECKH HOPMATIBHBIX YCIOBHIX IPEBPAILACTCS OKOJIO
80% mosekysipHOro cepoBogopona [4].

Jo 90-x IT. mpouLIoro CTOJIETHS CEPOBOAOPOA B (DH3HOJIOTHH U OHOXUMUU
JKUBOTHBIX M PacTEHHH pacCMaTPUBAJICS B OCHOBHOM KaK TOKCHKaHT. Ha mpu-

Coxpamenusi: GY'Y4137 — morpholin-4-ium-4-methoxyphenyl [morpholino] phosphinodithioate; PTIO —
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; ABK — a6crm3oBas kuciora; AOK — akTuBHBIC
(dopwmsl kucnopona; KAK —rxacmonosas kucnora; HITH — aurponpyceun Harpust; COJ] — cynepokcuiuc-
myTtaza; OJI — pocdonumasza; DI TA — ITHICHIIUKOIb-01C(2-aMHHOA THI-3(HP ) TETPAYKCYCHAS KHCIIOTA.
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Mepe MHOTHX BHJIOB pacTCHHH OBIIO IOKA3aHO, YTO (PyMHUTAIHSI CEPOBOIOPOAOM
BBI3bIBACT MTOBPEXKICHUS JIUCTHEB, Ae(oNnaliio U yroeTenue pocta [5, 6]. C npy-
TOl CTOPOHBI, IOCTATOYHO JIABHO OBLIM 0OHApPYKeHBI 3D (DEKThI aKTUBAIIMH POCTA
pactennit nox BiusinueM H,S B Hu3kux konuenrpanusx [5]. [oznuee crany Ha-
KaIUTUBATHCS AKCIICPUMEHTANBHBIC JaHHBIC, CBHICTEIbCTBYIOIINE O BOSMOXKHOM
CUTHAJIBHOI POJIM CepoBO/IOpOJa B KileTKax pacTeHuil [7]. B Hacrosiee Bpems
MTOTY4EHBI CBEICHHUS O €T0 TECHBIX (DYHKIIMOHATIBHBIX CBS3AX C APYTUMH U3BECT-
HBIMU CHTHAJBHBIMU MOCPEIHUKAMH (B YaCTHOCTH, C MOHAMH KAJBIUS, MOHO-
okcugoM azota (NO), aktuBHBEIME (opMamu Kuciopona (ADK)), a Takxke ¢ ps-
J0M (pUTOropMOoHOB [8, 9]. B CBsI3U ¢ 3TUM CEpOBOAOPO]] PACCMATPUBAETCS KaK
areHT, YYaCTBYIOIINH B PETYISIINA MHOTUX (PYHKIIUH PACTUTEIHHOTO OpraHnu3Ma,
B YAaCTHOCTH, POCTOBBIX MPOLIECCOB, CO3PEBAHMS M CTapEHHMs IUIOJI0B, a/IalTaluH
K IEWCTBUIO CTPECCOPOB CaMOU pazHo# mpupomast [9—12].

AXTHBaIUs aJaNTUBHBIX PEAKIUA PACTCHUH SIBISCTCS OJHUM U3 HauOoIee sp-
Kkux Quuonormyeckux 3ddexTor ceporonopona [3, 8, 13]. OmHako MeXaHU3MBI
aKTMBAllMM CTPECC-NPOTEKTOPHBIX CHCTEM pacTeHuil mox BiusHueM H.S, nermo-
CPENCTBEHHBIC MHUIIECHH €T0 EWCTBUS, CHTHAIBHBIE i TOPMOHAIBHBIE ITOCPEIHH-
Ku, obecrieunBaroniye Gpuanonornyeckue 3pQeKTsl, 0CTAIOTCS MaJOU3YYCHHBIMU.
Taroke He cHOPMUPOBATICH YETKHE IPENCTABICHUS O (PYHKIMIX CEpOBOIOpOAa
Kak IMOCPEIHHKA B peanu3alliy JCHCTBUs IPYTHX (DH3HOJIOTUUCCKH AKTHBHBIX
BEIIIECTB, B YaCTHOCTH, (PUTOTOPMOHOB [9—14]. AHANIN3 M CHCTEeMaTHU3aIs TAKUX
CBEJICHUI M CTaJIH LIEJIbI0 HACTOSIIEro 003opa.

O0paszoBaHune cepoBOIOPOAA y PACTCHUH

OHUM U3 KpUTEPUEB, MO3BOJISIIOIINX OTHECTH TO WM MHOE COETUHEHHE K
ra30TPaHCMUTTEPAM, SBIICTCS HAMYUE Y )KUBBIX OPraHU3MOB (pepMEHTATHBHOM
CUCTEMBI eTo CUHTe3a U Jerpaaanuu [4]. K HacTosieMy BpeMeHH YCTaHOBJIEHO,
9TO CEpOBOIOPO y PACTEHUH MOXKET CHHTE3HPOBATHCS, KAK MHHUMYM, C TIOMO-
LIbIO MIECTH (PePMEHTOB.

OnnuMm u3 0cHOBHBIX My Tei cuuTe3a H,S y pacTennii canraercs npeppaiieHue
L-uucrenna B mupyBaT ¢ BBICBOOOXKACHHUEM CEpOBOOpoaa U aMMoHHs (puc. 1)
[15]. Ota peakius xaramusupyercs L-nmcrennnecynbdruapaszoii (KO 4.4.1.1),
KOTOpasi MOXKET OBbITh JIOKaJM30BaHa B IIUTOIJIa3Me, TUIACTUAAX U MUTOXOHPHUAX
[7, 16]. Taxxe BO3MOKHO 00pa3oBaHUE CEPOBOAOPONA U3 D-IucTenHa moj Aei-
CTBHEM Haxojsuielics B nuromiazme D-iuctennaecynspruapassl (KO 4.4.1.15)
[16, 17]. Kpome TOTO, CEpPOBOAOPOA MOXKET CHHTE3UPOBATHCS ITyTEM BOCCTAHOB-
neHus cynbdura ¢ yaactuem cynbpurpenykrassl (KO 1.8.7.1) [7]. Ilpu stom B
KaueCTBE BOCCTAHOBUTEIS CEPHI HCTIONIB3YETCSI BOCCTAHOBICHHBINA (heppeTOKCHH.

OO6pa3oBaHue cepoBOOPOA Y PACTCHUN MOXKET MPOUCXOIUTh U C YHaCTUEM
B-manoananuH-cuHTa3bl (KO 4.1.1.9) [8]. DTOT MHTOXOHIPHATBHBIN (EepMEHT
KaTaJIM3UpyeT PeaKkIHi0 KOHJeHCAaluu L-1IMcTenHa U IMaHU/Ia C BBISICHUEM Ce-
poBomopona [18]. Cunuraercs, 9To ero OCHOBHAS (YHKIIMS CBA3aHA C KOHTPOJIEM
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conepxkanus TokcnuHoro CN-. IucrenncunTaza (KO 2.5.1.47), nokann3oBaHHAS
B IIUTO30JI€, MUTOXOHAPHUSAX U XJIOPOIIIACTAX, TAKKE MOXET BHOCUTH BKIJIA] B
obpazoBanue cepoBomoposa (puc. 1). OHa Karaau3upyeT 0OpaTUMYIO PEaKIIHIO
Mexay L-uncrennom u aneratom ¢ obpasoBanueM O-anerun-L-cepuna u H,S
[18, 19]. HakoHel, cepoBOIOPOI MOXKET BBIACIATHCS TPH Pa3IOKEHUH KapOo-
HWICYIb(HIA C TOMOIIBIO HAXOASMIEHCS B XJIOPOILUIacTaX U LIUTOIIa3Me Kapoo-
aaruapassl (KO 4.2.1.1) (puc. 1) [20].
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Puc. 1. ITyTu cuHTE3a CEpOBOIOPO/A Y PACTEHUH (TTOSCHEHNUS B TEKCTE):

Ac — anerar; CA — xap6oanruapasa; SR — cynbdurpenykrasa; Fd_, — deppenokcun
BOCCTaHOBNEHHBIH; CS — nucTenHcunTasa; Pyr — nupysar; L-cys, D-cys — L- u D-1iucrenn
cootB.; L-, D-CDSH — L- u D-1iuctennaecynsdruapasa coots., O-AS — O-areTuicepuH;

B-CA — B-umanoananus; B-CAS — B-unanoanaHrHCHHTa3a
[Fig 1. Ways of hydrogen sulfide synthesis in plants (explanation in the text).
Ac - Acetate; CA - Carbonic anhydrase; SR - Sulfite reductase; Fd , - Ferredoxin reduced;
CS - Cysteine synthase; Pyr - Pyruvate; L-cys, D-cys - L- and D-cysteine, resp.; L-, D-CDSH -
L- and D-cysteine desulfhydrase, resp., O-AS - O-acetylserine; -CA - B- cyanoalanine;
B-CAS - B-cyanoalanine synthase]

Hapsiny ¢ (epMeHTaTUBHBIMH CHCTEMaMH CHHTE3a CEPOBOIOPONA, B PACTCHHUSX
MPUCYTCTBYET H3UM, 00ECTICUHBAIOIIMIL €To Aerpanariuo, — O-anerTuncepurmasa [21].

CUrHAJHHT ¢ ydacTueMm cepoBoaopoaa B paCTUTEJIbHBIX KJIETKaX

CepoBonopo/1, Kak U APYTUe MOJIEKYJIbI-Ta30TPAaHCMUTTEPHL, B PACTUTEIBHBIX
KJIETKaX HE UMEeT CIeHU(PHIECKIX MOJIEKYISIPHBIX pernentopos. [Ipennomnaraet-
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Cs1, 4TO EPBHYHBIE MOJIEKyIApHbIe dddexTh H S cBa3ansi ¢ S-cynbpruaparanueis

(nepcynshuanpoBaHueM) — mpeBpalieHneM ocTtatkoB nuctenHa —SH B —SSH

[22]. Takxe BOBMOXKHO €0 B3aHMMOJICHCTBHE C TUCYIb(GUIaMU OCIKOB, MIPH KO-

TOPOM 00Pa3yIOTCsl BOCCTAHOBJIECHHBIH U nepcynb()UANPOBAHHEL ocTaTKu [23]:
R-SS-R + H,S — R-SSH + R-SH.

Cynebruaparaiys OTHOCHTCS K BOKHBIM MOCTTPACISIIMOHHBIM MO (UKa-
nusaM OenkoB. Hambomnee pacnpocTpaHEHHBIMH OEIKaMH, COCTOSIHUE KOTOPBIX
perynupyercst myTeM Cylb(ruapaTanuy, SBISIOTCS MEPOKCUPEAOKCHUHBI [23],
KOTOpEIE, B CBOIO OY€peb, OTHOCATCS K KITIOUCBHIM yYaCTHHKAM KIICTOYHOU pe-
JoKc-perymsinuu [24]. B To ke BpeMs JaHHBIE, TIOIy4YeHHBIE METOJaMH OMOWH-
(hopMaTHKH, YKa3bIBAIOT YTO MEPCYTbOUANPOBAHNIO MOXKET ITOABEPTaThes 10 5%
mpoTeoMa pacTUTenbHOU KieTku [25]. Cpenu nepcyab(pUIMpOBaHHBIX OEJIKOB
MOTYT OBITh YYAaCTHHUKH IIIHKONN3a, IUKIIAa TPIKapOOHOBBIX KUCIIOT, ITHKiIa Kais-
BHMHA, OMOCHHTE3a KpaxMmania.

OnHako CBEICHUI, KOTOpEIE OB TMO3BOJLIIN CBS3aTh IPOIECCHl IepCyb(u-
JUPOBAHUS OIpPEJENIEHHBIX OEJKOBBIX MHUIICHEH ¢ CHUTHAJBHBIMH MPOILIECCaMH,
00€eCIIeUNBAIONIIIMA H3MEHECHUE IKCIIPECCHH KOHKPETHBIX TeHOB, IOKAa OYCHb
Masio. IHTepeCHBIM IMPUMEPOM MOXKET OBITh 3aBUCHUMBII OT CEpOBOAOPOAA XO-
JIOZOMHIAYIIMPOBAHHEIA CHHTE3 BTOPUIHOTO METa00NNTa KyKypOHUTaIllHa y pac-
TeHU orypia [26]. DTOT TeprneHOU 1 NOBHIIIAET YCTOMYUBOCTD PACTEeHUH K MaTo-
TeHaM, B 9YaCTHOCTH, K Phytophthora melonis. Iloka3zaHo, 4TO €ro CHHTE3 CBsI3aH
¢ S-cynbdruapatanueil AByX TPAaHCKPUIIIIHOHHBIX (aKTOPOB, CBSI3BIBAIOLIUXCS C
MIPOMOTOPOM T'eHa CHHTAa3bl KyKypOuTanuHa. JlaHHbIHA mporiecc, MPOUCXOMSITUI
B KJIETKaX JIUCTHEB OTYypla, MOXKET OBbITh CJIEJCTBHEM BbI3BIBAEMOIO XOJOAOM
(metictBueM Temriepatypbl 4°C) yCHIICHHS SKCIPECCHH TEHOB Pa3IUMYHbIX MOJIe-
KyJsipHbIX GopMm L- u D-necynbdruapas u yBenuueHus: CoAepKaHus CEPOBOIO-
porna [26].

B nenom xe 6onee win MeHee YETKHE IPEICTABICHUS O MEXaHU3Max Iepe-
Ja9¥ KIETOUYHBIX CHTHAJIOB C y4acTHEM CEPOBOJOPOIA eIle He ChpOpMHIPOBAINCE.
IIpeanonaraercs, 4TO CEPOBOOPOJ BOBIEKAETCSI B IPOLIECCHI PEAOKC-PEryIsILINY,
npoucxomsmue ¢ yaactueM ADK u NO, a Takke MOXKET BIHUITHh Ha KaIbIIHEBBINA
romeocras (puc. 2) [8].

BepositrHo, Bo MHOTHX citydasx ADK BBICTYIaloOT B PO OCPEAHUKOB B pe-
aJIM3aIy CUTHAJIBHBIX MPOLECCOB, B KOTOPBIX 3a/eiicTBOBaH cepoBoaopo. Tak,
00paboTKa TPOPOCTKOB MIIECHHUIIBI HHTUOUTOPOM CHHTE3a CEpPOBOIOPOAA aMU-
HOOKCHUYKCYCHOM KHCJIOTOH YacTHYHO yCTpaHsJIa BBI3BIBAEMOE OCMOTHYECKHM
CTPECCOM TOBEIMICHNE CONEPKAHUS IIEPOKCHIA BOIOPOIA M HUBEIHPOBaIa d(-
(heKT aKTHBAIMM AHTUOKCUAAHTHBIX (pepMeHTOB [27]. ABTOpPHI MOJAraroT, 4To
MIEPOKCHI BOJOPO/A B ST CUTHAJIMHTA, HHIAYIIIPYEMOTO 00e3BOKHBAaHHUEM, Ha-
XOJUTCS. HUXKE CEPOBOJOPOJA.

A®K, B yacTHOCTH, IEPOKCHU]T BOAOPOA, MOTYT OBITh IIOCPEITHIKAMH H B pe-
QJIN3aIUY CUTHANBHBIX 3((EKTOB 3K30I€HHOTo cepoBofopoaa. Tak, BeI3bIBAEMOE
JOHOPOM CEPOBOAOPOAA THAPOCYAL(PHUIOM HATPHUS IOBBIIICHHE TEIUIOYCTONIH-
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BOCTH KJIETOK KOJICONITHJICH MIIEHUIIBI, KOTOPOMY TPEAIIECTBOBAIO TPAH3UTOP-
Hoe ycunenue reHepainu ADK, ycTpaHsioch moa AeHCTBUEM aHTHOKCHIIAHTOB
Oy THIITHIPOKCUTOITYOJIa U IUMETHITHOMOYEBUHBI [28]. MTHrHONTOpHBIMU MeTO/IA-
MU MOKa3aHO, YTO 3K30T€HHBIN cepoBOOPO] BBI3bIBAET 3aBucuMoe oT HAJIDH-
OKCHJIa3bl, HO HE OT BHEKIJIETOYHOU TIEPOKCHA3bI, YCHIICHHE TeHEePAIH KIETOIHON
TOBEPXHOCTHIO CYIIEPOKCUAHOIO aHHOH-paIvKaja 1 MOCIEAyIOIIee eTo MpeBpallie-
HUE B TICPOKCHT BOIOPOJIA C IOMOIIIBI0 cynepokcuauemyTassl (COJI) [29].

Crpeccopsl

[Stressors] ABA

PN

H,S

0

TpaHcayKuus 1 B3aUMOAENCTBME CUTHAMOB
[Transduction and interaction of signals]

FTEHOM [GENOME]

dU3MOMOrMYecKue peakumm
[Physiological reactions]

Puc. 2. dynxnuoHanbHOE B3aUMOACHCTBUE CEPOBOIOPO/IA C CUTHATIbHBIMU
nocpexHuKamMu 1 puroropmoHamu: ROS — akrusHbIe GpopMel Kuciaopona; ABA —
a0cIu30Bas KHCIIOTa; SA — CAHIIIIOBas KHCI0Ta; JA — sKacMOHOBas KiciaoTa; Et — aTHieH
[Fig. 2. Functional interaction of hydrogen sulfide with signaling messengers and phytohormones.
ROS - Reactive oxygen species; ABA - Abscisic acid,;

SA - Salicylic acid; JA - Jasmonic acid; Et - Ethylene]
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B 10 Xe Bpems mepokcHI BOAOPOAAa MOXET HHIYIHPOBAaTh CHHTE3 CEPOBO-
Jopoaa B KieTkax pacteHuit. Obpabotka cemsH satpodsl (Jatropha curcas L.)
MIEPOKCHIOM BOIOPOAa, AKTHBHPYIOIIAs UX MIPOPACTAHUE, BHI3BIBAJIA TIOBHIIICHIE
B MPOPOCTKAX aKTUBHOCTU L-nmcTenHaecynbGruapassl U COAEpKaHus CepoBO-
nopoxa [11]. Y pacrenuii apabuioncrca Takxke IMPOUCXOIUIIO YCHIICHUE dKCTIpEC-
cunt L-/D-uucrennaecynbdruipas B OTBET Ha 00paboTKy IepOKCHIOM BOJOPOAA
[13]. Y mytanTOB atrbohD, atrbohF, atrbohD/F He IpOsBIIAIOCH YCUIICHUE 00pa-
30BaHMs CepoBOOPOAa B yciaoBusax 3acyxu [30]. [Ipu gelicTBuM coneBoro crpec-
ca Ha pacTeHHs1 0000B B HHUX YBEIMYHBAIOCH CONEpPKaHUE KaK CEPOBOAOPOIA,
TaKk ¥ nepokcuaa Bogoposa. [pu srom anraronuctsl H,S He Biusiim Ha sddexr
TIOBBIIICHUST KOJIMYECTBa NepoKcuaa Bogopoaa [31]. ABTopsl monararot, 4to ce-
POBOIOPO/ B CUTHATILHOHN LENH, HHAYLUPYEMOU COJIEBBIM CTPECCOM, HAXOAUTCS
HIKE HZOZ. Opnnako UMeIOTCA U TaHHbIe, yKa3biBaromue Ha poias ADK B peanu-
3auuu 3¢ (HeKToB cepoBOAOpoaa MPU cosieBoM cTpecce. Tak, aktuBanus Na'/H'-
AHTUTIOPTEpa y paCTEHH apaOUIOIICHCca, BEI3BIBacMasi JOHOPOM CEPOBOAOPOA,
nojaBIsIach aHTHOKcUAanTamu 1 uHrnouropamu HAJI®OH-okcnaasst [32].

B memom ecTh OCHOBaHMS MONATaTh, YTO MEPOKCHI] BOIOPOAA U CEPOBOIOPOI
HAXOMATCS B CIOKHOM (PYHKIIMOHATBHOM B3aUMOJICHCTBUM, IIPU 3TOM OHH MO-
TYT yCUINBAaTh CHHTE3 ApYT Apyra. C Ipyroif CTOPOHEI, MEKAY CEPOBOIOPOIOM H
A®K MOryT OBITh M aHTATOHUCTUYECKUE OTHOIICHUs. B 4acTHOCTH, BO MHOTHX
paboTax moKa3aHO WHAYIHPOBAHNE aHTHOKCHAAHTHOW CHCTEMBI SK30T€HHBIM Ce-
poBomopoaoM [33, 34]. B cBsi3u ¢ 3TUM mpeanosiaraercs, YTo yBEIUYEHUE CO-
Jep>KaHus BOCCTAHOBICHHOTO ITyTaTHOHA, aCKOPOMHOBON KHCIOTHI M aKTHBHO-
CTH psZia aHTUOKCUIAHTHBIX ()EPMEHTOB, BBI3BIBAEMOE CEPOBOJOPOAOM, JOIKHO
MIPUBOANTEL K CHIDKeHHUIO coxepkanus ADK u momudukarmum ADK-curnanos
[34]. Cooburaercs Tarxke o npsaMoM B3aumoneicteun H,S ¢ ADK, B Tom uncie
CYTIEpOKCUIHBIM U THAPOKCUIBHBIM PaJIMKallaMH, IMEPOKCHIIOM Bomopona [35].
[IpaBna, cyniecTBEHHOCTh MPSIMOTO BKJIaJa CEPOBOAOPONA B PETYIISILIUIO COAEP-
xaans ADK ocraercss COMHUTENTBFHOM, TTOCKOJIBKY €r0 KOHIIEHTPANUs B KIETKAX
HaMHOT'0 HIDKE, YeM y IpyTruX aHTHokcuaanTos [34]. Kpome, Toro, momuepkusa-
€TCs OYEeHb HU3Kask CKOPOCTh B3aumoehcTus H S ¢ okucnurensamu.

Jpyrum nocpenHuKoM, ¢ KOTOPBIM CEPOBOJOPO HAXOIUTCS B OUE€Hb TECHOM
(DYHKIIMOHATTLHOM B3aMMOJICHCTBHH, sBJsieTcs okcua azota (NO) (cm. puc. 2).
OJHUM U3 TaKHX MEXaHU3MOB SBIIAETCS MpsIMOe B3auMojieiicTBre Moneky. Ce-
poBomopon MoxeT pearupoBarh ¢ NO u nepokcuautrpurom (ONOOY) [21, 36].
CrnencTBueM Takoro B3auMOJECHCTBUS Oy[eT MX B3aUMHAasg HEUTpalu3alus U oc-
nallieHre CUTHAJOB, a TaK)Ke MOSBICHHE HOBOTO COCAMHCHHS — HUTPO30THOIIA,
KOTOPBIN caM MOXKET 001a1aTh CUTHAIBHBIMH CBOMcTBaMU [37].

Bsaumoneiicteue mexay H,S 1 NO MoxkeT 00yClOBIMBATECS U HAJTMYHEM Y
HUX OOIIMX CalTOB CBA3BIBAHUS C OCITKOBBIMH MHIICHIMHU. B mepByro ouepens,
pedb HAET O THOJOBBIX rpymmax. OKCHA a30Ta CIoCO0EH U3MEHSATh COCTOSHUE
9THUX TPYII MyTEM S-HUTPO3WIUPOBAHHUSA, a CEPOBOIOPO] — IyTEM MepCyabPuIu-
poBanus [22]. OMHAM H3 IPUMEPOB OEIKOB, COCTOSIHAE KOTOPBIX PETYIHPYETCs
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TaKUM 00pa3oM, SBIISETCS DIHIEPATbACTHI-3-PochaTaeruaporeHasa, urparomas
KIIIOUEBYIO POJIb B Mpoliecce miukonusa [38, 39]. BzaumoneiicTBue 3Toro 6eixa
C CEepOBOJOPOIOM MPUBOAUT K IOSBICHHUIO ¥ HETO CIIOCOOHOCTH TPAHCIIOPTUPO-
BaThCs U3 IUTOIUIA3MBI B PO U CAMOMY BBICTYINATh B MHOW POJIH, BIIHsSA HA CO-
cTOsiHUE (DaKTOPOB PETYISINN TPAHCKPHITIIUN U SKCIIPECCHIO TeHOB [22].

Eme omuuM u, moxanyi, Hanboiee M3Y4YEHHBIM B (DU3UOIOTHUCCKUX IKC-
MEPUMEHTaX MEXaHM3MOM B3aUMOJIEHCTBUS MEXIY CEpPOBOJOPOIOM H OKCHAOM
a30Ta SIBJISIETCS UX BIUSHHUE HA CUHTE3 JpyT Apyra. B psaae padot coobmaercs o
TOM, 4TO (prsmosornueckre 3h(HEeKThl CepoBOJOPOAA MOTYT OBITH OIOCPEIAOBA-
HBI OKCHJIOM a30Ta U HAa000poT. Tak, MOJ0KUTETBHOE BIUSHUE JOHOpPA CEPOBO-
nmopona NaHS Ha coieycTOWYMBOCTh pacTEHUH JIIOTIEPHBI M SKCIIPECCUIO TEHOB
AQHTUOKCHUJIAHTHBIX (DEPMEHTOB YCTPAHSJIOCh CKaBeHIkepoM okcua azota PTIO
(2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) [40]. TloBbimeHue
YCTOWYHUBOCTH MPOPOCTKOB TOPOXa K TOKCHYHOMY JICHCTBHIO MBIIIbIKA 00paboT-
Kol THApoCyIb(GUIOM HATPHsI OBLIO OMOCPEIOBAHO YBEIHICHHUEM COICPKAHHS
okcua azota [41]. UnnynupoBanue ruapocyabpuIoM HATPHS TEIUIOYCTONIHBO-
CTH ITPOPOCTKOB IMIIEHHUIIEI COIIPOBOXKIATIOCH TPAH3UTOPHBIM YBETMUCHHEM B HUX
COZIep>KaHUs IEPOKCUIA BOAOPOa U OKcHa a30Ta. [Ipu 3ToM ckaBeHKEp MEpOK-
CHUJIa BOJIOPOAa TUMETHITHOMOUeBHHA 1 nHTHONTOp HAJI®H-0KCHIa361 MU IA-
3011 TIOJIHOCTBIO YCTPaHSIM BIMSHUE CEPOBOOpOoAa Ha coaepkanue NO, a aHTa-
TOHHCTHI OKCH/IA 230Ta Cl1ab0 BIWSIIN Ha COIEpPKaHUE H202 [42]. [To-BunnmMoMmy,
B CUTHAJIBHOM ITyTH CEPOBOIOPO/IA, HHIYIIUPYIOIIEM Pa3BUTUE TEIUIOYCTOMIHBO-
CTH, OKCHJ] a30Ta HaXOIUTCs HIDKE IepoKcHaa Boxopoaa. [lon ausHueM goHOpa
cepoBogopona NaHS y pacTeHuid ToMara yMEHBIIAINUCH MOCIEACTBUS OKUCIH-
TEJILHOTO CTpecca, BEI3BIBAEMOTO JieicTBHEM BhIcOKOH (100 MM) KOHIIEHTpaITUH
nutpara [43]. [Ipu sTom nonop H,S BeI3bIBas MOBBIIEHNE SHIOTEHHOTO COIEP-
xaHus NO B KOpHSIX, KOTOPOE aCCOMUMPOBAIOCH C YBEIMIECHHEM aKTHBHOCTH HU-
TpaTpenyKTasbl, HO He (hepMeHTa, Tofno0HOro NO-cHHTa3€e )KUBOTHBIX [43].

C npyroil CTOpOHBI, B OTIEIBHBIX paboTax MokazaHbl 3()(eKThl MOBHIIIe-
HUSI COZCPIKAHMS CEPOBOJIOPOJA B TKAHAX PACTCHUI IMOJ BIUSHHEM 3K30TCHHO-
ro okcuaa a3zora. Hampumep, Mpu HOBBIIEHHH TEIIOYCTOMYMBOCTH IPOPOCT-
KOB KYKYpYy3bl, BBI3bIBaeMOM JeiicTBHeM foHOpa NO HUTpompyccuaa HaTpus
(HITH), 3adukcupoBaHO yBEIHUEHHE SHJIOTEHHOTO CONCPXKAHHS CEPOBOIOPO-
na [44]. Naruburopsl pepMEHTOB CHHTE3a CEPOBONIOPOJA YCTPAHSIIH 3TOT 3-
dexr. B 10 xe Bpems nonop H,S GYY4137 (morpholin-4-ium-4-methoxyphenyl
[morpholino] phosphinodithioate) ycunuan nonoxutensHoe Bnusaue HITH
Ha TEIUIOyCTOWYNBOCTH IPOPOCTKOB. ABTOPEI ITOJIATAIOT, YTO CEPOBOIOPOA Kak
CUTHAJIBHBIM MOCPEJHUK PACHONOXKEH Hocie okcupaa asora [44]. Crnemyer oT-
METHUTh, YTO B HEKOTOPBIX Ciydasx d(Qexr ysennduenus copepxkanus H,S npu
oOpabotke pactenuit goHopom NO HITH MoxeT ObITh MeTOIUYECKHM apTedax-
TOM, CBSI3aHHBIM ¢ oOpa3oBanueM nuaHuna w3 HITH, xoTopbrit MoxeT MHIYIH-
poBath [(-LMaHOaTaHMHCUHTAa3y, 00e3BpexuBaiy0 SCN™ ¢ HCMOIb30BaAHUEM
L-umcrenna n obpazoBanueM cepoBogopona [2].
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Kaxpnuii, kak W3BECTHO, SBIACTCS YHHBEPCATHHBIM BTOPUIHBIM MECCEH/IKE-
POM pacTUTENbHBIX KJIEeTOK [45, 46]. VIMeroTcs CBEACHUS O €ro yYacTHH Kak B
00pa30BaHUM CEPOBOJOPONIA, TaK M B TPAHCAyKUMM curHanos H,S B remermye-
ckuii anmapar (cM. puc. 2). Tak, 3K30Te€HHbIN KaJIbLU B KOHLIEHTPAIUIX, TOBbI-
MIAIONINX TEIUIOYCTONYNBOCTE KIETOK CYCIICH3HOHHOM KYJBTYpPhI Ta0aka, BBI3bI-
BaJl YBEJIMYEHHE COJEpPKAHUS CEPOBOJOPOAA, CBI3aHHOE C POCTOM aKTHBHOCTH
L-umcrennnecynbdruapaser [47]. AxtuBanms L-nuctenHaecynbOrHapa3bl B
KJIETKaX CYCIIEH3MOHHOW KYIBTYypHl Ta0aka B YCJIOBHUSIX TEIUIOBOIO CTpecca yr-
HeTaJach TNpenoOpaboTKoi XenatopoM BHeKJeTouHOro kKaibims I TA, uro
yKa3blBaeT Ha POJIb KajbliMid B MHIYLHPYEMOM TEIJIOBBIM CTPECCOM CHHTE3E
cepoBojioposa [47]. 3aBUCHMBIM OT KaJbIUs ¥ KaJbMOMYJIHHA OKa3aJI0Ch U 00-
pa3oBaHUE CEpOBOAOPONA B IPOPOCTKAX apabUIOICUCa, BBI3bIBAEMOE JEHCTBU-
em xpoma (Cr¢") [48]. TToka3aHo, 9YTO KaJIbIHi B KOMIUIEKCE C KAIbMOIXYTHHOM2
B3aMMOJICHCTBYET C TPAHCKPUIIHUOHHBIM (hakTopoM TGA3, uTo HEOOXOIUMO IS
€T0 CBS3BIBAHUS C IIPOMOTOPOM r'eHa L-1iicTennaecynbGruapassl 1 YCHICHUS €T0
skcnpeccuu. [Toxokue MexaHU3MbI YCHUIICHUS! CHHTE3a CEPOBOJIOPO/Ia B OTBET Ha
NEeWCTBHE HUKENS, ITO-BUANMOMY, QYHKIIMOHHPYIOT W B KJIETKaX KOpHEH W JH-
cteeB Cucurbita pepo L. Nunyunyemoe Ni** OBBIIICHHE COACPIKAHHUS CEPOBOIO-
pona ycrpansiiock JI'TA, OrMoKaTopoM MOTCHIHAT3aBUCHMBIX KaJbIIUEBBIX Ka-
HAJIOB BepanaMuIoM U aHTarOHHCTOM KaJlbMOIYIHHA TpudToprnepasuHom [49].

Kanbuuii 3aneficteoBan u B nepeade curnanos H.S. Tak, o6paboTka ruapo-
cynbhuaom Hatpus Setaria italica yMeHbIIajga MPOSBICHUE TOKCHYECKOTO BIHU-
staust Cré* [50]. TIpu 9TOM 9K30TeHHBIN KalbIMH BBI3BIBAT yCHIeHHE 3G (PEKTOB
00pabOTKK pacTeHU cepoBOIOPOIOM, a BO3AeHCTBHE ero xenatopa, DI TA, Ha-
000pOT, HUBEIHPOBAJIO TPOSBICHIE (PI3HOIOTHYECKOTO BIUSIHAS CEPOBOAOPOIA.
Pactenus apabumorncuca, MyTaHTHbIE 10 TeHy L-nmcrennnecynb(ruapassl, oT-
JTHYAIINCH CTa0BIM BBIXOIOM KaNIBIMS B IIUTO30JIb B OTBET Ha JCHCTBUE 3aCyXH
[51]. ABTOpaMu crenaHo 3aKIIOYEHUE, YTO CEPOBOAOPO OKa3bIBAET BIUSHUE HA
COCTOSTHHE KaJTbIIMEBHIX KaHAIOB. C 3THUM IPEAINIOIOKEHHEM COIIACYIOTCS TaH-
HbIe 00 YTHETEHUH Pa3INYHBIMU aHTAarOHUCTaMH KaJIbIHsI BIUSIHUAS CEPOBOAOPO-
Jla Ha TETUIOYCTOMYMBOCTH KIIETOK KOJNICONTHIIEH MieHuIlbl, reaepanuio ADK n
AKTUBHOCTh aHTUOKCHJIAHTHBIX (hepMeHTOB [28].

CepoBomopox B3aUMOICHCTBYET H CO CIOKHOH CEThIO TOPMOHATILHOTO CUTHA-
nuHra (cM. puc. 2) [8, 12, 52, 53].

[Nomydensl SkcrieprMeHTaJIbHEIE NaHHBIC, yKa3plBaromue Ha pons ABK B
cuHTe3e cepoBopopona. Jk3orenHass ABK moBblmana comepkanue cepoBOAOpO-
Ja y pacrteHuit apaduzgoncuca [13]. MyranTsl apadunorncuca o cuaTedy ABK
OTIMYAIIUCH TIOHMKEHHBIM SHJIOTEHHBIM COJEPXKAHUEM CEPOBOIOPOJA U HU3KOH
3acyxoycTtornuuBocThIO [51]. C mpyro# CTOpOHEI, MMOKa3aHa POIb CEPOBOIOPOA
Kak HocpeAHuka B peanmusanuu 3¢pdexkroB ABK. AHTaroHUCTHI cepoBOAOPOAA
YTHETaIN MOJOKHUTEIbHOE BiHsHNE dKk3oreHHONH ABK Ha ¢yHKunmonmpoBanue
acKopOaT-NIyTaTTHOHOBOTO LUKJIA y MPOPOCTKOB MIIEHUIIBI IPU OCMOTHYECKOM
ctpecce [53].
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Ectp cBeneHms 0 TOM, 9TO CEpOBOIOPOI OIOKHPYeT (DI3HONOTHYECKIE PEaKIIiH,
KOHTPOJIUPYEMBbIE 3THJICHOM, B YACTHOCTH, CTapeHHe IIoA0B. IIpennonaraercs, uro
OH CBSI3BIBACTCSI C aTOMOM MEJIH, BXOJISIIMM B COCTaB Oelika-perienTopa 3teieHa [ 12].

CepoBon0po1, HO-BUIIMOMY, SIBIISIETCS TOTOXKUTEIbHBIM PETYJIITOPOM PEaKIIHi,
aKTUBUPYEMBIX KacMOHaTaMu. Tak, IOKa3aHO MOBBIIIEHUE YHIOTCHHOTO CONepIKa-
HHSL CEPOBOJIOPOAA Y pacTeHUIt apabuioIcuca U Ipoca Mo BIUSTHUEM SK30T€HHBIX
skacMoHOBoM kucnoTel (JKAK) n metmmxacmonara [54, 55]. Uanynupyemoe me-
THJDKACMOHATOM TIOBBIIICHHUE YCTOHUMBOCTH PACTEHUM K TOKCHUECKOMY JIEHCTBHIO
KaaMusl OBIIO OIIOCPETOBAHO CEPOBOIOPOIOM M YCTPAHIIOCH 00pabOTKOM pacTe-
HUI HHruouTOpOoM L-1ucrennaecynbhrunpass! rugpokcuiaMutaoM [55]. C apyroit
CTOPOHBI, MOJIEKYJLIPHO-OHOJIOTMIECKIME METOIAMH MTOKa3aHO, YTO CEPOBOIOPOI
MOXXET aKTHBUPOBAaTh IKCIPECCHIO TeHA, KoAupymomero Oenok-perentop XKAK
COI1 u Takum 00pa3oM y4acTBOBATh B PETYIISIIMHU )KACMOHATHOTO CHTHAJIMHTA [9].
[To-Bugumomy, cepoBomopo; MoxkeT UHIynrpoBars u cuHre3 JKAK. Tak, Bo3neit-
CTBHC Ha pacTeHUs Tabaka BEICOKOH TeMITepaTyphl, BEI3BIBAIOIIEE CHHTE3 HUKOTHHA,
COTPOBOKIANIOCH OBICTPBIM ycuiieHreM renepaumu H,S u cunresom XXAK. Tona-
BIICHHE CHTHAJa CEPOBOIOPOAA JICHCTBHEM €T0 CKaBCHIKEPOB WM WHTHOMTOPOB
L-muctensaecynb(ruapassl CHIMANIO BHICOKOTEMIIEPATYPHYHO HHAYKIUIO CHHTE3a
JKAK n HukoTtrHa [52]. ABTOPBI IENat0T 3aKII0YEHHUE, 9TO B CHTHAIBHOM Iy TH, UH-
JQyLUPYIOIIEM CHHTE3 HUKOTHHA, CepOBOAOPOJ HaxoauTcs Boiiie JKAK.

Enre omauM CTpeccoBbIM (PUTOTOPMOHOM, B CHTHAIBHBIX 3(PQEKTaX KOTOPOro
3a7IeHiCTBOBAaH CEPOBOOPO]I, ABISACTCS CATUIUIOBAs KUCIOTA. MHyIupyeMoe K-
30TM€HHOM CAJMIMIOBOM KHCIIOTOM MOBBIMIEHUE TETUIOYCTOWYMBOCTH IMPOPOCTKOB
KyKypy3bl CONIPOBOXKAAIOCH aKTHBalMe L-nucrennaecyab(ruapassl U yBenuye-
HUEM COJepKaHHs cepoBomopona [56]. DddekT MHIYIUPYEeMOro CaIHIUIOBOM
KHCJIOTOM MOBBIIIEHHS TEIIOYCTOHUMBOCTH NIPOPOCTKOB U YBEIUYEHUS B HUX CO-
nepxanus H,S ycrpansics 1eHcTBHEM CKaBEHDKEPA CEPOBOIOPO/IA THIIOTayPUHA
U MHrHOUTOpa €ro CHHTe3a mponapruinminuia. C Ipyroi CTOPOHbI, HHTMOUTOP
CHHTE3a CATUIIMIOBOH KHCIIOTHI MAKJI00yTPa30II He BIMSUT Ha HHIYIIMPOBAHHOE J0-
HOpoM cepoBosiopoga NaHS pa3Butue TemnoycTOHUMBOCTH MIPOPOCTKOB KYKYpPY-
3bl, YTO I1O3BOJISIET ClIEJIAaTh 3aKJIIOYEHUE O POJIM CEPOBOIOPOIA KaK IOCPEIHUKA B
peanuzanuu 3hGEKTOB CATUIUIOBOM KUCIIOTHL, a He Ha000poT [56].

HenaBHo mosiBHiMCH cBemeHHUsI 00 YYacTHH CEpPOBOAOPOAA B pealld3allvu
CTpPECC-POTEKTOPHOTO JEHCTBUS HA PACTEHUsI OJHOTO U3 Haubonee pacnpocTpa-
HEHHBIX MONMHaMHUHOB myTpeciuHa [57]. TlommamuHbl B ocieaHee BpeMs pac-
CMAaTpPUBAIOTCS HE CTOJIBKO B KAUECTBE CTPECCOBBIX META0OJINTOB, 00JaJAOIIIX
MIPOTEKTOPHBIMU CBOMCTBAMH, CKOJBKO KaK (PH3MOIOTHIECKH aKTUBHBIC COEIH-
HEHHUsI, UHAYLHUPYIOIHE MHOTYE KOMIOHEHThI CUTHAJIBHBIX CETEH U MPOSIBIISIO-
[Iye akKTUBHOCTB, TIOJA00HYIO CTpeccoBbIM ¢putoropmonam [58]. IlokazaHo, uTo
npu feifctBun ynerpaduosnera (YO) B y MoIonbIX pacTeHUil sUMEHs MOBbIIIA-
JIOCh cozepikanue mytpeciuHa [57]. X 00paboTka myTpeclMHOM yYMEHbIIaa
MOBpEXIeHUs, BbI3bIBacMble JeiictBueM Y®-B. IIpu 3ToMm nelictBue kak YP-B,
TaK U IyTPEeCLMHA YBEIUYUBAJIO COAEpKAHUE CEPOBOAOPOA B IUCThIX. CTpecc-
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MIPOTEKTOPHOE BIUSHHUE MyTPECLHA, BBIpaXKarOIeecss B MOBBIIIEHUN aKTHUBHO-
CTH aHTHOKCHJAHTHBIX (DEPMEHTOB U YMEHBIIEHUH OKHCIUTEIbHBIX MOBpEXKIe-
HUM, YCTPAHSIIOCH JISHCTBUEM CKaBEH/Kepa CEpOBOIOpoia TumoTaypuna [57].

B nienoMm cepoBonopo, mo-BUIMMOMY, BOBJICUEH B CJIOKHYIO PETYIATOPHYIO CETh
CUT'HAJIBHBIX ¥ TOPMOHAJIBHBIX MOCPEIHHUKOB. C TaKUMU MPEICTaBIEHUSAMH XOPOLIO
COMIACYIOTCS MHOTOUHMCIIEHHBIE (PEHOMEHOJIOTHYECKUE JJaHHbIe 00 MHIYIIMPOBAHUH
CEPOBOIOPOIOM MHOTHX CTPECC-IIPOTEKTOPHBIX CHCTEM H €TI0 YIaCTHH B (JOPMIPOBA-
HUHU MIEPEKPECTHON YCTONUMBOCTH pacTeHHH K ICHCTBUIO CTpecc-(haKTOpOB.

CepoBoaopoa M aJanTHBHbIE PeAKIUH PACTeHMIt

VYBenuueHue 3HAOTEHHOTO COMICP)KaHUS CEPOBOOPOJA Yy PACTEHUM B HACTOS-
miee BpeMsi OOHApY)KEHO TIPH CTpeccax pa3iIudHON MpUposl. Tak, mpu IeHCTBUN
HHU3KOH TeMIIepaTypbl IOKA3aHO TPAH3UTOPHOE MOBBIIIEHHE 3HAOTEHHOTO COAEP-
JKaHHS CEPOBOIOPOIA M YCHUIICHHE SKCIIPECCHU T€HOB KITIOUEBBIX (PEPMEHTOB €ro
cunre3a — L-/D-uuctennaecynsruapas y pacteHuil apabugorncuca, BUHOrpaaa u
orypma [26, 59, 60]. B otnenbHbIX paboTax moka3aH 3pQeKT TpaH3UTOPHOTO yBe-
JIMYEHUSI COJICPXKaHUS CEPOBOJIOPOAA B OTBET HA JeHCTBUE runeprepmui [21, 52].

YcTaHOBIIEHA aKTUBAIHS KCIIPECCHH TeHOB L- i D-1iuctenHaecymbOruapaspl
y pacTeHuil apaOHJIOICHca P 3acyXe, CONPOBOXKIAIOIIAsICS yCUIEHHEM 00pa-
30BaHuA cepoBopopoaa [61]. [ToBeimenne cogepxanust HZS B OTBET HA JIEHCTBUE
OCMOTHYECKOI0 cTpecca 00HapyXeHO U y pacTeHuil mmeHuns! [33].

Ipn comeBoM cTpecce Takke 3aHKCHPOBAHO IIOBBIIICHHE CONCPYKAHUS Ce-
poBomopona y pacreHuil. IlokazaHo yBelIMUEHHE KOJMYECTBA TPAHCKPUIITOB
L-mmicrennnecynbrupassl u conepsxanns H,S y monepHs! 1 orypua npu JIeHCcTBIm
crpeccoBbIx koHIeHTpanuii NaCl [62, 63]. AktuBarus L-/D-1uctennaecynashruapas
¥ yBeJMueHue cofepkanus HS okazanmich HeOOXOMMMBI JUTS HHIyLMPYEMOTO COJle-
BBIM CTPECCOM 3aKPBIBAHUS YCTHHI] y pacTeHuit 60008 [31].

Ha psime 00BeKTOB M3ydIeHO M3MEHEHHE CONEPXKAHUS CEPOBOAOPOAA B OTBET
Ha JAeHCTBHE TOKCHMYECKHUX J03 TSDKEIBIX METANIOB U ANIOMHUHHSA. Y pacTeHHH
apabumorcrca oHO yBenuunBanoch mox BiusaneM Cré [48]. ITomo6HbIi addext
IpU AEHCTBUU cojiel HUKeIsl oOHapyXeH y pacTeHud Iykkunu [49]. Ilon Bau-
STHUEM TOKCHYECKHUX KOHIICHTPALWi ATIOMHHHS Y PACTEHHH COM ITOBHIIIAIACH
aKTUBHOCTh L-/D-nuctennaecynbpruapas u -nuaHOalTaHUHCHHTA3bl, a TAKXKe
SHJIOTEHHOE COJIepKaHre cepoBogopoaa [64].

BnusiHue cepoBogopona Ha (hyHKIIMOHMPOBAHUE CTPECC-MPOTEKTOPHBIX CH-
CTEM pacTeHH 0OBITHO M3yUYaeTcsl C FCIIOIb30BAaHUEM €T0 IK30T€HHBIX JTOHOPOB.
Yamie Bcero B TaKOM KadeCcTBE UCHONIB3yeTcsl ruapocyibdua Harpus (NaHS).
OnHako MmoKazaHo, 4To 00paboTKa PacTeHUI STHM COEAWHEHHWEM B JOCTATOYHO
BBICOKHX KOHIICHTPALUSIX BBI3BIBAECT CYLICCTBEHHOE, HO KPATKOBPEMEHHOE II0-
BBIIIICHHE BHYTPUKIIETOYHOTO cofiepKanusi cepoBonopona [21]. st mcnoms3oBaHus
B OMOMEUITMHCKHIX UCCIIEOBAHUSIX ObLIN pa3paboTaHbI JOHOPHI ¢ 00JIee «MSATKIM
U TIPOJIOHTHPOBAHHBEIM JEHCTBHEM, KOTOpHIE TETeph HCIONB3YIOTCS W B (H3HO-
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norny pacternii. OMHIM U3 HUX SIBISIETCS] COSMHEHNE, n3BecTHOE, Kak GY'Y4137
(morpholin-4-ium 4 methoxyphenyl(morpholino) phosphinodithionate) [65, 66]. Ycra-
HOBJICHO, 4TO 00pabOTKa MM PACTEHWI apaOWJIoTICHCa BhI3bIBANIA OoJIee JUTUTEIHHOS
yBenM4enue coziepxkanus H,S B TKaHAX 10 CPaBHEHHIO € JIEHCTBUEM THPOCYTIb(H/Ia
Harpust [67]. Tem He Meree NaHS 10 cux mop ocraercs HarOosee OMyJISIPHBIM J10-
HOpPOM CEpOBOJIOpOsia B (PUTO(PU3UONOrNUECKUX UCCIEA0BAHMSX [8, 68].

[loxg BmusSHWEM JOHOPOB CEPOBOIOPOAA 3aPETUCTPHPOBAHO ITOBEHIMICHUE
YCTOWYHMBOCTH PaCTEHHUN Pa3IMIHBIX TAKCOHOMHYECKUX TPYIII K JACHCTBUIO abu-
OTHUYECKUX CTPECCOPOB CaMON pasHOW MPUPOIBI: TUIIO- U THIICPTCPMUH, 3aCyXH,
3aCOJIEHUs], NOHOB TDKENBIX MeTajuioB, YP-B (Tabnuma).

HccnenoBaHo (GyHKIIMOHUPOBAHNE KITIOUEBBIX CTPECC-IIPOTEKTOPHBIX CUCTEM
NP ICHCTBUH Ha pacTeHUs JTOHOPOB CEPOBOIOPO/A B OOBIYHBIX YCJIOBUSAX U Ha
¢one crpeccopo. BecbMma mogpoOHO W3yUEHO BIMSHHE K30T€HHOTO CEPOBOJIO-
pona Ha (yHKIMOHHPOBAHHE aHTHOKCUAAHTHOM CHCTEMBI, KOTOpas OTHOCHTCS K
YHUBEPCATHHBIM CTPECC-TIPOTEKTOPHBIM CUCTeMaM [24].

Tak, y BUHOTpaza B YCIOBHSAX TUIIOTEPMUN OTMEUANIOCH TTOBBIIICHHE aKTHB-
HoctH COJI mpu obpaborke NaHS [59]. TloBbImeHHEe YCTOHYNBOCTH pacTEHUI
6epmynackoit Tpassl (Cynodon dactylon L.) k NelicTBHIO X0J10/1a, BBI3BIBAEMOE J10-
HOPOM CEPOBOAOPOIA, COMPOBOKIAIOCH YBEIMICHHEM aKTHBHOCTH KaTajasbl,
I'BasKONINEPOKCHUAA3HI U ITyTaTHOHpeRyKTassl [69]. [IpenoOpaboTka MpopoCcTKOB
MIICHUTTBI THAPOCYIb(PHUIOM HATPHUS Ha (POHE XOJOJ0BOTO 3aKAMBAHHUSI CIIOCO0-
CTBOBAJIA ITOBBINICHUIO AKTUBHOCTH TBasIKOJIIIEPOKCHIA3bI U KaTajla3bl, CONeprKa-
HUS caxapoB ¥ mpoiuHa [71], 00MamaronMx aHTHOKCHIAHTHBIMH CBOMCTBAMH
[78, 79]. Taxke yCTaHOBJIEHO, YTO MOA ACHCTBHEM JOHOPA CEPOBOAOPOJA MPH
XOJIOZIOBOM 3aKaJIBaHUH IIPOPOCTKOB IMIIIEHHUIBI CYIIECTBCHHO ITOBHIIIANACH aK-
TUBHOCTD (heHUIIaTaHWHAMMOHUINA3kI [ 72] — pepmMenTa, KOTOpHhIid TpeBpalacT
L-denmnananua B mpanc-KOPUIHYIO KUCIIOTY, SBISTIONIYIOCS IPEIIICCTBCHHH-
KOM OOJIBIIIMHCTBA BTOPUYHBIX META0OJIMTOB, U CYMTACTCS CTAPTOBBIM (pepMeH-
TOM B CIIOXKHBIX TIporieccax cuHTe3a (GruaBoHou 108 [80]. [Ipu a3TOM B mpopocTKax
MOBBIIIANOCH 00IIee copepxaHne (JIaBOHOUIOB M KOJIMYECTBO aHTOIIMAHOB, KO-
TOpBIC 00JIATAI0T OYCHb BHICOKOH aHTHOKCHUAHTHOW aKTHBHOCTHIO [81].

WunynupoBaHue TOHOPOM CEpOBOAOPO/A TEIIOYCTOHYMBOCTH KOJICOIITHIIEH
IICHUIBI COTPOBOXKIAIOCH TOBBIIICHHEM AKTUBHOCTH KITIOYEBBIX aHTHOKCH-
JaHTHBIX Q)epMeHTOB. OToT 3(1)(1)6KT YTHETAJICA pa3IMYHbIMU aHTArOHUCTAMU KaJlb-
mus 1 061 3aBHCHUMBIM OT rerepannu ADK c¢ yuactnem HA JIOH-okcnnaszer [28].

Y 00paboTaHHBIX THUAPOCYAb(UIOM HATPHUSI STHOIMPOBAHHBIX MPOPOCTKOB
TIIICHAIBI [TOKA3aHO YCHJICHHWE HSKCIPECCHH T€HOB WM IOBBIIICHUE aKTHBHOCTH
ackopOaTnepoKCHaa3bl, TyTaTHOHPELYKTa3bl U MOHOJETUIPOACKOPOATPETyKTa3bl
P OCMOTHYECKoM cTpecce [27]. MHrubupoBanue cHHTE3a CepOBOIOPOAA B MPO-
POCTKax IIIEHHIBI 00pabOTKOI AaMUHOOKCHYKCYCHOM KUCIIOTOM YCTPaHSIIO BBI3BI-
BaeMO€ OCMOTHYECKIAM CTPECCOM ITOBHIIIIEHIE AKTUBHOCTH aCKOPOATIIEPOKCHIA3HI,
DIy TaTHOHPEIYKTa3bl, AETHIpoackopOaTperykTa3bl M MOHOJEruapoackopoarpe-

IyKTassl [27].
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HWHuayuupoBanue cTpecc-NPOTEKTOPHBIX CHCTEM PacTeHMii cepoBoI0PoIOM
[Induction of plant protective systems by hydrogen sulfide]

Houop H,S
Crpeccop Bun (MM) Ouznonorndeckuii r3ppexr
[Stressor] [Species] [H,S donor [Physiological effect]

(mM)]

Uctou-
HHUK
[Ref.]

‘YMeHbIIeHNE XOJI0T0MH Iy IIUPYEMBIX
OKHUCJIUTENIbHBIX MTOBPEKICHUH,
YCUJICHUE DKCIIPECCUH

Vfﬁf NaHS (0,1) XOJIOZJOYYBCTBUTEIIBHBIX T€HOB [59]
vinifera L. WWICEL n VwCBF3

[Reduction of cold-induced oxidative

damage; increased expression of cold-
sensitive genes VvICEI and VvCBF3]

TloBeienne aktuBaoctd H-AT®azb1
Cucumis

4 NaHS (0,1) na3MalieMMbl IpU Xf)JI.O,E[OBOM [63]
sativus L. crpecce [Increased activity of H*-ATPase
in plasmalemma under cold stress]

VBenuueHue akTUBHOCTU
AQHTHOKCH/IAHTHBIX (DEPMEHTOB,
Cynodon TOBBILIEHNE BEIKUBAHUS PACTEHUI

4 NaHS (0,5) p [69, 70]
dactylon L. HocIIe TPOMOPaKHUBAHUS
[Increased activity of antioxidant enzymes;

T'unorepmust : . .
p increased plant survival after freezing]

[Hypothermia] VBenuueHue akTUBHOCTH

AHTHOKCHIaHTHBIX (DEPMEHTOB,
CoJIepKaHUs IPOJIMHA, CaxapoB
Triticum NaHS |4 ¢rraBoHonzos, TOBEIIIEHHE
aestivum L. (0,1;0,5) |BbUKHMBAHUS pacTeHHii nocne [71,72]
MIPOMOPAKUBAHUS

[Increased activity of antioxidant enzymes
and the content of proline and sugars;
increased plant survival after freezing]

YBenuueHue aKTUBHOCTH
AQHTHOKCU/IAHTHBIX (PepPMEHTOB,
CoJepKaHMs IIPOJIMHA U CaXapoB.,
Secale NaHS  |nogpimenne BopkuBanms pacreHuit [71]
cereale L. (0,15 0,5) |moce mpomopaxuBarus

[Increased activity of antioxidant enzymes
and the content of proline and sugars;
increased plant survival after freezing]

‘YMeHbIIICHNE OKUCIUTEITEHBIX

GYY4137 |noBpeskneHuii, BBI3bIBAEMBIX HATPEBOM [44]
0,1) [Reduction of heat-induced oxidative
damage]

Zea mays L.

FI/IHCpTCpMI/Iﬂ IloBbIIeHNE BEDKUBAHUS OTPE3KOB
[Hyperthermia] KOJICOTITUIIEH, YBEIMUEHHE

Ti riti.cum NaHS (0,1 AKTUBHOCTH aHTHOKCHIAHTHBIX [28]
aestivum L. (depmenToB

[Increased survival of coleoptile segments,
increased activity of antioxidant enzymes]
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[ponomxenune tadbnaunel [Table (cont.)]

Crpeccop
[Stressor]

Bujg
[Species]

Houop H,S
(MM)
[H,S donor
(mM)]

Omuonormyeckuii d3pdext
[Physiological effect]

Hctou-

HHUK
[Ref]

Nicotiana
tabacum L.

NaHS (0,1)

‘VMeHbIIIEHHE BBI3BIBAEMBIX Harpe€Bom
OKHCJIMTCIIbHBIX nospemneﬂm‘/i

KJ1eTOK [Reduction of heat-induced
oxidative damage to cells]

[47]

006e3B0-
JKUBaHHE
[Dehydration]

Triticum
aestivum L.

NaHS (0,1)

Yeuienue rnpopactanus CeMsiH
B npucyrcreuu [19I°

[Enhanced seed germination

in PEG presence]

(73]

NaHS
(0,1;0,5)

Yeunienue pocra pacTeHui npu
MOYBEHHOM 3acyxe, IOBbIILIEHUE
AKTUBHOCTH CYIEPOKCUNAUCMYTA3bI,
COZEpKaHUS [IPOJIMHA U AHTOLUAHOB
[Enhanced plant growth during soil drought;
increased superoxide dismutase activity and
the content of proline and anthocyanins]

[74]

Spinacia
oleracea L.

NaHS (0,1)

TToBpIIIeHNE OTHOCUTEIHHOTO

COJZIEp KaHMS BOJbI, CHUIKCHHUE
OKHUCIIUTENIbHBIX MOBPEKICHUH,
TIOBBIIICHUE COACPKAHUS TTUINH-
OeTanHa, caxapoB U TOJINAMHHOB
[Increase in relative water content; decrease
in oxidative damage; increase in the content
of glycine-betaine, sugars and polyamines]

[75]

CouneBoit
cTpecc
[Salt stress]

| Arabidopsis
thaliana L.

NaHS (0,1)

VBenuueHnue akKTUBHOCTH
AQHTHOKCHIAHTHBIX (DEpPMEHTOB
[Increased activity of antioxidant enzymes]

[13]

Triticum
aestivum L.

NaHS (0,1)

YeusneHue npopacTaHus CeMsH B
npucytctBuu NaCl

[Enhanced seed germination

in NaCl presence]

[76]

Medicago
sativa L.

NaHS (0,1)

Ilonnepxanne HOHHOTO TOMEOCTa3a
[Maintaining ion homeostasis]

[40]

Vicia faba L.

Yuacrtue 3HI0re€HHOTO HZS B
MHIYLUPYEMOM COJIEBBIM CTPECCOM
3aKpBIBAHUU YCTBHI]

[Participation of endogenous H,S

in salt-induced stomata closure]

(31]

N i2+

Cucurbita
\pepo L.

NaHS (0,1)

VBenuueHne akTHBHOCTU
AQHTHOKCH/IAHTHBIX (DepMEHTOB,
YCHJIEHHE POCTa PACTEHUH

[Increased activity of antioxidant enzymes
and enhanced plant growth]

[49]

Cr6+

Zea mays L.

NaHS (0,1)

VBenuueHue akTUBHOCTU
AQHTHOKCH/IAHTHBIX (DEPMEHTOB,
YMEHbIIEHHE OKUCIIUTENIBHBIX
TOBPEkKACHUI

[Increased activity of antioxidant enzymes
and reduced oxidative damage]

[77]
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OkoHuaHue Tabauiel [Table (end)]

Houop H,S Herou-
Crpeccop Bun (MM) Ouznonorudeckuit appexr
[Stressor] [Species] [H,S donor [Physiological effect] HIK
[Ref]
(mM)]

‘VYMeHbIIICHHE HAKOTUICHUSI HOHOB

Arabidopsis XpOMa B TKaHAX
Lop NaHS (0,1) [*PoMa B TKamix (48]
thaliana L. [Reducing chromium ions
accumulation in tissues]
CHWXEHHE HAKOTUICHHSI HOHOB
. JIFOMHHUS B TKAHAX, CMATYEHH
Glycine NaHS |20 amix, cHue

AP* max L (0.025) POCTHHTHOMPYIOMEro 3 dheKTa [64]
’ ’ [Reducing accumulation of aluminium ions in
tissues; mitigating growth-inhibiting effect]

IIpenorBpaiieHue OKUCIUTEIbHBIX
MOBPEKACHUHN, YMEHbILIEHUE BBIXOJa
9JIEKTPOJIMTOB U3 TKaHEH 1ocie
NaHS (1,0) |crpeccosoro Bosneiictsus [57]
[Prevention of oxidative damage; reduced
release of electrolytes from tissues after
stress exposure]

Hordeum

Y@-B [UV-B] vulgare L.

O0paboTKa 3eIeHBIX PACTCHUH MIIICHUIIBI PACTBOPOM THAPOCYIIL(GUIA HATPHUS
mepes MOYBEHHOW 3acyXoil crocoOcTBoBaja MOBbIIEeHUIO akTHBHOCTH COJl u
TIpeoTBpaIiajia BEI3BIBAEMOE CTPECCOM CHIDKEHIE aKTHBHOCTH KaTala3bl U TBas-
KOJINEPOKCHUAA3BI B IUCTHSIX [ 74]. Takoke MOJ BIUSIHUEM JOHOPA CEPOBOAOPOJIA IPU
MIOYBEHHOH 3aCyX€e B JIUCTHSIX PACTEHUH MIIICHUITHI TOBBIIIATIOCH CONEPIKAHNE HI3-
KOMOJIEKYJISIPHBIX ITPOTEKTOPOB — IPOJIMHA M aHTOLIMAHOB [ 74].

[loxazaHo MOBBHINICHNWE AKTUBHOCTH MEPOKCHAA3BI, KaTanasbl W IIIyTaTHOH-
penyKTa3bl y pacTeHUH OepMyAcKoH TpaBbl IMIPU UX 0OpPabOTKE JOHOPOM Cepo-
Bomopoaa NaHS, mpenmiecTBoBaBIeil 0CMOTUYECKOMY CTPECCY, BBI3BIBAEMOMY
neiicteuem [10I 6000. Takast 06paboTka Takxke cTabUIM3UpOBaa Iya BOCCTa-
HOBIIeHHOTO mytatroHa [70]. IloBbImieHue comepkanus ackopbara W BoccTa-
HOBJICHHOTO IIIyTaTHOHA, a Takke yBenuueHue cooTHomeHuss GSH/GSSG noa
BIHMSIHHEM 00paOOTKH pacTeHHH TOHOPOM CEPOBONOPOAa OTMEYANUCH B YCIO-
BUSIX OCMOTHYECKOTO U COJEBOTO CTPECCOB y PACTEHUM 3eMIsIHUKU (Fragaria X
ananassa cv. Camarosa) [68]. Y pacrenuit Spinacia oleracea L. on BIAsHAEM
JIOHOPA CEpOBOAOPO/a B YCIOBUSAX 3aCyXHU MPOUCXOAUIO MOBBIIICHUE COAEpKa-
HUS TIUIWH-OeTanHa U TPErajio3bl, 00IagalonX OCMOIIPOTEKTOPHBIMHI M aHTH-
OKCUJIaHTHBIMU cBoiicTBaMu [75]. Ilocne BO300OHOBNEHUs ONKBA B BapUaHTE C
IEWCTBHEM JOHOPA CEPOBOAOPOIA TAKKE OTMEUATIOCh ITOBHIIICHUE COICPKAHMS
MOJIMAaMUHOB — MyTpeCcUnHa U crepmuuHa [75). [TonnaMuHbI MOTYT OKa3bIBATh
MPSMOE aHTHOKCHIAHTHOE M MEMOpPaHOIPOTEKTOPHOE AEUCTBHE, a TaKKe pac-
CMAaTpPUBAIOTCS B Ka4E€CTBE PETyISATOPOB aJalTUBHBIX MPOLIECCOB, CBSI3AHHBIX C
W3MEHEHHEM DKCIIPECCUH psAia TeHOB [58].

Oobnapyxena axtuBauuss COJl, karamasbl, acKopOaTHEepOKCHIA3bl U TIBas-
KOJITIEPOKCHIA3El JOHOPOM CEPOBONOPONA y PACTEHHI MIIEHHIBI IIPH COJICBOM
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ctpecce [27, 82]. O6paboTka pactenuit apadbumorncuca NaHS BbI3bIiBana moBHI-
[ICHUE MX BBDKUBAHUS TPU TMPOJOIIKUTEIFHOM COJIEBOM CTPECCE M YBEIUYCHHE
aktuBHOcTH CO/l, mIyTarnopenykrasbl U HecnienuGuIeckoi mepokcumassl [13].

Veunenne npopacTaHus CEMAH IIIECHHMIBI, BbI3biBaeMoe noHopom H S na
(oHE TOKCHYECKOTO AEUCTBHS KaIMUs, COIMPOBOXKAATIOCH TOBBIIICHUEM aKTHB-
HOCTH TBasSKOJIEPOKCUAA3BI, acKopOaTnepokcuaassl u karanassl [83]. Ctpecc-
MIPOTEKTOPHOE AEHCTBHE THAPOCYIb(GHIA HATPUs Ha TPOPOCTKH KYyKypy3HI,
noaBepruyThie AetictButo Cré, mposBisiocs B ycuwnenuu aktuBHoctd CO/ u me-
POKCHIa3, TOSBICHUH UX HOBBIX MOJEKYISIPHBIX (OPM, a TAKKE B CTAOMIIH3aIIUI
aKTUBHOCTH KaTanassl [77].

[o-BunmuMoOMYy, TTOJOKUTEIEHOE BIUSHHUE JTOHOPOB CEPOBOIOPONA HA YCTOM-
YUBOCTb PACTEHHUH K CTPECCOPaM HE UCUEPIBIBACTCS aKTUBAIMEH aHTHOKCUIAHT-
HOW U OCMONPOTEKTOPHOU CUCTEM. B 3KCIIEpUMEHTaxX ¢ pacTeHUAMU 3EMIISTHUKHU
MOKa3aHO MHAYIMPOBaHUE MIPU 00pabOTKe THAPOCYIB(UIOM HATPHSI SKCIPECCHU
regoB BTIUI 90, BTII 80, BTHI 70, a Takxe akBartoprHOB B KopHsX [68]. Takoi
3¢ EKT COnpoBOXKAAICS HOBBIIIEHUEM TEILIOYCTONIMBOCTH PACTEHHH.

Eme omaum QusmonormyeckuM 3QQPEKTOM CcepoBOIOPOIA, BaXKHBIM IS
YCTOWYHMBOCTU PacTEHUH K 3acyXe U 3aCOJICHHUIO, SIBISIETCS €T0 BIIMSHUE HA CO-
CTOSIHME YCTBHYHOTO ammapara. [loka3zaHo, 9TO MpH NEHCTBHH OCMOTHYECKOTO
cTpecca, uaayuupyemoro II9I, y pactenuii apabunorncuca Col-0 yctbuyHas
arepTypa YMEHBIIANACh, B TO BPEeMs KaK y MyTaHTOB des, Ne(PEKTHBIX 110 TeHaM
(hepMEHTOB CHHTE3a CEpOBOJOPOJA LIMCTEUHAECYIb(IUApa3, OHA MOYTH HE W3-
MeHsiach [84]. Bri3piBaeMoe CONEBBIM CTPECCOM 3aKPHIBAHKE YCTHHUI] B JIHCTHSIX
6000B yCTpaHANOCh CKABEHPKEPOM CEPOBOAOPOA TUIIOTAYPHUHOM M MHTHOUTO-
pamu nucrenHaecynbdruapas [31]. BosneiictBue 100 MkM ruapocyibduiom
HaTpus B TedyeHre 90 MUH BBI3BIBAJIIO YMEHbBIIECHHE alepTyphl YCTHUI] Y pacTe-
Hul apadumoncuca [85]. OOpaboTka sMUaAepMECa JTUCTHEB CIAIAKOTO KapTodes
(Ipomoea batatas L.) 100 MmxM NaHS yBenu4uBana OTHOCUTEIbHOE KOJTUYECTBO
MTOJTHOCTBIO 3aKPBITHIX yCThUIL [85]. B To ke Bpems B padotax Lisjak et al. [67,
86] OBLIO MOKA3aHO YBENUYEHUE YCTHUYHON amepTypsl y pacTCHUI pa3HbIX BU-
JIOB TocIie 2,5-qacoBoii 00padoTku smmaepmuca 100 u 200 MM NaHS Ha cBety.
OO6HapyxeHo, 4TO MpH 00pabOTKe OTAETCHHBIX JUCThEB apabuoIcuca OpraHu-
yeckuM JoHOpoM cepoBopopoaa GYY4137 B xonnentparuu 100 MxM uepe3
90 MUH NPOUCXOAMIO 3aKpbIBAHUE YCThUII, a uepe3 120 MuH, HA0OOPOT, OTMeE-
4aJI0Ch YBETUUYCHHE alEePTYPHI C MOCIEeMyIONIM yMeHbeHueM k 180 mun [87].
Takum 06pazoM, 3¢ GEeKTH JOHOPOB CEPOBOAOPOA HA COCTOSIHUE YCTBUIl MOTYT
HUMETh CIIO)KHYIO BPEMEHHYIO THHAMHUKY.

Bnusiane cepoBofiopona Ha YCTBUYHYIO alepTypy, Kak U IPYTUX WHAYKTO-
POB 3aKPBIBAHUS YCTHHUII, CBA3aHO C N3MEHEHUEM COCTOSHHS HOHHBIX KaHAJIOB, B
YaCTHOCTH, KaJUeBbIX KaHaoB (K’ ) 3aMBIKAIOIIMX KIETOK. YCTaHOBIIEHO, YTO
UX OTKPBIBaHHUE, 00YCIOBINBAIOIICE BBIXO KAIUS U3 3aMBIKAIOIINX KIETOK, IIPO-
ucxogut ¢ ydactueM ADK, renepupyemsix nop siusHueM HAJIOH-okxcunasel
[88]. Jpyrum mocpeTHUKOM B pealiu3aliiyl YCThHUHBIX 3P (eKToB cepoBomopona
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siBrsieTcs Kajpimid. B pabore Honda et al. [87] mokazaHo, uTo 00paboTKa JINCTHEB
apabuoncuca NPOHULAEMbIM JJIS1 KJIIETOK XEJIaTOPOM KalbILUsl CHUMAla BBI3bI-
Baemoe GY Y4137 3akpeiBanue yctpuil. Hamm ncciemoBaHus MoKa3aiy, 9TO B
peanu3anuu JeHCTBUS CEPOBOAOPOA HA COCTOSIHUE YCTHUIL IPUHUMAIOT yJacTUe
pa3NYHBIC ITYJTHl KaJdblus. BeI3pIBaeMoe JOHOPOM CepOBOAOPOIa YMEHBIICHHUE
YCTBHYHOW anepTypbl U OTHOCHTENILHOTO KOJIMYECTBa OTKPBITHIX YCTBHHI[ TOYTH
MTOJTHOCTHIO HUBEIUPOBAIOCH MPenoOpabOTKON JINCThEB OJIOKATOPOM KaJlbllHe-
BBIX KaHAJIOB XJIOPHIOM JIaHTaHa, XeJIaTopoM BHeEKJIeToyHoro kameims OI'TA,
uHTHOUTOpOM (ochonmmnazel C HEOMHIIMHOM W aHTArOHUCTOM OOpa30BaHUS ITH-
KIIMUECKOM afieH03HH-5'-1udocharproo3s! HUKOTHHAMUIOM [89]. Taxoke ycTbHY-
HeIA 3pdexT monopa H S 4acTHYHO yCTpaHSICS aHTarOHUCTOM KaJbMOJyJIHHA
xJiopnpomasuHoM. HusenupoBanue eicTBUS TOHOpa CEPOBOAOPO/A HA COCTOS-
HHUE YCTBRIYHOTO aIlapaTa JICThEB apabumorcruca 0TMEYaoch U MpHY IpeaBapu-
TENIbHOI 00paboTKe JIUCTBEB OyTaHOIOM-1 — MHTHOUTOPOM 3aBUCUMOTO OT (hoc-
(omunassl D o6pazoBanus hocharuaHon KucIoThl [89]. MOXKHO MPEIIIOI0KUTS,
YTO B CJIOXKHOM ITyTH JEHCTBUS CEPOBOAOPOJA HA COCTOSIHUE YCThUL] IPUHUMAIOT
yJacTtue ABa pepMeHTa TunuIHoro curaaniara — pocdonumnassl (OJI) C u D. Ka-
KOBa KOHKpETHast POJIb IPOIYKTOB PeaKlnii, KaTaJM3UPyeMbIX STHMH (hepMeHTa-
MU, B IIPOSIBJICHUH BIMSIHUS CEPOBOOPO/IA HA COCTOSHHUE YCTHHII, II0KA HE SICHO.
Bo3moxHO, 4T0 mocpenHuky, obpasytomuecs nox sausaueM OJI C, ygacTByroT
B PETYISIHMU KaJBIIEBOTO ToMeocTasa. PocarnmnHas KUcIoTa, KoTopas odpa-
3yerca nox sausaueM OJI D, moxxer aktuBuposars HAJIOH-okcunasy, renepu-
pytomyto curHan ADK, mo-BuanMoMy, Takke HEOOXOMMMEIH ISl MPOSBICHUS
UHIYyLHUPOBAHHOTO CEPOBOAOPOAOM 3 (eKTa 3aKpbIBAHUS YCTBUI[ Y PacTEHHUH
apabunorncuca. Tak, moka3aHo, 4YTO Y MyTaHTOB apabUIOIICHCa 110 IBYM (opMaM
HA®H-okcuaassl (rbohD u rbohE) He TPOUCXOUIIO 3aKPhIBAHUS YCTHHIL B OT-
BeT Ha 00pabotky NaHS [85].

B 1iennoM MOXHO nonararh, 4To AeHCTBHE CEPOBOJOPOA HA COCTOSIHUE YCThUY-
HOTO amrapara peaju3yeTcs ¢ YIacTHEM IUTO30JIbHOTO KalbIIHs, KOMIOHEHTOB
nunuaHoro curHanuHra [89], AOK [85] u okcuaa azora [87]. [lo-Bugumomy, 3tu
MOCPETHUKN (PYHKIIMOHHUPYIOT KaK B3aHMMOCBSI3aHHBIC IIEMEHTHI OOJBINION CHT-
HaJIBHON CETH, OIHAKO XapaKTep 3TUX B3aUMOCBS3€il BO MHOTOM OCTaeTcs He-
SICHBIM.

B03MOXHO, 4TO yyacTHe B PETYISIUHA COCTOSHUS YCTHUIL ABISIETCS] OXHON U3
MIPUYHH TTOJIOKUTENFHOTO BIHSHIS S9K30TEHHOTO CEPOBOAOPOIa Ha 3aCyX0- U CO-
JICyCTOWYMBOCTh pacTeHUi. B 4acTHOCTH, €CTh AaHHBIE O NMPEJOTBPAICHUU 00-
paboTKO# JOHOPOM CEPOBOIOPOAA MAJCHISI OTHOCUTEIFHOTO COEPKAHUS BOABI
y pacTeHuil B HeONArompUsTHRIX ycioBusix [75]. CrenmyeT, 0JHAKO, OTMETUTH,
YTO JTaHHBIC O MEXaHW3MaXx BIUSHHS CEPOBOAOPOAA HA COCTOSHHUE YCTHUI OBLIH
MOJTy4€HBl B OCHOBHOM B 3KCIIEPUMEHTAX C SMUIECPMHCOM JUCTHEB JUOO0 C OT/e-
JICHHBIMH KyCOYKaMH JIACTHEB, B CBSA3U C UE€M DKCTPAIOIIALUS 3TUX PE3YIBTATOB
HAa MPOLECCH PETYISINH BOJHOTO 0OMEHAa HHTAKTHBIX PACTCHUI B €CTECTBEHHBIX
YCIIOBHSAX BEChMa IUCKYCCHOHHA.
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3akir0ueHne

Hecmotps Ha TO, 9TO (prznonornvyeckre (GyHKIINH CEPOBOIAOPOIA H3YUICHBI
3HAYUTEIBHO MEHBIIIE 10 CPABHEHHIO C (PYHKIIMAMH TaKUX CUTHAIBHBIX MOCPE-
HUKOB, KaK HOHBI Kanbiws, ADK u okcun a3ora, €ro poib B yCTOHYUBOCTH pac-
TEHUH K OOJIBIIMHCTBY M3BECTHBIX CTpeCcC-(aKTOPOB HE BBI3BHIBACT COMHCHUI.
OO0 3TOM CBHJIETEILCTBYIOT OOHApYX)CHHBIC 3()(EKThI YBEeTMUeHHS YHIOTCHHOTO
COJlep)KaHMsl CEpOBOAOPO/IA B KIIETKaX NP ACHCTBUH cTpecc-(paKkTopoB, OJIOKH-
POBaHMS MHOTHX aJalTUBHBIX Peakuuii mpu oOpaboTke pacTeHUH ero CKaBeH-
JUKEpaMU JTMOO MHIHOWTOpaMH OCHOBHBIX (hepMeHTOB cuHTe3a H,S m mHoro-
YHCIEHHBIC JaHHBIE O IOBHIICHWH YCTOWYMBOCTH PACTEHHH IEHCTBHEM €ro
noHOpoB. [lepBuuHble MoONEKyIsIpHBIE dPGEKTH CEPOBOIOPONA, MO-BUIUMOMY,
o0ycioBiieHbl ¢ S-cynbruaparanueii (nepcynbGuaupoBanueM) OCIKOBBIX MH-
meneld. CBsa3b 3TOro 3(ekra ¢ mpoueccam nepefadd CUTHAJIOB B TeHETHYe-
CKHI ammapar dyepe3 CUTHAJIBHEBIC CETH 0CTaeTCa Malon3ydeHHOW. OTHaKo HAKoO-
IUIEHBI MHOTOYHCIICHHBIE TPUMEPHI OTIOCPEIOBAHHOCTH 3P (PEKTOB cepoBOIOpOIa
ITyTeM M3MEHEHUS KaJbIINEeBOTO ToMeocTasa, oopazosanust ADK u okcuna a3ora
(cMm. puc. 2). IIpaBaa, nocnen0BaTeNbHOCTh PACIONOKEHHSI 3TUX MOCPEIHUKOB
npu (popMHUPOBAHUN TEX WIHM MHBIX aJalITUBHBIX PEakUil pacTCHUH BO MHOTHX
CIIy4yasiX 0CTAeTCsl HeM3BeCTHOM. Tak, 0 HEOMHO3HAYHOCTHU CBSI3CH MEXKIY IByMs
KITIOYEBBIMH Ta30TPAHCMHUTTEPAMH — CEPOBOJIOPOIOM M OKCHIIOM a30Ta — CBHIE-
TEJNBbCTBYET OCTPOYMHOE Ha3BaHUE HefaBHero o03opa Corpas et al. [90] «Nitric
oxide (NO) and hydrogen sulfide (H,S) in plants: Which is first?». [Tokazano, uro
9TH Ta30TPAHCMHUTTEPHI MOTYT JICHCTBOBATH HA OJIHU U TE e OCIIKOBBIC MHIIICHH,
BBI3bIBas 3((HEKTHI TepcyabGUInpoBanst Tn00 HUTpo3mwmposanus [90]. B To xe
Bpems NO u H,S oxa3biBaroT BIMAHHE M HA BHYTPUKJIETOYHOE CONEPKAHUE PYT
npyra. PesynbraTsl ucciaeqoBaHuil CBUAETEIBCTBYIOT O TOM, UYTO B 3aBHCHMOCTH
OT MPUPOIBI cTpecc-PaKkTopa U peryIupyeMbix mporeccoB NO B CHIHAJIBHBIX I1e-
TISIX MOXET OBITh PACIIONIOKEH KaK BBIIIE, TaK U HUXKe cepoBogopona [90]. He me-
HEE CJIOXKHBIM, TIO-BHIMMOMY, MOXKET OBITh U (PyHKIIMOHAILHOE B3aMOJICHCTBHE
CEpOBOIIOPOIA C APYTUMH MOCPETHUKAMHE. Tak, akKTHBALIUS CHHTE3a CEPOBOIOPO-
Jla, CBSI3aHHAsI C YCWICHUEM KCIPECCHH TeHa L-1ucrennaecynbGruapassl, Mo-
JKeT OBITh WHIYIIMPOBAHA C TIOMOIIBIO KaJbIUsA U KanbMmoaynuna [48]. C apyroit
CTOPOHBI, KAJIBIMI ABJISETCS MOCPSTHUKOM B TPAHCIYKIIUM CUTHAJIOB CEPOBOJIO-
pona [49]. MHorue ¢usnonorndeckre 3hHEKTsl cepoBOIOPOIa OMOCPETOBAHBI
ycuinenueM renepannn A®K pacTuTeNnbHbIMHE KI€TKaMH, HO M H,S MoxeT BbI-
CTyIaTh B POJU IMMOCPETHHKA B peanu3aiun 3pGeKToB nepokcuaa Bogopoaa [91].

CepoBonopon SIBISACTCST YIACTHUKOM TPAHCIYKIMKM CHIHAJIOB KITFOUEBBIX (PUTO-
TOPMOHOB, 33/IeHICTBOBAHHBIX B amanThBHBIX Tporieccax: ABK, YKAK u canvpnoBoi
kucnotsl [8, 9]. C mpyroit croponsl, H,S moxer unnynmposars cunres JKAK [75] u
aKTUBUPOBATh Kcrpeccuro reHa COI ], KomupyIoIIero pernenTop >kacMoHara [9].

OyHKIMOHATBHOE B3aUMOJICHCTBHE CO MHOTMMH CUTHAJILHBIME MTOCPETHHUKA-
MU U (UTOTOPMOHAMH, ITO-BUANMOMY, OOYCIIOBIMBAET YIaCTHE CEPOBONOPONA B
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(hOpMHPOBAHUY MTEPEKPECTHON YCTOWIMBOCTH PACTEHHI K CTPECCOPaM pa3InIHOM
npuponsl [12]. CepoBomopoa OKa3bIBa€T BBIPAXKEHHOE AKTHBHUPYIOIIEE BIMSIHUE
Ha a/IallTUBHBIC TIPOIIECCHI, 00YCIOBIMBAIONIIE HECICIN(PUIESCKYIO YCTOHINBOCTD
pacTeHHid K cTpeccopaM, B YaCTHOCTH, Ha DKCIIPECCHIO TEHOB aHTHOKCHUAAHTHBIX
(epMEeHTOB M Ha HAKOIUICHHE MONN(YHKIHOHAIGHBIX HI3KOMOJIEKYISIPHBIX CO-
eIWHEeHUH ¢ 3amuTHBIME 3(deKTamMu, HampuMep BTOPHUYHBIX METa0OIUTOB. DTH
3¢ deKxTHI cepoBOIOpOaa MO3BOIIIOT PACCMATPUBATH €r0 JOHOPH B Ka4eCTBE CO-
eIMHEHUH, TepPCHEKTUBHBIX Al NPUMEHEHHs B pacTeHHeBoAcTBe [92]. OmHako
UX WCTIONB30BAHUE ITOKA OTPAaHMIMBACTCS HETOCTATOYHON M3YUYCHHOCTHIO MeXa-
HU3MOB JIEHCTBUSI CEPOBOAOPOAA M OTCYTCTBUEM TEXHOJOTHYECKH «YIOOHBIX)
noHopoB. Haunbosee momynsipHbIii oHOp cepoomopona NaHS, kak yxe oTrmeda-
JI0Ch, OBICTPO pasiiaraeTcs M BBI3BIBAET PE3KOE M KPATKOBPEMEHHOE TMOBBIIICHHE
conepxanus H,S B kneTkax. B 10 jke BpeMs opraHM4eCcKue JIOHOPBI CEPOBOIOPOJIA,
UCTIONIb3yeMble B (hapMaKOJIOTHH, TIOKA SBJISIFOTCS TOPOTUMH U MaloOIOCTYITHBIMH
IUTSl IPUMEHEHHS B PACTEHUEBOJCTBE. bolree ycenHeIM 0Ka3aioch IPaKTHIECKOe
MIPUMEHEHHUE CEPOBONIOPOIA B TEXHOIOTUH XPAHEHUS CEIbCKOXO3IHCTBEHHOM Mpo-
nyknud. Tak, ucrons3oBanre NaHS npu XxpaneHuH 1mI070B | SITOf MPEMSTCTBYET
WX CO3PEBAHUIO U CTAPEHHIO, CIIOCOOCTBYET COXPAaHEHUIO ITyJla aHTHOKCHAHTOB, B
YaCTHOCTH, aCKOPOWHOBOW KHCIIOTHI, ()eHONBHBIX COENMHEHUH, (h1aBoHOUIOB [12,
93]. Taxxe cepoBOIOPOI MOXKET ObITh MCIIOIB30BaH ISl MPOAJICHUS KU3HH Cpe-
3aHHBIX [1BETKOB [10]. B mesroM, HeCOMHEHHO, UTO NaJIbHEMIIee n3ydeHue 3G dek-
TOB CEpOBOJIOPO/IA MO3BOJIUT, C OJJHOI CTOPOHBI, TITy0XKe TIOHATH MEXaHU3MBI ajarl-
TaIWH 1, BEPOSITHO, CKOPPEKTHUPOBATH IIPEACTABICHIS O ICHCTBUH YK€ JOCTATOTHO
H3YYEHHBIX CTPECC-IIPOTEKTOPOB, C APYTOM — CO3AAaTh TEOPETUUECKUE OCHOBBI JIJIst
HOBBIX TIOJIXOZIOB B arpOOHOTEXHOIOTHSIX.
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Hydrogen sulfide and plant adaptation to abiotic stressors

Hydrogen sulfide (H,S) is one of the key gasotransmitters in plant and animal cells.
The term “hydrogen sulfide” means not only H,S as a dissolved gaseous compound,
but also the HS— anion, into which, under physiologically normal conditions, about
80% of molecular hydrogen sulfide is converted. One of the most notable hydrogen
sulfide physiological effects is the activation of adaptive plant responses. However, the
activation mechanisms of plant stress-protective systems under the H,S influence, direct
targets of its action, signaling and hormonal mediators providing physiological effects,
remain poorly understood. Analysis and systematization of information on hydrogen
sulfide synthesis, signaling, and activation of adaptive reactions with its participation
became the aim of this review.

Hydrogen sulfide synthesis. To date, it has been found that in plants hydrogen
sulfide can be synthesized using six enzymes (See Fig. ). Conversion of L-cysteine to
pyruvate catalyzed by L-cysteine desulthydrase with release of hydrogen sulfide and
ammonium is considered as one of the main ways of synthesizing H,S in plants. It is
also possible to form hydrogen sulfide from D-cysteine under the action of D-cysteine
desulfhydrase. Hydrogen sulfide can also be synthesized by sulfite reduction with the
participation of sulfite reductase. Formation of hydrogen sulfide in plants involving
B-cyanoalanine synthase, cysteine synthase and carbonic anhydrase is also expected.

Hydrogen sulfide signaling. Hydrogen sulfide does not have specific molecular
receptors. It is assumed that primary molecular effects of H,S are associated with
S-sulthydration (persulfidation) — conversion of —SH cysteine residues to —SSH. The
most common proteins whose state is regulated by sulthydration are peroxyredoxins,
which, in turn, are among the key participants in cellular redox regulation. Hydrogen
sulfide is also involved in processes of redox regulation occuring with participation
of reactive oxygen species (ROS) and nitric oxide (NO), and can affect cell calcium
homeostasis (See Fig. 2). In this case, however, the sequence of arrangement of these
intermediaries in formation of various adaptive reactions of plants in many cases
remains unknown. There is evidence of an increase in the ROS content in plant cells
under the influence of hydrogen sulfide, due, primarily, to the activation of NADPH
oxidase. At the same time, synthesis of hydrogen sulfide can be induced by an action
of hydrogen peroxide on plant objects. Hydrogen sulfide can directly and indirectly
influence activity and expression of antioxidant enzyme genes, which also affects cell
redox homeostasis.
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It was shown that hydrogen sulfide and nitric oxide can act on the same protein
targets, causing effects of persulfidation or nitrosylation. Moreover, NO and H,S also
affect the intracellular content of each other. Hydrogen sulfide is in a rather complex
functional interaction with calcium ions. Activation of hydrogen sulfide synthesis
associated with increased expression of L-cysteine desulthydrase gene can be induced
with calcium and calmodulin. On the other hand, hydrogen sulfide can cause an opening
of calcium channels of plant cells.

Hydrogen sulfide interacts with a complex network of hormonal signaling too (See
Fig. 2). In particular, its synthesis can be induced by abscisic acid (ABA). On the other
hand, H,S can mediate physiological effects of ABA. Hydrogen sulfide can activate
synthesis of jasmonic acid in plants. Also, H,S is involved in plant adaptive reactions
induction under influence of salicylic acid and polyamines. In general, hydrogen sulfide
is involved in a complex regulatory network of signaling and hormonal mediators.

Participation in plant adaptation. In response to the impact of many stressors (high
and low temperatures, dehydration, salinization), the content of endogenous hydrogen
sulfide in plants increases. Moreover, mutants defective in the hydrogen sulfide synthesis
were not resistant to action of these stress factors. Plant treatment with hydrogen
sulfide donors (in particular, sodium hydrosulfide NaHS) increases resistance of plants
to stress temperatures, drought, salt stress, action of heavy metals, UV-B and other
factors (See Table). Hydrogen sulfide has a pronounced activating effect on expression
of antioxidant enzyme genes, accumulation of polyfunctional low-molecular-weight
protective compounds, in particular proline and sugars. Of particular importance for
plant adaptation is the accumulation under the influence of hydrogen sulfide of a wide
range of secondary metabolites, including phenolic compounds and flavonoids, which
have a pronounced antioxidant effect. Hydrogen sulfide is also involved in regulation
of plant stomatal reactions. Dependence of the stomata closing process under osmotic
and salt stress on the activity of cysteine desulthydrase and H,S synthesis was shown.
The effect of hydrogen sulfide on stomatal aperture, as well as other stomata closing
inducers, is associated with a change in the ion channels state, in particular, potassium
channels (K*_ ) of guard cells. ROS, calcium ions and, possibly, components of lipid
signaling are involved in the implementation of these effects of hydrogen sulfide.

Hydrogen sulfide donors can be used not only to induce adaptive reactions of plants,
but also in storage technology for agricultural products. The use of NaHS during storage
of fruit and berries prevents their ripening and aging, contributes to the preservation of
a pool of antioxidants, in particular, ascorbic acid, phenolic compounds and flavonoids.
Also, hydrogen sulfide can be used to extend the life of cut flowers. A further study of
stress-protective effects of hydrogen sulfide will allow, on the one hand, to more deeply
understand the adaptation mechanisms, and, on the other hand, to create theoretical
foundations for new approaches in agrobiotechnology.

The paper contains 2 Figures, 1 Table and 93 References.

Key words: hydrogen sulfide; reactive oxygen species; calcium; nitric oxide;
phytohormones; antioxidant system; resistance.

The authors declare no conflict of interest.

References

1. He H, He L. The role of carbon monoxide signaling in the responses of plants to abiotic
stresses. Nitric Oxide. 2014;42:40-43. doi: https://doi.org/10.1016/j.ni0x.2014.08.011

2. Yamasaki H, Cohen MF. Biological consilience of hydrogen sulfide and nitric oxide in plants:
Gases of primordial earth linking plant, microbial and animal physiologies. Nitric Oxide.
2016;55-56:91-100. doi: https://doi.org/10.1016/j.ni0x.2016.04.002


https://doi.org/10.1016/j.niox.2014.08.011
https://doi.org/10.1016/j.niox.2016.04.002

184 1O.E. Konynaes, T.0. Acmped

3. Singh S, Kumar V, Kapoor D, Kumar S, Singh S, Dhanjal DS, Datta S, Samuel J, Dey P,
Wang S, Prasad R, Singh J. Revealing on hydrogen sulfide and nitric oxide signals co-
ordination for plant growth under stress conditions. Physiologia Plantarum. 2019. doi:
https://doi.org/10.1111/ppl.13002

4. Sukmanskiy OI, Reutov VP. Gasotransmitters: Physiological role and involvement in the
pathogenesis of the diseases. Uspekhi fiziologicheskikh nauk. 2016;47(3):30-58. In Russian

5. Rennenberg H. The fate excess of sulfur in higher plants. Annual Review of Plant Physiology.
1984;35:121-153.

6. Wang R. Physiological implications of hydrogen sulfide: a whiff exploration that
blossomed. Physiological Reviews. 2012;92(2):791-896. doi: https://doi.org/10.1152/
physrev.00017.2011

7. Li ZG. Hydrogen sulfide: a multifunctional gaseous molecule in plants. Russian J Plant
Physiology. 2013;60(6):733-740. doi: https://doi.org/10.1134/S1021443713060058

8. Li ZG, Min X, Zhou ZH. Hydrogen sulfide: A signal molecule in plant cross-adaptation.
Frontiers in Plant Science. 2016;7:1621. doi: https://doi.org/10.3389/fpls.2016.01621

9. Li H, Li M, Wei X, Zhang X, Xue R, Zhao Y, Zhao H. Transcriptome analysis of drought-
responsive genes regulated by hydrogen sulfide in wheat (Triticum aestivum L.) leaves.
Molecular Genetics and Genomics. 2017;292(5):1091-1110. doi: https://doi.org/10.1007/
s00438-017-1330-4

10. Zhang H, Hu SL, Zhang ZJ, Hu LY, Jiang CX, Wei ZJ, Liu J, Wang HL, Jiang ST. Hydrogen
sulfide acts as a regulator of flower senescence in plants. Postharvest Biology and
Technology. 2011;60(3):251-257. doi: https://doi.org/10.1016/j.postharvbio.2011.01.006

11. Li ZG, Gong M, Liu P. Hydrogen sulfide is a mediator in H,0,-induced seed germination
in Jatropha curcas. Acta Physiologiae Plantarum. 2012;34(6):2207-2213. doi: https://doi.
org/10.1007/s11738-012-1021-z

12. Ziogas V, Molassiotis A, Fotopoulos V, Tanou G. Hydrogen sulfide: A potent tool in
postharvest fruit biology and possible mechanism of action. Frontiers in Plant Science.
2018;9:1375. doi: https://doi.org/10.3389/fpls.2018.01375

13. Shi H, Ye T, Han N, Bian H, Liu X, Chan Z. Hydrogen sulfide regulates abiotic stress
tolerance and biotic stress resistance in Arabidopsis. J of Integrative Plant Biology.
2015;57(7):628-640. doi: https://doi.org/10.1111/jipb.12302

14. Banerjee A, Tripathi DK, Roychoudhury A. Hydrogen sulphide trapeze: environmental
stress amelioration and phytohormone crosstalk. Plant Physiology and Biochemistry.
2018;132:46-53. doi: https://doi.org/10.1016/j.plaphy.2018.08.028

15. Romero LC, Garcia I, Gotor C. L-cysteine desulthydrase 1 modulates the generation of the
signaling molecule sulfide in plant cytosol. Plant Signaling & Behavior. 2013;8(5):4621-
4634. doi: https://doi.org/10.4161/psb.24007

16. Riemenschneider A, Wegele R, Schmidt A, Papenbrock J. Isolation and characterization
of a D-cysteine desulthydrase protein from Arabidopsis thaliana. The FEBS J.
2005;272(5):1291-1304. doi: https://doi.org/10.1111/j.1742-4658.2005.04567.x

17. Guo H, Xiao T, Zhou H, Xie Y, Shen W. Hydrogen sulfide: A versatile regulator of
environmental stress in plants. Acta Physiologiae Plantarum. 2016;38:16. doi: https://doi.
org/10.1007/s11738-015-2038-x

18. Li ZG. Chapter thirteen — Analysis of some enzymes activities of hydrogen sulfide
metabolism in plants. Methods Enzymology. 2015;555:253-269. doi: https:/doi.
org/10.1016/bs.mie.2014.11.035

19. Wirtz M, Hell R. Functional analysis of the cysteine synthase protein complex from plants:
structural, biochemical and regulatory properties. J Plant Physiology. 2006;163(3):273-
286. doi: https://doi.org/10.1016/j.jplph.2005.11.013

20. Zhang H. Hydrogen sulfide in plant biology. In: Signaling and Communication in Plants.
Lamattina L and Garcia-Mata C editors. Vol. Gasotransmitters in Plants. The Rise of a New


https://doi.org/10.1111/ppl.13002
https://doi.org/10.1152/physrev.00017.2011
https://doi.org/10.1152/physrev.00017.2011
https://doi.org/10.1134/S1021443713060058
https://doi.org/10.3389/fpls.2016.01621
https://doi.org/10.1007/s00438-017-1330-4
https://doi.org/10.1007/s00438-017-1330-4
https://doi.org/10.1016/j.postharvbio.2011.01.006
https://doi.org/10.1007/s11738-012-1021-z
https://doi.org/10.1007/s11738-012-1021-z
https://doi.org/10.3389/fpls.2018.01375
https://doi.org/10.1111/jipb.12302
https://doi.org/10.1016/j.plaphy.2018.08.028
https://doi.org/10.4161/psb.24007
https://doi.org/10.1111/j.1742-4658.2005.04567.x
https://doi.org/10.1007/s11738-015-2038-x
https://doi.org/10.1007/s11738-015-2038-x
https://doi.org/10.1016/bs.mie.2014.11.035
https://doi.org/10.1016/bs.mie.2014.11.035
https://doi.org/10.1016/j.jplph.2005.11.013

Cepo600opoo u adanmauus pacmenuii K 0elicmeuio abuomu4eckux cmpeccopos 185

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Paradigm in Cell Signaling. Baluska F, series editor. Switzerland: Springer International
Publishing; 2016. pp. 23-51. doi: https://doi.org/10.1007/978-3-319-40713-5

Lisjak M, Teklic T, Wilson ID, Whiteman M, Hancock JT. Hydrogen sulfide: environmental
factor or signalling molecule? Plant Cell & Environment. 2013;36(9):1607-1616. doi:
https://doi.org/10.1111/pce.12073

Hancock JT. Hydrogen sulfide and environmental stresses. Environmental and Experimental
Botany. 2019;161:5056. doi: https://doi.org/10.1016/j.envexpbot.2018.08.034

Gruhlke MC. Reactive sulfur species a new player in plant physiology? In: Reactive Oxygen,
Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling and Defense
Mechanisms. Vol. 2. Hasanuzzaman M, Fotopoulos V, Nahar K and Fujita M, editors. John
Wiley & Sons Ltd.; 2019. pp. 715-728.

Kolupaev YuE, Karpets YuV, Kabashnikova LF. Antioxidative system of plants: Cellular
compartmentalization, protective and signaling functions, mechanisms of regulation
(Review). Applied Biochemistry and Microbiology. 2019;55(5):441-459. doi: https://doi.
org/10.1134/S0003683819050089

Cuevasanata E, Lange M, Bonanata J, Coitino EL, Ferrer-Sueta G, Filipovic MR, Alvarez
B. Reaction of hydrogen sulphide with disulfide and sulfenic acid to form the strongly
nucleophilic persulfide. The J Biological Chemistry. 2015;290(45):26866-26880. doi:
http://www.jbc.org/cgi/doi/10.1074/jbc.M115.672816

Liu Z, Li Y, Cao C, Liang S, Ma Y, Liu X, Pei Y. The role of H,S in low temperature-
induced cucurbitacin C increases in cucumber. Plant Molecular Biology. 2019;99(6):535-
544. doi: https://doi.org/10.1007/s11103-019-00834-w

Shan C, Zhang S, Ou X. The roles of H,S and H,O, in regulating AsA-GSH cycle in the
leaves of wheat seedlings under drought stress. Protoplasma. 2018;255(4):1257-1262. doi:
https://doi.org/10.1007/s00709-018-1213-5

Kolupaev YuE, Firsova EN, Yastreb TO, Lugovaya AA. The participation of calcium ions
and reactive oxygen species in the induction of antioxidant enzymes and heat resistance
in plant cells by hydrogen sulfide donor. Applied Biochemistry and Microbiology.
2017;53(5):573-579. doi: https://doi.org/10.1134/S0003683817050088

Kolupaev Yu, Firsova EN, Yastreb TO. Induction of plant cells heat resistance by hydrogen
sulfide donor is mediated by H,O, generation with participation of NADPH oxidase and
superoxide dismutase. The Ukrainian Biochemical J. 2017;89(4):34-42. doi: https://doi.
org/10.15407/ubj89.04.034

Wang L, Hou Z, Hou L, Zhao F, Liu X. H,S induced by H,0, mediates drought-induced
stomatal closure in Arabidopsis thaliana. Chinese Bulletin of Botany. 2012;47(3):217-225.
Ma 'Y, Zhang W, Niu J, Ren Y, Zhang F. Hydrogen sulfide may function downstream of
hydrogen peroxide in salt stress-induced stomatal closure in Vicia faba. Functional Plant
Biology. 2019;46(2):136-145. doi: https://doi.org/10.1071/FP18096

LiZG,YiXY,LiYT. Effect of pretreatment with hydrogen sulfide donor sodium hydrosulfide
on heat tolerance in relation to antioxidant system in maize (Zea mays) seedlings. Biologia.
2014;69(8):1001-1009. https://doi.org/10.2478/s11756-014-0396-2

Shan CJ, Zhang SL, Li DF, Zhao YZ, Tian XL, Zhao XL, Wu YX, Wei XY, Liu RQ. Effects
of exogenous hydrogen sulfide on the ascorbate and glutathione metabolism in wheat
seedlings leaves under water stress. Acta Physiologiae Plantarum. 2011;33:2533-2540.
doi: https://doi.org/10.1007/s11738-011-0746-4

Hancock JT, Whiteman M. Hydrogen sulfide and cell signaling: Team player or referee? Plant
Physiology and Biochemistry. 2014;78:37-42. doi: https://doi.org/10.1016/j.plaphy.2014.02.012

Li Q, Lancaster JR. Chemical foundations of hydrogen sulfide biology. Nitric Oxide.
2013;35:21-34. doi: https://doi.org/10.1016/j.ni0x.2013.07.001

Carballal S, Tryjillo M, Cuevasanta E, Bartesaghi S, Moller MN, Folkes LK, Garcia-
Bereguiain MA, Gutiérrez-Merino C, Wardman P, Denicola A, Radi R, Alvarez B.


https://doi.org/10.1007/978-3-319-40713-5_
https://doi.org/10.1111/pce.12073
https://doi.org/10.1016/j.envexpbot.2018.08.034
https://doi.org/10.1134/S0003683819050089
https://doi.org/10.1134/S0003683819050089
http://www.jbc.org/cgi/doi/10.1074/jbc.M115.672816
https://doi.org/10.1007/s11103-019-00834-w
https://doi.org/10.1007/s00709-018-1213-5
https://doi.org/10.1134/S0003683817050088
https://doi.org/10.15407/ubj89.04.034
https://doi.org/10.15407/ubj89.04.034
https://doi.org/10.1071/FP18096
https://doi.org/10.2478/s11756-014-0396-2
https://doi.org/10.1007/s11738-011-0746-4
https://doi.org/10.1016/j.plaphy.2014.02.012
https://doi.org/10.1016/j.niox.2013.07.001

186 IO0.E. Konynaes, T.0. Acmped

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

Reactivity of hydrogen sulfide with peroxynitrite and other oxidants of biological interest.
Free Radical Biology and Medicine. 2011;50(1):196-205. doi: https://doi.org/10.1016/].
freeradbiomed.2010.10.705

Whiteman M, Li L, Kostetski I, Chu SH, Siau JL, Bhatia M, Moore PK. Evidence for the
formation of a novel nitrosothiol from the gaseous mediators nitric oxide and hydrogen
sulphide. Biochemical and Biophysical Research Communications. 2006;343(1):303-310.
doi: https://doi.org/10.1016/j.bbrc.2006.02.154

Hancock JT, Henson D, Nyirenda M, Desikan R, Harrison J, Lewis M, Hughes J, Neill
SJ. Proteomic identification of glyceraldehyde 3-phosphate dehydrogenase as an
inhibitory target of hydrogen peroxide in Arabidopsis. Plant Physiology and Biochemistry.
2005;43(9):828-835. doi: https://doi.org/10.1016/j.plaphy.2005.07.012

Aroca A, Schneider M, Scheibe R, Gotor C, Romero LC. Hydrogen sulfide regulates the
cytosolic/nuclear partitioning of glyceraldehyde-3-phosphate dehydrogenase by enhancing
its nuclear localization. Plant and Cell Physiology. 2017;58(6):983-992. doi: https://doi.
org/10.1093/pep/pex056

Wang Y, Li L, Cui W, Xu S, Shen W, Wang R. Hydrogen sulfide enhances alfalfa (Medicago
sativa) tolerance against salinity during seed germination by nitric oxide pathway. Plant
and Soil. 2012;351(1-2):107-119. doi: https://doi.org/10.1007/s11104-011-0936-2

Singh VP, Singh S, Kumar J, Prasad SM. Hydrogen sulfide alleviates toxic effects of
arsenate in pea seedlings through up-regulation of the ascorbate-glutathione cycle:
Possible involvement of nitric oxide. J Plant Physiology. 2015;181:20-29. doi: https://doi.
org/10.1016/j.jplph.2015.03.015

Kolupaev YuE, Karpets YuV, Beschasniy SP, Dmitriev AP. Gasotransmitters and their
role in adaptive reactions of plant cells. Cytology and Genetics. 2019;53(5);392-406. doi:
https://doi.org/10.3103/S0095452719050098

Liang Y, Zheng P, Li S, Li K, Xu H. Nitrate reductase-dependent NO production is
involved in H,S-induced nitrate stress tolerance in tomato via activation of antioxidant
enzymes. Scientia Horticulturae. 2018;229:207-214. doi: https://doi.org/10.1016/].
scienta.2017.10.044

.LiZG, Yang SZ, Long WB, Yang GX, Shen ZZ. Hydrogen sulfide may be a novel downstream

signal molecule in nitric oxide-induced heat tolerance of maize (Zea mays L.) seedlings.
Plant, Cell & Environment. 2013;36(8):1564-1572. doi: https://doi.org/10.1111/pce.12092
Kaur N, Gupta AK. Signal transduction pathways under abiotic stresses in plant. Current
Science. 2005;88(11):1771-1780.

Kolupaev YuE, Karpets YuV, Dmitriev AP. Signal mediators in plants in response to
abiotic stress: Calcium, reactive oxygen and nitrogen species. Cytology and Genetics.
2015;49(5):338-348. doi: https://doi.org/10.3103/S0095452715050047

Li ZG, Long WB, Yang SZ, Wang YC, Tang JH, Wen L, Zhu BYu, Min X. Endogenous
hydrogen sulfide regulated by calcium is involved in thermotolerance in tobacco Nicotiana
tabacum L. suspension cell cultures. Acta Physiologiae Plantarum. 2015;37: 219. doi:
https://doi.org/10.1007/s11738-015-1971-z

Fang H, Liu Z, Long Y, Liang Y, Jin Z, Zhang L, Liu D, Li H, Zhai J, Pei Y. The Ca?/
calmodulin2-binding transcription factor TGA3 elevates LCD expression and H,S
production to bolster Cr® tolerance in Arabidopsis. The Plant J. 2017;91(6):1038-1050.
doi: https://doi.org/10.1111/tpj.13627

Valivand M, Amooaghaie R, Ahadi A. Interplay between hydrogen sulfide and calcium/
calmodulin enhances systemic acquired acclimation and antioxidative defense against
nickel toxicity in zucchini. Environmental and Experimental Botany. 2019;158:40-50. doi:
https://doi.org/10.1016/j.envexpbot.2018.11.006

Fang HH, Pei YX, Tian BH, Zhang LP, Qiao ZJ, Liu ZQ. Ca*" participates in H,S induced
Cr® tolerance in Setaria italica. Chinese J Cell Biology. 2014;36(6.):758-765.


https://doi.org/10.1016/j.freeradbiomed.2010.10.705
https://doi.org/10.1016/j.freeradbiomed.2010.10.705
https://doi.org/10.1016/j.bbrc.2006.02.154
https://doi.org/10.1016/j.plaphy.2005.07.012
https://doi.org/10.1093/pcp/pcx056
https://doi.org/10.1093/pcp/pcx056
https://doi.org/10.1007/s11104-011-0936-2
https://doi.org/10.1016/j.jplph.2015.03.015
https://doi.org/10.1016/j.jplph.2015.03.015
https://doi.org/10.3103/S0095452719050098
https://doi.org/10.1016/j.scienta.2017.10.044
https://doi.org/10.1016/j.scienta.2017.10.044
https://doi.org/10.1111/pce.12092
https://doi.org/10.3103/S0095452715050047
https://doi.org/10.1007/s11738-015-1971-z
https://doi.org/10.1111/tpj.13627
https://doi.org/10.1016/j.envexpbot.2018.11.006

Cepo600opoo u adanmayusa pacmenuil K 0elicmeuio aduomuueckux cmpeccopos 187

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

JinZ, Xue S, Luo Y, Tian B, Fang H, Li H, Pei Y. Hydrogen sulfide interacting with abscisic
acid in stomatal regulation responses to drought stress in Arabidopsis. Plant Physiology
and Biochemistry. 2013;62:41-46. doi: https://doi.org/10.1016/j.plaphy.2012.10.017

Chen X, Chen Q, Zhang X, LiR, JiaY, EfAA, JiaA, Hu L, Hu X. Hydrogen sulfide mediates
nicotine biosynthesis in tobacco (Nicotiana tabacum) under high temperature conditions.
Plant Physiology and Biochemistry. 2016;104:174-179. doi: https://doi.org/10.1016/].
plaphy.2016.02.033

Shan C, Zhang S, Zhou Y. Hydrogen sulfide is involved in the regulation of ascorbate-
glutathione cycle by exogenous ABA in wheat seedling leaves under osmotic
stress. Cereal Research Communications. 2017;45(3):411-420. doi: https://doi.
org/10.1556/0806.45.2017.021

Shan C, Wang T, Zhou Y, Wang W. Hydrogen sulfide is involved in the regulation of
ascorbate and glutathione metabolism by jasmonic acid in Arabidopsis thaliana. Biologia
Plantarum. 2018;62(1):188-193. doi:  https://link.springer.com/article/10.1007/s10535-
017-0740-9

Tian B, Zhang Y, Jin Z, Liu Z, Pei Y. Role of hydrogen sulfide in the methyl jasmonate
response to cadmium stress in foxtail millet. Frontiers in Bioscience (Landmark).
2017;22:530-538. doi: http://dx.doi.org/10.2741/4500

Li ZG, Xie LR, Li XJ. Hydrogen sulfide acts as a downstream signal molecule in salicylic
acid-induced heat tolerance in maize (Zea mays L.) seedlings. J Plant Physiology.
2015;177:121-127. doi: https://doi.org/10.1016/j.jplph.2014.12.018

Li Q, Wang Z, Zhao Y, Zhang X, Zhang S, Bo L, Wang Y, Ding Y, An L. Putrescine protects
hulless barley from damage due to UV-B stress via H,S- and H,0,-mediated signaling pathways.
Plant Cell Reports. 2016;35(5):1155-1168. doi: https://doi.org/10.1007/s00299-016-1952-8

Pal M, Szalai G, Janda T. Speculation: Polyamines are important in abiotic stress signaling.
Plant Science. 2015;237:16-23. doi: https://doi.org/10.1016/j.plantsci.2015.05.003

Fu PN, Wang WJ, Hou LX, Liu X. Hydrogen sulfide is involved in the chilling stress
response in Vitis vinifera L. Acta Societatis Botanicorum Poloniae. 2013;82(4):295-302.
doi: https://doi.org/10.5586/asbp.2013.031

Du X, Jin Z, Liu D, Yang G, Pei Y. Hydrogen sulfide alleviates the cold stress through
MPK4 in Arabidopsis thaliana. Plant Physiology and Biochemistry. 2017;120:112-119.
doi: https://doi.org/10.1016/j.plaphy.2017.09.028

Jin ZP, Shen JJ, Qiao ZJ, Yang GD, Wang R, Pei YX. Hydrogen sulfide improves drought
resistance in Arabidopsis thaliana. Biochemical and Biophysical Research Communications.
2011;414(3):481-486. doi: https://doi.org/10.1016/j.bbrc.2011.09.090

Lai DW, Mao Y, Zhou H, Li F, Wu M, Zhang J, He Z, CuiW, Xie Y. Endogenous hydrogen
sulfide enhances salt tolerance by coupling the reestablishment of redox homeostasis
and preventing salt-induced K* loss in seedlings of Medicago sativa. Plant Science.
2014;225:117-129. doi: https://doi.org/10.1016/j.plantsci.2014.06.006

Janicka M, Reda M, Czyzewska K, Kabala K. Involvement of signalling molecules NO,
H,0, and H,S in modification of plasma membrane proton pump in cucumber roots
subjected to salt or low temperature stress. Functional Plant Biology. 2018;45(4):428-439.
doi: https://doi.org/10.1071/FP17095

Wang H, Ji F, Zhang Y, Hou J, Liu W, Huang J, Liang W. Interactions between hydrogen
sulphide and nitric oxide regulate two soybean citrate transporters during the alleviation
of aluminium toxicity. Plant, Cell & Environment. 2019;42(8):2340-2356. doi: https://doi.
org/10.1111/pce.13555

Li L, Whiteman M, Guan YY, Neo KL, Cheng Y, Lee SW, Zhao Y, Baskar R, Tan CH,
Moore PK. Characterization of a novel, water-soluble hydrogen sulfide-releasing molecule
(GYY4137): New insights into the biology of hydrogen sulfide. Circulation. 2008;117:2351-
2360. doi: https://doi.org/10.1161/CIRCULATIONAHA.107.753467


https://doi.org/10.1016/j.plaphy.2012.10.017
https://doi.org/10.1016/j.plaphy.2016.02.033
https://doi.org/10.1016/j.plaphy.2016.02.033
https://doi.org/10.1556/0806.45.2017.021
https://doi.org/10.1556/0806.45.2017.021
https://link.springer.com/article/10.1007/s10535-017-0740-9
https://link.springer.com/article/10.1007/s10535-017-0740-9
http://dx.doi.org/10.2741/4500
https://doi.org/10.1016/j.jplph.2014.12.018
https://doi.org/10.1007/s00299-016-1952-8
https://doi.org/10.1016/j.plantsci.2015.05.003
https://doi.org/10.5586/asbp.2013.031
https://doi.org/10.1016/j.plaphy.2017.09.028
https://doi.org/10.1016/j.bbrc.2011.09.090
https://doi.org/10.1016/j.plantsci.2014.06.006
https://doi.org/10.1071/FP17095
https://doi.org/10.1111/pce.13555
https://doi.org/10.1111/pce.13555
https://doi.org/10.1161/CIRCULATIONAHA.107.753467

188 IO0.E. Konynaes, T.0. Acmped

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Fox B, Schantz JT, Haigh R, Wood ME, Moore PK, Viner N, Spencer JP, Winyard PG,
Whiteman M. Inducible hydrogen sulfide synthesis in chondrocytes and mesenchymal progenitor
cells: Is H2S a novel cytoprotective mediator in the inflamed joint? J Cellular and Molecular
Medicine. 2012;16(4):896-910. doi: https://doi.org/10.1111/.1582-4934.2011.01357.x

Lisjak M, Srivastava N, Teklic T, Civale L, Lewan-dowski K, Wilson I, Wood ME,
Whiteman M, Hancock JT. A novel hydrogen sulphide donor causes stomatal opening and
reduces nitric oxide accumulation. Plant Physiology and Biochemistry. 2010;48(12):931-
935. doi: https://doi.org/10.1016/j.plaphy.2010.09.016

Christou A, Manganaris GA, Papadopoulos I, Fotopoulos V. Hydrogen sulfide induces
systemic tolerance to salinity and non-ionic osmotic stress in strawberry plants through
modification of reactive species biosynthesis and transcriptional regulation of multiple
defence pathways. J Experimental Botany. 2013;64(7):1953-1966. doi: https://doi.
org/10.1093/jxb/ert055

Shi H, Ye T, Chan Z. Nitric oxide-activated hydrogen sulfide is essential for cadmium
stress response in bermudagrass (Cynodon dactylon (L). Pers.). Plant Physiology and
Biochemistry. 2014(7):4 99-107. doi: https://doi.org/10.1016/j.plaphy.2013.11.001

Shi H, Ye T, Chan Z. Exogenous application of hydrogen sulfide donor sodium hydrosulfide
enhanced multiple abiotic stress tolerance in bermudagrass (Cynodon dactylon (L.). Pers.).
Plant Physiology and Biochemistry. 2013;71:226-234. doi: https://doi.org/10.1016/].
plaphy.2013.07.021

Kolupaev YuE, Horielova EI, Yastreb TO, Ryabchun NI, Kirichenko VV. Stress-protective
responses of wheat and rye seedlings whose chilling resistance was induced with a donor
of hydrogen sulfide. Russian J Plant Physiology. 2019;66(4):540-547. doi: https://doi.
org/10.1134/S1021443719040058

Kolupaev YuE, Horielova El, Yastreb TO, Popov YuV, Ryabchun NI. Phenylalanine
ammonialyase activity and content of flavonoid compounds in wheat seedlings at the action
of hypothermia and hydrogen sulfide donor. The Ukrainian Biochemical J. 2018;90(6):12-
20. doi: https://doi.org/10.15407/ubj90.06.012

Zhang H, Wang MJ, Hu LY, Wang SH, Hu KD, Bao LJ, Luo JP. Hydrogen sulfide promotes
wheat seed germination under osmotic stress. Russian J Plant Physiology. 2010;57(4):532-
539. doi: https://doi.org/10.1134/S1021443710040114

Kolupaev YuE, Firsova EN, Yastreb TO, Ryabchun NI, Kirichenko VV. Effect of hydrogen
sulfide donor on antioxidant state of wheat plants and their resistance to soil drought. Russian
J Plant Physiology. 2019;66(1):59-66. doi: https://doi.org/10.1134/S1021443719010084
Chen J, Shang YT, Wang WH, Chen XY, He EM, Zheng HL, Shangguan Z. Hydrogen
sulfide-mediated polyamines and sugar changes are involved in hydrogen sulfide-induced
drought tolerance in Spinacia oleracea seedlings. Frontiers in Plant Science. 2016. 7:1173.
doi: https://doi.org/10.3389/fpls.2016.01173

76. Ye SC, Hu LY, Hu KD, Li YH, Yan H, Zhang XQ, Zhang H. Hydrogen sulfide stimulates wheat

71.

78.

79.

grain germination and counteracts the effect of oxidative damage caused by salinity stress. Cereal
Research Communications. 2015;43(2):213-224. doi: https://doi.org/10.1556/CRC.2014.0037
Kharbech O, Houmani H, Chaoui A, Corpas FJ. Alleviation of Cr(VI)-induced oxidative
stress in maize (Zea mays L.) seedlings by NO and H,S donors through differential organ-
dependent regulation of ROS and NADPH-recycling metabolisms. J Plant Physiology.
2017;219:71-80. doi: https://doi.org/10.1016/j.jplph.2017.09.010

Sin’kevich MS, Deryabin AN, Trunova TI. Characteristics of oxidative stress in potato plants
with modified carbohydrate metabolism. Russian J Plant Physiology. 2009;56(2):168-174.
doi: https://doi.org/10.1134/S1021443709020046

Shevyakova NI, Bakulina EA, Kuznetsov VIV. Proline antioxidant role in the common ice
plant subjected to salinity and paraquat treatment inducing oxidative stress. Russian J Plant
Physiology. 2009;56(5):663-669. doi: https://doi.org/10.1134/S1021443709050124


https://doi.org/10.1111/j.1582-4934.2011.01357.x
https://doi.org/10.1016/j.plaphy.2010.09.016
https://doi.org/10.1093/jxb/ert055
https://doi.org/10.1093/jxb/ert055
https://doi.org/10.1016/j.plaphy.2013.11.001
https://doi.org/10.1016/j.plaphy.2013.07.021
https://doi.org/10.1016/j.plaphy.2013.07.021
https://doi.org/10.1134/S1021443719040058
https://doi.org/10.1134/S1021443719040058
https://doi.org/10.15407/ubj90.06.012
https://doi.org/10.1134/S1021443710040114
https://doi.org/10.1134/S1021443719010084
https://doi.org/10.3389/fpls.2016.01173
https://doi.org/10.1556/CRC.2014.0037
https://doi.org/10.1016/j.jplph.2017.09.010
https://doi.org/10.1134/S1021443709020046
https://doi.org/10.1134/S1021443709050124

Cepo6o0opoo u adanmayus pacmenuil K 0elicmeuio abuomuieckux cmpeccopos 189

80.

81.

82.

Luo Z, Li D, Du R, Mou W. Hydrogen sulfide alleviates chilling injury of banana fruit by
enhanced antioxidant system and proline content. Scientia Horticulturae. 2015;183:144-
151. doi: https://doi.org/10.1016/j.scienta.2014.12.021

Khlestkina EK. The adaptive role of flavonoids: emphasis on cereals. Cereal Research
Communications. 2013;41:185-198. doi: https://doi.org/10.1556/CRC.2013.0004

da-Silva CJ, Modolo LV. Hydrogen sulfide: a new endogenous player in an old mechanism
of plant tolerance to high salinity. Acta Botanica Brasilica. 2018;32:150-160. doi: http://
dx.doi.org/10.1590/0102-33062017abb0229

83. Huang ZQ, Shao-Can YL, Hu LY, Hu D. Hydrogen sulfide promotes wheat grain germination

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

under cadmium stress. Proceedings of the National Academy of Sciences, India Section B:
Biological Sciences. 2016:86(4):887-895. doi: https://doi.org/10.1007/s40011-015-0554-5
Jin Z, Wang Z, Ma Q, Sun L, Zhang L, Liu Z, Liu D, Hao X, Pei Y. Hydrogen sulfide
mediates ion fluxes inducing stomatal closure in response to drought stress in Arabidopsis
thaliana. Plant and Soil. 2017;419(1-2):141-152. doi: https://doi.org/10.1007/s11104-017-
3335-5

Scuffi D, Nietzel T, Di Fino LM, Meyer AJ, Lamattina L, Schwarzlénder M, Laxalt AM,
Garcia-Mata C. Hydrogen sulfide increases production of NADPH oxidase-dependent
hydrogen peroxide and phospholipase D-derived phosphatidic acid in guard cell signaling.
Plant Physiology. 2018;176(3):2532-2542. doi: https://doi.org/10.1104/pp.17.01636
Lisjak M, Tekli¢ T, Wilson ID, Wood ME, Whiteman M., Hancock JT. Hydrogen sulfide
effects on stomatal apertures. Plant Signaling & Behavior. 2011;6(10):1444-1446. https://
doi.org/10.4161/psb.6.10.17104

Honda K, Yamada N, Yoshida R, Thara H, Sawa T, Akaike T, Iwai S, 8-Mercapto-Cyclic
GMP mediates hydrogen sulfide-induced stomatal closure in Arabidopsis. Plant Cell
Physiology. 2015;56(8):1481-1489. doi: https://doi.org/10.1093/pcp/pcv069

Wang L, Ma X, Che Y, Hou L, Liu X, Zhang W. Extracellular ATP mediates H,S-regulated
stomatal movements and guard cell K* current in a H,0O,-dependent manner in Arabidopsis.
Science Bulletin. 2015;60(4):419-427. doi: https://doi.org/10.1007/s11434-014-0659-x
Yastreb TO, Kolupaev YuE, Havva EN, Shkliarevskyi MA, Dmitriev AP. Calcium and
components of lipid signaling in implementation of hydrogen sulfide influence on state of
stomata in Arabidopsis thaliana. Cytology and Genetics. 2019;53(2):99-105. doi: https://
doi.org/10.3103/S0095452719020099

Corpas FJ, Gonzélez-Gordo S, Canas A, Palma JM. Nitric oxide (NO) and hydrogen sulfide
(H,S) in plants: Which is first? J Experimental Botany. 2019;70(17):4391-4404. doi: https:/
doi.org/10.1093/jxb/erz031

Li ZG, Luo LJ, Sun YF. Signal crosstalk between nitric oxide and hydrogen sulfide may
be involved in hydrogen peroxide induced thermotolerance in maize seedlings. Russian J
Plant Physiology. 2015;62(4):507-514. doi: https://doi.org/10.1134/S1021443715030127
Kolupaev YuE, Karpets YuV, Yastreb TO. Induction of wheat plant resistance to stressors
by donors of nitric oxide and hydrogen sulfide. In: Wheat Production in Changing
Environments. Hasanuzzaman M, Nahar K and Hossain A, editors. Singapore: Springer
Nature Pte Ltd.; 2019. pp. 521-556. doi: https://doi.org/10.1007/978-981-13-6883-7 21
Aghdam MS, Mahmoudi R, Razavi F, Rabiei V, Soleimani A. Hydrogen sulfide treatment
confers chilling tolerance in hawthorn fruit during cold storage by triggering endogenous
H,S accumulation, enhancing antioxidant enzymes activity and promoting phenols
accumulation. Scientia Horticulturae. 2018;238:264-271. doi: https://doi.org/10.1016/].
scienta.2018.04.063

Received 27 September 2019;
Revised 13 November 2019; Accepted 27 December 2019


https://doi.org/10.1016/j.scienta.2014.12.021
https://doi.org/10.1556/CRC.2013.0004
http://dx.doi.org/10.1590/0102-33062017abb0229
http://dx.doi.org/10.1590/0102-33062017abb0229
https://doi.org/10.1007/s40011-015-0554-5
https://doi.org/10.1007/s11104-017-3335-5
https://doi.org/10.1007/s11104-017-3335-5
https://doi.org/10.1104/pp.17.01636
https://doi.org/10.4161/psb.6.10.17104
https://doi.org/10.4161/psb.6.10.17104
https://doi.org/10.1093/pcp/pcv069
https://doi.org/10.1007/s11434-014-0659-x
https://doi.org/10.3103/S0095452719020099
https://doi.org/10.3103/S0095452719020099
https://doi.org/10.1093/jxb/erz031
https://doi.org/10.1093/jxb/erz031
https://doi.org/10.1134/S1021443715030127
https://doi.org/10.1007/978-981-13-6883-7_21
https://doi.org/10.1016/j.scienta.2018.04.063
https://doi.org/10.1016/j.scienta.2018.04.063

190 IO.E. Konynaes, T.0. Acmpeéd

Author info:

Kolupaev Yuriy E, Dr. Sci. (Biol.), Professor, Department of Botany and Plant Physiology, Faculty of
Plant Protection, Dokuchaev Kharkiv National Agrarian University, p/o Dokuchaevske-2, Kharkiv 62483,
Ukraine.

ORCID iD: https://orcid.org/0000-0001-7151-906X

E-mail: plant.biology.knau@gmail.com

Yastreb Tetiana O, Cand. Sci. (Biol.), Associate Professor, Department of Botany and Plant Physiolo-
gy, Faculty of Plant Protection, Dokuchaev Kharkiv National Agrarian University, p/o Dokuchaevske-2,
Kharkiv 62483, Ukraine.

E-mail: plant.biology.knau@gmail.com


https://orcid.org/0000-0001-7151-906X
mailto:plant.biology.knau@gmail.com
mailto:plant.biology.knau@gmail.com

