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1. BBEAEHUE

AKTYaJIbHOCTDH TeMbl

HazemHble pacTeHus: moaBepraioTcs BO3IEHCTBUI0O MHOTOYMCIIEHHBIX HEOIAaronpHUsITHBIX
dakTOopoB  (BKJIIOYAs CUJIBHBIM CBET, HEONTUMAJbHBIE TEMIIEPATyphl, MEXaHUYECKOE
HOBPEXICHHUE M MHOTHE Jpyrue), HAeHCTBHE KOTOPBIX MOXET ObITh MPOCTPAHCTBEHHO-
HEOJHOPOAHBIM. BcnencTBue 3TOro, pacTeHHsIM HEOOXOIMMBI  CTPECCOBBIE  CHTHAJIBI,
pacnpoCTpaHSIOIMECS] U3 30HBI JIEWCTBHUE CTpeccopa B HMHTAKTHBIE YacTH PACTUTEIHHOIO
opraHm3Ma ¥ BbI3bIBaIOIIME cUCTeMHbIe (usnonorndeckue orBetsl (Dempsey, Klessig, 2012;
Shah, Zeier, 2013; Devireddy et al., 2018; Hilleary, Gilroy, 2018). Takyio poib MOryT
BBITOJIHATD 3JICKTPUYECKUE CUTHAJIBI, MPEACTABICHHBIC Y PACTCHUN MOTCHLIMATIAMU JIEHCTBHSA,
CHCTEMHBIMHU MOTCHIMAJIaMU W BapuadenpbHbiMH ToTeHImaiamu (BIT) (Fromm, Lautner, 2007;
Szechynska-Hebda et al., 2017; Pachu et al., 2023).

BII saBnsercss yHMKaJbHBIM JIEMOJIAPU3ALMOHHBIM 3JIEKTPUUYECKHUM CHUTHAJIIOM BBICHINX
pacrenuii (Stahlberg et al., 2006; Fromm, Lautner, 2007; Szechynska-Hebda et al., 2017),
KOTOPBI T€eHEPUPYETCs Y PACTEHUI B OTBET Ha JIOKAJbHOE JIEUCTBUE MOBPEKAAIOIMINX (HaKTOPOB
(HampuMep, 0XKOT, SKCTPeMajbHBII HArpeB WIHM pa3[JaBiMBaHUE), UMEET CIOXHYI (GopMmy u
OOJBIIYI0 JNMUTENbHOCTh (necsaTku MuHYT). [lo-Bumumomy, BII mpencraBiser coboit
SJIEKTPUYCCKUI OTBET Ha PacCIpOCTPaHEHUE CHUTHAIA HedleKkTpuueckor npupozasl (Pachu et al.,
2023), B KauecTBE KOTOPOTO pacCMaTpUBAIOT JTUOO pacnpocTpaHEHHE TUAPaBINYECKON BOJHBI,
00 MmepeHoc XxuMuueckoro arenra. Jlanpneiiee pa3sutue BII npeanonoXuTenbHO CBI3aHO C
aKTHUBallMe MEXaHOYYBCTBHUTENBHBIX (B cCllyuyae THAPABIMYECKON TUNOTE3bl) WIM JIMTaH[-
3aBHCHMBIX (B CiIydae XHMHYecKod rumotessl) Ca?* kaHAJOB MIa3MAaTHYECKOH MeMOpaHBI
BXOJOM HMOHOB KalbL¥s, KOTOPHIM NPHBOAMT K JUIMTENbHOM uHakTuBaiuu H-AT®daswl
IIa3MaTHYeCKO MeMOpaHbl, popMupys BosiHy aenonspusaiuu (Szechynska-Hebda et al., 2017;
Pacha et al.,, 2023); Bbi3BaHHas Ca®** akTuBanMs AHMOHHBIX KAaHAJIOB, BEPOSATHO, TaKKeE
yuactByer B renepauuun BIl (BoxeneeB u ap., 2011; Katicheva et al., 2014), dbopmupys
OBICTPYIO JeNOpU3aIHIo0 (HadalbHas AeTOIsIpU3alusl, Caiku).

WNupykius BapuabeabHOTO TOTEHIIMAA TTOBPEXKIAIONIMMA BO3ICHCTBUSMHU TIOKA3bIBAECT,
4YTO TeHepanusi u pacrnpoctpaHeHne BIl Bo3HHMKaeT B KPUTHYHBIX I BBDKHBAHHUS PAaCTEHUS
curyarmsix. C ydeToM 3TOro, MOXHO OXuIaTh, 4ro BIl 1omkeH BBI3BIBATH MacIITaOHBIE
dbuznonornueckue H3MEHEHHUS |, BEpPOSTHO, HUIpaTh pOIb B aJanTallid pPacTEeHUs K
SKCTpeMajbHBIM (hakTopaM cpeibl. JleiicTBUTENbHO, U3 TUTEpaTypsl u3BecTHO, yTo BII Bruser
Ha DKCIPECCHIO 3aIUTHBIX TCHOB M MPOAYKIHIO cTpeccoBbix (hutoropmonos (Mousavi et al.,
2013; Farmer et al., 2020), BbI3BIBACT IUTEIBHYIO OKKIIIO3HIO IIIACTHHOK CHTOBHIHBIX
anemenToB kaymto3oi (van Bel et al., 2014), ctumynupyer apixanue (Lautner et al., 2014),
UHIynupyeT MHorodasHeie u3aMeHenus Tpancnuparnmu (Vuralhan-Eckert et al., 2018),
3amemisier  pocroBbie mporecchl  (Stahlberg, Cosgrove, 1996) wu BbI3BIBaET JApyrue
(U3HOIOTUYECKHUE OTBETHI.

@OTOCHHTE3, WIPAIOLIMKA KIIOYEBYI0 pPOJIb B 0O0ECHEUYEHUM PpACTEHUs HHEprueil u
OpPraHUYeCKUMHU COCIMHCHHUSIMH, TAKXKe SBISETCS BakHOH «wmwumieHbo» BIT (Fromm, Lautner,
2007; Gallé et al., 2015); mpu 3TOM H3MEHEHUST MOTYT pa3BUBaThCs Kak B ¢porocucreme | (OCI),
tak U B @Qotocucteme Il (PCIl). B wyacTtHOCTH, mNOKa3aHO, YTO JIOKAJIbHOE JCHCTBUE
HNOBPEXJAOIMUX  (AKTOPOB, KOTOPOE HHAYLHMPYET paclpoCTpaHEHHE BapuadeIbHOIro
MOTEHI[MAJIA, MOXET BBI3BIBATh OBICTPYIO (00bIuHO, 10 5-10 mun) (Grams et al., 2009; Biatasek
et al., 2017) w/unu mmrensHyro (1o vaca u Oonee) (Hlavackova et al., 2006; Hlavinka et al.,
2012) wnakTHBanUiO0 (QOTOCHHTETHYECKUX MPOIEcCCOB. MOXKHO OXHAaTh, 4YTO OBICTpas
WHAKTUBallMs (OTOCHMHTE3a UIpPaeT BAXHYK pOIb B aJalTallud pPacTeHUs K JCHCTBHIO
HEeOJIaronpusATHBIX (PAaKTOPOB, TAK KAK UMEHHO OHa IMpe/CTaBiseT co0oil Hanboiee paHHUM 3Tall
CHUCTEMHOT0 ()OTOCMHTETHUYECKOTO OTBETA PACTEHUS MPH JIOKAITEHOM MOBPEXICHHH.

Takoe npeamnonoxenue TpeOyeT MOIPOOHBIX UCCIENIOBAHNUN; B YaCTHOCTH, HEOOXOIMMO
OTBETUTH Ha cleayronme GpyHaaMenTanbHble BOmpockl: Kakue hoTocHHTETHYECKHE TTapaMeTphl
MEHSIOTCS MpU  pa3BUTHM ObICTpoil MHakTHBauMM (QorocuHreza? SAmmstorcs sm Bl



HEOOXOAMMBIMH I €€ MHIYyKIMK? KakoBbI MEXaHU3MbI (POPMUPOBAHUS OBICTPON MHAKTHUBAIIUU
¢dorocunTe3a? Biusier nmu ObICTpas WHAKTUBAIMA (OTOCHHTE3a Ha YCTOMYMBOCTH pacTeHUs (B
YaCTHOCTH, €ro (POTOCHMHTETHYECKOIro ammapara) K IeHCTBHIO HeOIarompusiTHbIX (PakTopoB?
KakoBbI yTH Takoro BIUSHUSA?

YyuThiBas MOTEHIIMAILHYIO poJib BhI3BaHHOM BII ObicTpoli nHaKTHBAIMK (OTOCHHTE3a B
aJanTalMyd PacTEeHH, HWCCIeNI0BaHHE A3TOM NpoOieMbl TpeOyeT TakkKe pelIeHHs BOIPOCOB
npukiagHoro xapakrepa: CymecTByloT ju MeToasl moaudukauuu BIl u BbI3BaHHON uM
ObicTpoii nHaKkTUBaIUK (oTocuHTe3a? CylecTBYIOT U METObl MOHUTOpUHTA pa3Butus BIl u
ObicTpoit MHaKTHBAMK (hoTocuHTe3a? PerieHre OTMEUYEHHBIX MPHUKIATHBIX BOIPOCOB CO3/ACT
IPEINOCHUIKH I pa3pabOTKH HOBBIX METOJIOB OLIEHKH COCTOSIHUSI PACTEHHUI U MOBBIIICHUS UX
BBDKMBAEMOCTH B HEOIArOMPUSATHBIX YCIOBHSIX.

JuccepraonHas paboTa MOCBSAIICHA aHAIN3Y 3asBJICHHBIX BOIPOCOB, CBsi3aHHBIX ¢ BII
u ObIcTpoil mHakTuBauued Qorocunreza. [Ipu 3ToM, B pabore, mpexae BCEro, UCCIEIyeTcs
BiaustHue BII u OpIcTpoii nHaKTHBAIMK (POTOCHHTE3a HA TEIUIOYCTOWYMBOCTDh PACTCHHMN, TaK KaK
MMEHHO BBICOKHE TeMmeparypbl (BIUIOTh 1O OXOTa) SBISIOTCA Hambonee 3¢EGEKTUBHBIM
UHIYKTOpOM BapuabenbHOro mnoteHnmaia [A50]; T.e., MOXKHO OXHJaTh, YTO BIMSHHE Ha
YCTOWYMBOCTD K HarpeBY MOXET ObITh OAHON U3 KIH04YeBBIX QyHKImi BII.

Crenenb pa3padOoTAHHOCTHU TeMbI HCCJIEIOBAHNS

K mMoMeHnTy Hauana quccepTallmOHHOTO UCCIIeIOBaHMS, 3HAUUTEILHOE YUCIIO paboT ObLIO
HANpaBICHO Ha W3yYEHHs MEXAaHHW3MOB TEHEpallMd M PacIpOCTPAaHEHHS BapHaOEIbHOTO
norenimana (BomeneeB u mp., 2011; Stahlberg et al., 2006; Katicheva et al., 2014), a takxe
BEJINCh AaKTUBHBIC (DEHOMEHOJIOTHYECKHE HCCIIETOBaHMs ObICTpON WHAKTHBAIMU (DOTOCHHTE3a
(cm. o630per Fromm, Lautner, 2007; Gall¢ et al., 2015), koTopble MOKa3aad YMEHBIICHHE
¢dorocunTeTnyeckoit accummsiun CO2 (A), CHMKEHHE KBAaHTOBBIX BBIXOJOB (hoTtocucrem |
(dpsi) u 11 (dpsi) 1 Bo3pacTanue HEHOTOXUMHUYESCKOTO TyHICHUS (ITyOpECICHIIMK XIopoduiia a
(NPQ) mpu pazButuu takoi mHakTuauuu. Poinbs BIT B popmupoBanuu ObICTpOil MHAKTHBAIMH
¢doTocuHTe3a ObLIa MMOKa3aHa HAa OCHOBaHMM ABYX TIpymn aprymeHtoB. (i) Bomee panmee
dbopmupoBaHue 0TBETOB (POTOCHHTE3a HAOIII01aI0Ch 0KOJIO MpoBoasmx my4kos (Lautner et al.,
2005; Grams et al., 2009; Gallé et al., 2013), koTopbIe SIBISIOTCS OCHOBHBIM KaHAIOM Tepeaadn
BII. (ii) OtBersl (oOTOCHHTE3a MOJABISUIUCH B YCIOBHUSAX TIOJABICHUS TCHEPAIMH U
pacrpoCTpaHeHUs SJIEKTPUUYECKUX CUTHAJIOB (pacTeHHs NeUIMTHbIe 1Mo Kaubluio) (Lautner et
al., 2005).

B 10 ke Bpemsi, B OTAENbHBIX paboTax ObUIM MOKa3aHbl HEKOTOPbIE MEXAHU3MBbI BIMSIHUS
JNEKTPUYECKMX CHUTHAIOB Ha (orocuHTe3. [Ipexme Bcero, Obuto mokaszaHo (Krupenina,
Bulychev, 2007; Pavlovi¢ et al., 2011), uro momaBieHHE TEMHOBOH CTaaud MOKET OBIThH
KJTFOYEBBIM 3TanoM (OpMUpPOBaHHsI OBICTPON MHAKTHBAWHU (POTOCHHTE3A MPU PACIIPOCTPAHEHUN
NOTeHIMajga JefcTBUsA. B 4YacTHOCTH, BBISBIEHO, YTO BbI3BaHHBIC MOTEHLUAIOM JI€HCTBUA
M3MEHEHHS CBETOBOM CTaJIMH IOJIHOCTHIO MOJIABIISIFOTCS B YCIOBHSX HU3KOM KoHIeHTparn CO2
(Pavlovic¢ et al., 2011); T.e., B yCIOBHSX, MPEABAPUTEIbHON WHAKTUBAIIMU TEMHOBOW CTaJHUU
doTocHHTE3a W TIOJNABJICHUS €€ OTBETOB IPH PACIPOCTPAHEHHH AIIEKTPHUYECKOTO CHTHAJIA.
OnHako, NPUMEHMMOCTh MpPEUIOKEHHOro MexaHu3ma K BiausHuio BIl Ha QorocunTes
ocraBayiach €i1abo ucciemaoBaHHoi. EnurcTBenHas padora B atoit obmactu (Gallé et al., 2013)
NoKa3blBaa CHIDKEHHE MpoBoguMocTH Me3zoduiuia st CO2 B xone passutus BIL; nmpu stom
KOJIMYECTBEHHBIN aHAJIN3 CBS3M W3MEHEHHI MTPOBOIMMOCTH Me30(HIUIa U TApaMETPOB CBETOBOU
craguu (OTOCHHTE3a OTCYTCTBOBaJ. Bo-BTOphIX, ObUTO mokazano (Grams et al., 2009), gro
piussane BII MoxeT omocpemoBatbess u3MeHeHMsiMH pH BHYTpH ©W BHE KIETKH, YTO
MOJTBEPK/IAIOCH BBISIBIICHUEM 3alllelauyMBaHMs aroIuiacTa u 3aKUCIEHHs IIUTOIIa3Mbl Ha (oHe
pa3BUTHs BapuaOeIbHOTO TMOTEHIMANa, a TAaKKe yYMEHbIICHHEM (psi Y XJIOPOIUIACTOB IIPH
3aKHCICHUU CPEbl BBIICICHHUS.

Takum oOpa3omM, Ha MOMEHT Hadajla TUCCEPTAIMOHHOTO WCCIIEOBAHMS HMeENach
JIOCTAaTOYHO OrpaHMYEHHas apryMeHTanus B mnojaiepxkky yuactus BII B ¢dopmupoBanun
ObIcTpoli MHaKTHBaMK (oTocuHTe3a (CHIKeHHS A, dpsi, dhpsi 1 Bo3pactarus NPQ). B To xe



BpEMsl, OTCYTCTBOBAJIO LIEJOCTHOE MOHUMAaHUE IyTel (OPMHUPOBAHUS TAaKOM MHAKTUBALMU NPU
pacrpocTpaHeHUH BapuabenbHOro mnoTteHuuana. OcTaibHblE BOINPOCH, OTMEYEHHBIE B
IIPEIbIAYIIEM Pa3zeiie, OCTaBAIUCh IPAKTUYECKU HE U3YUCHHBIMU.

Henpb n 3a5a4un uccae10BaHus

Heas pauccepraliMoHHOM paboOTHl 3aKiOYalaCh B KOMIUIEKCHOM HCCIEIOBaHUU
BBI3BAaHHOH BapuaOelbHBIM IMOTEHIMAIOM OBICTPON WHAKTHBALMK (OTOCHHTE3a Y BBICHIUX
pacTeHHH, BKJIIOYasl aHAIU3 €€ MEXaHW3MOB U BIIMSHHA Ha TEIUIOYCTOMYMBOCTD, a TAKXKE ITOMCK
MOJIXOJI0B K PEryJIsiUU U MOHUTOPUHTY TAKOW MHAKTUBALIUU.

Jlia nocTrkKeHus OCTaBICHHOM 1IEJIU PEIIAJINCh CIELYIOIINE 3aJa4u:

1. IlpoBect (EHOMEHOIOTUYECKUN aHAJIM3 BIMSHUS BapHaOEIbHOTO IMOTEHIHANa Ha
(OoTOCHHTETHYECKHE TPOLIECCH, BKJIIOYas OLEHKY HeoOxoaumoctu ywactus BII B
dbopMupoBaHuU (HOTOCHHTETHUECKOTO OTBETA.

2. IlpoBectn aHamM3 MEXaHU3MOB (OPMHUPOBAHUS OBICTPOM MHAKTUBALMM (POTOCHHTE3A,
BBI3BAaHHOH BapraOeIbHBIM MOTEHIHATIOM.

3. IlpoBectn aHanu3 myTeld BIUSHMS BapuaOeNbHOrO IMOTEHLMANa U BbI3BAaHHOH UM
OBICTpOYi MHAKTHBALMHU (POTOCHHTE3a HA TEIUIOYCTOWYMBOCTHh (DOTOCHHTETHYECKOTO ammnapara u
pacTeHus B LEJIOM

4. MHccnenoBate (akTopel, MomupunHpyomme QGOpMHPOBaHHWE BapuaOEIHLHOTO
HOTEHIMAaja U OBICTPON MHAKTUBALMU (POTOCHHTE3A.

5. OneHnuTh BO3MOXXHOCTH BBISIBJICHUSI PACIIPOCTPAHEHUST BapHaOeIbHOTO MOTEHIHAIA H
pa3sBUTHL OBICTPOM MHAKTHBALMU (POTOCHHTE3a METOJIaMH OITUYECKOI'0 MOHUTOPHHTA.

O0beKT U nmpeaMeT HCCJIeJ0OBAHNS

OOBeKTaMM UCCIIeIOBAaHUSI CITYKUJIM CeIbCKOX03HCTBEHHbIE (TOPOX, MIICHUIIb], THIKBA)
U KOMHaTHbIE (repanb) pacteHus. [Ipu 3Tom, ropox BeICTynall B KaYe€CTBE OCHOBHOI'O OOBEKTA,
TaK Kak IpeJCTaBisl co0OM cTaHAapTHBIH OOBEKT, C 3apaHee ONpPEEeCHHBIMH YCIOBUSIMU
BeIpamuBanus u u3MepeHuit. BII m ObicTpas muHakTuBamust (oTocwHTe3a y Topoxa ObuUTH
JIOCTAaTOYHO XOpOILIO BBbIpAXEHbl. B KayecTBe JONOJHUTENbHBIX OOBEKTOB HCIOJIb30BAIH
NIIEHUIlY, THIKBY M T€paHb, 4YTO TIO3BOJISJIO OIEHUTh YHHUBEPCAJIbHOCTh MOJYYEHHBIX
pe3yabTaroB. OCHOBHBIMU IpeAMETaMM HCCIeOBaHMA ObulM BapuaOeNbHbIM MOTEHIHA,
ObICTpast MHAKTUBALMS (POTOCHHTE3A U TEINIOYCTOMYMBOCTD Y U3y4aeMbIX PACTEHUH.

Hayuynast HoBu3Ha padoThI

B Xone BBINOJIHEHMS] JOUCCEPTAMOHHOIO MCCIEIOBAHMUA OBUIM  HCIOJb30BaHBI
COBPEMEHHBIE METOJIbl M MOJXO/bI, BKJIIOYas pa3pabOTaHHBbIE aBTOPOM, KOTOpBIE MO3BOJIMIN
MOJIYYUTh PSIJT HOBBIX PE3yJIbTATOB.

IIpexne Bcero, 6bUI0 BHEepBble Moka3aHo, yTo BII BbI3bIBaeT oOpaTtuMoe Bo3pacTaHHe
[UKJIMYECKOTO TIOTOKA AIEKTPOHOB BOKpYT QoTocuctembl | (CEF); mus pernenus sroii 3agauu
Obu1 pazpaboTtaH ynyurieHHbI MeTo] pacuera CEF Ha 6a3e uzmepenus ¢psi # Qpsii B yCIOBUAX
UCCIIEyEMOT'0 U €1a00r0 aKTHHUYHOTO OCBELICHUS.

IIpoBenen MacmiTaOHBIM aHanM3 CBsA3W Mexay mapamerpamu BII u  ObicTpoit
MHaKTUBaluel (OTOCUHTE3A, YTO MMO3BOJIMIIO NTOKA3aTh CUIIBHYIO CBSI3b MEX]Ly HUMH B YCIOBHSIX
€CTeCTBEHHOM BapuabenbHOCTH napameTpoB BII, B ycIOBHAX pa3iMyHBIX PAaCCTOSIHUN OT 30HBI
MOBPEXACHUS, B YCIOBUSX JOMOJIHUTEIHLHOTO BO3JEHCTBUS (uTOropmMoHamu. Takoil aHamus
HNOATBEPAMI KiTtoueBy10 poib BII B mHAyKIIMHM OBICTPOI HHAKTUBAIMK (POTOCUHTE3A.

KomruiekcHo ucciieqoBanbl MEXaHU3Mbl HHIYKIMKM OBICTPON MHAKTHBAIMHM (DOTOCHHTE3a
npu pacnpoctpaneHun BIl u BrepBble MMOKa3aHbl JBa pa3HbIX MyTH (HOPMUPOBAHUS
dorocunTeTnueckoro otseta. llepBbiii myTh oOycnosieH Bbi3BaHHOM BII wmHakTuBaiumein
TEMHOBOM cTaguu (OTOCHHTE3a, KOTOpas MHAYLHUPYETCs 3alleladyMBaHUEM arloIiacTa
pacTeHus; Jajee, MHAKTUBALMS TEMHOBOM CTaINH NMPUBOJUT K OTBETY CBETOBOM cTraanu. Bropoit
nyTh 00yCIIOBIIEH HETOCpeICTBEHHBIM BiusHueM BII Ha cBeTOBYIO cTaanio (OTOCHHTE3A; TaKOe
BIIMSIHHE CBSA3aHO C 3aKMCJIEHUEM LIUTOIUIa3Mbl, KOTOPOE MPUBOJIUT K CHIKEHUIO pH B cTpome n
JIOMEHE XJIoporyiacToB. JlomomHUTENbHO, BHEpBbIe CGHOPMYIMpPOBaHA U  TOATBEpXKICHA
TUIOTE3a 0 HEOOXOAMMOCTH HU3KOH MPOBOJMMOCTH YCTBHHI] B KAUECTBE YCIOBUS UX y4acTus B



BbI3BaHHOM BII oTBere dortocunTesa; T.€. chopMyIUpoBaHbl YCIOBHS ISl PYHKIIMOHUPOBAHUS
TpeTbero nmyT opmupoBanus BbizBaHHOTrO BIT oTocnHTETHYECKOTO OTBETA.

BnepBeie mnokazano, uro BII BbI3bIBaeT clnokHOe H3MEHEHHE TEIJIOYCTOWYHMBOCTU
(OTOCHHTETHYECKOTO ammapara ropoxXa M BbISIBIEHBI €ro MexaHu3Mbl. Ilpu cuipHOM Harpese
muctbeB (okono 53°C), mpenBaputenbHas WHAYKIMS BapuaOENbHOTO MOTEHIIMAada BBI3BIBAET
noseiieHue  TerioycroiunBocty  OCIl;  omHako, NPOUCXOAUT POCT TEMIIEPATYPHOIO
noBpexaenust OCII. [Tokazano, uto Bo3pacranue tertoBoro nopexaeHus OCIlI oO0ycnorneHo
CHIDKEHHEM TpaHCIHpanuu Tmocie pacnpoctpaneHuss BIl M u30BITOYHBIM HarpeBOM JHCTa
pactenus. Bospacranue TtemnoycroiunBoctt DPCl 00yciaoBIEHO OBICTPON HWHAKTHUBAIMEH
¢dorocuHTE3a, YTO, B YACTHOCTH, MOJITBEPKAACTCS KOPPEISAIHEH MEXIy 3TUMHU BEIUYHMHAMU U
MOBBIIICHHEM  TEIUIOYCTOWYMBOCTA MpH HMMUTALMU WHAKTUBAlMM TEMHOBOH  cTaguu
¢dorocuntesa. Bozpacranne NPQ, CEF u comepxanuss AT® B nucte SBISIOTCS BEPOATHBIMU
MexaHu3MamH TMoBbieHus: TteroyctounBocty @OCIl. Kpome Toro, cHuxeHue TEMI0BOrO
nospexaeHuss OCl nonoxuTenpHO CBA3aHO ¢ yBennyeHueM teroBoro nospexaeHus @CII, uro
nokasbIBaeT pojib BbizBaHHOTrO BII ycunenus temnosoro mospexnaenus OCIlI B moBblmenun
teroycroiunBocty PCIl. Hanportus, B ycnoBusax Oonee cinaboro HarpeBa (50°C u Huxe),
reHepaus EKTPUIECKUX CUTHAJIOB MOJIOKHUTENBHO CBsI3aHa ¢ TerioycroiunBocThio OCII.

BriepBrie BbIsIBIIEH psii PaKTOPOB, CTUMYJIMPYIOUIMX WM TTOAABISIONNX (POPMUPOBAHHE
BII u GwicTpoii nHakTuBanuu (oTocuHTe3a. Tak BIEpBbIE MOKA3aHO, YTO CTUMYJISLUS OTBETOB
MOKET IMPOUCXOAUTh 3a cueT (Guaykryanuil aktuBHOCTH H'-AT®a3bl, HEOJHOPOIHOCTH €€
MIPOCTPAHCTBEHHOTO pAaCIpe/ielieHHs], a TaKKe MyTeM MpeABapuTeIbHON 00paboTKU pacTeHui
24-stmbpaccunonuaom (ObJI). [lomaBnenne oTBeTa MOXKET Pa3BUBATHCS B YCIOBHSX CHIBHOM
3acyXHd U IpU MpeIBapUTeNbHON 00paboTke pacTenus adcuizoBoi kuciaoroit (ABK).

Bnepsble  mpemiokeH  psa HOAXOAOB A JUCTAHLMOHHOINO  MOHUTOPHUHIA
pacnipoctpanenuss BII u pasButus uHakTHBanuu (OTOCHMHTE3a, KOTOPHIE OMMUPAIOTCA Ha
U3MEPEHUs] OTPAKEHHOTO CBETa M TOCIEAYIONIMH aHaau3 MoKas3areieid (POTOXMMHUYECKOTO
uHnekca otpakenus (PRI) u HOBBIX Y3KOMOJOCHBIX HWHIEKCOB OTpaxkeHHUs. IlokazaHo
NpUHLMIIKAIbHOE cXo/acTBO BiusHUsA BIl u HemocpencTBEHHOro MAEWCTBHUSA CTPECCOPOB
(M30BITOUHBIA CBET, HArpeB, 3acyxa) Ha IOKas3aTelau oTpakeHus. Kpome TOro, BmepBble
BBISIBJIEHO, 4TO pacnpoctpaHeHue BII Biuser Ha oTpakeHHe B HIMPOKUX CHEKTPAJIbHBIX
Jana3oHax M, B YaCTHOCTH, MHAYLIMPYET U3MEHEHUS IHUPOKOIOJIOCHBIX UH/IEKCOB OTPAXKEHUS.

[Ipn ananuze CHEKTPOB OTPAKEHUS MPEIJIOKEH HOBBIM THM TEIMJIOBBIX KapT, KOTOpHIE
MOKa3bIBAIOT CTATUCTMUYECKYIO 3HAYMMOCTb M HampaBieHue u3MeHeHud. Takoil moaxon
MO3BOJISIET  OBICTPO  BBISIBUTH  UYBCTBHUTEJIBbHBIE K JCHCTByIOmEeMy (akropy WM K
pactipoctpaHeHuto BII  umHzAekchl 03 JOMONHUTENBHBIX M3MEpPEHMH  (U3MOIOTHUYECKUX
XapaKTEPUCTHK.

BriepBble pa3paboTaH psii MaTeMaTHYeCKMX Mojeleld MpolueccoB (GOTOCHHTE3a U
AIIEKTPOreHe3a, KOTOPBIE MO3BOIMIIN JOMOJIHUTE SKCIEPUMEHTAIbHBIA aHAIN3 UCCIEA0BaHUIMU,
0a3upyromuMICs Ha pa3pab0TaHHBIX MOJEISIX.

HoBusHa pe3ynbTaToB JUCCEPTALMOHHOTO HCCIIEIOBAaHUS OTpaXX€Ha B HAyYHBIX
nyONMKanusax B TEPeAOBBIX MEXKIYHAPOAHBIX H3JaHHMAX, a TaKXkKe MaTeHTOM Ha CHCTEMY
POCTPAHCTBEHHOTO MMH/DKHAHTA (oToxumuueckoro uuaekca otpaxenus (PRI) [A43], kotopas
Obuta pa3zpaboTaHa € HCIIOJIB30BAaHHEM IPEAJIOKEHHOTO HOBOro Merona u3mepenus PRI ¢
MOMOIIbI0 KOPOTKHUX UMITYJIHCOB KEJITO-3€JIEHOT0 U3MEPUTEIHHOTO CBETA.

Teopernueckasi U NPaAaKTHYECKasi 3HAYMMOCTb PadoThI

[TonydyeHnHble B paboTe pe3ynbTaThl UMEIOT KakK (yHIaMEHTAIbHYIO, TaK M MPUKIIAJAHYIO
3HaYUMOCTh. C (QyHAAMEHTATbHOW TOYKH 3pPEHMS, PEe3yJIbTaThl HCCIIEIOBAHUS IOKA3bIBAIOT
HOBBIA MeXaHU3M (OPMUPOBAHUS CHCTEMHOTO a/IallTAllHOHHOTO OTBETa PACTEHHUI Ha JIOKaJIbHOE
JCCTBHE TOBpEXIAIOIUX (AaKTOpOB (B YACTHOCTH, BBICOKOH TeMIeEparypsl), BKIOYas
reHepanuio M pacrnpoctpaHenue BII, ¢opmupoBanue ObicTpoll MHaKTHUBALUU (POTOCHHTE3A,
U3MEHEHHE  TeIUIOYCTOWYMBOCTH  (POTOCHMHTETMYECKOrO  ammapara M BO3pacTaHue
TEIUIOYCTOMYUBOCTH PACTEHUA B 1ETOM. MOXKHO 0XHUJaTh, YTO TAaKOW CUEHAPUN CUCTEMHOTO



aJanTallMOHHOTO OTBETAa pACTEHUH MOXKET pa3BUBATHCS IPU JEHUCTBUM HKCTPEMAIbHBIX
(dakTOpoB cpebl (B YaCTHOCTH, SKCTPEMAJbHBIX IMOBBIIICHUH TEMIIEpaTyphbl WM MOXKApOB) U
MOBBIIIATh IIAHCHl HA BBDKMBAHHME PACTEHUN B ATUX YCJIOBHUSAX. YUWTHIBAs, 4TO PA3BUTHE
rJ100aTbHBIX KIMMAaTHYECKUX M3MEHEHHH MOBBIIIAET BEPOATHOCTh IKCTPEMATIBHBIX TEMIIEPATyp
U T0XapoB, BbIABICHUE (PYHIAMEHTAIBHBIX MEXaHHU3MOB OBICTPOTO OTBETAa PACTEHHS B TaKHX
YCIIOBUSIX UMEET BBICOKYIO 3HAUUMOCTb.

C mpakTUYecKOW TOYKM 3pEHMs, IOJIYYEHHBIE pe3yJbTaThl CO3JA0T OCHOBY JUIS
pa3pabOTKH HOBBIX METOJIOB YIIPAaBJIEHUS TEIUIOYCTOMYMBOCTBIO PACTEHUMH HAa OCHOBAHUU
CTUMYJISIUU WK noaasieHus: ¢popmuposanust BII u ObicTpoil mHakTHBanMu (OTOCHHTE3Q; B
YaCTHOCTH, JUIS PpEIICHUs 3TOM 3aJayd MOXXET OBITh HCIIOJIb30BaHa 00paboTKa pacTeHuit
sk3oreHHpiMu  OBJI  wmm  ABK, coorBerctBeHHo. IlomoOHbIE MeTOABI  yNpaBlICHUS
TEIUIOYCTOWYMBOCTHIO MOTYT OBITH MCIOJIB30BaHBI /Il OBICTPON KOPPEKIIUH OTBETOB PACTCHHS
Ha yCJIOBUS CpPebl U CTaTh OJHUM U3 HHCTPYMEHTOB «TOYHOIO 3E€MIIEICITIUSY.

Jpyras rpynna NpukiIaJHbIX Pe3yJbTaTOB CBsSI3aHA C Pa3BUTUEM METOJ0B MOHUTOPHHIA
BbI3BaHHOW BII ObicTpoii mHakTHBanuu ¢GOTOCHHTE3a y pacrteHuid. K sTomy OTHOCHTCS, B
YaCTHOCTH, pa3pabOTKa HOBBIX METOJOB M3MEPEHHsS M aHaiu3a (HOTOXUMHUYECKOTO HHICKCA
OTPa)KE€HHUS U BBISBICHUE PsAJla HOBBIX MHJEKCOB OTPAXKEHUs, UyBCTBUTEIBHBIX K MOKa3aTesiM
¢dorocunTe3a. YuuteiBas, uto pacrnpoctpanenue BII u ¢popmupoBanue ObICTpOil MHAKTHBALIUU
doTtocuHTe3a SABJISETCS OJAHMM W3 HaumOoJee paHHUX OTBETOB PACTEHUS Ha TMOBPEXIEHUE,
pe3ynbTaThl JUCCEPTALMOHHOIO MCCIEAOBAHUSA CO3AAIOT MPEANOCBUIKA i pa3paboTKu
METOJIOB PAHHErO BBISBICHUS JEHCTBUS SKCTPEMAIbHBIX HEOIAronpusATHBIX (PakTOpoB Ha
pactenus. BaxHO TakXke OTMETUTb, UTO pa3padOTaHHbIE B  XOJI€  BBIIOJHEHUS
JUCCEPTAIMOHHOTO HCCIEI0BAaHUS METOABl M MOAXO0JbI (METObI MOBBIIIECHUS 3()PEeKTUBHOCTU
ucnoas3oBanus PRI, cucrema /i n3mMepeHust npocTpaHcTBeHHOro pacnpeznenenus PRI, meton
MOCTPOCHHsSI TEIUIOBBIX KapT HAa OCHOBAaHMM 3HAYMMOCTH W HANpaBlICHHsS HM3MEHCHUU W Jp.)
MOTYT OBITh MCIIOJIb30BaHbI JUIS JETEKIIMN PA3INYHBIX BAPHAHTOB (JOTOCHHTETUYECKUX OTBETOB,
BKJIIOYasi BbI3BaHHBIC HEIMOCPEJCTBEHHBIM JACHCTBHEM HEONaronpusTHeIX (akTopoB. Takum
0o0pa3oM, MOJy4YeHHbIE pPE3yJbTaThl PACIIHUPSIOT HWHCTPYMEHTapuil [UIsl JHCTAaHIMOHHOTO U
IPOKCUMAJIbHOTO MMU/PKUHTA CTPECCOBBIX M3MEHEHUH (OTOCHHTE3a y PACTEHMi; T.e. MOTYT
OBITH UCIIOJIb30BAaHbI B TOUHOM 3€MJIEICNIUU U IKOJIOTUYECKOM MOHUTOPHHTE.

MeTtoa0/10rMsl 1 METOAbI HCCICIOBAHUSA

PaGora  mpoBoagmiack € HCIOJNB30BAaHHMEM  COBPEMEHHBIX  BBICOKOTOYHBIX
MHCTPYMEHTAJIBHBIX METOJIOB, BKJIIOYas KakK METOJbI, IIHPOKO HCIIONb3YyEMbIE B MHPOBOMU
IpPaKTHUKE HCCIEeOBaHUI, Tak W pa3paboTaHHbIE IpPU ydacTUW aBropa. MccnemoBaHus
¢doTocHHTE3a MPOBOJMINCH C HUCMONb30BaHMEM psifa cucteM PAM-duyopumerpun (BKiIrodas
cuctembl PAM mMumkuara), cucremsl Juist BeimonHeHuss OJIP-tecta m cuctemsl s aHamm3a
ra3oobMeHa pacTeHui. DeKTpo(hU3N0IOTHIECKUE OTBEThI NCCIEA0BAINCH IPU OMOIIUM MUKPO-
¥ MakKpOd3JIEKTPOJHOTO OTBEJEHUS; MOCieHee B OOJIBIIMHCTBE HKCIEPUMEHTOB OCYLIECTBIISIIN
napajjielibHO C U3MEPEeHUsIMH OTBETOB (hoTocuHTe3a. [losiHBIE CHEKTPBI OTPaKEHUS JIUCTHEB
OBUTM W3MEPEHBI CIEKTpoMeTpoM, a st u3MepeHus PRI ucnonb3oBanm pa3paboTaHHYIO
copmectHo ¢ UII® PAH cucremy ero mnpoCTpaHCTBEHHOTO HMMMJDKHUHIA; 00€ CHCTEMbI
MO3BOJISIIM  M3MEPSTh IOKa3aTeld OTPaXEHUS OJHOBPEMEHHO C (OTOCUHTETUYECKUMU
u3MepenusmMu. LIupoko npuMeHsIuCch (1yopeclieHTHbIE U IIOMUHECLEHTHBIE METO/IbI, BKIIIOYast
UCIIOJIb30BaHue (IyopecteHTHBIX pH-4yBCTBUTEIBHBIX 30HI0B U JTIOHMU(pEpUH-TIONUpEpa3HbIN
MeToh. [l KOMIUIEKCHOIO aHalu3a CHEKTPOB OTPAKEHUS M BU3YaIM3alMM IOJyYEHHBIX
pe3ynbTaToB OblIa pazpaboTaHa cepHsi IPOrPAMMHBIX HHCTPYMEHTOB C UCIIOJIb30SIBHUEM SI3bIKA
nporpammupoBanus Python. Taxoke ObuT pa3paboTaH psiJi «TOYEUHBIX» H «IIPOCTPAHCTBEHHBIX)
MaTeMaTUYECKUX MOJEJNEH Pa3IMYHOrO ypOBHS JeTalv3auuu s aHanusa BiausHus BIl nHa
dbuznonornueckue mporeccsl (mpexe Bcero, GOTOCHHTES).

JIMYHBIA BKJIAJ aBTOPA

ABTOp JMYHO CTaBWJI LEIM W 3aJa4d HCCIECJOBAaHMM, MPOBOJWI HUX JETAJIbHOE
IUTAaHUPOBAHKE, HETIOCPEICTBEHHO BBIMOIHSII UM OPraHNU30BbIBAJ IPOBE/IEHNE SKCIIEPUMEHTOB,



aHaJIM3 JAHHBIX U pa3paboOTKy MaTeMaTUYECKUX MOJIENei, MHTEepHpeTUpOoBal MOJyYeHHbIE
pe3yJbTaThl, MPEJCTABIUI PE3yibTaThl HAa HAYYHBIX KOH(EpEeHIMAX. ABTOp Y4YacTBOBAI B
MOJrOTOBKE BCEX CTaTed MO TeME JHUCCEPTAlMOHHOTO HCCIIEIOBAHUS, BBIMOJHSASA KIIOUYEBYIO
pOJIb B MOJATOTOBKE OOJIBIIMHCTBA U3 HUX. OCHOBHBIE PE3yNIbTAThl OBLIM MOIYYEHBI JINOO JTHYHO
aBTOPOM, JTUOO O] €ro HEMOCPEICTBEHHBIM PYKOBOACTBOM.

3HaynTeIbHAS YACTh MCCIIEIOBAHUN MTPOBOAMIACH B paMKaX MPOEKTOB, B KOTOPBIX aBTOP
BBICTyNAJI B KadyecTBe pykoBojauTens. Cpeau HUX MOXXHO OTMETUTh IpoeKThl Poccuiickoro
Hay4yHoro (onma: mpoekt Ne 14-26-00098 («Posib 3ekTporeHe3a B MOBBIIICHUU YCTONYUBOCTH
U YBEIMYEHUU TPOAYKTUBHOCTH CEJIbCKOXO3SHCTBEHHBIX pacTeHH mnpu ux o0padoTke
¢uroropmonammy, 2014-2016 rr.), mpoext Ne 17-76-20032 («Pannsst JUCTaHLIMOHHAs
JTUArHOCTHKA CTPECCOBOr0 (POTOCHHTETHUECKOTO OTBETA CEIbCKOXO3SIMICTBEHHBIX PACTEHUN IpU
neiictBun HeOnaronpusaTHIX (akropoBy, 2017-2020 rr., 2020-2022 rr.), mpoekt Ne 23-14-
00127 («KomIiutekcHOe  MaTeMaTHYeCKOE  MOJEIMPOBAHHUE  ONTHYECKUX  CBOHCTB U
¢dorocunTeTHyeckux mpoueccoB C3 pacTeHui Kak HHCTPYMEHT yCOBEPIICHCTBOBAHUS METOJIOB
UX JIMCTAHIIMOHHOTO MOHUTOPUHTA HA OCHOBE MYJBbTHCIEKTPAIbHOIO W THIEPCHEKTPAILHOTO
umukuHaraY, 2023-2025 11.). Takke mox pyKoBOACTBOM aBTOpa OBUT BBIIOJIHEH PsIl IIPOEKTOB
Poccuiickoro ¢gouaa GpynnameHTanbHbIx uccineaoBanuid: mpoekt Ne 14-04-01899 A («Bnusnue
DIIEKTPUYECKUX CHUTHAJIIOB HA JHEPreTUYECKUN CTAaTyC pacTeHWil: ()CHOMEHOJIOTHS U aHaJH3
mexanusmoB», 2014-2016 rr.), mpoekt 18-44-520009 («MaremMatuueckoe MOACIUPOBAHUC
dotocunteza C3 pacTeHUN B YCIOBHUSAX OBICTPBIX KOJEOAHUN WHTEHCHBHOCTH OCBELICHUSY,
2018-2021 rr.), mpoekr Ne 19-04-00614 A («Pomb mpOCTpaHCTBEHHOW HEOIHOPOJHOCTH B
PETyJSUN  DIIEKTPUYECKOTO OTBETa JIMCTAa BBICIIETO pAcTEHUs Ha JCHWCTBUE CTpeccopa:
TEOPETHYCCKUH U IKCIIEpUMEHTaIbHBIN aHamu3y, 2019-2021 rr.).

ABTOp ydYacTBOBaJd B pa3pabOTKe METoAa perucrpanud (OTOXUMHUYECKOTO HHJEKCa
OTpaKeHMs M CUCTEMbI €r0 MOHUTOPHUHTA, KOoTopas Oblia pazpadoTtana coBmectHo ¢ UI1D PAH.
Ha cucremy wmonutopunra PRI Obur momyuen mnareHt [A43]; oHa wucHoiab3oBanach Hpu
BBIMIOJTHEHUH Psiia SKCIIEPUMEHTOB B PaMKaX JUCCEPTAIMOHHOTO UCCIIEOBAHHUS.

[Tom pykoBOACTBOM aBTOpa IO TEME HCCIEAOBAaHUS OBLIO 3aIIMIICHO 3 KaHIUAATCKUE
JyccepTaluy, a Takxke Oosee 20 AUMIIOMHBIX pabOT CIEHUAINCTOB, OaKalaBpOB U MarucTpoOB.
PesynbraTel aBTOpPBHI OBUIM OTMEYEHBI HArpagaMH pa3IMYHOTO YPOBHS, BKIIOYAs TOYETHYIO
rpamoty MuHuctepcTBa oOpa3oBanus Huxeropoackoit obmactu (2015 r.) u 3010Tyr0 Menaib
MexnyHapoaHONH  arpolpOMBIIIJIEHHOW —BbICTaBKU-sipMapku  "Arpopycs" (MuHHCTEPCTBO
cenbckoro xo3siicta Poccuiickoit deneparyu, 2016).

IoJ10:keHnsi, BLIHOCUMbIE HA 3aIUTY

1.JlokanpHble MOBPEXKIAIOIINE BO3ACHCTBUS (IpPEKAE BCEro, JOKAIBHBIA OXKOT)
BBI3BIBAIOT PACIPOCTpaHEHHE BapuaOEIbHOTO IMOTEHIMANA, KOTOPBIH WHAYIHPYET OBICTPYIO
WHAKTHBAIMIO GOoTOCHHTeTHYeCKHX mporieccoB (5-10 MuH). BpeMeHHOe CHMKEHHE aKTHBHOCTH
H*-AT®a3bl 1iasMaTu4eckoii MeMOpaHbl SBISETCS HMHIAYKTOPOM TaKOW WHAKTHBAIWH. [Ipu
3TOM, 3allleladyrBaHue anorviacta Hapymaet nocrymieHrue CO2 B GOTOCUHTE3UPYIOIINE KIETKH,
BBI3bIBAs MHAKTHBAIMIO TEMHOBOH cTaanu (DOTOCHHTE3a, YTO SIBISCTCS OJHUM W3 MEXaHHW3MOB
MHAKTHBAaLlUU cBeTOBOM craauu. C Opyroil CTOPOHBI, 3aKMCIIEHUE HUTOIUIa3Mbl MPHUBOAMT K
CHIDKeHHMIO pH B cTpoMe u JIIOMEHE XJIOPOIIACTOB, HEMOCPEICTBEHHO HHAKTUBUPYS TPOIIECCHI
CBETOBOM CTaiuM (CHMXXKas HEHUKIMYECKU moTok 3nekTpoHoB (LEF) u yBenmuuBas CEF u
NPQ, a Take NOBbIIIast NOTEPH Ha akienTopHoi cropore OCI).

2. BapuaGenpHbIif MOTEHIMAT U3MEHSET YCTOMYMBOCTh (POTOCHHTETUYECKOT'O anmapara K
HarpeBy M TMOBHIIIACT OONIYI0 TEIUIOYCTOWYMBOCTh pacTeHHs. B ciydae ACHCTBUSA BBICOKOH
temneparypbl  (okonmo  53°C), BbI3BaHHOE BapuaOEIbHBIM  MOTEHIMAJIOM  CHIIKEHHE
TPaHCHHUpAIMK W YBEJIWUYEHHE TEMIIepaTyphl JHCTa TIPU HAarpeBe TOBBIMIAIOT TEIUIOBOE
nospexxaenne @OCII, a BoizBanHas BII ObicTpas wuHakTUBanus (OTOCHHTE3a IOBBIIIAET
terutoyctoiunBocth ®CI. [lpu >TOM, BBI3BaHHOE BapHaOEIbHBIM MOTEHIMAJIOM YCHIICHHE
terioBoro nospexxaeHus @DCIl camo sBigercss ONONHUTENBHBIM (AKTOPOM CHHKEHHS
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teroBoro noBpexacHus OCIl. B cmywae menbmux temmepatyp (50°C um Hmxke), BII, mo-
BUJMMOMY, MOXET MOBBIIIATH TemioycToiunocts OCII.

3. ®opmupoBanre BapuabeIbHOr0 MOTEHIMaNa U ObICTPON MHAKTHBAIMH (HOTOCHHTE3a
MOTYT OBITh MOAM(DHULIMPOBAHBI PsIIOM (PAKTOPOB, BKIIOYAsh ECTECTBEHHYIO BapHaOeIbHOCTDH
aktuBHocTH H'-AT®a3bl mIa3MaTHYeCKOM MeMOpaHbl, JIMTENLHOE JEHCTBHE 3aCyXH H
npenBapuTenbHyl0  00padorky dk3oreHHbiMH  ABK  u  OBJI.  Ilocmemnee  sBisiercs
MOTEHLMAIbHBIM UHCTPYMEHTOM JJ1s yripaBienus unaykuueid BII u ¢dopmupoBanueM ObICTpoit
MHAKTHBAalMU (OTOCHHTE3a, MyTeM HuX cTtumyisinun (obpabotka OBJI) wnm monaBieHus
(o6paboTtka ABK).

4. ®opMupoBaHHE BBI3BAHHOW BapuaOEIbHBIM IMOTEHIMATIOM OBICTPON WHAKTHUBAIMU
dboTocuHTE3a COMPOBOXKIACTCS U3MEHEHUEM BEIMUYMHBI (DOTOXMMHUYECKOIO MHIEKCA OTPAKEHUS
(PRI) u psina BBISBICHHBIX Y3KOMOJOCHBIX HHAeKcoB, Bkimtodas RI(571,542), RI(538,500),
RI1(646,554) u RI(692,662); Takrie HHIEKCHI MOT'YT OBITh UCIIOJIB30BAHBI JJIS IETEKTUPOBAHUS U
KOJIMYECTBEHHOW OIICHKU M3MEHEHUH (POTOCMHTETUYECKOW aKTHBHOCTH Tocie mHayKiuu BIL
[Tokazarenu oTpa)keHHsI B IIMPOKUX CHEKTpalbHBIX nuanazoHax (100 HM) Takxke MeEIJIEHHO
MEHSIOTCS II0CJIE PaclpOCTpaHEHUs BapuaOeIbHOro MOTEHIMaNa (AECATKHM MHUHYT); OJIHAKO,
TaKhue€ W3MEHEHHMsS HE CBs3aHbl C (DOTOCHMHTETHYECKHMMH TMpOIECCAaMU U, MO-BUANMOMY,
00yCIIOBJIEHBI HEOOJIBIIUM CHUKEHUEM COJIEPKaHUs BOJbI B JINCTE, KOTOPOE Pa3BUBACTCS IOCTIE
nHaykuuu BII

JlocToBepHOCTH M anpodanusi pe3yJibTaTOB

JIoCTOBEpHOCTh MOJNYYEHHBIX HAYyYHBIX pE3YyJbTaTOB oOOecreueHa MPUMEHEHHEM
COBPEMEHHOI0  BBICOKOTOYHOTO M anpoOMpPOBaHHOTO  OOOpYAOBaHUS,  HAJAEKHBIX
AKCIIEPUMEHTAIBHBIX METO/I0B, KOMIUIEKCHBIX METOJIOB aHAJIU3a U 00paOOTKH JaHHBIX, IIMPOKO
HCIIOJIb3YEMBIX CTaTHUCTUYECKUX METO/0B, BOCHPOM3BOAUMOCTBIO PE3YJITaTOB HCCIEAOBAHUS.
JlocTOBEpHOCTh ~ pe3yJNbTaTOB  aHalM3a  pa3padOTaHHBIX  MaTeMaTHYEeCKHMX  MoJelei
NOJTBEPXKIACTCA UX TapameTpu3alnueld u Bepudukanueil, a TakKe HCIOJIb30BaHHEM XOPOIIO
MOKAa3aBIIUX ce0si paHee OMHCAHMM W YIPOUICHWH TMpH pa3paboTKe TaKUX MOJENEH.
[TosrydyeHHble pe3yabTaThl PACIIUPSIOT U JOMOJHSAIOT MPECTaBICHUs, c(POpMyIMpOBAaHHBIE B
X0Jie paboThl JAPYIMX MCCIEIOBATENbCKUX TIpyMIl. J[OCTOBEpPHOCTh IMOJyUYEHHBIX pPE3yJbTaTOB
JOTIOJTHUTEIIbHO  TMOATBEPXKJIAeTCs MyONMKaUsIMH B MEXIYHApOJHBIX  PEIEH3UPYEMBIX
XKypHanax Belcokoro ypoBHs. ITo teme nucceprauuu 3a nocnegnue 10 ser (¢ 2016 1) ObuIO
OImyOMMKOBaHO 42 CTaThbl B PEIEH3UPYEMBIX OTEYECTBEHHBIX W 3apyOeXHBIX HayYHBIX
KypHajax, BKJIOYas MHAEKcHpyeMmble B 0a3ax naHHbIX Web of Science u Scopus u nmeromue
peiitunr Q1 mwin Q2 o SJR (34) u unaexcupyembie RSCI (6). 3 Hux 27 craTtei B *KypHaIax
Q1 (SJR). Nmeetcs Takxke psia Oojiee paHHUX CTaTeil B BEAYIIMX HAYYHBIX )KypHAlIaxX IO TEMe
JUCCEPTAIMOHHOTO HCCIIE0BaHNUS.

OcCHOBHBIE pe3yJIbTaThl IUCCEPTALIMOHHON PabOThl OBLIM MPEACTABICHBI Ha Pa3IMYHBIX
MEXIyHapOJHBIX U BCEPOCCUNCKUX KOH(epeHIusax, B ToM yucie: Plant signaling and behavior
2016. 4rd International symposium. Proceedings. St. Petersburg, RUSSIA, 19-24 June,
2016; 7th International conference on “Photosynthesis Research for Sustainability-2016: In
honor of Nathan Nelson and Turhan Nejat Veziroglu, Pushchino, Russia, 2016; IV Poccutickuit
CUMIIO3UYM C MEXIYyHapOJHbIM yyacTHeM «DUTOMMMYHHUTET U KJIETOYHAsl CHUTHAJIM3ALMS Y
pactrenuii», Kazanb, 2016; ['ogumunoe cobOpanue oOmiectBa (hu3monIoroB pactenuii Poccuu.
«CurHanpHbple CHCTEMBI PACTEHMI: OT peuenTopa OO0 OTBETHOM peakUuu opraHn3may, CaHKT-
[TetepOypr, 2016; V Cwesna ¢usuonoroB CHI, V Cweszna OmoxumukoB Poccum, Jlaromsic,
2016; VIII Cone3n Poccuiickoro ¢poroduonornyeckoro odmectsa Beepoccuiickas koHpepeHus
“CoBpemennbie TipobneMbl ¢orobuonorun”, Illemcu, 2017; 8th International Conference
“Photosynthesis and Hydrogen Energy Research for Sustainability-2017” in honor of Agepati S.
Raghavendra, William A. Cramer, and Govindjee, India, Hyderabad, 2017; DxcniepimenTaibHas
Ouosiorusi pacTeHuil: (pyHIaMEHTaIbHbIE W MPUKIATHBIE acrekThl: ['omnunoe cobpanue ODP,
Hay4yHas KOH(epeHIMs U IIKoIa AIs Monoabix yueHblX, 2017 r., Cynmak; MexayHapoaHas
koH(pepeHmms «Perentopsl ¥ BHYTPUKIETOUHAs CUTHaM3aIus», [lymuao, 2017; MexaHu3Mbl
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YCTOWYMBOCTH PACTEHUN U MUKPOOPTaHU3MOB K HEOJIArONPUSITHBIM YCIOBUSIM cpefibl, [ onnyHoe
cobpanue OOmectBa ¢usznonoros pacrenuit Poccun, Hpkyrck, 2018; V MexnynapoaHas
Hay4yHO-TIpaKkTuieckas KoHpepeHuus «Poibp ¢usznonorun u OHOXMUMHHM B HHTPOIAYKIHH U
CCIICKIIMU CEeJIbCKOXO3HMCTBeHHBIX pacTeHuit», Mocksa, 2019; 10th International Conference
“Photosynthesis and Hydrogen Energy Research for Sustainability-2019” in honor of Kimiyuki
Satoh, Tingyun Kuang, Cesare Marchetti, and Anthony Larkum”, Saint Petersburg, Russia,
2019; IX Cse3n obmiectBa (husmosioroB pacrenuii Poccun «®u3nosnoruss pacTeHU — OCHOBA
co3manus pacreHuid Oymymero» Kaszawb, 2019; VI Cee3n 6modusukor Poccun, Kpacuonap,
2019; Conference proceedings 3rd International Conference Volga Neuroscience Meeting,
Nizhny Novgorod, 2021; IX Cse3n Poccuiickoro ¢HoToOHOJOTHUECKOro OOIIecTBa.
Bcepoccuiickas kondepenius «CoBpemMeHHBbIE Mpobiembl (orodmomorum», Illencu, 2021;
Bropoit  MexnmyHapomaHelii  arposkonorumueckuii  gopym,  Caskrt-IletepOypr,  2021;
Bcepoccuiickas HayuHas KOH(MEpeHIHs ¢ MeXIyHApOAHbIM yyacTHeM «DU3U0JIOTHS PacTeHUN U
(eHOMHUKA KaKk OCHOBA COBPEMEHHBIX (uToOHOTEeXHONOTUIY», ['ognuHoe cobpanue OOmiecTBa
¢usmonoroB pactenuii  Poccum, Hwkamit Hosropon, 2022; X cbe3l POCCHUCKOTO
¢doroOnomornueckoro oO0IecTBa, KOH(EPEHIUs «COBPEMEHHBIE MPOOIeMbl (HOTOOHOIOTHI,
[Mencu, 2023; [ peruonansHoe coOpanue PDO wu Bceepoccuiickas koHpepeHIHS C
MEXIyHapOaHBIM ydacTHeM «CoBpeMeHHBIC Mpo0aeMbl (OTOOMOIOTHH W OMO(DOTOHHUKMY,
Hwxnuit Hosropoa, 2024.
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2. OCHOBHOE COJEPKAHHUE JOKJIAJJA

2.1. DueKTpUYecKHe CUTHAJIBI Y PACTeHUH U X (YHKIHOHAJIBHAS POJIb

B ecrecTBeHHBIX  yCIOBHSX  Ha3eMHBIE  DPACTCHHS  IOJBEPKCHBI  BIHMSHUIO
MHOTOYHCIICHHBIX ~ HEONAronpusATHBIX  (aKTOPOB, JCHCTBHE KOTOPBIX MOXET HMMETh
POCTPaHCTBEHHO-HEOHOPOIHBIN xapakTep [Al5]; B 4aCTHOCTH, N30BITOUHBINA CBET ICHCTBYET
PEUMYIIECTBEHHO Ha JIMCThS, HEOIArompusATHBIE TEMIIEpaTyphl CHIIbHEE BIUSIOT Ha IMOOeT,
HEXXEIM Ha KOPEHb, MEXaHWYECKOE TIOBPEXKICHUE JICHCTBYET Ha KOHKPETHBIC 30HBI
pacTUTENBHOTO OpraHu3Ma. BcrencTBue 3TOro, pacTeHUI0 TpPeOyOTCS CTPECCOBBIE CHTHAIBI,
PacIpOCTPAHSIONINECS] U3 30H JICHCTBHSI CTPECCOPOB B HEMOBPEXKICHHBIC YYACTKH PACTCHUS H
o0ecreynBaroIye KOOPAUHAIMIO (PU3NOIOTHYECKUX MPOLIECCOB HA YPOBHE IEJIOT0 OpraHu3Ma
(Dempsey, Klessig, 2012; Shah, Zeier, 2013; Devireddy et al., 2018; Hilleary, Gilroy, 2018).
DJEeKTpUYECKUe CHUTHANbBI, TPEACTABIAIONIME CO00H o0OpaTuMbple HW3MEHEHHs TpaJueHTa
JJIEKTPUYECKOr0 TOTeHIMada Ha IUia3matiuueckoil wmemOpane (Em) W cmocoOHBIE K
pacIpoCTpaHEHHIO, MTPAIOT, MO-BUAMMOMY, BRXHYIO POJb B KauecTBE OBICTPHIX CTPECCOBBIX
curnanoB y pacrenuii (Fromm, Lautner, 2007; Hedrich et al., 2016; Huber, Bauerle, 2016;
Szechynska-Hebda et al., 2017; Pachu et al., 2023).

W3 nureparypel HW3BECTHO, YTO JJICKTPUYECKUE CHUTHAIBI MOTYT WHIYIIMPOBAThH
SKCIPECCHIO 3alUTHBIX reHoB, BKaouas PIN1, PIN2 u VSP2 (Wildon et al., 1992; Mousavi et
al., 2013), cTtuMynupoBaTh CHHTE3 CTPECCOBBIX (HUTOTOPMOHOB, BKJIIOYas aOCIH30BYIO |
xacmoHoByto kucnotel (Hlavackova et al., 2006; Hlavinka et al., 2012; Farmer et al., 2020),
Hapymiath 3arpy3ky ¢iaosmer (Fromm, 1991; Fromm, Bauer, 1994), BbI3biBaTh BPEMEHHYIO
OCTaHOBKY (DJIOOMHOTO TOTOKA M JUIUTENIbHYIO OKKIIFO3MIO CUTOBHIHBIX 3JIEMEHTOB KaJUIO30M
(Furch et al., 2007, 2009; van Bel et al., 2014), ctumynuposats naeixanue (Filek, Koscielniak,
1997; Lautner et al., 2014), moanduIMPOBaTh TPAHCIHPALUIO, BBI3bIBas €€ MHOTO(Aa3HbIC
usmenenus (Kaiser, Grams, 2006; Vuralhan-Eckert et al., 2018), 3ame119Th pOCTOBBIE IPOLIECCHI
(Shiina, Tazawa, 1986; Stahlberg, Cosgrove, 1996) u BIuSTP HAa MHOTHE JpYyTUE
¢usnonornueckre  mpouecchl  pacteHuid.  CunTaercs, 4YTO KOHEYHBIM  PE3YJIbTaToOM
MHOT000Pa3HBIX (PH3HOIOTUYECKHX OTBETOB SIBJISETCS BO3PACTAHHWE YCTOMYMBOCTH PACTEHHS K
neicTBui0 HeOmaronpuaTHbeIx ¢pakropos (PeruBun u np., 1999; Szechynska-Hebda et al., 2017).
CornacHoO NaHHBIM JIUTEPATYphl, TAaKOE BO3PACTAHHWE MOXKET MPOSBIATHCA KaK B CHUIKCHUU
HNOBPEXJEHUS (OTOCHMHTETHYECKOrO ammapara U COXpPaHEHHU XJIOPOQHIUIOB NpH JeHCcTBUU
CTpeccopoB (OXJIaXX/IEHUE, HarpeB, W30BITOYHBIA CBET), TaK M B MEHBIIEM HapyIICHUU
LEJIOCTHOCTH IUTa3Matiueckoir MemOpaubl (PetuBuH u ap., 1999; Szechynska-Hebda et al.,
2010; Zandalinas et al., 2020a, 2020b). OtmeueHHBIC pe3yJNbTaThl IMOKA3bIBAIOT, YTO
AIIEKTPUUYECKHE CUTHAIIBI YYaCTBYIOT B ((OPMUPOBAHUM CUCTEMHOI0 a/IallTAlIMOHHOTO OTBETA.

[Ipu »TOM, (poTOCHHTE3 SABISIETCS BAXKHON «MUIIEHBIO» JJIS DJIEKTPUUECKUX CUTHANIOB. B
psine pabotT moka3aHo (cM. 0630p [Al]), 4To Takue CUTHAJIBI MOTYT BbI3BIBAaTh OBICTpPYIO (5-10
MUH) U JUIMTEIbHYIO (0 yaca M OoJjiee) MHAKTHBALMI (OTOCUHTETUYECKUX IPOILIECCOB
(camxenue accummisinuu CO2 u akTuBHOCTH noToka 31eKTpoHoB B OCl u OCII u Bo3pactanue
NPQ), aktuBammio ¢GorocuHTe3a (Bo3pactaHue A), a Takke KOMOMHUpOBaHHBIC OTBeTHI. [Ipm
aTOM, ObICTpast MHakTHBanus Gotocuntesa (Kaiser, Grams, 2006; Gallé et al., 2013; Biatasek et
al., 2017; Szechynska-Hebda et al., 2022) sBisieTcsi MIMPOKO pacHpOCTPaHEHHBIM M HanboJjee
paHHUM (OTOCHHTETHYECKMM OTBeTOM. CyIlecTByeT THIOTe3a O TOM, YTO BBI3BaHHBIE
DIIEKTPHUYECKIMH CHTHAJIAMH (PU3UOJIOTHUECKUE OTBETHI OOJIETYar0T Pa3BHTHE CHEIH(PUISCKIX
a/IanTallMOHHBIX U3MEHEHUH, KOTOphle MHIYLUPYIOTCS Oojiee MEJICHHBIM paclpoCTpaHEeHHEM
curHanoB apyroi npupoasl (Choi et al., 2017; Szechynska-Hebda et al., 2017). Mcxoas u3 Hee,
MOYKHO TpEeAIoaraTb, YTo UMEHHO ObICTpast MHAKTHBALKs (POTOCHHTE3a B HAUOOJbIIEH cTeNeHn
CBSI3aHA C PACIPOCTPAHEHHEM DJJIEKTPUYECKHX CHTHAJIOB W TpedyeT o0co00 TIIATeTLHOTO
U3yYEHHUSL.

B HacTosimiee Bpemsi, BBLICISIOT TPH OCHOBHBIX THIA PACIPOCTPAHSIOLIIXCS
aNeKTpudeckux curHanoB y pacrenuid [Al,A15A40]: moreHuuan AEUCTBUSA, CHUCTEMHBIN
noteHuuan u BapuabenbHbiil noreHuuan (BII) (Puc. 1). [loTenuman aeiictBus mnpeacTaBisieT
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€000l KOPOTKYIO (IECATKN CEKyHJ] — MHHYTHI) UMITYJIbCHYIO PEaKIUIO, KOTOpast BOSHUKACT TPH
JEICTBUM HEMOBPEKIAIOIINX CTPECCOPOB (OXJIAKIEHUE, HAAABIMBAHUE, NEUCTBUE COJEH U
JpyTHe), HalpaBieHAa B CTPOHY ICTOJSAPU3AINHU, MOJUUHSIETCS 3aKOHY «BCE HIJIM HUYETO» U
AKTHBHO PacIpOCTPAHSICTCS 10 CUMILIACTY MIPOBOSIIUX ITYYKOB M/HJIH CUTOBHIHBIM dJIEMEHTaM
(Trebacz et al., 2006; Fromm, Lautner, 2007). I'eHepamus moTeHIMaga ICHCTBUS SBIISETCS
pe3yNbTaTOM aKTUBAIMM MOTEHIHAT-3aBUCHMBIX Ca?* KaHanoB MIa3MaTH4eCKOH MeMOpaHEI,
BXOJla MOHOB KaJblMs B IUTOIUIA3y W TOCICAYIOICH aKTHBAllMd aHUOHHBIX u outwardly-
rectifying xanmeBbIx KaHAIOB, a TakKe KparkoBpeMeHHOW wuHaktuBaimu H'-AT®azer (Felle,
Zimmermann, 2007; Sukhov, Vodeneev, 2009).

50 MB

10 M1

v

IloTeHnman geiicTBIA

Bapnadensuerii motenrman (BIT)
+

50 mB

10 vt

CuHCcTeMHEBIII ITOTEHIIIAT

Puc. 1. CxeMbl OCHOBHBIX THUIIOB PACIHPOCTPAHSIOMIUXCS DIEKTPHUUECKUX CHUTHAJIOB Y
BhIcIINX pacTeHuit (Ha ocHoBe [Al]). Ctpenka 0003HaYaeT MOMEHT JIOKJIBHOTO JEHCTBUS
ctumyna. [l moreHnuana AEHCTBUS 3TO HEMOBPEXKAAIONINE BO3ACHCTBHUS (OXJIaXICHUE,
HaJaBIWBaHMUE, JeWcTBHEe coled u gap.). Hns BapmabenbHoro mnortenmuana (BII) sto
MOBPEXKAAIOIINE BO3JIEHCTBUS  (OXKOT, OJKCTpEeMalbHBIA HarpeB, pas3aaBnuBanue). Jlus
CHUCTEMHOTO TIOTEHI[MAA, TO-BUJUMOMY, O3TO MOTYT OBITh Kak TOBPEXKJAIOIINE, TaK |
HEMOBPEXKIAIOIINE BO3CHCTBUS.

CucreMHBII TOTEHLMANI MpeJICTaBiIsieT co0OM  JUIMTENbHYIO  (AECSATKH  MHUHYT)
AIIEKTPUUYECKYIO PEAKIUIO CIOKHOW (DOpPMBI, HampaBJIEHHYI0 B CTOPOHY THIEPHOJISPU3ALUU
(Zimmermann et al., 2009, 2016), koTopas MOXeT BO3HHMKAaTh KaK TMpPH JCHCTBHU
HEMOBPEXKAAIOIINX, TaK U MOBPEKAAIONIUX CTPECCOPOB. MeXaHU3Mbl CUCTEMHOIO MOTEHIIHANA
OCTAIOTCSI JI0 KOHIIa HEM3BECTHBIMU; OJHAKO, OH MOXET OBITh CBSI3aH C PACIHpPOCTPAHEHHEM IO
KCUJIEME TH/IPaBINYECKOI BOJIHBI C MaJIOW aMIUTUTYA0H, IPUBOAALICH K YMEPEHHON aKTUBAIMH
MeXaHOJyBCTBHTEeNbHBIX Ca’" kaHanoB MuazMaTHdecKoil MeMOpaHbl 1 HeGombmomMy Bxoxy Ca?t
B IIUTOIUIa3MY; B CBOIO OU€pelb, BO3pacTaHHe KOHIICHTPAIMU HOHOB KaJIbIIUS MOXKET MPUBOAUTH
Kk 3akpeituio  inwardly-rectifying kamueBbIX KaHAIOB W CMEIICHHUIO PE3yJbTHPYIOIIETO
MeMOPaHHOTO MOTEHIMAalIa B 0oJiee OTpHUIlaTelbHyt0 oosacts [A40].

BII siBnisieTcst UIMTENBHBIM (JECSITKH MHHYT) JIETOISPU3AIMOHHBIM CUTHAIOM CIIOKHOW
dopmaer (Stahlberg et al., 2006; Szechynska-Hebda et al., 2017), koTopblii BO3HUKAET y BBICIIHX
pacTeHUi MpH JIOKAJTBHOM JEHCTBUH MOBPEXKAAIOMIUX (PaKTOPOB (0XKOT, SIKCTpPEMaIbHbIN Harpes,
MexaHHueckoi pasznaBiuBanue). Ilo-Buaumomy, pacrnpoctpanenue BII sBnsiercs pesynbraTom
nepeiaud CUrHajda HEedJICKTPHUUYSCKON MPHPOJIbI: XUMHUYECKOro areHrta (Bo3moxuo H202) wim
ruapaBinyeckoid  BomHbl  [A50], KoTopele, B CBOI oOuepeAb, MOTYT WHIYLUPOBAThH
cymecTBeHHEI Bxog Ca?’ uepes JUraHI-3aBUCHMBIE WM MEXaHOUIYBCTBHTEIbHBIE KANbIHEBHIE
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KaHalbl, [PUBOAS K JIMTENbHOM wMHakTuBamuu H-AT®asel M cABATY MeEMOPaHHOTO
noTeHIuana B 0oyiee MOJIOKUTEIBHYIO CTOpOHY. YuuThiBasi, uro BIl mHaynupyercs B kpaiiHe
HEOJArONMPUATHBIX ISl PACTEHUN YCIIOBUSAX, MOKHO MPEAMNOI0KUTh, YTO ITOT CHTHAI UIPaeT
BXHYIO POJb B (OPMUPOBAHHM CHCTEMHOTO aJalTAllMOHHOTO OTBETA PACTEHUI B cCllydae
yrpo3bl ux BebKMBaHUIO [A15] 1, BeieacTBre 3Toro, Tpedyer 0co00 TIIATEIBHOTO H3YYEHHS.

Takum oOpa3om, AMCCEPTAIIMIOHHOE HCCIIEIOBAaHUE OBLIO COCPEIOTOYCHO HAa M3yUYCHUU
BapraleIbHOr0 TMOTEHIMala W OBICTPOW MHAKTUBAMU (POTOCHHTE3a, WHIYLIMPOBAHHON
pacnpoctpanenuem BII.

2.2. O0BbEKTHI H OCHOBHbIE METO/AbI HCC/IEI0BAHUS

2.2.1. PacmumenbHole 00beKmbl U UX KYJ1bMUBUPOBAHUE

B kauecTBe OCHOBHOTO OOBEKTa MCCIENOBAHUI HCIIONB30BAICA 2-3-HEACNbHBIA TOPOX
(Pisum sativum L.). B xauecTBe JONOIHUTENBHBIX OOBEKTOB UCCIICIOBAHUI HCIIOJIB30BAIUCH 2-
3-uwenenpHas mmennna (Triticum aestivum L.) u teikBa (Cucurbita pepo L.), a takxke 2-
MecsiuHas repanb (Pelargonium zonale L.). B pa3nuuHbIX BapraHTax SKCIIEPUMEHTOB, PACTCHUSI
BhIpAlllMBAIM B KiuMmaruueckod kamepe Binder KBW-240 (Binder GmbH, Tytnusres,
I'epmanus) [A2,A5A46] wiu B crnenuansHO OOOPYAOBAHHON BEreTallMOHHOM KOMHATE C
KOHTpOJIUpyeMbIMU yclioBusiMu  BbipamuBanus [A35,A36]; npu temneparype 24°C u 16-
yacoBoM (poTonepuosie. BrlpamuBaHue OCYLIECTBISUIOCh THAPOIOHHBIM METOAOM Ha cpene
Xormanga-Apaona [A2,A5A46] umm mecke [A35,A36]. B cimydae repaHH pacTeHHS
KyJbTHBUPOBAIUCH Ha rmouse [A44].

2.2.2. HuoyKyusa  6apuaenbHvlX  NOMEHUUAN08  JIOKAIbHLIM  OelicHeuem
nospexcoarouwux paxmopos

O>kOT UCTIONBF30BAH B KAYECTBE OCHOBHOTO MHIYKTOPA BapHaOebHOTO MOTEHIIHANA, YTO
COOTBETCTBYET JaHHBIM JuTeparypbl (Stankovi¢ and Davies, 1996; Hlavackova et al., 2006;
Grams et al, 2009). Ilpu »TOM, B ciyyac Tropoxa Ha KOHYMK BEPXHErO IEPBOTO
cOopMHUpPOBABIIErOCs JTUCTA MIOMAABI0 1 cM? BO3AEHCTBOBANM OTKPHITHIM ILIAMEHEM B TEUEHHE
3-4 ¢ [A2,A3,A4]. B kauecTBe MOMOJHUTEIBHBIX HHAYKTOPOB BIT HCHoap30Baau MOCTENCHHBIH
HarpeB pacTBOpa, B KOTOPHIH Obljla MOrpy’KeHa MPUMEPHO MOJIOBUHA CTUMYJIMPOBAHHOTO JIUCTA,
ot 22-24°C — o 60°C ¢ ucnons3oBanueM snementa [leapthe [A12,A30,A31] 1 MexaHHUYECKOE
pa3[aBiMBaHUE TIOJIOBUHBI JIHCTA IUIacTMAcCOBBIM mmmuHapoM [Al2]. Cxomubli oxor (c
niomanpio 2-3 cM?) HAHOCHIM Ha ceMsagolu ThikBeI [A45,A51] u muctes repanu [A44]. B
cllydJae MIICHUIbI, 00KUTalli UITH HAarpeBain BepXyuiky iaucta amuHoi 1-1.5 cm [A30,A31].

2.2.3. H3mepenusn 3n1eKmpuyeckoii akmueHocmu

B OonbmMHCTBE SKCIEPUMEHTOB s H3MEPEHUs D3JIEKTPUYECKON aKTUBHOCTH
UCTIONB30BAIM  JKcTpakieTouHoe otBenenne [A3,A11,A16,A36,A41]. VYcranoBka mis
M3MEPEHUS DIIEKTPHUECKON aKTUBHOCTH BKitouyana B cebs Ag'/AgCl snektpomasl (DBJI-1M3,
['omenbckuil 3aBoJ M3MEpPUTENbHBIX NMPUOOPOB, benapyck), BHICOKOOMHBIN MHJIIUBOJBTMETP
(102 Om) (MII-113, Cemukxo, Poccus) M TIepCOHANBHBIA KOMIBIOTED. DIEKTPOIBI
KOHTAKTHUPOBAJIM C PACTEHHEM C TMOMOIIbI0 3ekTponpoBossiiero rens Uniagel (I'empTek-
Menuka, Poccust) unu ¢utuneit, cMoueHHbIX cTaHnaptHeiM pactBopoM (1 MM KCl, 0.5 MM
CaClz u 0.1 MM NaCl). DaekTpos cpaBHEHHS TOMEIIAN B CTaHIapPTHBINA PacTBOP, OMBIBAIOIIU
KOpeHb pacTeHus. s OZHOBPEMEHHOro H3MepeHHs (OTOCHMHTETHUYECKHX IOKa3zaTeneil u
ANEKTPUYECKON AKTMBHOCTH JINCTa B OT/ACIBHOW cepuu dSKcnepuMmeHToB [A8] B KadecTBe
AIIEKTPOAOB HCIOJIB30BAUCH CEpPEeOPEHHbIE 3a0CTPEHHBIE MPOBOJIOYKH, KOTOPBIE MOJBOAMIN K
JCTY, 3)KaTOMY B CHCTEME JUTS U3MEPEHUST (POTOCHHTETHYECKHX TTOKa3aTeIeH.

B pszge skcrepuMEHTOB TakXe HCIOJIB30BAIM MHUKPOAJIEKTPOAHOE OTBEIEHHUE; TaKoe
OTBEJICHUE ITO3BOJISUIO OCYIIECTBHTH TOYHYIO OIICHKY mokaszatened curHanma [A2,A30,A46] u
onpenenuth akTuBHOCTh H-AT®a3bl mo BenmunHe Mmertabonuueckoro noreHnuana [A20,A22].
Merabonuueckuii moreHnuan (Ep) oneHnBaim mo u3MeHeHHIO MeMOpaHHOTro noTeHiana (Em)
IpU JEHCTBUM BBICOKOM KOHIEHTpanuu oproBaHanara HaTpus (OB, 5 MM). M3mepurenbHas
cuctema BkIoyana B cebs mukpockon SliceScope Pro 2000 (Scientifica, BenukoOpuranus),
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ycumutenb  Multiclamp 700 B (Molecular  Devices, CIIA), cucremy c6opa
anektpodpusnonorndeckux AaHHbIX DIGIDATA 1550 ¢ mu3kum ypoBHem mryma (Molecular
Devices, Sunnyvale, CIIIA) u nepcoHaIbHBIN KOMIBIOTEP. MUKPONUTIETKH ObUIH W3TOTOBJICHBI
C HCIIOJIb30BaHMEM MHKpPOKY3HHIIBI Sutter Micropipette Puller P-97 (SutterInstrument, CIIIA).
MukpoanekTpossl, 3anonHsiick 100 MM pactBopom KCl. DnekTpon cpaBHEHHS ITOMEIIAICS B
CTaHJAPTHBINA PACTBOP, KOHTAKTUPYIOIIHUN C JTUCTOM.

2.2.4. Hccneoosanue homocunmemuueckux npoyeccos u mpancnupayuu

B wmccienoBaHusX NPUMEHSIIOCh HECKOJIBKO CHUCTEM JUIS OLEHKH (POTOCHMHTETHYECKHX
MIPOLIECCOB U/UITK TpaHCTIUpaluu. B GONbIIMHCTBE SKCIIEPUMEHTOB, UCIIOJIB30BaIM KOMOUHAIUIO
razoananm3aropa GFS-3000, PAM-¢ayopumerpa Dual-PAM-100 u xamepsr 3010-Dual (Heinz
Walz GmbH, I'epmanusi), 4TO MO3BOJSUIO OLIEHMBATh MHapaMeTpbl Kak ()OTOCHMHTE3a, TaKk U
tpancnupanuu [A2,A5A8,A12,A19,A20,A41]. Ha ocHOBaHWH OOIIEIPUHATHIX YpaBHEHU# (VON
Caemmerer, Farquhar, 1981; Maxwell, Johnson, 2000; Klughammer, Schreiber, 2008)
IpOTPaMMHOE O00ECIIEYeHHE CUCTEMbl aBTOMATHUECKH PACCUMTHIBAJIO OCHOBHBIC MapaMeETPhI
CBETOBOM M TEMHOBOW cTaguu (POTOCHHTE3a M TpaHCIUpalMHU. B 4acTHOCTH, pacCUMUTHIBAINCH
BeNMMUMHBl accuMmwisiiu (A) u tpancnmpauuu (E), BomHas mpoBOAMMOCTB YCTBHUIL (JH20),
kBaHTOBBbIe BBIXOABI DCIl (dps)) u DCI (dpsn), NPQ wu psn apyrux TmoKasaTesei.
Oueprozasucumyio kommoneHTy NPQ (NPQF) ompenernsiiu mo BeauuuHe OBICTPOH peaKcaruu
NPQ (MuHYTBI) TIOCIIE TPEeKpalieHus aeiicTBus akruangaoro ceera (Maxwell, Johnson, 2000).

Pacuer nenukimueckoro moroka 3aekTpoHoB (LEF) u nuknnyeckoro nmotoka 3JeKTpoHOB
Bokpyr ®CI (CEF) ocymectisiiics Ha 6a3e ypaBuenuit (1), (2) u (3), koTopble OnMpaanch Ha
mutepatypy (Miyake et al., 2004, 2005; Huang et al, 2012; Zivcak et al., 2013) u

MMpCAJIOKCHHBIC B paMKax JAUCCEPTATUMOHHOI'O HCCIICA0OBAaHUA IoAXO0 bl
[A11,A22,A36,A41,A48]:
LEF = Abs-dll - gy, - PAR 1)
CEF = Abs-((1—dlIl)- g —dIl - by, )- PAR )
d) LL
dil = Pl 3)

LL LL
(ﬁPSI + (pPSI l

rae Abs=0.88 — mons moryomeHHOro TUCThAME (OTOCHHTETHYECKH akTHBHOrO cBeta (PAR)
ans ropoxa [A48]; dIl — nons mormomennoii PAR, nanpasiennas k ¢orocucreme ll, gpsi-- u
drsutt — kBanTOBHIE BEIXOAEI DCI M1 OCIl B yCIOBHAX HU3KOH MHTEHCHBHOCTH OCBENIEHHS (B
HCCIIEIOBAHMH IIMPOKO HCHOJIB30BA0Ch 24 MKMOJL M2 ¢).

B skcniepuMeHTax ¢ OJHOBPEMEHHON pEeTUCTpaIell ClIeKTPOB OTPAKEHUSI U aKTHBHOCTH
¢doTtocunTe3a coBmecTHO wucmoib3oBaan Dual-PAM-100 u cnekrpomerp S100 (SOLAR
Jlazepubie Cucremsl, benapych), KoTopble UMenu (PUKCUPOBAHHOE TMOJOKEHUE OTHOCHUTEIHHO
apyr gapyra u gucra pacrenus [Al6,A17,A23,A24,A25,A33,A34]; Takoe TMOJIOKCHUE
obecneurBaioch MoauduipoBantoi kamepoit Dual-PAM-100 ans uccaemoBaHus CyCIEH3UA.
Taxxe Dual-PAM-100 ¢ kamepoil Ui WCCIEAOBaHHS CYCIICH3HH HCIOIB30BAICS IS
UCCIIeIOBaHMs XJIOpoIIacToB u mpotorutactoB [A20,A45,A46,A51]),

Cucremsr umumpkuara IMAGING PAM M-Series MINI Version (Heinz Walz GmbH,
I'epmanus) [A12,A26,A30,A37] u Open FluorCam-0O/1010 (Photon Systems Instruments,
Yexus) [A31,A35] ucnonb3oBauCh JUIsl UCCIEIOBAHUS MPOCTPAHCTBEHHOTO paclpeieeHus
nmapamMeTpoB cBeToBOW cramum (ortocuHTe3a, Bkmouas Dpsy, NPQ m LEF. VYcpennenme
nokasaresei Mo3BOJIsUI0 U3MEPSITh X MHTETPaIbHbIe BETMYUHBI 10 YYaCTKY JIUCTA.

Hus peamm3zanmu  OJIP-tecta (aHanm3a WHIYKIMOHHOH KpHUBOH  (IryopecreHInn
xnopodmuia a), ucnoib3oBaics M-PEA-2 (Hansatech Instruments Ltd., BenukoOputanus)
[Al1]. TIpu srom mapamerpbr OJIP Tecta pacCUMTHIBAIMCH ABTOMATHUECKH TPH TTOMOIIH
IPOTPaMMHOT0 oOecrieueHus: mpudopa, KOTOPOe MPUMEHSIIO IMIHUPOKO UCTONIb3yEeMble YpPaBHEHUS
u3 padort (l"osbues u ap., 2016; Strasser et al., 2000).

[MposogumocTs H-AT®-cunTa3s! (gs) U MApaMeTPhI HIEKTPOXUMHIECKOTO TPAJUCHTA Ha
THJIAKOUIHOW MeMOpaHe, a TaKkKe 3aKUCIICHHUE JIIOMEHA XJIOPOILIACTOB OIPEENSITH C TTOMOIIBIO

16



Dual-PAM-100,  ocuHamennoro  P515/535  smurrep-meTekTopHbiM  Moxmyiem  [A3];
UCMOJb30BaTach KOH(Urypamus CHCTEMBbl [ HCCIEJOBAaHUS JIMCThEB. KOMIIOHEHTHI
pellakcalliyd  3JEKTPOXPOMHOTO CIBUTA KCIIONB30BAIM JUISL OMpENelIeHHUs] OTHOCHTEIbHOU
BEJIMYMHBI AJieKkTpoxumudeckoro rpaaueHta (ECSpmf), rpammenta mnporoHoB (ECSapn) u
anektpuueckoro moteHimana (ECSay) Ha TumakougHOW MeMOpaHe B COOTBETCTBHH CO
craggapTHeiM mpoTokosiom (Schreiber, Klughammer, 2008). IIposoaumocts H'-AT®-cunTasbl
OLICHUBAJIM KaK KO3 UUUEHT MpH SKCIOHEHTE MOCce HKCIOHEHIMAIBHOM amnmpoKCUMAIUH
penaKcaiuy 3JICKTPOXPOMHOIO C/ABHMra mpu BbikimoueHun ocBemieHus (Wang et al., 2015).
3aKuClIeHre JIIOMEHA OIICHUBAJIM HAa OCHOBE M3MEHEHHS paccesiHUsl CBETa Ha JJIMHE BOJIHBI 535
HM [OCJIe €ro BBIKIIOYeHHs (MUHYTHbBIH uHTepBan) (LS) B cooTBeTcTBUM CO CTaHAapTHBIM
npotokosiom (Schreiber, Klughammer, 2008).

Ckopocth oOMena Oz B mpororutactax npu umutaimuu (opmuposanus BIT [A20]
usMepsin ¢ nomoimpio Oxygraph Plus System (Hansatech Instruments Ltd., BenukoOpuranus).
Cucrema ObUIa UCTIONIB30BaHA [T OLIGHKH peakuuii poTocuHTe3a (CHHUI akTHHUYHBIN cBeT, 460
uM, 240 Mxmons M2 ¢b) u mpixanus (TemHoTa). TeMmepaTypa CyClEH3HH BO BPEMs H3MEPEHHUS
nojiepKuBaiack noctostHHou (25°C). [l moBbIlIEHUS TOYHOCTH U3MEPEHHUs, BCE MPOObI ObLIN
pas3ziesieHbl Ha IBa PaBHBIX 00bEMa; OMBITHBIN (C 10OaBIEHHEM pacTBOpa OpTOBAaHAIaTa HATPUS,
ABJISAIOIEr0 MHrHOMTOpoM H™-AT®a3pl mia3Marudeckoil MeMOpaHbl) M KOHTPOJBHBIA (C
no0aBJIeHHEM CTaHAApTHOTO pacTBopa). MccienoBanyu TMHAMUKY Pa3HOCTH OIBITa U KOHTPOJIA.

2.2.5. Jleiicmeue cmpeccoevlx ¢haxmopoeé Ha GpomocunmemuyecKkuil annapam u
pacmenue ¢ yenom

JlokasbHBIM HarpeB UCCIEAYEMOTO JIUCTA PACTEHUS IPEUMYILECTBEHHO OCYILECTBIISIICS C
UCIIONIb30BAaHUEM  KOMIUIEKCa s (DOTOCHMHTETHYECKMX H3MEpPEHUH, COCTOSILEro U3
razoananuszaropa GFS-3000, Dual-PAM-100 u xamepsr 3010-Dual [A47,A49]. TlepBonauasnbHas
TeMIlepaTypa MOBepXHOCTH Jucta coctaBisia 23°C. Harpes npogoikancss 30 MUH; OCHOBHOE
BO3pacTaHWE TEMIEepaTypbl MpPOUCXoauiao B TedeHue 10 MuH, mocie yero TemmepaTrypa
OCTaBajlaCh OTHOCHUTEIBHO CTaOWIBHOW. Vcmonb3oBalloch JBa BapuaHTa HarpeBa: HarpeB 0
(UKCUPOBAHHON TeMIepaTypsl BO3AyXa, OKPYKAIOLIETo JHUCT (P ATOM TeMIleparypa JIHCTa
pEerucTpupoBasiacCh U MOTJIa BapbUPOBATh) M HArpeB /10 PUKCUPOBAHHOM TeMIepaTypbl JTUCTOBON
TUTACTHHKH (TIPU TOM TeMIlepaTypa KIOBETHI MOTJIa BapbHpoBath). [lapamerpsl ¢poTocuHTE3a H
ra3oo0MeHa U3MepsUINCh OJJHOBPEMEHHO C HarpPEBOM.

B oTnenpHOI cepum SKCIIEPUMEHTOB, JIJIsl OBICTPOTO MOBPEXKIEHUS (POTOCHHTETHYECKOTO
amrmapara MCIoJIb30BaIM JIOKAIbHBIM HarpeB JMCTa pacTeHUs B ropsueit Boje (5 MUHYT mpH 45
um 50°C) Opu OCBeIeHNH GeNbIM CBETOM C HHTEHCHBHOCTHIO 0Kono 100 Mxmons M2 ¢t [A4];
Jajee JTUCT ocymrancs (S MHH) U UCIIOIb30BAJICS JJIsI AaTbHEUIIIEr0 UCCIIEI0BAHHS.

Harpes nenoro pacrenus mpoBoauiau BHyTpu Tepmocrtata TV-20-PZ-“K” (KacumoBckuii
MHCTPYMEHTAJIBbHBIN 3aBoj, Poccust) 10 3aJjaHHBIX BBICOKMX Temmeparyp B TedeHue 30 MUHYT
[A23,A30,A34,A49].

3acyXy MHIYyLIHMPOBAIM IPEKpALIeHUEM I0JUBa PACTEHUH, KOHTPOJb MPOJOIKAIN
nonuBath [A23,A34]. BereacTBue HMCHONB30BaHUS MECYAHOTO CyOCTpara Jjisl BbIpAIlMBaHMS,
Takas cxema oOecrieurBaiia ObICTPYIO MMOTEPIO BOJBI pacTeHueM (4-5 cyTtok). PasBurue 3acyxu
OILICHMBAJIM IO OTHOCUTEIILHOMY COJIEP KaHUIO BOJIbI B IoOerax (WM JIMCThAX) U B cyOcTpare.

2.2.6. Ouyenka mennoycmoiiuugocmu omocuHmemuiecko20 annapama u pacmenuil
6 yenom

PaznuuHble BapyaHThl HarpeBa JIMCTa MM PACTEHHS BBI3BIBAINM OBICTPOE MOBPEXICHHE
(OTOCHHTETHYECKOTO —ammapara, 4YTO TMPOSBISUIOCH B CHIDKEHHH (OTOCHHTETHUYECKHX
nokazareneii [A4,A30,A47,A49]. HtoroBeie BeIMYMHBI TOKa3aTeleldl IOCIE BO3BpAICHHS
TEMIIepaTypbl K KOHTPOJBHOMY YPOBHIO HCIOJB30BAIU ISl OIEHKH TEIUIOYCTOWYHBOCTH
(OTOCHHTETUYECKOT O arnmapara.

Jlisg omeHKH OOIIel TemIoyCTOMUYMBOCTH PACTeHU, CpaBHMBAJIU JJIUHY IMOOEroB U
KOpHEH B pa3iIMyYHBIX KCIIEPUMEHTAIBHBIX BapHaHTaX (KOHTpoib 0e3 muaykuuu BII, koHTpoib
¢ unaykiueit BII, narpes 6e3 unaykiuu BI1, Harpes ¢ unnykuueit BIT) [A49].
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2.2.1. H3zmepenue uzmenenuit eHympu- u eHexiemouyno2o pH c¢ ucnonviosanuem
pamuomempuueckux QayopecyeHmHvlx 30H006

Benuuunbl BHyTpU- ¥ BHEKJIETOUHOTO pH H3MepsInch npy MOMOIIM paTHOMETPUUECKOTO
merona [A31,A46,A51,A52] ¢ ucnionszoBanneM pH-4yBCTBUTENBHBIX (IIyOPECHEHTHBIX 30HI0B
BCECF-AM u FITC-dextran (Life Technologies, CIIA). Jluct pacTeHus BbIIAEP)KHUBAIN B
pacTBopax 30HI0B B TeueHuu 12—-14 yacoB nmpu xkomHaTtHOH Temmepatype (50 MxM pactBOp
FITC-dextran) wnu npu temneparype 4°C (20 mxM pactBop BCECF-AM). [lanee 30HaBI
oTMbIBaM Ipu Temueparype 21-22°C B Teuenue 3 yacoB. DiayopeclEHLHIO HU3MEPSIN C
nomotbio  cnekrpodiayopumerpa Shimadzu RF-5301PC  (Shimadzu Corp., Snonus) wu
CHEIMAILHOTO MOJTYJIs [T u3MepeHus hiayopecieHny TBepabix oopasios (“I'panar”, Poccus).
CrnexTpbl BO30YXXKIEHHS CHUMaIM Kaxasle 5 c. DiayopecueHIUI0 BO30YXJadud CBETOM B
nuanasone 410-500 HM ¢ MHTEHCHUBHOCTBIO OKONO 185 Mkmoins M 2 ¢ 1. B skcrepumeHTax c
BCECF-AM wu3mepsuii OTHOIIEHHWE WHTEHCUBHOCTH ()IIYOPECIICHIIMM Ha JUITMHE BOJIHBI 525 HM
IpY JJIMHE BOJIHBI BO30Y K aaomiero ceera 490 HM K MHTEHCUBHOCTH TaKOH (IyOpeCeHINH MTPH
JUTMHE BOJHBI Bo30Yy kaatomero ceera 450 M. B skcnepumenTax ¢ FITC-dextran paccunTthiBanu
OTHOILICHHE HMHTEHCHBHOCTH ()IIyOpEeCIeHIMH Ha JUTMHE BOJHBI 520 HM TpW UIMHE BOJHBI
B30y knaromiero csera 490 HM K MHTEHCHUBHOCTHU TakoW (pIyopecleHUIry NpH JUIMHE BOJHBI
B030yknatomiero ceera 460 M. HaiiieHHBIE COOTHOIIEHUS UCIIOIB30BAIH [T pacuéTa BHYTPH-
U BHEKJIeToyHOro pH Ha ocHOBE KanmuOpPOBOYHOM KPUBOH.

Jns OMHOBPEMEHHOM PETUCTPALIMU JIEKTPUUYECKUX CUTHAJIOB M KAYECTBEHHOM OIICHKH
usmenenuss pH amorutacta [A31] ucnmonb3oBaiu cucTeMbl (IIyOPECIEHTHON BU3yaIH3aldH
DVS-03 (MJIMT PAH, Poccus). 10 mxkM BCECF 3arpyxanu nmpu KOMHaTHOH TeMIiepatrype B
TEMHOTE IO/l BpEMEHHO NMOHMKEeHHBIM faBieHueM (0.2 at™, 10 MUHYT) B TUCT pacTeHHUsI, a 3aTeM
BBIJICP)KMBAJIM B TE€UYEHUE 6 4acOB NpU HOPMAILHOM JaBiieHUH. [lamee mpoBOIMIM OTMBIBaHUE
30HAa. DIyopecieHINI0 30H1a BO30Y KAl Mpu JJIMHE BOJHBI 488 HM U PEruCTpUpPOBAIIU C
nomoIipio uaTepdepernuontoro gmistpa 530/50 (Zeiss, 'epmanus).

2.2.8. HneubumopHhulii ananusz MexaHu3mos 6IUAHUA 6apUAdenbH020 ROMEHYUANa Ha
domocunmes

O6pabotka npororodopom KIIXDI' (Sigma-Aldrich, Inc., CIIIA) 6buta ncmonb30BaHa
JUIE MHIYKIAA BXOAAa TPOTOHOB B KJIETKM M aHaHM3a IMOCIEAYIOMHNX (HOTOCHHTETHUECKUX
usMmeHeHuit [A46]. I1pu 3ToM NPHKPEIUICHHBI K PACTEHHIO JIUCT, Y KOTOPOTO 3apaHee cpe3an
SMUICPMHUC, HHKYOUPOBAIM B CTaHAapTHOM pactBope ¢ O0ydhepom (MES-KOH, 20 mM, pH=6) B
usmeputenpHoil kamepe Dual-PAM-100 (c6opka mis cycrnensuit). KIIX®I' nobapmsiin mocie
TEMHOBOM W CBETOBOW aJamnTaliid, KOTOpas COMpPOBOXKAANach H3MEPEHHEM IapaMeTpoB
cBeToBOM ctamuu (Qortocunte3a. Kontpons pH B cpeae ocymiectBisuics ¢ momouipio pH-
anektpona DCK-10614 (OOO "HIII" Biomer, "HW3meputenbHbie TexHonoruu", Poccus) u
muuBoabT™MeTpa UITJI-113.

Ins  momudukanuu aktuBHOcTH H'-AT®a3bl 1mIa3sMaTHYeCKOW MeMOpPaHbl  JIUCT
pacteHust OblT mpeaBapuTenbHo 0ob6padotan 0.5 MM oproBanomaroMm Hatpus (OB) wim 1 MxM
dysuxokuuaom (PK) (Sigma-Aldrich, CIIIA) [A20,A22]. OB ucnoab3oBaics Kak HHTHOUTOP
H*-AT®a3b1 miasmatudeckoii memOpanbl, OK kak ee akrusarop (Zimmermann, et al., 2009).
[Ipu 00paboTke, JHCThbsI pacTEeHH HHKYOMpOBalIM B pacTBOpPE OPTOBAaHagaTa HATPHUS WU
(by3UKOKIIMHA B T€YEHUE 2 YacOB; B KOHTPOJIE UCIOIb30BasIcs pacTBop 6e3 OB u ©K.

2.2.9. H3mepenue cooeprycanus AT® ¢ rucme

B skcniepuMeHnTax ucnonb3oBanu Habop it onpeaeneHus AT® Ha ocHOBe JroIU(epuH-
momudepasznoro meroga (Biaffin GmbH & Co KG, T'epmanusi) [A2]. Cpe3aHHbId JHCT
B3BEIIMBAJIM U TOMOTE€HU3UPOBAIN B 5% JEeIIHON TpUXIOpyKCcycHOU kuciore. Uepes 15 MunyT
romMoreHat HeWTpanuzoBaics HeOonpmuM oobeMoM 3 M KOH wu paz6asmnsincs B 12 pa3 nepen
uzMepenuem coxaepxkanus ATO. Kaxnpas pernmkanus BKIoYala KaluOpOBOYHBIE 00pasIbl,
KOHTpPOJIbHBIN oOpazeny (nuct pacteHus 0e3 uHaykuuu BII) u skcnepruMeHTanbHbIN 00pazer
(;muct pacrenus ¢ unaykuueit BIT). CeroBble cymmbl (15 MHHYT) Beex 00pa3loB U3MEPSUIUCH
0JTHOBpeMeHHO ¢ Tomorisio Synergy 2 Multi-Mode Reader (BioTek Instruments, Inc., CILA).
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2.2.10. Bvioenenue xnoponnacmos u npomoniacmos

Xnoporutactsl Beiessin [A45,A46] mpu moMoIM CTaHAAPTHOT'O METO/1a, ONMCAHHOTO B
muteparype (Egorov, Krasnovsky, 1992). B kadectBe cpebl BolaeIeHUs Hcmoias3oand 0.35 M
NaCl u 0.06 M ¢ocharusiii 6ydep (pH=6.9). [Tapamerpsl cBETOBOM CTaauu B XJIOPOILIACTAX
ucciaenoBai ¢ mnoMonipio koHdurypamuu Dual-PAM-100 mns cycnensuid. s WHIYKIAW
3aKHUCJICHUsI Cpeibl MHKyOammu poOamisuim paznuudbie o0bembl 0.5 M HCI; B kontpose
NOOaBJSUIM  aHAJOTHYHbIE OO0BEMBbl Cpelbl BbIIENCHUS. pH CycneH3uu XJIOpOIIacToB
KOHTpoJIpoBaiiu ¢ moMoibsio pH-3nexkrpona SCK-10614 u UITJI-113.

B kagectBe mpyroro MojenbHOro o0beKTa MCmoib30Baiu nporomiactel [A20]. [ns ux
MOJTyYEHUs] y JIMCTHEB PACTEHUS yAAJSUIH SMUACPMUC, 3aTEM MX MOMEIIATN B HHKYOAIMOHHYIO
cpeny (400 MM copbutona, 5 MM CaClz, 5 MM MgCl26H20, 20 MM NacCl, 30 MM MES-KOH
(pH 5.5)), comepxamyto ¢epmentsl (1% nemtronossr U 0.2% mnekrunaza) u 0.2% Obrabero
ChIBOpOTOUHOTO anbObymuna (Sigma-Aldrich, CIIIA). MukyOanus nmpoaoipkaiach B TEUCHHE 2 4
npu cnabom Gerom ceete (0kono 42 MxMonb M2 ¢t) u KoHTponupyemoit Temmepatype (28 °C),
MOCJie Yero MPOTOIUIACThl OTACNSAIN OT JHUCThbEB. [l0TyYeHHYIO CYCIIEH3HMIO MPOIYCKAIU Yepe3
¢mieTp ¢ 50 MxkM mopamu U neHtpudyrupoBanu (5 munyt, 30 g, 4°C); ans mociueayomero
pecycrieHANpoBaHUs OblJIa HKCIIOJIb30BaHAa WHKyOanuoHHas cpena. DoTocHHTETHYECKHE
NOKa3aTel HM3MEpsUId C HChoiib3oBaHueM KoHpurypammu Dual-PAM-100 mist  aHanusa
cycmensuii wiu ¢ wucnonb3oBanueM Oxygraph Plus System. [lns oGoux cucrem Oblia
peanu3oBaHa OJMHAKOBBIE XapaKTEPUCTHKH aKTMHHYHOTO cBeTa (460 mMm, 240 mxmomps M2 cl).
Jns umurtanuu BIT B cuctemy 106aBnisiin opToBaHaaaT HATPHSL.

2.2.11. Obpabomka pacmeHuii IK302EHHLIMU PUMOZOPMOHAMU

PacTeHus onpbICKUBAIN BOJHBIMH PacTBOpaMH abciu30Boit kuciaotsl (ABK, 10° M) um
24-smbpaccunomuaa (ABJI, 10° M) (Sigma-Aldrich, CILIA) 10 MONHOTO yBIaKHEHUS THCTHER
[A22,A41]. KoHTpOJbHBIE pPACTEHUS OMPBICKUBAIN AUCTHUTUPOBAHHON BOJ0H. OOpaboTka
MOBOAMJIACH 33 CYTKH IIepe/I SKCIIEPUMEHTATBHBIMH MTPOLIETyPaMH.

2.2.12. H3mepenue cneKmpanbHblX XapaKmepucmuK ompaxceHus JUcCmoes u aHaiu3
domoxumuueckozo unoexca ompasrxccenus

J11g vccnenoBaHUi CIIEKTPOB OTPAKEHUS TUCTHEB PACTEHUI HCIIOIH30BAIN CIIEKTPOMETP
S-100 (SOLAR Jlazepusie Cucremsl, benapych), n3mepstoniuii criekTpsl B quamazone 190-1050
HM CO CHEKTpallbHbIM pazpemieHuemM okono 1 um [Al6,A17,A18,A23,A24,A25,A33,A34]. B
IKCIIEPUMEHTAX HMCIOJIB30BAII BPEMsI MHTETpalluH 5 ¢. B kauecTBe OCHOBHOTO MCTOYHHKA CBETA
HCIob30Bagachk rajoreHonas jgamma (Osram Decostar; 3000K, 20 W, 12 V) ¢ HHTEHCHBHOCTBIO
cBera 630 MEMONBL M2 ¢t [A16,A18,A23,A25,A33,A34]. Tlpu He0oOXOAMMOCTH H3MEPEHUS
WHAYIUPOBAHHBIX OCBEUICHHEM W3MEHEHWH WHTEHCUBHOCTH OTpPaXeHUS (WU HHIEKCOB
OTpPaKEHHsI) HWCIOJIB30BATIM PA3HOCTH MEXIY BEIMYMHOH OTPAXKEHHS IMOCIEe OCBEIICHUS B
TE€YCHHE HECKOJIbKMX MHUHYT M B HayallbHbII MOMEHT OCBellleHHus. benoe wimu cepoe moie
kanmuopoBouHoro cranaapra QPcard 101 Calibration Card v3 (Argraph Corp., CIIA)
MCIIONIF30BAIIH ISl MUHUMU3AIIMK BIUSHUS CIIEKTPA UCTOYHUKA OCBEIIIECHUS.

Ha ocHOBaHWHM CHEKTPOB OTPaXKEHUS, PACCUUTHIBAIA (OTOXUMHYCCKHA WHJICKC
orpakenus (PRI), s gero ucnons3oBanu ypaBuenue (4) (Garbulsky et al., 2011; Zhang et al.,
2016):

R531 B R570 (4)
R531 + R570

rae Rs3i m Rs7o0 — MHTEHCHBHOCTH OTpa)kK€HHOro cBeTa Ha anuHax BoiH 531 u 570 HM,
COOTBETCTBEHHO.

Jlia 6oree CTpororo aHainusa CBETHHAyUUpoBaHHBIX u3MeHeHH PRI (mpu mzmepenun
PRI u mapameTpoB (OTOCHHTE3a MPH PA3IUYHBIX MHTEHCUBHOCTSX aKTHHHUYHOTO CBETa), OBLI
pa3paboTaH CIHENUaTbHBII METOJl U3MEpeHUs, 0a3UpPYIOINICS Ha WCIIONb30BaHUN HMITYJIHCOB
JKEINITO-3EJICHOr0 u3MepureabHoro ceera [A17,A35,A43], KOTOPBIH MO3BOJISIT MUHUMHU3UPOBATh
BiaustHre (OHOBOro ocBemieHus. B 0azoBom Bapuante [Al7] Ha (oHE aKTHHUYHOTO CBTEa
(kpacubrii aktunuuHbli cBer Dual-PAM-100), nucT TOMOIHUTEIBHO OCBEHIAJICS HMITYJIbCAMU

PRI =
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KEJITO-3eJIEHOT0 M3MEPUTEIHLHOr0 cBeTa; A pacuera PRI ncnonb3oBain pa3HOCTH BEIUYUHBI
OTPaKCHHS TIPH HAJIMYUU W OTCYTCTBUHM HMITyJIbca. | eHepanus UMIYIbCOB JKENTO-3EJICHOTO
CBETa OCYIIECTBIISUIACh U3TOTOBJICHHBIM HCTOYHUKOM C MakCUMyM u3nyudeHus Ha 550 um (80%
CBETOBOI'0O MOTOKA Haxoaunach Mexxay S00 u 600 HM), BKIIFOYAIONIUM B ce0s OEITbIe CBETOUOIBI
TDS-P003L4U14 LED (TDS Lighting Co., Kutait) u nBa abcopOIMOHHBIX CBETO(OHIBTpPa C
IIPOITYCKAHUEM B JKEJITOM U JKEITO-3€J€HOM 001acTu.

Janee sToT MeTon ObUI peanu3oBaH B CHElHATW3UpoBaHHON cucteMe PRI-umumxunra
[A35,A43], pa3paborannoii coBmecto ¢ MII® PAH. Cucrema Brito4ana B ce0sl HECKOJIBKO
)KenTo-3eneHbX cBetoanonaoB LXML-PX02-0000 (Lumileds, Hunepnanmap), koTopsle UMeETH
ONMU3KYI0 MHTEHCHBHOCTHh Ha JuiiHax BoiaH 530 m 570 HM M ocBemanu OOBEKT KOPOTKHUMHU
uMmItybcamMu (18 Mc). 3eneHo-KenThlii OTpaKeHHBIA CBET Morajaail Ha cBeroienutenb FF552-
Di02 (Semrock, CILIA), ¢popMupyrOLIHii 1Ba CBETOBBIX IIOTOKA: C JUIMHOW BOJIHBI MEHEe U OoJiee
550 uMm. Jlanee cBeTOBBIE MOTOKH MPOXOIUIM Yepe3 COOTBETCTBYIOIIME MHTEP(EpPEHIIMOHHBIE
y3konosocHbie GpubTpbl FF01-530/11 u FF01-575/15 (Semrock), u dopmupoBaiu «3eineHoe
(530 aM) u «wkentoe» (570 HM) M300pakeHUs Ha ABYX 12-pa3psaHbIX MOHOXPOMATHYECKHUX
CCD-kamepax CGN-B013-U (Mightex, Owntapmo, Kanama). Ha ocHOBaHMHM TOJTy4YEHHBIX
uzoopaxenuii [10 cuctemsl hopmupoBaino pacnpenenenue PRI.

2.2.13. Komnnekcubvlil ananu3 CneKmpoe OMpAaj)rceHus U HNOUCK HOGbIX Y3KO- U
WIUPOKONOJIOCHBIX UHOEKCO8 OMPAXMCEHUs, YYECHIBUMEIbHBIX K OCHCMEUI0 CHPeccopos U
pacnpocmpanenuio BI1

[enbro Takoro ananu3a ObLIIO OBICTPOE BBISIBICHHUE Y3KOMOJIOCHBIX HHIEKCOB OTPAKEHUS,
YyBCTBUTEIBHBIX K BO3JCHCTBUIO CTPECCOPOB WM K pacnpocrpaHeHuio BII Ha ocHoBaHuun
CHEKTPOB OTpakKeHUs jucta (Win ero m3MeHeHuit). Taxke Lenplo aHaln3a ObUIO BBISBICHUE
UH/ICKCOB OTPAXCHHS, HMMCIOIUX CHJIBHYIO JIMHEHHYI0 CBsI3b C (DOTOCHHTETHYECKUMU
nokasaresiMu pacteHus. [lyig kommiekcHoro ananu3a BiusHus BII Ha y3KomonocHble HHIEKCHI
OTPa)KEHHUS, PACCUMTHIBAEMbIE HAa OCHOBaHUHU crekTpaibHoro auamnazoHa 400-700 Hm, ObuM
MCIOJIb30BaHbI TEIJIOBBIE KaPTHI.

TpaauumoHHO, TEIUIOBBIE KapThl NPEACTABISAIOT COOOW 3aBHCUMOCTH  BEITHYUHBI
Kod(duUIIMeHTa KOPPENALUU Ui MACCHBA UHIEKCOB OTPAKEHHUS, PACCUUTHIBAEMBIX 110 3aJaHHON
obmet popmyiie, ¢ uccueayeMbiMi (GU3HOTOTUUECKUMH MTPOLIECCAMH Y PACTEHUN OT JUTMH BOJIH,
UCIIONIL3yeMBIX JUTs pacuera uHaekca (Balzarolo et al., 2018; Kovar et al., 2019; El-Hendawy et
al., 2019). Ilpu >TOM, BeTMYMHA KOPPEISAIUH 331aeTCS TICEBIOIBETOBOM IIKAJIOM, a JUTMHBI BOJIH
OTKJIAJIBIBAIOTCS 110 OCSIM, YTO TIO3BOJISET MOIYYUTHh U300paKeHUE, B KOTOPOM Kax/1as MUKCEIh
COOTBETCTBYET KOHKPETHOM HHJIEKCY OTPasKEHHSI.

B mHacTosmem uccnenoBaHUN KOPPESIMOHHBIE TETUIOBBIE KapThl PACCUUTHIBAIMUCH IS
CBSI3M WHJIEKCOB OTPAXKEHHWsI C TapaMeTpaMu CBETOBOH cramuu (oTocuHTE3a; ObUM
UCIONBb30BaHbl KoddduimenTsl Koppensuuu [lupcona. Takxke, B paMKax IUCCEPTAMOHHOTO
UCCIIEIOBaHMS OBLIT TIPEIO’KEH M SKCIIEPUMEHTAIFHO alpoOUPOBaH JOMOIHUTEIBHBIN ITOAX0T K
aHAJIM3Y MHJIEKCOB OTPAXKEHUS: B KaYECTBE 33J]aBa€MOTr0 ICEBOIBETOBOM IIKAJION MapameTpa
Ha TETUIOBOM KapTe OBLIM MCIOJIB30BaHbI CTATUCTUYECKAsE 3HAYMMOCTh H3MEHEHUI HHIEKCA U UX
HanpaBnenue [A34]. Takoii moaxoa TO3BOJSET OBICTPO BBHISIBUTH MEHSIOIIMECS HHIEKCHI
OTpaKeHHUsI JaKe TIPU OTCYTCTBHH U3MEPEHUH IPYTUX MMOKa3aTeleil pacTeHusl.

B nuccepralliOHHOM HCCIIEIOBaHWH OblIa HCIOIB30BaHA TOJBKO HOPMAalM30BaHHAs
pasHoctHas popma uHaekca orpaxenus (RI(X,y)); mpu 3tom, uaaekcel RI(X,y) paccuuThiBanuch
B COOTBETCTBHH C ypaBHeHUEM (5).

R,—R
RI(x,y)=—"——" (5)
R, +R,
rie Rx m Ry — BeMMUYUHBI OTpaKEHHOTO CBETa HA JUIMHAX BOJMH X M Y. X H Y SBISIOTCS
MPOU3BOJILHBIMU ANTMHAMU BOJIH B Auana3zoHe 400-700 HM, BHINOIHSIIOMIMMHU yCIOBHE Y<X.
Jia  peanu3aliMiM  ONMUCAaHHBIX MOAXOJNOB ObLI pa3zpaboTaH psAx MPOrPaMMHBIX
UHCTPYMEHTOB Ha si3bike Python (c ucmomb3oBanumem OubOimorexk numpy, scipy u matplotlib)
[A33,A34]. PazpaboraHHBbIE HWHCTPYMEHTBI OCYIIECTBIISJIM pacdyeT MacCHBa HHJIEKCOB
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OTpa’KeHHUsl, BBITIOJIHSUIM OI[EHKY CTaTUCTUYECKON 3HAYMMOCTHU M HANPABJICHUs UX U3MEHEHUH 10
OTHONICHUIO K KOHTPOJBHBIM BEIWYMHAM WM OMPEICISIN BEIUYUHB KOI(PPUIINECHTOB
koppemsituu [lupcona ¢ 3agaHHBIMU (DOTOCUHTETUYECKUMHU IIOKA3aTEIsIMHU, a TaKKe CTPOMIIU
TEIJIOBbIE KapThl. BaXHO OTMETUTH, YTO pa3pabOTaHHBIE MPOTrpaMMbl MOTJM pPEaTU30BHIBATH
OMKCaHHbIE (PYHKIMH HE TOJBKO 751 aOCOIMIOTHBIX BEJIMYUH UHACKCOB, HO U I UX U3MEHEHUH,
BKJIFOYasi ©3MEHEHM, BbI3BaHHbIE pacnpocTpaneHuem BII.

TemoBele KapThl HCHOJB30BAINCH, MPEXKAE BCEro, Mg aHalu3a Y3KOMOJIOCHBIX
WHJIEKCOB OTPAXXEHHUs C ILIMPUHOM IMOJIOCHI, COOTBETCTBYIOLIEH pa3pelICHUI0 H3MEPSIOUIETO
cruektp npudopa [A33,A34]. Ograko pa3paboTaHHbIE IPOrPaAMMBI IIO3BOJISIIM TAK)KE PACCUUTATH
HIMPOKOIIOJIOCHBIE HHJEKCHl OTPaXXEHHUs, KOTOPHIE HCIOJIb30BaIN CIEKTPAJIbHBIE IOJIOCHL C
mprHON mostockl okoso 100 um [Al18]. [us perueHus 3TO# 3agadd, CIEKTPHI OTPaXKEHUS
yepenusuin B puana3zonax 400-500, 500-600, 600-700 u 700-800 HM; T.e. B 3TOM BapHWaHTe
9KCIIEPUMEHTOB JOIMOJIHUTEIBHO AaHATU3UPOBAM JMANa30H JalbHEro KpacHOTO CBeTa U
OJIMKHETO MHPPAKPACHOTO.

2.2.14. Memoovt mamemamuuecko2o mMooeauposanus

B xome peammzanmum AHCCEPTAIMOHHOTO WCCIEAOBaHUS ObUT pa3paboTaH  psin
MaTeMaTUYeCKUX MOJesield, BKJIOYas MOJENb paclpocTpaHeHus uHAaynupyoomed BII
TUAPABIMYECKON BOJIHBI MO cocyjaaM kcuiembl [A29], monens BiusiHUS BpeMeHHOU [A27] u
npoctpancTBeHHoN [A32] HeoaHopoaHocTh akTuBHOCTH HY-AT®a3bl Ha mapaMeTpsl TeHepaluy
ANIEKTPUYECKOTO CUTHaa, ymnporieHHas monenb BiusHus BII na ¢orocunres [A6], a Takxke
Mojenu BiausHus aktuBHOCTH H'-AT®asel Ha Tpancmopt CO2 B KiIeTKM Me30hWIa ¥ Ha
dorocunTeTHUecKyto akTuBHOCTH [A10,A14,A37,A38]. B 3aBUCHMOCTH OT KOHKPETHOW MOJICIIH,
JUISt WX  pelIeHus HCIIOJIb30BaIN aHAJIUTUYECKHUE [A29] W YHUCJICHHbIC
[A6,A10,A14,A27,A32,A37,A38] merosl, BKIOUas meron Oitnmepa u merox Monte-Kapio.
Jlns ananu3za mozedeii ucnonb3obaau Excell, C++ u Delphi 7.

2.2.15. Memoovt cmamucmuueckozo ananiu3a

[Ipn 00paboTke AAHHBIX HMCMHOJIB30BAIM MapaMETPUUECKYIO0 CTAaTUCTUKY. Pe3ynbTaTsl
MIPEICTABJICHBI B BUJIC TUITUYHBIX MPUMEPOB, CPETHUX U CTAHIAAPTHHIX OTKJIOHEHHH CpPEIHETo, a
TaKKe auarpaMMm paccesHus. JloCTOBEpHOCTh pa3iauuMil ompenensiach € HCIOJIb30BAHHEM
kputepus CthrofeHTa. Cuia cBsI3U MEXAy NapaMmeTpamMH OLIEHHWBAJIAch C MOMOUIbIO JTUHEHHON
koppemsiiuii [Tupcona u, mpu HeoOXoauMocCTH, Kod(hdUIIMeHTa TeTePMUHAIIUN TSl TMHEWHBIX
PETPECCUOHHBIX MOJIETIEH.

2.3. MDeHOMEHOJOTHYECKN AaHAJIN3 BJHMAHUS BapualdeJbHOro MNMOTEeHIHAJA HA
(poTocHHTETHYECKHE NTPOLECCHI

2.3.1. Ananuz enuanus J0KAIbHBIX HOBPEHCOEHUNl HA (domocunmemuuecKue
nokazamenu 6blCUIUX PACMEHUT

Ha mnepBom »srane wccienoBaHusi Obul TPOBEACH aHAIW3 BIHAHUSA JIOKAJbHOTO
HOBPEXJEHUS TEpPBOrO 3peJoro JHCTa TIopoxa, BKIIOYAs OXKOT OTKPBITHIM IUIAMEHEM,
nocreneHHbli HarpeB 70 60°C um MexaHuueckoe pasaaBinuBanue 50% nucra, Ha MOKa3aTeau
CBETOBOW cTaauu QorocuHTe3a Bo BTOpoM Jmcte [Al2] (Puc. 2). bpuio moka3aHo, 4TO
JOKaJbHBIN 00T BbI3biBan yBenuuenue NPQ u camkenne ¢psi. [Ipumep muaamuka NPQ u dpsi
(Puc. 2a) mokazan HanuuuMe IBYX KOMIIOHEHT WHAKTHBAIlMH (POTOCHHTETUYECKUX IPOIECCOB
(Bo3pactanne NPQ u cHmwkenne dpsi): OpicTpoit (5-10 muH) n mmrensHOM (Oonee 20 MuH).
CpaBHEHHE CpPEeTHUX aMIUIUTY]l (POTOCHHTETUYECKUX OTBETOB, MHIYLIMPOBAHHBIX PA3IMYHBIMU
tunamu pazapaxkuteneit (Puc. 20), moka3zano, 4to Hanbosee MacmTaOHbIe H3MEHEHHUST BO BTOPOM
aucTe HaOMIoJaNMCh MPU OXKOre MepBOro jucra. HecKonbKo MEHBIIUMH OBLTH aMILUTHTY/IbI
m3meHeHnid NPQ w ¢psi TpHW MOCTENICHHOM JIOKQJIBHOM HAarpeBe IIEpBOTO JIUCTA 1O
NOBPEXJAIOIUX BeNUYMH. HakoHer, MexaHM4YecKoe pa3JlaBiIMBaHUE IIEPBOrO JIMCTa He
BBI3BIBAJIO CTATUCTUYECKH 3HAYMMBIX W3MEHEHHI TapaMeTPOB CBETOBOM cTaJnu (POTOCHHTE3A BO
BTOPOM JIUCTE.
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ITapametpsl cBeTOBOH cTaguu orocuHTe3a (MINI Version IMAGING-PAM M-Series)
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Puc. 2. a, Cxema pacnonoxeHus 30Hbl MOBPEXKACHUS 1 00JacT U3MepeHui poTocuHTe3a
y pacteHus ropoxa. 0, [Ipumep BbI3BaHHBIX JJOKAJIBHBIM 03KOTOM IIEPBOI0 3pEJOro JUCTa ropoxa
(cTpenka, HyneBas Touka) usmeHeHH kBaHTOBOTO Bbixoga DCII (dpsi) 1 HEDOTOXMMHUUECKOTO
tymenust (NPQ) Bo Bropom nucre. B, Cpetue abCOMIOTHBIC BEIMYMHBI BBI3BAHHBIX JIOKATBHBIM
noBpexaeHreM mepBoro smcra orBetoB (psi (Adpsi) 1 NPQ (ANPQ) Bo BTOpOM nucte. B
BapuaHTe 2B TMOKa3aHbl OTBETHI MPU JEUCTBUH TPEX THUIIOB MOBPEKIAIONIUX CTHUMYJIOB: O0XOT
OTKpBITHIM TIIIAMEHEM, MocTeNmeHHblii HarpeB a0 60°C (10°C wmun?), pasnapiauBanue
IUTACTUKOBBIM MIIMHIpOM 50% nucta. MI3mepenus nokasateneii cBeTOBOW cTauu (OTOCUHTE3A
ocymiectBisuM ¢ ucnonb3oBanueM IMAGING PAM M-Series MINI Version. *, uzmenenus
CTaTHUCTUYECKH 3HAYMMBIL. Pe3ynbrarhl u3 padotsl [A31].

AHaJIOTUUHbIE HCCIEAOBaHUS BIMSHUS JIOKAIbHOTO oOkora W HarpeBa 1o 60°C Ha
(GOTOCHHTE3 HEMOBPEXKACHHBIX dYacTeil pacreHnil mmeHunbl [A31] mMokasamu CXOIHBIE
pe3yNbTaThl: HAIMYKE ABYX KOMIIOHEHT OTBeTa (OBICTPOH U JUIUTEIHHONW MHAKTUBAIMK) U OoJiee
BbIpaKCHHbIE OBICTPbIE U3MEHEHHS (POTOCUHTETUYECKHX MTOKa3aTelel MpH JOKAJIbHOM OXOTe.

[TonmydeHHbIe pe3yNbTaThl XOPOIIO COTJACYIOTCS C JaHHBIMH psifa paboT (cM. 0030psI
[Al]; Fromm. Lautner, 2007; Gallé et al., 2015) u moka3sIBaIOT, YTO 0KOT BBI3BIBAET HanboJIce
BBIpaXCHHBIE OBICTPhIC H3MEHEHHS (POTOCHHTETUYECKUX MPoLieccoB. BeieacTBue 3T0ro, MIMEHHO
0’KOT MCITOJIH30BAJICSl B KAYECTBE OCHOBHOTO MHIYKTOPA OBICTPOro (POTOCHHTETHYECKOTO OTBETA
(ObicTpoii WHaKTHUBaMU (POTOCHHTE3a) B HEMOBPEKIACHHBIX 30HAX pACTEHUS B XOJe
JIanpHEenIero aHanusa. Ha cremyromeM sTame aHain3a ObLJIO TPOBENEHO Oojiee JeTaabHOe
WCCJICTOBAHNE BBI3BAHHOUN JOKAIBHBIM 0XKOTOM WHAKTHUBALMK (OTOCHHTE3a Y psAla BBICIIMX
pactenuii, Bkitodas ropox [A48,A49] (Puc. 3), mmenumy [A5], repanb [A44] u THIKBY
[A45,A51].
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Puc. 3. [Ipumepsl u3MeHeHui POTOCUHTETUYECKUX MOKa3aTeslell BTOPOTro 3pejioro JIMcTa
ropoxa, BbI3BaHHBIE JIOKATHHBIM 0KOTOM MEPBOTO 3pENIOro JUCTa (CTpeKa) B IBYX pa3iHuHbIX
CepUsiX SKCIEPUMEHTOB. a, TUNMUYHAs NIUTENbHAs 3anuch u3MeHeHu Gpsi U dpsi, A, gHo 1 E
(n=10) [A49]. 6, TunuuHas KpaTkoBpeMeHHas 3amnuch usmenenuii LEF, CEF, NPQ, kBaHTOBBIX
BbIX0/10B moTeph PCI, CBA3aHHBIX ¢ OrpaHUYCHUSAMH TOHOPHOU ((PND) M aKuenTOpHOH ((PNA)
cropon (otocuctemsl, u A (N=17) [A48]. ®oTocuHTETHYECKHE U3MEPEHHUS OCYIIECTRIISIIMCH BO
BTOPOM 3pEJIOM JIHCTEe ¢ Mcronb3oBanueM cuctembl u3 GFS-3000 u Dual-PAM-100 npu 360
ppm CO2, 20000 ppm Hz0, Temneparype 23°C u ocemeruun 239 MKMoIb M 2™ (cuHHIi cBeT).

Ha npumepe ropoxa, 6buto nokazano (Puc. 3), 4yTo JOKajgbHBIN OXOI' MEPBOro JHCTa
BBI3bIBAJI IIUPOKHUM CIEKTP POTOCUHTETUYECKHUX OTBETOB BO BTOPOM JIMCTE, BKJIIOUAs CHUKEHUE
A, dpsi, dpsn u LEF; xpome Toro, Habmoganoch HEOONIBIIOE YMEHbIIEHHE KBAHTOBOT'O BBIXO/A
notrepp OCI, cBA3aHHBIX C OrpaHUYEHHEM AKIENTOPHON CTOPOHBI (HOTOCUCTEMBI. JIOKaNbHBIN
OKOT' TaK)Xe BbI3bIBANl CHIDKEHHME E M (H20, KOTOpOe BKIIOYANO B ceOs JIBe BbIpAKEHHBIE
KOMITOHEHTHI (OBICTpOE W JUTMTEIHFHOE CHIDKEHHE 3TUX mokaszateinei). Hanmporus, CEF, NPQ u
KBaHTOBBIH BbIxoA notepb PCI, cBA3aHHBIX C OrpaHUYEHUEM JTOHOPHOI CTOPOHBI (POTOCUCTEMBI,
BO3pacTajy IMocie JoKaabHoro oxora. Ha puc. 3 npeacraBieHsl TUIIHYHBIE TPUMEPHI OTBETOB
U3 JIByX pa3iM4HbIX cepuil skcrepuMeHToB [A48,A49]; onHako, cienyeT OTMETHUTb, UTO
JUINTENIbHAsT KOMIIOHEHTa MHAKTUBAIMK (OTOCHHTE3a Oblia ciiabee BhIpayKeHa BO BTOPOM cepuu
skcriepumenToB (Puc. 36). HanpotuB, ObicTpas ¢aza mHakTHUBaluu Obula BbIpakeHa B 00€HX
IKCIEPUMEHTAIbHBIX CEPUSIX.
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B cnyuae mmenunel [AS] u repanu [A44] BeI3BaHHBIC JTOKAJTBHBIM 0KOTOM HW3MCHCHUS
(OTOCHHTETHYECKHX IOKa3aTeleld MMENM CXOIHBIA XapakTep: CHIKeHHe A, ¢psi U dpsn U
Bo3pactanue NPQ, kotopsie BKItoUainn B ceOst OBICTPYIO U ITUTEIHHYIO KOMITOHEHTY. Pa3BuTtune
OBICTPON MHAKTUBAIMHM (DOTOCHHTETUYECKHUX MPOIECCOB B HEMOBPEKACHHBIX JHCTHSIX BBICIIETO
pacTeHHUs B OTBET Ha JIOKaJIbHOE JEWCTBUE CTPECCOPOB XOPOIIO COOTBETCTBYET JaHHBIM
autepatypsl (Grams et al., 2009; Pavlovic et al., 2011; Biatasek et al., 2017). OnnoBpemeHHOE
dbopMupoBaHUE JABYX KOMIIOHEHT (DOTOCHHTETHYECKONW MHAKTHBAIMM ObUIO TaK)Ke MOKa3aHO B
HEKOTOpbIX padorax (Pena-Cortés et al., 1995).

B cnyuae TeikBBl [A45,A51], BII He BBI3BIBaN BBIPAKECHHYIO OBICTPYI0 MHAKTHUBAIIMIO
dorocunteza (Puc. 4). Ilociae JIOKaJIbHOTO OXOra MPEHMYIIECTBEHHO HAOJIOAaI0Ch
MOCTENIEHHOE M JUIMTENbHOE CcHWXeHue A u Bo3pactanue NPQ; wmsmenenuss dpsi u dpsi
MPAKTUYECKH OTCYTCTBOBAIHM. Takoil pe3ylbTaT XOpOIIO COTJIACYeTCs C HEKOTOPBIMU
npeacTaBieHHbBIME B uTepatype paboramu (Hlavackova et al., 2006; Hlavinka et al., 2012), B
KOTOPBIX Y TOMAaToB M Tabaka ObUIO MOKa3aHO TOJIBKO MEUICHHOE pPa3BUTHE JIUTEIHHOU
WHAKTUBAllMM TEMHOBOW cTaguu (OTOCHMHTE3a; HM3MEHEHMs IOKas3aTelie CBETOBOW CTaauu
(doToCUHTE3a MPU ITOM OTCYTCTBOBAJIH.
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Puc. 4. TunuynHselii puMep U3MeHEeHUN accummianuu (A) (a) U mokaszareseil CBETOBOM
craauu (GoTtocuHTe3a (0) y MEepPBOro HUKHETO JIMCTA THIKBBI, BBI3BAHHBIC JIOKAJTHLHBIM 03KOTOM
cemsgonu (ctpenka) (n=15) [Ab51l]. dorocuHTETHUYECKHE H3MEPEHHs OCYIIECTBISUIUCH BO
BTOPOM 3pEJIOM JIHCTe ¢ Hcronb3oBanueM cuctembl u3 GFS-3000 u Dual-PAM-100 npu 360
ppm CO2, 20000 ppm H20, Temnepatype 23°C u ocBemennu 239 Mkmons M ¢! (cuHuii cBer).

Takum o00pa3zom, pe3ysbTaThl 3Tana IOKAa3bIBAIOT, YTO JIOKAJIbHBIN OXOI BBI3BIBAI
WHAKTHBALMIO (POTOCHHTE3a Yy BCEX HCCIEAOBAHHBIX pPACTeHHU (TOpOX, IIICHHIA, THIKBA,
repanb). Ilpu sToM y ropoxa, NIIEHHIIBI U TepaHU HabmOganach ObICTpas WHAKTHUBALUS
dotocunTesa (B mpenenax 10 mMuH), KOTOpas BKJIOYaia B ceOS OTBETHI KaK CBETOBOM, TaKk U
TEMHOBOM cTafuu. BakHO OTMETUTH, UTO TaKUe OTBETHI BKJIIOUAIH B ce0sl HE TOJIBKO CHHXKEHHE
A, dpsi 1 dpsi 1 Bo3pactanue NPQ, koTopble ObITH paHee MOKa3aHbl B psijie padoT (cM. 0030pHI
[Al], Gall¢ et al., 2015), o u yBenuuenue CEF; Takue oTBeThI He ObUIM paHEe BBISBIICHBI.

2.3.2. Ananu3 ponu eéapuadenvH020 NOMEHYUANA 8 UHOYKUUU ObICMPOI UHAKMUBAUUU
¢domocunmesa

Y4uuThIBas, YTO OXKOTHM BBI3BIBAIOT y BBICHIMX pacTeHHi pacrpoctpanenune BIT [AS50],
KOTOPBI MOET BIMATh Ha (oTOCHHTeTHYeckue mpouecchl [Al], ydactue BapuabenbHOTO
MOTEHIMaa B (POPMHUPOBAHUH CBSI3U MEXKIY TIOBPEKICHHBIMU yJaCTKAMU U HETTOBPEXKICHHBIMH
30HaMHM, B KOTOPHIX (hopMHUpyeTcss ObICTpas HMHAKTHUBAIUS (POTOCHHTE3a, IPEJCTaBIsAETCS
HanOoJiee BEpPOATHBIM. Puc. 5 moKa3piBaeT MpUMEPHI DIIEKTPHUYECKHX CHTHAIIOB, BBI3BAHHBIX
JIOKaJIbHBIM OYKOT'OM MEPBOTO JINCTa TOpOXa U U3MEPEHHBIX BO BTOPOM JIMCTE, KaK Makpo-, TaK U
MHKPOJIeKTpoAHBIM MeTooM [A3,A46]. Takue cUTHAIIBI UMETH CIOKHYIO (OpPMY, BKIIOYAs B
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ceOs1 OBICTPYIO JAETOJspU3alui0 (Craidk) u OoJjiee MEIJICHHO Pa3BHBAIONIYIOCS JIATEIBHYIO
BOJIHY penojspuzanuu. MHIyKIus TeMIepaTypHbIM BO3JCHCTBIEM U CIIOXKHAsI (hOpMa CUTHAJIOB
coorBercTBOBaIH ocobernocTssM BIT [A1,A15,A50], uro mo3BoInIO HACHTH(GHUIIMPOBATh X KaK
BapuabenbHble noTeHuuansl. Pacnpocrpanenue BII mocie HaHeceHHs JIOKAIBHOTO 05K0ra OBLIO
TaK)Ke MOKA3aHO y BCEX UCCIIEIOBAaHHBIX B paMKax JMCCEPTALIMOHHOTO HCCIIEA0BAaHUS PACTCHUIA,
BKJtovas mireHuiyy [A5], repans [A44] u teikBy [A45,A51].
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Puc. 5. a, Ilpumep pacmonokeHusi Ha PacTEHUU TOpPOXa MHUKPOIIEKTPOIOB (Em U E€R —
W3MEPUTENIbHBIN 3JIEKTPO U 3JIEKTPO CPaBHEHUS) U MakpodieKTpo1oB (EL, Es u Er — anmextpon
Ha JIKCTE, AJIEKTPO/ Ha cTedlie OKOJIO JIMCTa U 3JIEKTPOJ cpaBHEeHuUs). 0, [Ipumep BapuabenbHOTO
NOTEHIMaa B JIUCTE TOpoXa, HM3MEPEHHOro MuKpolsiekrpoaamu [A46]. B, Ilpumep
BapuabeIbHOTO MOTEHIMANA B JMCTE U cTebsIe ropoxa, U3MEPEHHOro Makpoasiektpomamu [A3].
BII 6b111 MHAYIIMPOBAHBI JIOKAJILHBIM 03KOT'OM IEPBOTO JIUCTA (CTPEKa).

B xome nuccepTalMOHHOTO HUCCIEAOBaHMS ObUI  IMOJNyYeH psjag  apryMEHTOB,
MOJATBEpXKIaoIuX KitoueBoe yyactue BII B popMupoBaHny BHI3BAHHBIX JJOKAJIBHBIMHU 0KOTaMU
(OTOCHHTETHYECKHX OTBETOB B HEMOBPEXKJEHHBIX JIMCThSIX pacTeHus. llpexxnae Bcero, Ha
npumepe ropoxa [A47] u repanu [A4d4], 6110 TOKA3aHO, YTO JaXKE MPU 0XKOT'E COCETHETO JINCTA,
y €IMHUYHBIX 3KCIIEPUMEHTAIBHBIX pacTeHui BII He mpoxoaui B IMCTOBYIO IUIACTUHKY. B aTOM
clly4yae reHepanus (OTOCUHTETHYECKUX OTBETOB B JicTe oTcyTcTBOBaNa (Puc. 6). Y repanu, npu
OTCYTCTBUM NpoxokaeHus BIl B nHMCTOBYIO IUIACTMHKY, Ha HEE HAHOCWIICS JOMOJIHUTEIbHBIN
oxor. Puc. 7 mokaspIBaeT, 4TO NMpHU TaKoM okore nmpoucxoausa resepauus BII B uccienyemom
JMCTe U pa3BHUBaiach ObIcTpas (OTOCHMHTETHUYECKass MHaKTHBauus. [lomyueHHBIE pe3yJbTaThl
MOKa3bIBAIOT, UTO NMpoxoaeHue Bl B 1MCTOBYIO MIAaCTUHKY SBIIAIOCH HEOOXOIUMBIM YCIIOBUEM
JUIS MHAYKIUH (POTOCMHTETHYECKOTO OTBETA.

Tax kax npu uHaykuuu BIl y pa3snuuHbIX MHAMBUAYaIbHBIX PAacTEHUI HaAOII0JAI0Ch
3HAYUTEIbHAs M3MEHUYMBOCTh aMIUINTYJbl BapuaOeNbHOTO MOTEHIMala, MPOXOJAIIEro B
JIMCTOBYIO IUIACTUHKY, ObUIa MCCIIE0BAaHA CBSI3b MEX/ly TAKUMU aMIUIUTyIaMU U aMIUIUTYAaMU
¢dortocuHTeTHYECKUX OTBETOB. bputo mokazano [A30,A51], uto xoppemsuus I[lupcona mexmy
ammumtyaamu BII u u3menenuii A Obla craTUCTHUECKHM 3HaYMMOW U paBHsach 0.58-0.98 B
pasHBIX BapuaHTax HKCIEPHUMEHTOB; B 4YaCTHOCTH, OHa cocraBisia 0.86 B ciydae OBICTPOTro
camwkenus accumuisiin [A30].

B pamkax auccepTallMOHHOTO MCCIEOBaHUS ObUIO TOKa3aHO, YTO MpPU YBEIWYECHUHU
paccTosiHMs OT 30HBI MOBpekaAeHUs y ropoxa [A2,A11,A16,A21] u mnmenunsr [A31]
HaOJII0aJI0Ch  3HAUUTENIbHOE CHUKEHHE AaMIUIMTYAbl BBI3BAHHOIO JIOKAIBHBIM  0XKOTOM
BapualOeIbHOrO0 TMOTEHIMala W  OJHOBPEMEHHOE yMEHbIIEHHWE aMIUIMTYAbl  OBICTpOM
UHaKTHBalUU (oTocuHTe3a. [IpoBeIeHHbIN aHaNM3 CBSI3U MEXAY CpeAHMMHU amIuutyaamu BIT
(Ave) u Bo3pactranus NPQ (ANPQ) Bo BTOpPOM, TpeThbeM U YETBEPTOM JIHMCThSIX TOpOXa
[A11,A21] moka3an CHIBHYIO JMHEHHYIO CBS3b MEXIY HCCIIEIyeMbIMU BEIMYMHAMH, KOTOpPas
HaOJro1anack Kak npu Hanuauu (Puc. 8a), Tak u npu oTCyTCTBHM akKTHHHYHOTO cBeTa (Puc. 80).
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Puc. 6. [Ipumeps1 BapraOeNnbHBIX MOTCHINAIOB U ()OTOCHHTETHYECKUX OTBETOB Yy JIMCTA
ropoxa npu npoxoxkaeHuu BII B nucToByro rmuiacTMHKy (a) u 0e3 Takoro mpoxoskaeHus (0)
[A47]. BapuabesnbHble TOTESHIMAIBI OBUIM MHIYIIMPOBAHBI JIOKAJBHBIM 0)KOTOM IEPBOTO JIHCTA
(cTpenka); GpOTOCHHTETHYECKHE M3MEPEHHsl OCYIIecTBIsUMCh Bo BropoM Jjucte (GFS-3000 u
Dual-PAM-100).

Haxonern, B psne paboT QUCCEPTALMOHHOTO HCCENOBaHUs OBUIO TMOKa3aHO, YTO TNPHU
MOTUGUKAIIMA aMIUTUTYIbl BBI3BAHHOTO JIOKATBHBIM oxoromM BII wmm  BpemeHnu ero
IPOXOXKJCHUS B JIUCT PA3IMYHBIMU XUMUYECKUMHU areHTamu (opToBaHaaaT [A20], ¢hy3uKOoKIMH
[A20], ABK [A22], smubpaccunonua [A41]) y ropoxa MPOMCXOAWINA CXOTHBIC H3MEHCHUS
aMIUTUTYbl OBICTPOM MHAKTHUBAIMK (OTOCUHTE3a U BpeMEHU ee Haudana. boiee Toro, cHuxeHue
aktuBHOCTH H'-AT®a3pl mia3MaTHuecKol MeMOpaHbl, IyTeM OOpabOTKH OpPTOBaHAIATOM
HaTpHs, KOTOpask UMUTHPOBaNa OCHOBHOW MexaHu3M rereparuu BII [A15,A50], npuBoauna K
dopmupoBaHNI0 (HOTOCHHTETHYECKMX H3MEHEHHWI, CXOIHBIX C BBI3BAHHBIMH BapHaOeIbHBIM
noreHimagoM [A20]. Tak kak 3Ta Tpymna >KCIEPUMEHTOB Oblja CBA3aHAa C BBISIBICHUEM
MEXaHU3MOB  (OPMHUPOBAHUS (POTOCHHTETUYECKHX OTBETOB WJIM TIOMCKOM IIyTeH WX
MoauduKanuyu, Oosnee NOAPOOHOE ONMUCAaHHE pPEe3YyJIbTaTOB IMPEJICTABIEHO B CIEAYIOLINX
paszaenax.

AHanu3 nuTepaTypbl MOKa3bIBaeT OMOJIHUTENbHBIE apryMEHThl B TOJb3y KIIOYEBOU
ponu pactipoctpanenus: BI1 B mHUIIMaNy OBICTPON HHAKTUBAIMK (POTOCHHTE3A MPH JIOKATHHOM
neiictBuu  moBpexxpamomux  (akropoB. B wactHocTH, Oosee  paHHSAS — MHIYKIMA
(OTOCHHTETHYECKMX OTBETOB HAOIIOJAETCS BOJIM3U MPOBOMASIIUX ITYYKOB, KOTOPBIE SIBIISIOTCS
OCHOBHBIM ITyTeM pacrpoctpanenus BIT (Lautner et al., 2005; Grams et al., 2009), a nogaBnenue
TeHepalud W PACIpPOCTPAHEHUS DJIEKTPHUECKUX CHUTHAJIOB NMPHBOJHWT K TIOAABICHHIO OTBETOB
¢dorocuntesa (Lautner et al., 2005).
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Puc. 7. Ilpumepbl  BapuaGenabHbIX  IMOTEHUUAIOB, (OTOCHUHTETUYECKUX U
TPaHCHHUPAIOHHBIX OTBETOB Y JIMCTA TepaHu npu npoxoxaernu BII B 1ucToByIo mutacTHHKY (a)
u Oe3 Ttakoro mpoxoxiacuus (0) [A44]. BapuaGenbHble MOTEHIMATBI OBLIM HWHIYIHPOBAHBI
JIOKQJIbHBIM OKOTrOM JHMcTa (KMpHasi CTpeiKa); M3MEpeHUss A U (H20 OCYILIECTBIISJIUCH B
cocenueii cBepxy smctoBoi tactuHke (GFS-3000 u Dual-PAM-100). B ciaywae oTcyTcTBUS
npoxoxaeHust BII B 1McTOBYIO IIIACTUHKY, B KOTOPOH U3MEPSIIUCH A U JH20, HETIOCPEICTBEHHO

Ha 3Ty IUIACTHHKY (BEPXHUI KOHYMK) HAHOCHJICS €Il OJWH JIOKAJIbHBIH OXKOT (IIyHKTHpHAs
CTpeJIKa).

a 0
ANPQ ANPQ
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ANPQ=0.00022Axp
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R™=0.78
—e—i
0.2 - 0.01 +
.
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0 40 80 0 40
Avmmaryma BIT (Ayp). MB Amvmmuryzaa BIT (Ayp), MB

Puc. 8. [lmarpamMmbl paccesHUs MEXIy CpPEIHUMH 3HAYCHMSIMU AaMIUTUTYAbI
BapuabeapbHOro moreHnuana (Avp) W CPeIHHMMH 3HAYCHHSIMH aMIUTHTYAbl m3MeHeHus NPQ
(ANPQ) BO BTOpPOM, TpeTbeM M UYETBEPTOM JIMCTE ropoxa IOcie 0)KOora IMepBOro JHcCTa. a,
u3mepenust NPQ mpoBoamuck ¢ ucnons3zoBanneM Open FluorCam FC 800-O/1010 B ycioBusix
ocBenieHus (KpacHbI akTHHIYHBIHA cBeT, 617 uM, 280 Mkmons M2ct) (n=8) (1a ocroe [A21]).

0, m3mepenust NPQ mpoBoauick ¢ ucnosib3oBanueM Dual-PAM-100 Ge3 akTHHHYHOTO CBeTa
(n=5) [A11].
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Taxkum oOpa3oM, MoslydyeHHbIE Pe3yJbTaTbl U JAaHHBIC JIUTEPATypbl MOKA3bIBAIOT, YTO
umMeHHo BII sBisiercs BeposATHOW NPUYMHON HMHIYKIMHU (DOTOCMHTETHYECKUX OTBETOB B
HEMOBPEXKACHHBIX JIMCThSIX PAaCTCHUH, BKJIIOYasi OBICTPYIO MHAKTHBALMIO (POTOCHMHTE3a, Mocie
JIOKAJIbHOTO ICHCTBHSI MOBPEXJAIOIINX (PAKTOPOB.

2.4. AHanu3 MexaHu3MoB (popMupoBaHUSI ObICTPOi MHAKTHBaNMU (POTOCHMHTE3A,
BbI3BAHHOW Bapuale/JbHbIM OTEHIHAJIOM

24.1. Ananu3 éxknaoa usmMeHeHUil C6eMOBON U MEMHOB0U cmaduu gomocunmesa 6
dopmuposanue 6bI36AHH020 eapuadenbHbIM nomeHyuanom obicmpozo
domocunmemuuecxozo omeema

AHanu3 MexaHu3MoB BbeI3BaHHOW BII ObicTpoli mHakTHBanuu GOTOCHHTE3a, TOKa3aHHON
B MIPEBIIYIIEM pa3iene, TpeOyeT, MPekKae BCero, BHISBICHUS MOTCHIUAIBHBIX «MHUIICHEW» IS
BIIMSTHUSL AJIEKTPUYECKUX CHUTHANOB. Takoe BIUSHUE MOXXET OBITh CBSI3aHO C W3MEHEHUSIMU
AKTUBHOCTH CBETOBOU WJIM TEMHOBOH cTaquu (JOTOCHHTE3A.

Jlis mpoBepKH ydyacTHsl MHAKTUBAllMM TEMHOBOW cTaguu (OTOCHMHTE3a B KayecTBe
MeXaHU3Ma pa3BUTHS WHAyIHpoBaHHOW BIl mHakTHBanuM cBeTOBOH cTamuu (QOTOCHHTE3a B
cepun pabotr [A3,A44,A46,A47,A48] Oblm HCCIIEIOBaHBI OCOOCHHOCTH OTBETOB CBETOBOM
CTaJIuM B YCIOBUSAX HU3KOW KoHIeHTparmu CO2 B kamepe razoananu3aropa GFS-3000, Tak kak
cHmkeHne kouueHTpauuu CO2 MO3BOJSIIO MOAABUTH PAa3BUTHE W3MEHEHUN TEMHOBOW CTaJIuu
dorocuntesa. B padore [A3] Obuto mokazano (Puc. 9, Tabm. 1), 4To B yCIOBHSX MOHMKEHHON
KOHIIEHTPAllUU YIJIGKHCIOr0 Tra3a JCHCTBUTENbHO HAOMIOAANOCh MPAKTUYECKH TOJIHOE
nosasieHue BbI3BaHHBIX BII u3amenenuit accumumnsnuu CO2 y ropoxa; nmpu 3TOM aMIUIUTYAA
usmenenuit ¢psy 1 NPQ cHmxkanack. BakHO Takke OTMETUTbh, YTO CHHMIKEHHE KOHIIEHTPALUU
YIJEKUCIOro rasa, MpUBOJAAILIEE K IOJABICHUIO ACCUMWISALMHU, BbI3bIBAIIO H3MEHEHUS
napaMeTpoB CBETOBOM cTaguu (POTOCHHTE3a, KAYECTBEHHO CXOJHBIE C HW3MEHEHHUSIMH,
Bei3BaHHbIME BII (Puc. 9, Ta6n. 1). BriaBnennoe Bmusaue COz Ha (OTOCHHTETHYECKHE
nokasarenu u BeI3BaHHbIe BII oTBeThl cBeTOBOI cTamuu QoTocuHTe3a HAOMIOAANOCH Yy TOpoxa
KaK TIpH HCIoNb3oBaHuKu KpacHoro [A3], tak u cuHero [A46,A47,A48] akTHHUYHOTO CBETA;
OJIHaKO, B YCJIOBHSIX OCBEIEHUSI CHHUM CBETOM HaO0JII0JIAJIOCh MEHbIIEE CHUKEHNUE aMIUIUTYIbI
BbI3BaHHBIX BIT n3MeHeHunii mokasareneii cBeToBoi craauu porocunresa [A46,A48].

KayecTBeHHO CXOJHBIE PE3yJibTaThl, HO C OOJBIIMMM aMIUIMTYJaMH OTBETOB, ObLIN
MOKAa3aHbl NPU MCCIEA0BAaHNUN BIMSHUM CHUXEHUsI KoHLeHTpauuu CO2 Ha (OTOCHHTETHUECKHE
nokasaresu U Bbi3BaHHbIE BIT oTBeTH cBETOBOM cTaguK (OTOCHHTE3A Y APYTOro PaCTUTENLHOTO
oObekTa — repanu [A44].

Haxonern, cienyer oTMETUTh, 4TO aOCOMIOTHBIE BETMYUHBI KOAPGHUIIMEHTOB KOPPETSAIUN
[Tupcona mexny Bbi3BaHHbIMU BII m3menennsmu A u LEF y ropoxa [A48] u mexny
U3MEHECHUSIMU A 1 OOJIBIIMHCTBA APAMETPOB CBETOBOM CcTajuK y repanu [A44] mpesbliani 1mo
abcomtoTHON BenuuuHe (.75 1 ObUIM CTAaTUCTUYECKH 3HAYMMBbI. DTOT PE3YyJIbTaT AOMOJIHUTEIBHO
MOATBEP)KJIAET CHUIIBHYIO CBSI3b U3MEHEHUH ACCUMUIISLMM C U3MEHEHUSMHU CBETOBOM CTaJuu
¢doToCHMHTE3a, UYTO XOpOIIO COTJacyercss C TIOKAa3aHHOW BBIIIE pOJNbI0 CHIKEHUS A B
(bopMHpPOBAHNUN OTBETOB CBETOBOW CTaIuU (POTOCHHTE3A.

B cootBerctBum ¢ runote3oit Pavlovic et al. (2011) BiusHHEe MHAKTHBAIMK TEMHOBOM
CTaJUM Ha CBETOBYIO MOXKET OBITh CBSI3aHO C BO3pPAacTaHUEM COOTHOLICHMH KOHIIEHTpalui
ATO/AI® u HAJI®OH/HAJID® B crpoMe xaopomiactos; poct AT®/AJI® B cTpoMe JOIKEH
yBenuuuBarh cojepxkanne AT® B mucte U cHUKATh akTHBHOCTE H'-AT®-cuHTasbl. AHamus
conepxanuss AT® Bo BTopoM JHCTE TOpoxa, mokazan [A2], 4To OHO AEHCTBUTEIHLHO BO3PACTAIIO
nocie uHaykiuu BII (oxora mepBoro jmcra) U pacnpoCTpaHEHHs CHUTHAjJa B HCCIEAyeMbIH
JIUCT; TPY 3TOM JIMHAMHKA OTBeTa ObLTa OJIM3KOW K TUHAMUKE WHAaKTHUBanuu ¢otocunrtesa (Puc.
10). Hanpotus, u3menenus coaepxanuss AT® u nHaktuBanust GoToCHHTE3a OTCYTCTBOBAIH B
YETBEPTOM JIUCTE, B KOTOpbIN BII mpakTrdeckn He mpoxoaui.
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Puc. 9. Ilpumepsr BeiBaHHBIX BIl m3menenuit A, ¢psi, dpsi 1 NPQ B ycmoBmsx
KOHTposbHOU KoHeHTpauuu COz (a) U B YCIOBUAX CHIDKEHHS Takod KoHIeHTpamuu (0) y
pacrenuii ropoxa [A3]. BII Obl1 HHAYIMPOBAH JOKAIEHBIM 0)KOTOM MEPBOTO JIUCTA (CTpENKa);
(OTOCHHTETHYECKHE HW3MEPEHUs] OCYLIECTBSUIUCH BO BTOPOM JIUCTE€ C HCHOJIb30BAHHUEM
cucrembl u3 GFS-3000 u Dual-PAM-100. Ucxonnas xounentpaus CO2 cocrasisuia 360 ppm;
CHIDKEHHE KOHLEHTPAIMU OCYLIECTBISUIOCh MPUOIM3UTEeNnsHO 10 10 ppMm ¢ Hcnosib30BaHUEM
GFS-3000. M3mepeHust MpOBOIMINCH B YCIOBHUSIX KPACHOTO aKTHHWUYHOTO cBeta (630 HM, 278
MEMOJTb M2c ), ipu 23°C 1 70% BIAKHOCTH.

Taoauna 1.
Cpeanne usMeHeHUsI (POTOCMHTETHYECKHX MNoOKa3arejgeil npum uHaykuuun BIl n
camkennu kounentpanun CO2 (n=5-10) [A3]. YciioBusi u3MepeHus MoKa3aHbl Ha puc. 9.

MKMA()ﬁfﬁlzc_l Adrsi Adprsii ANPQ
BII, 360 ppm CO: —1.9+0.3* —0.112+0.009* | —0.081+0.01* | 0.51+0.10*
CHukeHne
xoHnenTpamuu CO2 ot —7.2+0.6* —0.253+£0.017* | —0.301£0.023* | 1.63+0.11*
360 — mo 10 ppm
BII, 10 ppm CO2 —0.3+0.1** | —0.088+0.004* | —0.051+0.006** | 0.17+0.08**

* M3MEHEHUS 10 CPABHEHUIO C YPOBHEM JI0 BO3JEHCTBHS CTaTUCTHYECKH 3HaunMbl (P < 0.05).
# ammmuTyna Be3BaEHBIX BIl u3MeHeHMii B yclnoBHAX HH3KOH KoHnenTparmuu CO»
CTaTUCTHYECKU 3HAUUMO OTJIMYaeTcs ot u3meHenuit mpu 360 ppm COz (p < 0.05).
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Puc. 10. lunamMmuka MeMOpaHHOTO MOTEHIIMAJIa BO BTOPOM M YETBEPTOM JIUCTBSIX ropoxa
npu wHaykuuu BII (a), cpemnue amrmumryasl BII (n=6-24) (0), ycpenHeHHas IWHAMHUKa
BbI3BaHHBIX BII m3MeHeHHiT A B BTOPOM W YETBEPTOM JIUCThSIX Topoxa (N=6-13) (B), HauanbHOE
conepxkanue AT® ([AT®]) B atux nauctbsx (N=14-26) (r) u ycpeqHeHHas] TMHAMUKA U3MEHEHUN
conepxannss AT® (A[ATD]) B Bropom u ueTBepToM JHCThAX (N=5-9) (m) [A2]. BII Obut
WH/TYIIMPOBAH JIOKAIBHBIM 03KOTOM IEpBOTro JincTa (cTpeska Ha 10a u 10B wim HyJieBas TOUKa Ha
101); wW3MepeHHs OCYMIECTBISUTUCh MHKPOIJIEKTPOJHBIM MeTOloM. {DOTOCHHTETHYECKHE
U3MEPEHUsT OCYNIECTBISUIUCH BO BTOPOM M YETBEPTOM JIMCTE C HCIOJIb30BAHUEM CHCTEMBI M3
GFS-3000 u Dual-PAM-100. Usmepenus comepskanuss AT® ocymiecTBIsINCh BO BTOPOM U
YETBEPTOM JIUCTE€ C KCIOJIb30BaHHEM JIHOIM(EepHH-TIoNH(Eepa3HOro MeToAa. *, U3MEHCHHS
coaepxanns AT® cratucrryecku 3Haunmbl (P<0.05).
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BeBannoe BII cumxenue aktuBHoct H'-AT®-cunTassl (gs), KOTOPOE OLEHUBAIM Ha
OCHOBAHMHU pEJAKCALUU 3JIEKTPOXPOMHOIO CJIBUTA MOCJIE MPEKpAIIEHUs] OCBEIIEHHs, OBLIO
Takke ToKazaHo B Xoje aHaimu3a [A3]. DddekT OblT CHIBHO BHIPAKEH NPU KOHTPOIHHOU
koHueHntpaiuu CO2 (360 ppm) u mpakTHUECKH OTCYTCTBOBAJ NMpH HU3KOH KoHueHTparwu CO»
(10 ppm) (Puc. 11); cHmwKeHIE KOHICHTPAIMK YIJIEKKCIOTO ra3a TaK:KE BHI3BIBAIO YMEHBIIIEHUE
Takoi akTBHOCTU. ClleqlyeT, OJHaKO, OTMETUTh, YTO BbI3BaHHbIE BIl M3MeHEHUs aKTUBHOCTU
H*-AT®-cuHTassl He CONPOBOXKIAINCH HW3MEHEHHMAMH DJIEKTPOXUMUYECKOTO TI'PajdeHTa
npoTOHOB Ha TuiakouaHOH MemOpane (ECSpmf), B TO Bpems kak cHkeHue koHueHtparuu CO2
TaKle U3MEHEHUS BbI3bIBAJIO.

[Tocnennuii pe3ysibTaT MOKAa3bIBAET, 4YTO MHIAYKIMA BbI3BaHHBIX BII wu3MmeneHuii
MoKasareseil cBeToBOM craguu (OTOCHHTE3a MOXKET ObITh CBSA3aHA HE TOJILKO C WHAKTHBAalUEH
TEMHOBOM cTafnu (OTOCHHTE3a, HO U C IPYTUMHU OTBeTaMU. J[OTIOJIHUTEIBHBIMU apTyMEHTaMH B
MOJIb3Y CYIIECTBOBAaHHUS allbTEPHATUBHBIX MexaHu3MmoB BiusiHus BII Ha cBeToBylo craauio
SIBIIIETCSl PA3BUTUE BBI3BAHHBIX BapwaOeIbHBIM MOTEHIMAIOM u3MeHeHud (psi u dpsn, NPQ,

LEF u CEF pmaxe B ycnoBusix Hu3kod KoHueHTtpanuu COz wWid TpH 3aTeMHEHHH
[A3,A44,A46,A48].

a
g
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ECSpmf
40 1
T 130
7, 30 7 <
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Puc. 11. JluHamuka wu3MeHeHHs mpoBoguMoctd H'-AT®-cuHraser (gs) u

AIIEKTPOXUMHUYECKOT0 IpaueHTa MPOTOHOB Ha TUIIaKOUAHOM MemOpane (ECSpmf) mpu uHayKIINH
BIT ipu 360 ppm CO2 (a) u npu cHmxkeHnn KoHneHTparun CO2 ¥ MHIYKIHK BapHaOeTbHOTO
noreHnuaga B 3tux ycioBusx (0) (n=5-6) [A3]. gs ompenensiim kak kod(Q(UIUCHT B
9KCMIOHEHTE, OMHUCHIBAIONIEH PeNTaKCAIMI0 JJIEKTPOXPOMHOTO CIIBUTA B YCIOBHSAX 3aTEMHEHHUS.
ECSpmf — onpeaensuin kak MaKCUMaJIbHYIO BEIMYMHY U3MEHEHHUsI Pa3HOCTU TOTJIONIECHHs CBETa
Ha 515 m 550 HM B yCIOBHMSX 3aT€MHEHHS, HOPMHPOBAHHYIO Ha TAKYK BEJIMYHMHY IEpeN
unaykuuei BIl. M3mepenus ocymiecTBIIsIIM BO BTOPOM JIUCTE C MCIIOJIB30BAaHHEM CHUCTEMBI M3
GFS-3000 u Dual-PAM-100 ¢ P515/535 smutep-nerekropabiM MoaysieM. BIT unmynmpoBaiu
0’KOTOM TIEPBOTO JIMCTA (CTPENKa).
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B uactHOocTH, OBLTO MOKa3aHo [All], 4To B yCIOBHSIX 3aTEMHEHHs, WCKIIOYAIOIIETO
BIUSHUE W3MEHEHUU TEMHOBOW cTajiuu (OTOCHMHTE3a Ha CBETOBYIO cTaauio, BII BbI3bIBal
owsicTpoe Bo3pactanre NPQ u Oosee MeqieHHOE YBEIWYCHHE JIOJHM IOTJIONICHHOTO CBETa,
HanpasieHHoro Kk @CII (dIl), u moToka MOTNIONMEHHOW CBETOBOM SHEPTrUU HA OJUH AKTHBHBIN
peakuuonnbiii nentp OCIlI (ABS/RC) (Puc. 12). Onnako, BkiIag MeieHHbIX u3mMenenuit dll u
ABS/RC B ObIcTpyI0 HHAKTHUBAIHIO (HOTOCHHTE3a MOXKET OBITH MaJl.

Takum o006pa3oM, MoOdy4YeHHBIE B XOJ€ AMCCEPTAIIMIOHHOTO MCCIEIOBAHUS PE3yJIbTaThl
MOKa3bIBAIOT, 4TO panHee BiusHue BII Ha (oTocMHTETHUECKHE MPOIECCHl BBICIIMX PACTEHHIA,
CBSI3aHO KaK MUHHUMYM C JIByMs TPYIIIaMU «MHILIEHEN»: CO CHUKEHUEM aKTUBHOCTU TEMHOBOM
ctaauu (POTOCHHTE3a U C HEMOCPeICTBeHHbIM BimssHueM BII Ha mpoliecchl CBETOBOWM CTaauu
dorocunTe3a. D10 03HauaeT, yto BiausHUE BIl Ha QorocuHTETHYECKHE MPOIECCHl Y BBICIIUX
pacTeHuii uMmeer Oosee CIOXKHBINA xapaktep, yeMm Biusinue [1/], koTopoe 00yCIOBIEHO TOJBKO
WHaKTHBaNKed TeMHOBO# craauu ¢porocuntesa (Pavlovic et al., 2011).
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Puc. 12. VYcpennennsle nuHamuku BbI3BaHHOro BII Bospactanums NPQ wu pomu
HOTJIONIEHHO!N cBeToBOM »Hepruu, HampasieHHoi k DCII (dIl) (n=5) (a), a Taxke yBenudeHuUs
MIOTOKA TOTJIONICHHOM CBETOBOW HEpriu Ha akTHBHBIN peakunoHHbli 1entp OCII (ABS/RC)
(n=9) (0), u3MepeHHbIe BO BTOPOM JINCTE TOpoXa B yciaoBusx 3aremHenus [All]. M3mepenus
NPQ wu dll ocymectBmsin ¢ wucnons3oBannem Dual-PAM-100; dll  paccuutbiBamu B
COOTBETCTBUH C METO/0M, mpemiokeHHbiM B [A48]. Msmepenuss ABS/RC ocyrectisiin ¢
ucnonb3oBanueM M-PEA-2. BII unynrpoBanu 05k0roM NepBoro JucTa (CTpeska).

2.4.2. Hnaxmueayus H'-ATDa3vr naazmamuyueckoi MemoOpanvl KAK MeXAHU3M
UHOYKUUU  6bI36AHHOU  6APUADEIbHLIM ~ NOMEHUUAIOM  ObICMPOIl  UHAKMUEAUUU
domocunmesa

B cootBercTBUM ¢ paHHUMH paboTaMu, pe3yabTaThl KOTOPHIX ObUIM 00OOIIEHBI B
ob63opax [A1,A7,A15A28,A40,A50], ocHOBHEIM MexaHu3MOoM TeHeparuu BII sBisercs
oOparumas uHakTuBanus H'-AT®a3pl ria3mMaTi4eckoil MeMOpaHbl BBICIINX pacTeHuil. Takas
WHaKTUBaIMsg OOYCJIOBIIEHa AaKTHUBAIMei Ca?*-kaHAJIOB  TUTAa3MaTHUYECKOM MeMOpaHbl |
MOCJICAYIOIUM BXOJIOM HOHOB Kanbiius B 1mromiasmy [A15,A40]. TlpencraBieHHbie B
nauteparype padbotsl (Stahlberg, Cosgrove, 1996, 1997; Mancuso, 1999; Stahlberg et al., 2006) u
pa3paboTaHHass B paMKax JIUCCEPTALlMOHHOTO HCCIICOBAaHHUS MaTeMaThyeckas MOJeNb
pacnpoCTpaHEeHHUs 30HBI MOBBIMICHHOTO JaBJICHUs 0 cTe0I0 pactenus [A29], onuparomasics Ha
ypaBHeHue Ilyaseiins, moka3plBaloT, 4T0 Haubosee BEPOSTHBIM MEXaHU3MOM PaCIpOCTPAHEHUS
BII sBnsiercs ruapaBnuyeckas BOJIHA, MHIYLIMPOBaHHAsl B 30HE MOBPEKIEHUS, Mepelaronascs
[0 KCHJIEME DPACTEHHS M BBI3BIBAIOIIAs AKTUBALMIO MEXaHOYYBCTBUTENbHBIX Ca’-KaHaloB B
miasmMaTuueckoi memOpane. B 1o ke Bpewms, pacmpoctpanenue BIl Takke cBs3bIBaloT C
NEPEHOCOM I10 KCHUJIEeMe XUMHUUYECKOro coepnHenus (B yactHoctH, H202) m akTuBaiueil nurana-
3aBucuMbIX Ca’-KaHaoB I1asMaTuyeckoit Memopansi [A7,A15].
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Tax kax mHaktupaiys H'-AT®a3bl ABISETCS BEPOATHBIM MEXaHM3MOM (DOPMUPOBAHMS
BII B pamkax Kak THIpaBIMYECKOW, Tak u xummyeckoil rumore3 [A15A50], Obuto
MPEIIOJIOKEHO, YTO MMEHHO OHA WUIPaeT OCHOBHYIO POJIb B MHAYKIHMH (DOTOCHHTETHUYECKHX
OTBETOB. B X0J€ IuccepTalliOHHOIO MCCIENOBaHMs ObUI MOJIyYEH DPsii apryMEHTOB B IIOJIb3Y
yuactus nHakTHBanuu H -AT®as3k1 B popMupoBaHuy OBICTPOM MHAKTHBALMU (POTOCUHTESA.

[Ipexne Bcero, Obul mpoBeneH WHTHOMTOpPHBIM ananu3 [A20,A22], B xoae KOTOPOro
akTuBHOCTh H'-AT®a3bl B HCCIELyeMOM JIMCTE Topoxa ObUla IMPEIBAPUTENHLHO CHIDKEHA
(oproBanagar Hatpus, OB, 0,5 MM) unu yBenuueHa ((b}gsHKOKL[HH, @K, 1 MmxM) (Puc. 13).
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Puc. 13. Bausaue npeasaputenbHoi 00paboTku oproBaHanatoMm Hatpus (OB, 0.5 MM) u
dy3ukokuuHoMm (DK, 1 MmxkM) Ha metabonnueckuit morenuan (Ep) Broporo mucra ropoxa (n=6-
10) (a), muarpamma paccessaust Mmexay Ep m ammumrygamu BII (0), BausHuE penBapuTeIbHON
obopadotku OB u ®K nHa ammuutyasl BeiBaHHbIX BIl u3menenuit A (AA) (n=5-6) (B),
nuarpamma paccesinus Mexay Ep u AA (T), BmusiHue npeasapurensHoit 00padotku OB n ©K Ha
ammuuTyapl Bbi3BaHHBIX BIT m3menenuit NPQ (ANPQ) (n=5-6) (), nuarpamma paccesHus
mexay Ep u ANPQ (e) [A20]. Er — onpenensiin MEKPO3JIEKTPOAHBIM METOIOM, 10 H3MEHEHHUIO
MEMOpaHHOTO TMOTEHIMala B YCJIOBUAX JIEUCTBUSA BBICOKOW KoHIeHTpanmu OB (5 MM).
Awmrmmuty sl BIT m3mepsimn skctpakietodro. A u NPQ u3Mepsii ¢ HCITOJIb30BaHHEM CHCTEMBI
u3 GFS-3000 u Dual-PAM-100. *, oTiinymst OT KOHTPOJIs cTaTucThdecku 3HaunMbI (P<0.05).
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beuto mokazano (Puc. 13a), urto mpenBapurenbHas o0Opaborka OB cHmkama
MeTabonnueckuid ToTeHuan kietok ropoxa (Ep), a obOpaborka @K moBblmmana Takou
noteHuuan. M3menenus Ep comnpoBoXAanuch aHAJIOTMYHBIMU M3MEHEHMSIMH amIiuiuTyasl BII,
VH]IyLIUPOBAHHBIMH JIOKAJILHBIM 03KOTOM y oOpaboranHbix pacteHuid (Puc. 130), u aMrumTy st
nocienyomux u3Menenunit accumusaiuu (Puc. 138 u 13r) u NPQ (Puc. 131 u 13¢). YuursiBas,
4T0 akTUBHOCTH H'-AT®a3bl 1ma3mMaTn4eckoir MeMOpaHbl BHOCHT OCHOBHO# BKian B Ep (Sze et
al., 1999; Palmgren et al., 2001), nonydYeHHBI pe3yNbTAT IOKA3LIBAET TECHYIO CBs3b H'-
AT®da3s! kak ¢ renepanueit BII, Tak u ¢ pa3BUTHEM HHAKTUBALUH (POTOCUHTE3A.

Jlanee, Ha MoOAENbHOM cucTeMe (MPOTOIUIACTBI TOpoxa) OBLIO  HCCIIEOBAHO
HENOCPEACTBEHHOE BinsHue nHakTuBauu H -AT®aser (OB, 0.25 MM) Ha (OTOCHHTETHYECKHE
npoueccsl [A20]. Tokazano, uro uHaktuBauus HY-ATda3el BbI3bIBaga CHUKEHHE (psii U
Bo3pactanue NPQ (Puc. 14a u 1406), 4To XOpOIIO COOTBETCTBOBAIO MHAKTHBAIMH (HOTOCHHTE3a
npu pacupocrpanenun BIT (cm. 0630psr [Al,A15,A28,A40]; Gallé et al., 2015; Szechynska-
Hebda et al., 2017). BeizBannoe OB cHuXeHKE BbIJICICHUS KUCIOPO/Ia Ha CBETY NPOTOIIACTAMU
ropoxa (Puc. 14B) Takxe XOpOIIO COOTBETCTBOBAIO HHAyIHpoBaHHOH BII wHakTHBanuu
¢doTocuHTe3a. AHANOTMYHBIA APQeKT ObUl TMOoKa3aH W Ha JUCThIX ropoxa [A22]:
npenBaputensHas ob6padorka OB (0.5 MM) mnpuBogmina K CTaTUCTUYECKH 3HAYUMOMY
ymeHbineHnto accumuisinuu CO2 1o cpaBHeHHIO ¢ KoHTposieM (Puc. 14r).
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Puc. 14. Bausaue oOpabotku oproBaHagaroMm Hatpus (OB) Ha mokasarenu cBETOBOM
cTamui (HOTOCHHTE3a Yy TMPOTOILIACTOB TOpOXa M aCCHMUJISIHMIO JIUCTHEB TOpoXa. a, MpUMeEp
Bei3BaHHBIX OB (0.25 MM) uzmenenwnii gppsi 1 NPQ nporomnacra, namepenusix Dual-PAM-100
[A20]. 6, cpennwe ammautyabl BbBBaHHBIX OB (0.25 MM) wm3menenuit ¢psn u NPQ
npotorutacta, u3Mmepenusix Dual-PAM-100 (n=6) [A20]. B, cpenHsis OMHAMUKA W3MCHCHHS
BoIIeseHust kucmopogaa (AVoz) mpu pobasinennun OB (0.25 mM), usmepennas Oxygraph Plus
System (n=7-10); 3a HOJb IPUHUMATACH CKOPOCTh BBIACICHHS KHUCIOpoaa 0e3 mobarienus OB
[A20]. r, dorocuHTeTHUECKas accUMWIAIUS (A) JUCThEB Tropoxa IOCIEe MpPeABaPUTEIBHON
obpadotku OB (0.5 MM), usmepennas cucremoit GFS-3000 u Dual-PAM-100 [A22]. Ctpenka

ITOKa3bIBA€T MOMCHT }106aB.]'IeHI/I${ OB, *, U3MCHCHUA ABJIAIOTCA CTAaTHUCTHYCCKHU 3HAYMMbIMU

(p<0.05).
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VuureiBas, uyro H'-AT®aza urpaer KIOYEBYI0 pOJIb B MOJJICPKAHUU BHYTPH- U
Buekserounoro pH (Ding et al., 2021; Zhou et al., 2021), MOKHO TIPEANOIOKHUT, YTO BIUSHHE
BII Ha doTocuHTE3 CBSA3aHO, MPEXK]IE BCETO, C U3MEHEHUIMHU PH, KOTOpBIE pa3BUBAIOTCS TMOCIE
MHaKTUBaLlMU 3Toro (epMmeHTta. B cepum skcnepuMeHTalIbHBIX paboT ¢ ucnonb3oBaHueMm pH-
YyBCTBUTENbHBIX (prmyopecrenTHeix 30HA0B [A31,A46,A51,A52] Obul0 MOKa3aHO, YTO
reHepanuss BII compoBoxpaercs 3allienayMBaHMEM alloIUIacTa M 3aKUCICHHEM LIUTOILIA3MBbl
KJIETOK JIMCTA BBICLIETO pacTeHMsl, BKiItodas ropox (Puc. 15), ThIKBY M NieHUIy.
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Puc. 15. Ycpennennsle nuHamuku BbI3BaHHBIX BII m3menenuit A (AA) u u3MeHEHHMIA
BHyTpHKierouHoro pH (ApHin) (a), uamenernii NPQ (ANPQ) u ApHin (0), AA u n3MeHeHHi
BHekserounoro pH (ApHout) (B8) 1 ANPQ u ApHout (r) y ropoxa (n=5-6) [A52], a Taxxke
nuarpaMmsl paccesaust Mexay AA u ApHout (1) 1 ANPQ u ApHin (e) [A6]. A u NPQ usmepeHsr
cucremoit w3 GFS-3000 u Dual-PAM-100. pHin u pHout u3MepeHBI € HCMONB30BaHUEM
¢yopecuenTHbIx paTnomerpudeckux 30H10B BCECF-AM u FITC-dextran, cooTBeTCTBEHHO.
BII uHyIIMpoBaii 05KOTOM MEPBOTO JIMCTA (HyJIeBasi TOYKA); H3MEPEHHS IIPOBOIUIN BO BTOPOM
mucre. R — xoapdumment koppemsuun Ilupcona mexay auHamukamu;, *, R sBisercs
cratucTruecky 3HaunMbIM (p<0.05). R? — K09 pUIMEHT feTepMUHAIINN THHEHHOH PETPECCH.
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Jlns ropoxa 6b110 mokaszano [A6,A52], uro usmeHeHus BHyTpHKierounoro pH (ApHin)
cuibHO cBsizaHbl ¢ u3MeHeHusMu NPQ (ANPQ), a usmenenus sHekierounoro pH (ApHout)
CUJIBHO CBsI3aHbI C m3MeHeHussMHu accuMmmstiu (AA) (Puc. 15); nanportus, cBsizu Mexay AA u
ApHin 1 Mexxty ANPQ 1 ApHout 0611 criabbivu. OObeTMHEHNE BBISIBICHHBIX JIMHEHHBIX CBSA3EH
(Puc. 151 u 15e€) ¢ panee paspaboranHoit mozensio rexepammu BIT (Sukhov et al., 2013),
ONUpAIOIIEIiCS Ha JETAJM3UPOBAHHOE OMHMCAHUE CHCTEM HOHHOTO TPAHCIIOPTa PAacTUTEIHHOU
kinetkn (H'- u Ca®?*-AT®a3pl, Ca®*, K*, CI" nonnsie xanansr, 2H*/CI~ cummoprep u H*/K*-
AHTUTIOPTEP) M MX PETYJAIHU, TO3BOJMIO HMHUTHPOBATH BbI3BaHHYI0 BIl wHakTuBaImio
doTtocunTtesa [AB], 94T0 COOTBETCTBYET OTMEUYCHHBIM BBIIIIE IKCIICPHMEHTAIBHBIM PE3yJIbTaTaM.

[TorydeHHbIe pe3yJIbTaThI MOATBEPKAAIOT BOZMOKHOCTh YUACTHSI H3MEHEHUS BHYTPH- U
BHekJsieTouHOro pH B dopmupoBanuu ObIcTpoii MHaKTUBALMK (oTocuHTe3a. OJIHAKO, OHH TAKKe
MOKA3bIBAIOT Pa3IMYHbIC MEXaHU3MBI BIHsHUS pH: BHYTpHKIETOUHBIH pH BiHsieT mpexe Bcero
Ha NPQ, a BHekneTouHbsldi pH — Ha accUMMISIUIO, YTO COIJIACyeTCs C MOKa3aHHBIMH Ha
MPEIBIIYIIEeM dTare Pa3IndHbIME Iy TIMU (OPMUPOBAHUS OBICTPON MHAKTUBAIIMN (OTOCHHTE3A.

24.3. Ponv 3aKucienHus uUMORNA3Mbl, CHMPOMbL U JHOMEHA XJI10PONIACHOE 8
dopmupoeanuu  6vi36anHOll  6APUAGENbHBIM NOMEHUUAIOM ObICMPOU UHAKMUBAUUU
¢domocunmesa

BrusiHue 3akuciieHus UTOIIa3Mbl MOXKET OBITH CBSI3aHO C TPAHCIIOPTOM TPOTOHOB B
CTpoMy U JiOMeH xjopormuactoB [Al], Tak kak cHMkeHHe pH CTpOMBI MOXKET peryaupoBaTh
IOTOK DJIEKTPOHOB Ha akuenTopHod crtopoHe @OCI| 3a cuer uU3MEHEHHs JIOKATU3AIHU
deppenokcun-HAJID-penyKrassl ¥ CHUKEHHs mepeHoca siekTponoB Ha HAJID® (Alte et al.,
2010; Benz et al., 2011). C apyroii croponsl, camwkenne pH mromena moxer 3amemiate LEF
(Tikhonov 2013, 2014) u ctumynuposats NPQr (Miiller et al., 2001; Ruban, 2016).

[TpoBenenusbii ananmm3 mokazan [A3], uto BII compoBoxmaercss 3aKHCICHUEM JIFOMEHA
XJIOPOIIACTOB, KOTOPOE OIICHUBAIM IO M3MEHEHHUsM cBeTopaccesHus Ha 535 um (LS) (Puc.
16a); omHako, BhI3BaHHBIC BapHaOeIbHBIM MOTCHIIMAJIOM HM3MEHECHHS TIpaaueHTa pH, KOTOpHIii
OLICHUBAJIM IO COOTBETCTBYIOIICH KOMIIOHEHTE 3iieKTpoxpoMHoro casura (ECSaph),
npaktruecku orcyrcrBoBaiu (Puc. 160).

a
400 - 160 1 +ECSpmf
LS ECSay
-.-ECSAPH
120 1
- S
% s
— 200 1 T 80 7
1 * 40 g—= =~
0 T T 0 T T
0 30 60 0 30 60
Bpems, M BpeMsa, vun

Puc. 16. Ycpennennele nuHamukd BbI3BaHHbIX BII m3menenuit conepxanus pH B
momMeHe (cBertopaccestHue Ha 535 HM, LS) (a) M »1meKTpOXMMHYECKOTo, 3JEKTPUUYECKOTO U
XAMHYECKOTO  TpaJieHTa MPOTOHOB  HA  TWJIAKOMAHOW  MeMOpaHa  (KOMITOHEHTHI
anektpoxpomuoro casura (ECS), sxmrouas ECSpmf, ECSay 1 ECSapH, cooTBeTcTBEHHO) (0) Y
muctheB ropoxa (N=6) [A3]. BII unayiupoBain 0K0roM MepBOro JucTa (CTpeka); H3MEepeHHs
npoBo MK Ha BTopoM Jucte. LS u ECS HopmupoBanu Ha ux Benn4yuHbI niepen naaykiueid BIT.
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[TomyuenHOE IPOTUBOPEYHE, MOXKET OBITh OOBSICHEHO B TOM cllydae, eciii reneparus BT
COIIPOBOJKIAETCSl 3aKUCICHHEM HE TOJIbKO JIIOMEHA, HO M CTPOMBI XJIOpOIJIAacToB. Tak Kak
cBsizaHHbIE ¢ TeHepanueil BI1 «i30bITOYHBIE» MPOTOHBI MOTYT TOCTYNATh M3 IUTOILUIA3MBI — B
cTpoMy (4Uepe3 CHCTeMbI IPOTOHHOIO TPAHCIOPTa y 000J104eK XJoporutactos, Pottosin, Shabala,
2016; Szabo, Spetea, 2017) u u3 CTpOMBI — B JIIOMEH (4Yepe3 3JICKTPOH-TPAHCIOPTHYIO IEIh),
OJTHOBPEMEHHOE 3aKUCIICHUE CTPOMBI U JitomeHa nipu BII siBisiercst BepositHeim [ALl,A15].

Jlnisi  TOTIONTHUTENFHON TPOBEPKH BJIMSIHUS 3aKUCICHUS IUTOIUIa3Mbl Ha (OTOCHHTE3
ObUIM HCIIOJIB30BaHbl MOJIENIBHBIE CHCTEMBI: TOTPY>KEHHBIE B BOJHBIM PAacTBOP YacTH JIUCTA
ropoxa, Kotopeie 3aTemM oOpabarbiBanu mnpoToHodopom (KIIXDI, 25 MxkM), u BbIIeIECHHBIC
XJIOPOIUIACTHI, Y KOTOPBIX 3aKUCIISUIH cpeay nHKyOanuu [A46] (Puc. 17).
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Puc. 17. ITpumep uzmenenuit desi, Prsy 1 NPQ, Be3BanHBIX n0o6aBneHuemM KIIXOI (25
MKM) K y4acTKy JUCTa ropoxa (a), cpeHue BETUYMHBI Takux u3MeHeHuil (N=11) (6), npumep
n3menennidi ¢psi, Gpsi 1 NPQ, Bb3BaHHBIX 3akucienueM (nodasnenue 0.5 M HCI) cpempr
MHKYOalluy XJIOPOIJIAaCTOB Tropoxa (B), U CpeJHHE BEIUYMHBI TaKMX H3MeHeHuil (N=5-7) (T)
[A46]. Ctpenku 0003HaYalOT MOMEHT JOOABJICHUS JICHCTBYIOIIETO BEIIECTBA HITH CPEIBL.
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O6a BapmaHTa UMUTHUPOBAIIM 3aKucieHrue nurormiasmMel npu BII. beuio mokazano, uro u
no6asnenne KIIX®I' (Puc. 17a u 176) x y4yacTkaMm JMcCTa, U 3aKUCICHUE CpeIbl MHKYOAIH
xnoporaactoB (Puc. 178 u 17r), BbBbIBaIM CHUXKEHHE KBaHTOBBIX BbIX0g0B DCI u ®CIl u
Bo3pactanre NPQ, 4To xopormio cooTBeTcTBOBajIo Bhi3BaHHOW BII nHakTuBanmu GoTocHMHTE3a B
MHTAKTHBIX pacTeHUsX. VIHakTUBUpYIOIIEe BIMSHHUE 3aKUCICHUS CpeAbl MHKyOaluu Ha
(OTOCUHTETHYECKHE MPOIIECCHI OBLIO TAKXKE IMOKA3aHO ISl XJIOPOIIacToB THIKBEI [ A45,A51] u,
COIJIACHO JaHHBIM JINTEPATYPHI, ISl XJIOPOILIACTOB KyKypy3sl (Grams et al., 2009).

Takum ob6pazom, compoBoxmaromee pazsutue BIl 3akucieHue MUTOIIA3MBbI, CTPOMBI U
JIIOMEHa XJIOPOIUIACTOB, MOXET ObITh OJHUM U3 MyTel QOpMHUpPOBaHUS OBICTPON MHAKTHBALIMU
¢dorocuntesa. [lo-BUAMMOMY, Takoe 3aKUCICHHE SBISIETCS MEXaHM3MOM HEMOCPEICTBEHHOTO
BIIMSTHUS BapuaOeIbHOTrO MOTEHIIMAA Ha IPOIECCHl CBETOBOM CTainu (POTOCHHTE3A.

2.4.4. Ponv 3amenauusanus anoniacma é opmuposanuu evbl36aHH Ol 6apuadenbHbIm
HOMEHUUAIOM ObICMPOUl UHAKMUGAYUU hOMOCUHmME3A

Kak 6puto mokazano B pasaene 2.4.2 (Puc. 158 u 15x), Be3BanHas BII nHakTtuBanus
TEMHOBOW cTaguu (OTOCHMHTE3a CBsA3aHa, MPEXJE Bcero, ¢ M3MeHeHusmu pH B amorutacre
KJIETOK pacTeHus. Tako# pe3ysbrar nmporuBopeyuT BiavsHuio BII Ha nukn KaneBuHa, KOTOPBIN
JOJKEH OBITh CKOpee CBS3aH C 3aKMCICHHEM LUTOILIA3Mbl M CTPOMBI, TaK KaK aKTUBHOCTH €r0
depmentoB 3asucut ot pH (Wolosiuk et al., 1993). AnbTepHATHBHON THIIOTE30U SBIISIETCS
BIUsHUE compoBoxkaaromero BIl 3amenaunBanus amorutacta Ha TpaHcnopt CO2 B
dorocuHTE3UpYIOMKE KIETKH. Takas THIoTe3a XOpPOIIO COTacyeTcs ¢ JTaHHBIMH O CHHIKCHUU
npoBoauMocTH Mezodmmia s CO2, KOTOPOE COMPOBOXKIAET PACIIPOCTPAHEHHE DIIEKTPHUECKHUX
CHTHAJIOB M MHIYKIIMIO ObICTpOi MHaKkTUBaImMu GoTtocuntesa y cou (Gallé et al., 2013).

[ToTeHManTbHO MOHO MPEANOJIOKUTH JIBa Hanbosee BEPOATHBIX MEXaHHM3Ma BIUSHUS
pH amomnacra na tpancnoptr CO2 B dotocuntesupyromme kinetku [A40]. Tlepsoiii u3 HUX
cBs3aH co cHikeHueM cootHoleHus CO2/HCO3', koTopoe mpoucxoauT mpu Bo3pactanuu pH
(bynprueB u gp. 2001), Tak kak 3apsbkeHHas HCO3z™ cnabo TpaHcnmopTupyeTcss uepes
ouonoruueckue memOpanel (Tholen, Zhu, 2011). pK mis peaknun CO+HO—HCOz+H*
cocrapisier 6.35 [A51]; mpu 3TOM MOKa3aHHBIE C HCIOJIb30BAaHUEM (DIYOPECIIEHTHOTO 30HIa
FITC-dextran wauanmpHble 3HaueHWs pH amorutacta KJIETOK TOpOXa M THIKBBI PaBHSUTHUCH
npubmm3uTenbHo 5.5-5.8 en. pH [A46,A51,A52]. Ha ocHOBaHHMH 3TOTO, MOKHO OXHJIATh, YTO
nake ymepeHHoe Bo3pactanue pH amomnacta npu renepanuu BIT (mpubnusurensuo Ha 0.2-0.4
en. pH [A51,A52]) crocoOHO 3HAYMTEIHHO BIHUATH HA TPAHCIIOPT YIJIIEKUCIOrO Ta3a depe3
1a3MaTHIecKyr0 MeMOpaHy (CHWKaTh Ha BenmuuuHy 10 25% [AS51]), BcnenctBue GIU30CTH
HayanpHOoro pH amommacra k pK. YuuTeiBasg, YTO [aHHBIE JUTEPATYPhl IMOKA3bIBAIOT
BO3MOXHOCTh Oosiee MaciTabHoro Bo3pactanust pH npu BII (Ha 0.5-1.0 ex. pH, u 6o1ee Grams
et al., 2009; Zimmermann, Felle, 2009), Benuunna cHwkeHuss noctymwienus CO2 B
(bOTOCUHTE3UPYIONINE KIETKH MOXET OBITh 3HAUYUTEIHHO OoJiee BBICOKOW. BakHO Takke
OTMETHTb, YTO BeMUMHa pH amoruiacta CymecTBEeHHO BapbUPYET B PA3IUYHBIX WCCIICAOBAHUIX
(B 4aCTHOCTH, Y Pa3HBIX paCTEHUI, TKAHEH U KIETOK); B HEKOTOPBIX CITydasx, OHA MOXKET JIexkKAaTh
HIbke 5 win Beime 7 ex. pH (cm., nHanpumep, 0630p Yu et al., 2000). Takas BapuaOenbHOCTD
MOKET OBITh JIOTIOTHHUTENBHBIM (hakTopoM Moaudukanuu Bbi3BaHHOW BII  OwicTpoit
WHAKTHBAalMK (OTOCHHTE3a, TaK KaK B 3aBUCUMOCTH OT HavaibHOro pH amommacra wu
aMIUTUTYABl €r0 BO3pACTaHHsl TMPH BapuaOENbHOM MOTEHIMANe, M3MEHEHHs] COOTHOIICHUS
CO2/HCO3™ moryT cyiecTBeHHO BapbupoBath [A40].

Jlnis Gonee meTanbHOTO aHanu3a BIUSHUS BhI3BaHHBIX BII n3menenwuii pH amomnacta Ha
BEPOATHOCTH npoxoxaeHust CO2 B muTomiasmy (porocuuTesupyromei kietku (P, ) B pamkax

JUCCEPTAITMOHHOTO HCCIEOBaHMs ObUla pa3paboTaHa MaTeMaTH4ecKas MOJeib, MOAPOOHO
onucaHHas B Teopetndeckux padorax [A10,Al4] u B 0630pe [A9], koTopas onupanacs Ha paHee
NPEUTOKEHHYIO CEPUI0 MOJIENIEH 3JIeKTporeHe3a pacturenbHoi kimetku (Sukhov, Vodeneev,
2009; Sukhov et al., 2011, 2013). Pa3paboTaHHass MOJE]b Y4YUTHIBAJIA OCHOBHBIC CHCTEMBI
AKTUBHOTO W ITACCHBHOTO MOHHOT'O TPAHCIIOPTA Yepe3 IIa3MaTHICCKYI0 MeMOpaHy ¥ TOHOILIACT
(Bkaroyass H'-AT®a3y mia3mMatuueckoii MeMOpaHbl), HW3MEHEHHS KOHIEHTPAI[Mii HMOHOB,
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OydepHble CBOICTBA Ul TAKUX MOHOB, a TAKXKE PEryJIHIO CHCTEM HOHHOTO TpaHcnopra (Puc.
18a). [TocneaHee MO3BOIISIIO OMKUCATh BO30YAUMOCTD PACTHTEILHON KIICTKH.
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pH anomacra Ha BeposTHOCTH npoxoxkaeHus CO2 B nuromnasmy (P, ) (mogpobHoe onucanue

mozen 1 mapametpbl cM. B [AlO,Al4]) (a), npumepw nunamuku P, mpu pasnmuuHOM
amrutyne uHaktuBarmd  H'-AT®asel (6) W 3aBUCUMOCTH MHHHMAJbHOM (P™) wm
2
craupmonaproit (P") penuunnbl Po, 0T Benunbl uTorosoii aktusHoctd H'-ATdaskl nocse
2

CHIDKeHHs akTuBHOCTH (B) [Al4].

Peo, Obl10 onmcana Ha ocHoBauuu [AS1], kak P, = rae pHan — pH B

14107t
anoriacte, a pK=6.35 — oTpuaTenbHbI AeCATUYHBINA JTOorapu(M KOHCTAHTHI PaBHOBECHS IS
peakiun CO2+H0-HCO3+H*. Ing mmuranuu rewepanuu BIT MCHONB30Baid CTYNEHYATOE
cHmKeHHe akTuBHOCTH H'™-AT®asel. B xoje aHanm3a OBUIO MOKA3aHO, 4YTO CHHYKEHHE
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aKTUBHOCTU (PEPMEHTa BBIBIBANO OBICTPOE yMeHblIeHHe Py, , Mocie 4ero B MHHYTHOM

JMara3oHe TMPOUCXOAMIIO YacTUYHOE BoOccTaHOBieHue mnokaszarens (Puc. 186); BenmumnHa
s>pdekra 3aBucena or BeauuuHbl uHakTuBanuu H-AT®aszpr (Puc. 18B). IlonyuenHble
pe3yNbTaThl TMOATBEPXKAAIOT BO3MOXHOCTh Yydactusi casura cootHomeHuss CO/HCOs B
reHepanuu Bei3BaHHOU BII OpicTpoii nHaKTHBaIMKA (POTOCHHTE3A.

BaXHO OTMETHTh, 4YTO BbBIABICHHBIC HW3MEHEHHS P, OTPak)aloT HECTAlMOHAPHBIE

U3MCHCHHS TOTJIONICHHSI YIJIEKMCIOr0 Ta3a KJICTKaMHU JINCTa PacTEHHs; OJHAKO, MPU aHaIU3e
CTAlMOHAPHBIX HM3MEHCHHH MOXET HAOMI0AaThCsd Jpyras KapTHHA: CABHUT  ypaBHEHHS
CO2+H20-HCO3+H" Gyner npuBoauth K 6obleMy Hakomenuro obiero myaa CO2 u HCO3™
, KOMIICHCUPYA TCM CaMbIM YMCHBLIIICHHUC PCOZ . I[JISI IMPOBCPKHU BIIUAHUSA U3MCHCHUS daKTUBHOCTU

H*-AT®a3bl Ha CTanuMoHapHyr (OTOCHHTETHYECKYIO ACCHMWISALMIO Oblia paspaboTaHa
JIOTIOJTHUTEIIbHAS MOJIENb (pOoTOCHHTE3a. Moienb U ee mapaMeTphl MOIPOOHO onucaHa B paboTax
[A37,A38]; obmas cxema MoeNH IpeACTaBIcHa Ha pucyHke 19a.
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Puc. 19. [lpunuunuansHas cxeMa IByMEpHOI MoJienu poToCHHTEe3a B IucTe (OoIpoOHOe
omnucaHue Mojeau U napameTpbl cM. B [A37,A38]) (a) u Biusiue aktuBHOocTH H'-AT®a3b Ha
WMUTHPOBAHHYIO MOJAEIbI0 (OTOCHUHTETUYECKYI0 acCUMIUIAINI0 (0) B YCIOBHSIX pa3HOU
MHTEHCUBHOCTH ocBemeHns (0T 42 — 10 491 mxmons mM2c™t) [A38]. s npuBeneHHOro aHAH3a
UCTIOJIF30BaH BapUAHT MOJIENM, B KOTOPOM YCTBUIIA PACIIOJIarajiich B IIEHTPE KBaJpaToB S5X5
KJIETOK.
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Pa3paborannas MOJEJIb MpeACTaBIIsIIa co0oif JTBYMEPHYIO CUCTEMY
(bOTOCHHTE3UPYIOLINX KIETOK Me30(uilia ¢ y4acTKaMM aroIuiacTa, UMUTHPYIOUIYIO JUCT (MU
yuactok jicta). [Tocrymnenue CO2 oCylIECTBISIIOCH Yepe3 YCThUIIA, PACIIONOKEHHbBIE B IICHTPE
osokoB 3x3 wim 5X5 knerok, manpHenmuid Tpancnopt CO2 m HCO3 B amomact coceaHux
KJIETOK ONUCHIBAIM HAa OCHOBaHWMU 3akoHa @Duka. BzammonpeBpamenue CO2 u HCOsz
OMKCHIBAIM KaK MIHOBEHHOE (T.€. ONHKCHIBAIIOCh MX pPaBHOBECHOE pacipenesneHue). B pabore
UCIIOJIb30BaIaCh MUHUMAJIbHAS ANEKTPOPU3HOIOTHYECKAs MOJIENb KIETKH, ONUPArOIIascs Ha
pannioo moxens Sukhov, Vodeneev (2009). Mogens yunteiBana H -AT®a3y mia3MaTudeckoi
mem6Opansl, inwardly-rectifying u outwardly-rectifying K* xanmanmst u H'/K* antumnoprep;
W3MEHEHUS KOHIICHTPALMK MPOTOHOB M Kajus, a Takxke OydepHsie cBoicTBa. [loctymenue CO2
B KJIETKY ONUCHIBAIM Ha OCHOBaHMU 3akoHa Dwuka; mocrymieane HCO3 depe3 meMmOpany
npunuManu HyneBeM (Tholen, Zhu, 2011). ®doTocMHTETHYECKHE TMPOIECCHI B CTpOME
OIHKCHIBAIM HAa OCHOBE CTaHAapTHOM moxenu Farquhar—von Caemmerer—Berry (von Caemmerer
et al., 2009; von Caemmerer, 2013), y KOTOpoOii OBLIO COXpPaHEHO TOJBKO JBa BapHaHTa
mumuTHpoBanus ¢ukcaiuu CO2 (B cootBercTBuu ¢ Bernacchi et al., 2009): numutupoBanue
AaKTUBHOCTHIO PyOucKko u mumuTHpoBaHue HyHKIMOHUPOBAHUEM JIEKTPOH-TPAHCIIOPTHOM LIeTIH
TUJIAKOWJIHBIX ~MeMOpaH. AHamM3 CTAalMOHAPHOW  (HOTOCHHTETHUECKONH  aCCUMUJISIIHH,
MMUTHPOBAHHOM MOJieNbI0, mokasan (Puc. 196), uto usMenenus aktusHoctu HY-ATda3el cnabo
BIMSUTM HA TaKyH) ACCHUMUJISAIUIO. YUYUTBIBAs, YTO JUIS JOCTH)KCHUS CTAIlMOHAPHBIX 3HAUYCHUHN
TpeboBanoch 0kojo 10 MUHYT MOJEIHHOTO BPEMEHHU, TOTYUYEHHBIA pe3yIbTaT MOKA3bIBAET, YTO
BbI3BaHHbIe MHakTHBauuel H'-AT®a3bl U 3amienaurBaHUEM aroIliacTa CABUTH COOTHOLIEHUS
CO2/HCO3™ MoryT y4acTBOBaTh B ObIcTpo# (pase mHakTuanuu (orocunreza [Al]; ogHako, ux
y4acTusl B JUIUTEIHHBIX H3MCHCHHSIX MEHEE BEpOSTHO. B TO ke Bpemsl, CIeayeT OTMETHTh, YTO
pazpaboTaHHass MOJeNb HE aHAJIM3UpPOBAJa BO3MOXKHOE BIMSHHE IMPOCTPAHCTBEHHOU
HEOJHOPOJHOCTH B paclpeesieHul KapOoaHruapasd u axBanopuHoB [A40], koTopbie MOTyT
UMeTh COBMecTHYIO Jokanu3aiuio (Wang et al., 2016). YuurtbiBas, 4T0 aKBamOPUHbBI YIaCTBYIOT
B Tpancnopre CO2 yepe3 memOpanbl pactutenbHbix kietok (Uehlein et al., 2008; Gallé et al.,
2013), Henmb3d HCKIIIOYATh CYLIECTBOBaHME HecTalMoHapHbIX pacmpenenenuii COz2 u HCOgz
OKOJIO CHCTeM WX TpaHcmopra. B aTom ciydae, BnusHMe pH amoruracta Ha COOTHOIICHHE
CO2/HCO3™ MokeT ObITh aKTyalIbHO U AJIS ATUTENbHBIX (DOTOCHHTETUYECKUX OTBETOB.

AnpTepHaTUBHAS THIOTE3a, OOBSACHSIONIAS BiIMsgHHE W3MeHeHud pH Ha doTocunres,
MpeJnoiaraeT, 4YTo TaKhe W3MEHEHHUS CHIKAIOT CIOCOOHOCTH akBamopuHOB mpomyckaTh CO2
(Gallé et al, 2013). Takoe mnpeaNoONOKEHHE, XOPOIIO COTJACYEeTCS C pe3yJbTaTaMu
MozenrpoBaHus [A38], KOTOpble MOKa3bIBAIOT CHUKEHHE CTAl[MOHAPHOW (POTOCHHTETHUECKOMN
ACCUMIIALIUY TIPU YMEHBIIEHUU TPOBOAUMOCTH TU1a3MaTudeckoit memopansl 1iist CO2. OgHaxo,
JMaHHBIC JIUTEPATyphl TIOKA3bIBAIOT, YTO WHAKTHBAIMS AaKBAllOPMHOB HAOJIFOJAETCS TIpH
3akuciennn muroriasmel (Luu, Maurel, 2005; Chaumont, Tyerman, 2014; Kapilan et al., 2018),
a HE TpH 3allellaudBaHWM aroIulacTa. Takod BapWaHT pa3BUTHUS OTBETA IPOTHBOPEUHT
SKCIIepUMEHTAIBLHBIM pe3yibTaTaM [A6,A52] (Puc. 15); T.e. siBIsieTCSI MEHEE BEPOSTHBIM.

Takum 00pa3zom, pe3yabTaThl dTamna AUCCEPTAIIMOHHOTO UCCIICIOBAaHUS MTOKA3BIBAIOT, YTO
conpoBoxaaroniee BII 3amenaunBanue anomniacra, mo-BHIUMOMY, CHIDKaeT noctyruienne CO2 B
dorocuHTEe3UpyIONME KISTKH. pH  3aBUCMMOE CMEIIEHHWE PABHOBECHS B  PEAKIIHH
CO2+H20-HCO3+H" B cropony o6pazoBanusi HCO3 siBisieTcss BO3MOKHBIM MEXaHH3MOM
TaKoro oTBeTa (10 KpaitHed Meps Ui OBICTPOH HMHAKTHBAIMK (POTOCHHTE3a M HECTAIIMOHAPHBIX
notokoB CO2 B cTpomy).

24.5. Ananuz nomenuyuanvhou ponu ycmouy 6 HOpMUpoeanHuu 6bI36AHHOU
eapuadenbHbIM NOMEHYUAIOM DbICIPOIl UHAKMUGAY U U AKMUSayuu homocunmesa

W3 nutepaTyphl W3BECTHO, YTO PACIPOCTPAHCHHE OJIICKTPUICCKUX CHUTHAJIOB YacTo
COIIPOBOJKIAETCs 3aKpbiTeM win oTkpeiTHeM ycthull (Koziolek et al., 2004; Hlavackova et al.,
2006; Grams et al., 2007, 2009; Hlavinka et al., 2012; Gall¢ et al., 2013; Lautner et al., 2014;
Vuralhan-Eckert et al., 2018). BeizBannbie BI1 n3meHeHNs TPOBOAMMOCTH YCTHHI] OBLITH TaKkKe
MTOKA3aHBI B IKCIIEPUMEHTATEHOM OJoke JICCEPTAIMOHHOTO WCCIIEIOBAHHS
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[A19,A30,A31,A44,A49]. boree Toro, Bei3BanHOe BII CHMXEHHE TPOBOAMMOCTH YCTBHUI[ Y
nuctheB ropoxa [A49] 6buT0 cBsizaHO ¢ akTHBHOCTHIO H'-AT®a3bl, Tak Kak MpeaBapUTEIIbHAS
oOpaboTtka oprtoBanamatom Hatpus (0.5 MM) mpuBogMiIa Kak K YMEHBUICHHIO HAayalbHOMN
tpancnupaiuu (Puc. 20a), Tak ¥ K CHIDKCHUIO €€ U3MEHEHHUS T0CIIe MHIYKIIMH BapraOeIbHOTO
norennuana (Puc. 200). [To-BuaumMoMy, MOIy4eHHbBIH pe3ysibTaT 00YCIOBICH KIFOYEBOMH POJIbIO
H*-AT®a3mb B obecnieuennu otkpeiroct yerbull (Falhof et al., 2016; Inoue, Kinoshita, 2017),
YTO MPUBOAUT K 3aKPBITHIO YCTHUIl IPU YMEHbIIEHUU aKTUBHOCTH ¢epmenTa. [loTeHnuansHo,
W3MEHEHHE OTKPBITOCTH YCTBHUI[ MOXET BIHATH Ha moctyruieane CO2 B (oTocHHTE3UpyOIINe
KJIETKU, YTO TMOATBEPXKAAeTCs, HAIpUMEp, aHAJIU30M pazpaboTaHHOW Mozenu (oTocuHTE3a B
mucre [A37,A38], T.e. MokeT ObITh MexaHu3MoM BiusiHus BIT Ha hoTocunTes.
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Puc. 20. Biusuue oproBananara Hatpus (OB, 0.5 MM) Ha cranuoHapHBI YpOBEHb
tpancrmpaiu (E) (a) u Ha Bbi3Bannbie BIT usmenenus E (AE) (6) y ropoxa (n=6) [A49].
[Tpumep Be3BanHOrO BII oTBeTa A 1 E, Ha KOTOpOM MOKa3aHbl pa3lIWYHbIE 3TAIbl OTBETA (B), U
k03 durment koppensiiuu (R) Mexay u3meHnenusimu E 1 A Ha pasHbIX dtamax orBera (N=21)
(r) [A19]. Pe3ynbTathl, mpeacTaBicHHbIC HA @ U O, U Pe3yJbTaThl, IPEICTABICHHBIC HA B U T,
MOJIYYEeHBI B PA3JIMYHBIX CEpUsAX JKcrepruMeHToB. BIl wHIynmMpoBaH 0KOTOM IEpBOTO JIHCTA
ropoxa (cTpenka); U3MepeHHs MPOBOAMUINCH BO BTOPOM JUCTe ¢ Hcnoyb3oBaHueM GFS-3000 u
Dual-PAM-100. *, moka3plBaeT CTATHCTHYSCKH 3HAYMMBIC pa3JIM4dsi C KOHTPOJEM WU
ko3¢ duireHTs Koppesinuu (p<0.05).

IIpoBenennsii B pamkax pabotsl [A19] ananu3 Oombiiero mMaccuBa BbI3BaHHBIX BII
orBeToB accumwisinuu (A) u TpaHcnupauun (E) mokaszan, 4ro aMHaMuKa HW3MEHEHHS
TPaHCHHUpALMK Yy TOpoXa MOXET HMeTh JOCTaTOYHO cJoXHBIH xapaktep (Puc. 20B) wu
Koppemsiiust Mexay u3MeHeHusMu A u E 1ubo mMomHOCTBIO OTCyTCTBOBasa, MO0 Oblia
JOCTaTOYHO ciaboi B TeueHue NepBbIX 15 MuHyT pasButus otBera (Puc. 20r). Takoit pe3ynbrar
XOpOIIO COTJIacyeTcss C pe3yiabTaTaMu JPYTUX SKCIEPUMEHTAJIbHBIX OJOKOB HCCIIEIOBAHUS
[A30,A31,A44], a Taxke ¢ JaHHBIMHU psija MPEACTABICHHBIX B JuTeparype pabor (Koziolek et
al., 2004; Lautner et al., 2005; Grams et al., 2009; Gall¢ et al., 2013). Onnako, B JuTEpaType
takxe umerorcs padotsl (Pena-Cortés et al., 1995; Hlavackova et al., 2006; Grams et al., 2007;
Hlavinka et al., 2012; Vuralhan-Eckert et al., 2018), B k0oTOpbIX TOKa3aHa OYCHb OJIM3Kas
JTMHAMUKA BBI3BAHHBIX DJIEKTPUYCCKHIMHU CUTHAJIAMUA M3MEHEHUH aCCHMWIAIUU U TPAaHCIHPAIHN
(MM IPOBOAMMOCTHU YCTBUI] JIUCTA). bojee Toro, B HEKOTOPHIX M3 3TUX padot (Pefia-Cortés et
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al., 1995; Fromm, Fei, 1998; Vuralhan-Eckert et al., 2018), snexTpruecKie CUrHAIbI BBI3BIBAIN
aKTUBAIMIO (OTOCHHTETUYECKUX TMpoleccoB (Bo3pactanue accummrauuun COz), KoTopas
COIPOBOXKAANIACH YBEITMYEHUEM ITPOBOJUMOCTH YCTHUII JIUCTA.

OTMedeHHBIE TPOTUBOPEUYUBBLIC PE3YJIbTAaThl MOTYT OBITh OOBSCHEHBI HA OCHOBAaHUU
THIIOTE3BI, IPEIOKEHHON B paMKax JUCCEPTallMOHHOTO uccienoBanus [A42]. B coorBeTcTBHM
C HEM, onMpasch Ha METOJ] SKBUBAJIEHTHBIX CXEM U IIpeJiIoiaras ocjie10BaTelIbHOE COETUHEHNE
npoBoauMocTel Me3odumia (gm) ¥ ycThHIl (Jst) aist CO2, obmas npoBogumMocTts jucta aisa CO2

gmgﬁ
gm +gst

Ost, UTO MOKET HaOJIOJaThes y ropoxa B OjarompusTHbiXx ycioBusx (CyxoB u ap., 2017),
M3MEHEHHUS MPOBOAUMOCTH YCThUIl HE OYAYT BIMATH Ha UTOTOBBIM (POTOCMHTETUYECKHII OTBET.
Hanpotus, B ycnoBusix HU3KOH s, BbI3BaHHBIE BIl m3MeHeHHs MpOBOAMMOCTH YCTBHIl OymyT
MOJIHOCTBIO OMpenessaTh (OTOCMHTETUYECKUH OTBET TEMHOBOW craauu (orocuHresza. Takoi
BapHaHT, XOPOILIO COIJIaCyeTCsl C BBICOKOH CTENEHBIO COOTBETCTBUS MEXKAY H3MEHEHUSIMU
ACCUMHJIALIMYA M TPAHCIUPAILIMU, TTOKA3aHHON SKCIIEPUMEHTAIFHO B YCIOBUAX CHUJIBHOW 3aCyXu
[A36]. Craenmyer Takke OTMETHTh, YTO OBICTPOE OTKPBITUE YCTBUI[ JOCTATOYHO YacCTO
Habmonaercst mpu uaaykuuu BIT ([A19,A30,A31], Pena-Cortés et al., 1995; Fromm, Fei, 1998;
Koziolek et al., 2004; Grams et al., 2009; Gall¢ et al., 2013), uro co3maeT NPEANOCHUIKHA IS
pa3Butus Bbi3BaHHOHM BII akTuBanuu GoTocuHTE3a B TOM cliydyae, €clid MPOBOAMMOCTh YCTBHUIL
OyJIeT TUMUTUPOBATH OOIIYIO TPOBOAMMOCTS Jcta st COo».

B coorBerctBumM ¢ paGoroii [Al9], MOXHO NPEAONOKHTH, YTO HMHAKTUBamus H-
AT®a3p1, KOTOpas MPUBOAUT K CHMXKEHHUIO Typropa KJIeToK (IOCPEICTBOM COIPOBOXAAIOIIETO
TaKyl0 HMHAKTHBAIIMIO BBIXOJAa HOHOB KalHs M XJOpa U3 KIETOK), MOXET OIHOBPEMEHHO
CIOCOOCTBOBAaTh KAaK 3aKpBITUIO, TaK W OTKPHITHIO YCThbUL. B 4acTHOCTH, mpH Takoi
WHAKTUBALMU 3aMBIKAIOIINE KIETKU, Tepss Typrop, OydyT 3aKpbIBaTh YCTbHUIA; HAIMPOTUB,
TEPSIIOIIME TYpProp KIETKU 3MUJEPMHCAa BOKPYT YCTBHI] MOTYT CIIOCOOCTBOBATb UX OTKPBITHIO
(Kaiser, Grams, 2006; Kollist et al., 2014). bbuto mpeanoaoKEHO, YTO B 3aBHCUMOCTH OT
KOHKPETHBIX AKCIIEPUMEHTAJIbHBIX YCIOBUH W/WIM BHUJA pacTeHMs], Ipu pacupocTpaneHun BII
Oyaer mpeobnanaTh OJUH M3 ATUX HPOLECCOB, OOecreunBas pa3IMYHbIN pe3ysbTUPYIOIINI
orBer Ha BII (3akppiTHe WM OTKpBITHE YyCThbMIl). B dYacTHOCTH, NpOBENEHHBIH B paMKax
JIMCCEPTALMOHHOr0 HccienoBaHus aHanu3 [A19], mokaszai, 4ro npu 6osee HU3KOH BIaXHOCTH
Bo3ayxa BII Be3eiBan camwkenne tpancnuparyn (Puc. 21a), a mpu 6osiee BBICOKON BIaKHOCTH —
ee Bo3pacranue (Puc. 2106).
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Puc. 21. IIpumeps! BerzBanHOTrO BII oTBeTa A M E B yCIIOBHSIX BIIa)KHOCTH OKPY’KAFOILETO
JUCT Bo3ayxa, paBHou 16000 ppm (a) u 20000 ppm (6) [Al9]. BII unayuupoBaH 05K0roM
MEepBOrO0 JINCTa Topoxa (CTpenka); W3MEpEeHUs TPOBOJWINCH BO BTOPOM JIUCTE C
ucnonb3oBanuem GFS-3000 u Dual-PAM-100. GFS-3000 moanepxuBail 3aaHHYIO BIAXKHOCTb
BO3/TyXa.
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Eme oqaum (hakTopoMm, MOTEHIIMATHHO BIUSIONIUM, HA THI U BEJIUYMHY BbI3BaHHOTO BII
OTBETa YCTHHUII, ABJISETCS UX UCXOTHAS MPOBOAUMOCTb. Tak, JaHHBIC JIUTEPATYPbl OKA3bIBAIOT
(Gallé et al., 2013), uTo B ycnoBusix 6osee HU3KOi MpoBOAMMOCTH ycThull (KoHIeHTparws CO2 B
cpene 2000 ppm) BII BbI3bIBaeT BO3pacTaHHe TakoW MPOBOAMMOCTH Ha 46%; HampoTuB, B
yClIOBUSIX 0oJjiee BBICOKOM NpoBoaumocTu ycTbHll (koHueHTpanus CO2 B cpene 700 ppm) BII
BBI3BIBAET BO3pAaCTaHHE Takoll mnpoBoaumoct Ha 22%. Kpome Toro, B oTnenpHORl cepuu
IKCIIEPUMEHTOB B paMKax JHUCCEPTAlMOHHOTO uccienoBanus [A36] ObUIO0 TOKa3aHO, YTO TpHU
BJI&JKHOCTH OKpYy>katomiero JucT Bo3ayxa 20000 ppm u mocrarounoM nosuse, BII ¢ paBHoit
BEPOSITHOCTHIO BBI3BIBAJI OBICTPOE BBIPAKEHHOE BO3PACTAHME WIIM CHIDKEHHUE MPOBOAMMOCTU
YCTBUI]; HApOTUB, B YCIOBUSAX IOYBEHHOW 3acyXu (BJIQXHOCTh BO3JyXa HE MEHsJIach) U
PE3KOr0 YMEHBIICHHUS WCXOMHON MPOBOAMMOCTH YCThUIl, B 66.7% cinyuaeB HaOII01a10Ch
ObicTpoe Bo3pacTanue mnpoBoauMoctu mocie BIl (B ocTaJbHBIX clyyasix OTBETHI
OTCYTCTBOBAJIN).

Takum oOpa3om, pe3ynbTaThl dTama HCCIEIOBAHUS MOKA3bIBAIOT, YTO MPH JIOCTATOYHO
HU3KOW MPOBOJMMOCTH YCTbHUIL, BbI3BaHHble BII u3MeHeHHs TakoW NPOBOAUMOCTH, IIO-
BUJUMOMY, MOTYT OBITb OCHOBHBIM MEXaHM3MOM pa3BUTHUSI OBICTPHIX (HOTOCHHTETHYECKHUX
OTBETOB, BKJIIOYAs KaK HWHAKTUBAIMIO, TaK M aKTUBaNUIO (OTOCUHTE3a. BwIOOp Mexmy
OTKPBITHEM WJIM 3aKphITHEM YCTBHII MPHU pacnpocTpaneHuu BII moxker ompenenstbcs BHIOM
paCTCHHSI U YCIIOBUSMHU CPENbl; B YaCTHOCTH, 0OJiee HU3Kash MCXOJHAS MPOBOAMMOCTh YCTHHII,
MO-BUJIMMOMY, CIIOCOOCTBYET 00Jjiee BHIPAKEHHOMY IMOBBIIICHUIO UX TpoBoauMocTH mpu BII u
Haobopor. Ciemyer, OIHAKO, OTMETHTb, YTO B  OOJBIIMHCTBE  HKCIIEPUMEHTOB
JMCCEPTAlMOHHOrO HccnenoBanus (uckmouas [A36]), BapuanT perymsaiuu (OTOCHHTE3a
BbI3BaHHBIME BII oTBeTaMu yCTHUIT HE peaTM30BBIBAIICS.

24.6. Obwaa cxema NOMEHUYUATLHBIX MEXAHUIMOE pA3GUMUA  OblCMPOIl
UHAKMUGAUUU (omocunmesa, UHOYYUPOBAHHOU 6APUADETLHBIM NOMEHUUAIOM ) BbICUIUX
pacmenuil

Puc. 22 o6o0mniaer oCHOBHBIE pe3ysbTaThl OJOKa IHCCEPTAIIMIOHHOTO HCCIICOBAHWS,
MOKa3bIBasi TMOTEHIIMAIbHBIE MEXaHHU3MBbl Pa3BUTHS OBICTPBIX (POTOCMHTETUYECKHX OTBETOB
(mpexae Bcero, MHaKTUBAMKM (POTOCHHTE3a) MpU MHAYKIMUU U pactipoctpanenuu BIL. Tlpu atom,
KJIIOUEBBIM JTAallOM BCEX MEXaHM3MOB sBjserTcs umHaktuBanus H'-ATdaser [A40], xortopas
conpoBoxaaeT reHeparuio BIl u, mo-BuauMomy, urpaer OCHOBHYIO pOJIb B peaju3allli BCEX
paccMaTpuUBaeMbIX MEXaHU3MOB (opMHpOBaHHUS OBICTPOrO (POTOCHHTETUYECKOTO OTBETa
(HemocpeICTBEHHAss UHAKTUBAIIMSI CBETOBOM CTaJlMM, YMEHBIIEHUE MPOBOJUMOCTH Me30(huiia
mucta st CO2, u3MeHeHue nmpoBoAuMocTH yeThull 1iist CO2).

CnemyeT OTMETHTb, 4YTO CYIIECTBYIOT allbTEPHATHBHBIE THUIOTE3bl O MEXaHU3Max
WHAYKIAA OBICTPBIX (POTOCHHTETUYCCKUX OTBETOB AJICKTPUUYCCKUMHU cHUTHasaMu. OJHa U3 HHX
(Krupenina, Bulychev, 2007), o0bsicHsieT HHAKTHBAINIO (OTOCHHTE3a BXOJOM HOHOB KaJbITHS.
OIHaKo, y4uThIBas TECHYIO CBA3b BXOJa MOHOB Kanblusg M uHakTuBanuun H'-AT®a3bl npu
passutuu BIT [A15,A40,A50], Takoii BX0OJ MOXHO pacCMaTpHBaTh KaK JTall, IPEAIIeCTBYIOINI
peanu3aiuy MoKa3aHHbBIX BBIIIE MEXAHU3MOB.

Eme onna runoresa (Biatasek et al., 2017) cs3piBaeT nHUIMAINIO (OTOCHHTETHYSCKIX
OTBETOB C PaCMIPOCTPAHCHUEM I10 PACTEHUIO aKTHUBHBIX (POPM KHUCIOpoa (BEpOsITHO, IEPOKCHIAA
BOJIOPOJIa), KOTOPBIE pacCMaTPUBAIOTCS KaK MEXaHU3M Tepeaadd dIEKTPUYECKUX CHTHAIOB IO
npoBoauM myukam (Suzuki, Mittler, 2012; Choi et al., 2017; Hilleary, Gilroy, 2018). Onnaxko,
B paMKaXxX 3TOW THIIOTE3bl, aKTUBHBIE (POPMBI KHCIOpoAa (BKIIOYAsi MEPOKCHI BOAOPO/A) TAKKe
SABJIAFOTCS JIMIITb YacThI0 MeXaHW3Ma (opmuposanus BII, mHxyrmpyonmmu aktupamuio Ca?t-
KaHAaJIOB, BXOJl MOHOB KalbIIUsA M MOCIEAYIONy0 HHakTHBauo H'-ATda3bl mia3sMaTiuecKoi
memOpanb [AS0].
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Jokanvroe noepestcoeniie
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Puc. 22. Cxema mNOTEHIMANbHBIX MyTeH HWHAYKIUU OBICTPHIX (POTOCHHTETUYECKUX
OTBETOB IIpU pacnpocTpaHeHnH BapuadenbHoro noteHuuana. pHan, pHuur, pHerp 1 pHimow — pH B
amoriacTe, MHUTOIUIa3Me, CTPOME M JIIOMEHE XJIOPOIIACTOB, COOTBETCTBEHHO. (st U Om —
npoBOIUMOCTh ycThuIl B Me3ohmmia ast CO2. dpsi, psn, LEF, CEF u NPQ — xBaHTOBBIC

BbIXOJbl orocuctembl | u |, HenmuMkiIMYeckuii MOTOK 3JIEKTPOHOB, LUKIMYECKUH IMOTOK
AIIEKTPOHOB BOKpPYr QorocucteMbl | u HedpoToXMMuyeckoe TylIeHHE (DIyopecleHIINnH,
COOTBETCTBEHHO.

2.5. Ananu3 nyreil BJIMSIHUSI Bapua0eJbHOI0 TOTEHUHMAJa M BbI3BAHHOW MM
ObICTPOii MHAKTHBAUUM (OTOCHHTE3a HA TeMIOYCTOHYUBOCTL (POTOCHHTETHYECKOTO
anmapara M pacTeHusi B LeJIOM

2.5.1. Bauanue uHOyKuuu 6apuadeibHo20 NOMEHYUANA HA MENJ10yCHMOUYUEOCHb
pacmeHui

MacmTabHoe BIUSHHUE DJIEKTPUYECKHX CHUTHAJIOB Ha (DPU3MOIOTMYECKHE IPOILECCH Y
pactenuii [Al,A15,A40] no3BosSeT MPENOIIOKHUTE, YTO TAKHE CHTHAJIBI MOTYT y4acTBOBaTh B
aJanTanuyd PacTeHUH K JeWcTBHIO HeOmaronpusaTHeX (akropoB [Al,A28,A39], nossimas, B
YaCTHOCTH, WX YCTOMYMBOCTH K OITHUM ¢akropaM. B nuTepaType mnpeiacTaBieH psa padoT
(PetuBun u np., 1999; Szechynska-Hebda et al., 2010; Zandalinas et al., 2020a, 2020b),
MOKA3bIBAIOIINX MOJOXKUTEILHOE BIMSHHUE DJIEKTPUUYECKUX CHTHATIOB HAa TaKyH) YCTOWYHBOCTH;
OJIHAKO, MEXaHU3MBbI BIIUSTHUS H, B YaCTHOCTH, POJIb OBICTPOI WHAKTUBAIMK (POTOCUHTE3a B €r0
peanu3aliii B HACTOSIIEEe BpeMs OCTalTCA clabo wucciegoBaHHbIMU. Brusaue BII Ha
YCTOWYMBOCTh PACTEHUI K MOBBIMICHHON TeMITepaType, KOTopas SBIISETCS OJHUM W3 KITFOUEBBIX
HeOaronpusTHBIX (hakTopoB Juist pactenuit (Bakery et al., 2024; Pandey et al., 2024; Yao et al.,
2024), 6110 TPOAHATM3UPOBAHO B TEKYIIEM OJIOKE TUCCEPTAIMOHHOTO UCCIICIOBAHMS.
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[Ipexne Bcero, ObUIO M3YUYEHO BIMSHHUE JIOKAJIBHOTO Oo)kora ¥ mHAyKiuu BII Ha o0mryro
TEIIOYCTOHYUBOCTh ropoxa [A49], KOTOpyr0 OIEHMBAJIM IO IMOAABICHUIO POCTOBOM peakIuu
1ocJie TECTOBOTO BO3/CHUCTBUSI BHICOKOM TeMIlepaTrypbl. bbulo moka3aHo, 4TO IpeaBapUTeIbHas
uHAykuus BIT nokajibHBIM 0KOTOM MEPBOTO JUCTA 32 15 MUH 10 CUCTEMHOr0 HarpeBa pacTeHus
NPUBOJIMIA K CHIDKCHHIO TMOJABJICHHsI POCTOBBIX MPOIIECCOB Mocie Takoro Harpesa (Puc. 23).
Crnenyer orMeTuTh, uTo 3(hdexT Habmomancs auib npu HarpeBe 10 53° B yclnoBusx Oolee
ciaboro unu 60see CUIBLHOIO HarpeBa OH OTCYTCTBOBAJL.

a 40 1
- [] Bes mrayxumn BIT
© 35 4 I
= Ly B ¢ umaykumeit BIT
3
£ 30 1
2
= 25 T *
20 [ ] . : - 5 | _ cEm
KonTpos, Kontpoms, 51°C, 53°C, 55°C.
14 cyTok 19 cyTok 19 cyTok 19 cyrok 19 cyrok
0 20 1
_ [] Be3 uaaykumu BIT
2
= g | B ¢ maayxmeit BIT
e 1L o
215 1
§ L i %
£ . i .
< I -+ f
10 2 T - T : T T 1
KoHTpois, KoHTpons, 51°C, 53°C, 55°C,
14 cyTox 19 cyTok 19 cyTok 19 cyTok 19 cyTok

Puc. 23. BiusgHue npeaBapuTenbHON HMHIAYKIMM BapuaOEbHOIrO MOTEHIMAjla Ha POCT
nobera (a) u kopHsa (0) ropoxa mocie KpaTKOBPEMEHHOIO AEWUCTBHUS BBICOKOW TeMmepaTypbl
(n=20-50) [A49]. Uuaykuus BIT ocyiiecTBisiach JIOKAIbHBIM 03KOTOM MEPBOTO JINCTA TOPOXA.
Bricokas remnepatypa neiictBoBasia Ha Bce pacteHue (30 muH, HarpeB 0 51, 53 wnm 55°C,
tepmoctatr TV-20-PZ-’K’); BO3meiictBue HaumHaioch yepe3 15 muH mocie uHaykiun BII.
MopdomeTpuueckne U3MEpeHHs OCYIECTBIUIMCH Yepe3 5 CYTOK IOciie HarpeBa. *, Mexay
BapuaHtamMu ¢ uHAykuued BII u 0e3 umHAyKIMM HaOMIOAANUCH CTATUCTUYECKH 3HAYMMBbIE
pazmuaus (p<0.05).

JI1st IpoBEpKH BO3MOKHOCTH y4aCTHsI BBI3BAaHHBIX JIOKAJIBHBIM 05KOIOM M HHAyKnuen BII
U3MEHEHUH TeMJI0yCTOMYMBOCTH (POTOCHHTETHYECKOTO ammnapaTa B BbISBIEHHOM OTBETE OBLIO
HCCJIEIOBAaHO (DOTOCHHTETUYECKOE MOBPEXKIECHUE NPU HArpeBe BO3AyXa B KaMmepe C JIMCTOM J0
53°C [A49]. [okazano (Puc. 24), uro npensaputenbHas nHaykius BII cHibkana moBpexaeHue
O®CIl mpu HarpeBe; HampoTuB, TemmeparypHoe mnoBpexaenne DCIl ycunupanocs. Baxho
OTMETHTb, YTO BbI3BaHHBIE MHAYKIHMEH BII nsmenenus remnoycroitunBoctu @CIl u OCII, mo-
BUJIUMOMY, OTCYTCTBOBaJM Mpu Oojee cimaboM HarpeBe [A47]. bonee Toro, Ha mieHuIEe ObLIO
nokazaHo, 4ro uHAyKius BIl Moxer cHmwxkate TemneparypHoe mnospexaenue PCIl mpu
UCIoNb30BaHuu Oosiee crnaboro HarpeBa (10 50°C), BBI3BIBAIONIETO MEHBIEE CHUKEHUE (psii B
koHTposie (mpubnusutenbHo Ha 40%) [A30]. Takum 00pa3om, BBISBICHHOE BO3pacTaHHUE
temnepatypaoro moBpexacHuss DCIl [A49] He sBasiercss 00s3aTENbHBIM PE3yJIbTATOM
uHaykunu BITL
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Puc. 24. IIpumeps! nuamenenus ¢psi, Gpsi 1 TEMIIEPATYphl BO3AyXa, OKPYIKAIOLIETO JUCT
(Te), y pacTenuii ropoxa B KOHTpoJIe U yepe3 15 u 45 mun nocie uaaykiuu BIT (a) u cpeanue
BEJIMYMHBI OCTaTOUHBIX (psi ¥ Bpsi cpasy mociie HarpeBa u uyepe3 10 mun (N=5-8) (6) [A49]. BII
UHIYIUPOBAJIM OXOTOM TIEPBOIO JIMCTA; HarpeB Bo3ayxa B kamepe 3010-Dual wu
(oTOCHHTETHYECKHE HM3MEPEHUs OCYIIECTBISUIM Ha BTOpoM Jjucte. HarpeB mponoikaincs B
tedenne 30 muH u gocruran 53°C. *, mexay Bapuantamu ¢ uHaykuuei BII n Ge3 unaykuuun
HaOJTI0IAJTUCh CTATUCTUYECKH 3HaYMMBbIe pazmuuus (p<0.05).

B pamkax nuccepTaliMOHHOTO WCCIEIOBAaHMS OBLI MPOBEICH JTOMOJHUTEIBHBIN aHAIH3
CBSI3U MHIYKIIMHU DJICKTPUYECKHX CHUTHAJIOB M TEIJIOYCTONYMBOCTH (OTOCHHTE3a y Topoxa [A8].
Takoi ananmu3 omwmpasncs Ha omHoBpeMmeHHBIM HarpeB (mo 30, 40 um 45°C) u wusMepenue
DIIEKTPUUYECKON aKTUBHOCTH JHCTheB (Puc. 25a) n Ha mocienyromuil KOppensSIuOHHbIA aHaAIN3
MEXIy  TapaMeTpaMHu  JJIGKTPHUYECKHX  CHUTHAJIOB M OCTaTOYHOM  aKTHBHOCTHIO
¢dorocunTeTnyeckux mpoueccoB (Puc. 250 u 258). [Ipu 3TOM HarpeB jimcTa BBI3BIBAJI B 30HE
JIEHCTBUSI DJIEKTPUYECKUE CUTHANIBI, KOTOPHIE 10 CBOUM XapaKTepucTukam Obutn Oim3ku kK BII
(IUTEeNnpHBIE AeTOISPU3AIIMOHHBIC CUTHAJBI CIOXKHONW (DOPMBI) U, BEPOSITHO, UMEIU CXOIHBIE
MEXaHU3MBbI. BBIIO MOKa3aHO, YTO OCTATOYHAs AKTUBHOCTH (POTOCHHTETUYECKHUX ITPOIIECCOB
(accummsitiust, kBaHTOBBIN BhIxoa DCII) Obu1a BhIIe pu OOJIBIICH AMIUTUTYIE AIEKTPHUSCKUX
peakmuii. bonee BrICOKast ocTaTOYHAs aKTUBHOCTh TaKMX IMOKa3aTesel HaOmoqanach Takke Ipu
0ojsiee HHM3KOM TEMIIEPATypHOM IOpOTe HMHIYKIIMU O3JeKTpudeckux peakiuii [A8]. Dtm
pe3yabTaThl JOMOTHUTENBHO MOATBEPKAAIOT YUACTHE AJIEKTPUUECKUX CUTHAIOB B TOBBIIICHUH
TEIIOYCTONYMBOCTH (POTOCUHTETHUECKOTO anmapaTa ¥ BO3MOXHOCTh MOJIOKUTETHHOTO BIUSHUS
Takux curHajaoB Ha ycroitunBocth OCII B cimydyae ymepeHHOTO Harpena.
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Puc. 25. Ilpumep wusmMeHeHuil »snekTpuyeckoro noteHuuana (AE), BbI3BaHHBIX
Bo3pactanueM temieparypsl (1°C) (a) u 3aBucumoctu octatognoro ¢psii (6) u A (B) oT cpenneit
aMILUTATY Bl 3JeKTpryueckux peakimii (Agr) npu Harpese (N=40) [A8]. HarpeB Bo3ayxa BOKpyr
nucta ocyuiectsisuin B kamepe 3010-Dual. AE usmepsiin ¢ UCIIOIb30BaHUEM MAaKpPOAIEKTPOIOB
(o7eKTpoa CpaBHEHHUS HAXOJWJICS Ha KOpHE); (OTOCHHTETHYECKHE TIOKa3aTeI H3MEPSUIH C
ucnosip3oBanueM cuctembl GFS-3000 u Dual-PAM-100, R — koaddummeHt koppensiuuu
[Tupcona. *, KOAPPHUIUESHT KOPPEIAMUA UMEET CTATUCTUYCCKHU 3HaYUMBbIH xapakTep (p<0.05).

Hakownen, B pabote [A22] O6b110 MOKa3aHO, 4YTO 00pabOTKa yMEPEHHOUW KOHIIEHTpaluen
oprosanagara Hatpus (0.5 MM), KoTopas cHuKana akTUBHOCTH H'-ATda3kl mia3sMaTHuecKoi
MeMOpaHbl M, TeM caMbiM, HMUTHpoBaia pa3Butue BII (B coorBerctBuu ¢ [Al5,A40,A50]),
TaKXe TOBBIIIANIA YCTOWYHMBOCTh (POTOCHHTETHYECKHX MPOIECCOB B JIMCTE TOpOXa K HarpeBy
(48°C, 30 mun).

Takum oOpaszom, mnpenBaputenbHas WHAYKIMS BIl BBI3BIBaCT CIOXKHBIC H3MEHEHUS
TEIIOYCTONYMBOCTH  (DOTOCHHTETHUECKOTo ammapara (poct temnoyctoiuuBocty DCl wu
camkenue TeroyctonuuBoctd OCII) npu cunpHOM Harpese (okoso 53°C). IIpu Gonee HU3KOM
HarpeBe (45-50°C u, BO3MOXKHO, HIIKE) MOXKET MPOSBIATHCS MOJ0XHUTEIbHOE BiusHue BIT Ha
termoycroiunBocTh @CII 1 poTocHHTETHYECKHUX TTPOIIECCOB B LIETIOM.

2.5.2. Ananu3 nymeii 6nuanusn 6apuadebHO20 NOMEHUUANA HA MENI0YCMOIYUBOCHb
domocunmemuuecxkozo annapama pacmenuil

N3BecTHO, 4TO DIIeKTpUYECKHe CUTHANbI, BKItouas BII, MOTYT CylliecCTBEHHO BIHATH Ha
YCTBUYUHYIO TPOBOAMMOCTH Bhiciux pactenuii (Koziolek et al., 2004; Gall¢ et al., 2013; Fromm
et al., 2013). HecmoTps Ha TO, YTO Takoe BIMSHUE UMEET CI0XKHBIN Xapaktep [A19,A40], MoxHO
OXHJATh, YTO TPHU PA3INIHONW TPOBOJUMOCTH YCTBHII B YCIOBHSIX OJWHAKOBOM TeMITEpPaTyphl
OKpYXarolmero Bo3ayxa Oyaer HaOmOJaThCs pa3HbIi HarpeB JIMCTOBOW  IUTACTHUHKU.
[Mpeamonokenne OBUIO MOATBEPKACHO B paMKaxX IUCCEPTAIMOHHOrO ucciemoBanus [A49]:
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uHaykuuss BII BbI3bIBana CHMKEHHE TpaHCIMpallMM M yBEJIMYEHUE TEMIepaTypbl JHCTa B
ycnoBusix HarpeBa A0 53°C (Puc. 26a); Mexay BeTMYMHAMHU MU3MEHEHHUN HAOII0AIach CHUITbHAS
cBs3b (Puc. 260). B cBoro ouepenp, MakCMMaIbHBIM HATPEB JIMCTA ObLT CTATUCTUYECKH 3HAYUMO
CBSI3aH C OCTAaTOYHOW BenMuMHOU (psi mocne HarpeBa (Puc. 26B); HampoTHB, OcTaTOYHAs
aKTUBHOCTh (psi ObLIAa IPAKTUYECKH HE CBsI3aHA C BEJIMYMHOM MAaKCHMaJIBHOIO Harpesa.
[TosrydyeHHBIM pe3ynbTaT IOKa3bIBA€T, YTO YyCWiIeHHE TemneparypHoro nospexacHus OCII
nocie uHaykuuu BII cBsizaHo (1o kpaiiHeidl Mepe, 4acTHMYHO) ¢ M3MEHEHHEM TpaHCIUpPALUU
JUCTa B YCIIOBUSAX HarpeBa. Takod MEXaHU3M IOATBEPXKAAETCA OTCYTCTBHUEM JIOCTOBEPHOIO
yBenudeHus: TemriepatypHoro mnoBpexzacHus DCIl mocne waaykmuu BII B ycmoBmsx
(buKCUpOBaHHOM BeMUUMHBI Temreparypsbl nucta (43-47°C) [A47]; ogHako, TEHACHIUS K TAKOMY
yBenuueHuto HaOmonanack. C Ipyroil cTopoHsl, uccienoBaHue BIMAHUMA UHAYKuuu BII Ha
nospexaerHune OCl u OCIl B nmucthsx, nociie ux norpyxeHus B HarpeTyto g0 50°C Boxy [A4]
[I0Ka3ajlo, 4TO HEOOJbIIOE, HO CTAaTUCTHYECKH 3Hauumoe ycuieHue nospexaeHus OCII
HAOJI0IAI0Ch M B TAKUX YCIOBHUSAX. YUMTHIBAs, YTO JEHCTBUE HArpeTod BOJON MCKIIOYAET
BIMSIHUE TPAHCIHpPALUU, TaKUE PEe3yJbTaThl IMOKA3bIBAIOT CYILECTBOBAHUE JOMOJIHUTEIBHOTO
MexaHu3Ma ycuieHus temneparyproro nospexaenus OCIlI nocne nnaykuuu BII.
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Puc. 26. Cpennue BeIWYMHBI MAaKCUMAJIbHOM TeMIIepaTypbl U TpPAaHCIHMPALUU JIUCTA TIPU
HarpeBe OKPY>Karolllero JUCTOBYIO IUIACTUHKY Bo3ayxa 10 53°C B KOHTpoIe, yepe3 15 u 45 Mun
nocie uHaykiuu BII y ropoxa (n=5-8) (a), koppemsuus [Mupcona (R) mexny BennmuuHamu
MaKkCHMaJbHOW TeMIeparypbl M TpaHcnupauuud (0), AMarpaMMbl pacCesHUs MeXay
MaKCHUMaJIbHON TEeMIIepaTypol JMcTa M OCTaTOYHBIMH (psi U Qpsi mocie Harpesa (N=19) (B)
[A49]. BII wHaynupoBaau OXOroM TIEPBOrO JIMCTAa, H3MEPEHUS (OTOCHHTETHUCCKHUX
nokazareneit (GFS-3000 u Dual-PAM-100) u HarpeB Bo3ayxa B u3meputenbHoi kamepe 3010-
Dual (30 MuH) OCYIIECTBIISUIM HAa BTOPOM JIUCTE. *, pa3nuuus ¢ KoHTpoJeM (6e3 uHaykiu BIT)
ABJISIOTCS CTATHCTHUecky 3HauuMbiMK (p<0.05). #, kosddurment xoppensiuu [Tupcona umeet
CTaTUCTHYECKHU 3HAUMMBIN xapakrep (p<0.05).
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Koppensuuonnplii aHai3 MEXIy aMILTUTyn0d Bbi3BaHHOTO BII ObICTpOTrO CHMKEHUS
(OTOCUHTETHUYECKON ACCUMIUISIIIMA M OCTATOYHOW BEIMYMHOUN (hps) MOCIIE HarpeBa JUCTOBOM
IJIACTUHKU ropoxa 10 46°C moka3ajll BBICOKYIO M CTaTUCTUYECKH 3HAUYMMYIO KOPPESIUIO
[Mupcona mexay stumu nokazarensmu (Puc. 27a) [A47], 4To SBIAETCS apryMEHTOM B TOJIb3Y
yuyactusi  ObIcTpoil ~ uHakTUBauMM  GOTOCHMHTE3a B (POPMHUPOBAHUM  TMOBBIILICHHOU
teroycroiunBoctu OCI.
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Puc. 27. Ocratounsie ¢psi 1 ¢psi TOCIe HarpeBa JUCTOBOW IUIACTMHKU ropoxa 110 46°C
(n=6-11) u koadpduuuentsl koppessiuuu [lupcona (R) mexny amruutymoit BeizBaHHoro BII
CHIDKEHHMSI A W OCTaTOYHBIMU KBAaHTOBBIMH BbIXOJaMu Mpu KoHueHTparuu CO2 B Bo3ayxe 360
ppm (a) u 10 ppm (6). [Ipumepsr uzmenenuit ¢psi 1 psn Tpu cHKeHUN KoHIeHTpauuu CO2
BOKpYT scta ot 360 ppm g0 200 u 10 ppm (B). 3aBUCUMOCTh OCTaTOYHBIX (Ppsi U (psi mMOCIIE
HarpeBa JUCTOBOW IIAacTUHKH 10 46°C OT BenmuuyuHBI CHWKeHUs KoHieHTparuu CO2 mepen
takuM HarpeBoMm (N=5-8) (r). [IpuBeneHsl pe3yiabTathl U3 padotbl [A47]. BII unmynupoBamu
JIOKAJIbHBIM 0KOTOM IIEPBOro JIUCTa Y ropoxa 3a 15 MuH 10 HarpeBa BTOporo jucra ao 46°C.
Harpes (30 mumH) ocymiectBisuics B u3MeputenbHoil kamepe 3010-Dual; mpu sTom, Harpes
BO3[lyXa BOKpYI JIUCTa BapbHpOBal, 4yTOObI O0ECHEYUTH 33JaHHYIO TEMIIepaTypy JUCTOBOM
riacTuHkM. CHmkenue koHueHtpauu CO2 Bokpyr BToporo sucta (GFS-3000) ocymectBusium
3a 30 mun po wusaykuuu BII (Puc. 276) wnim 3a 15 muH no HarpeBa (Puc. 27B).
®otocunTeTnueckue mokasarenn mmepsimm GFS-3000 m Dual-PAM-100. *, ornmumst oT
koHTpons 6e3 BII cratuctideckn 3naunmsl (p<0.05). #, R cratuctruecku 3naunm (p<0.05).
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B ycnoBusix CHMKEHMsI aKTMBHOCTM TEMHOBOW cTaauM (OTOCHUHTE3a U IOJABJICHUS
BbI3BaHHOTO BII ObIcTpOro cHmkeHnust A (Huskas koHneHtpauus CO2 BOKpPYT JHCTa), HHIYKIHS
BapradeIbHOTO MOTEHIIMANIa CHUYKAIa OCTaTOYHBIA (ps| M yMeHbIaa koppensauu (Puc. 270).
Camxenue koHueHTpauuu CO2 BOKpPYT JIMCTa BbI3bIBAJIO YMEHBUIEHHE KBAHTOBBIX BbIX010B PCl
u OCII, cxognoe ¢ uaaynupoBanubiM BII (Puc. 278), u nmoBeimana ocrarounsiid ¢ps) (Puc. 27).
ITomyuyeHHble pe3ynbTaThl OKA3bIBAIOT, YTO BbI3BaHHAs BII MHakTHMBanus TEMHOBOM cTaauu
¢dorocuHTe3a (M ee MMHUTALMs yMeHbIleHHeM KoHueHTpanuuu COz BOKpYT JIMCTa) MOBBIIIAET
teroycroiunBocTs OCI.

[Tonoxurensnoe BmusHUe BII Ha TemoycrtoiunBocth ®CII B 3TOM 3KCnepuMeHTE
orcytcTBoBajio (Puc. 27a); omHako, yMepeHHass MHAKTUBAIUS TEMHOBOM CTaguu ()OTOCHHTE3a
(camwkenne koHreHTpamuu CO2 Bokpyr aucta 10 100 ppm) yBenuuuBaio OCTaTOYHBIA (psii MO
CpaBHEHHIO C €ro BenuMuumHOW B smcte, mporperom mpu 360 ppm COz (Puc. 27r). Pe3ynprar
[IOKa3bIBAaeT MOTEHLIHAIBHYI0 BO3MOXHOCTb IOJIOKUTEJIBHOIO BIMSHUS MHIyLupoBaHHOW BII
ObICTpoli MHAKTUBALMH (HOTOCHHTE3a Ha TeroycroiunBocts CII, uro xopomo cormacyercs ¢
BBI3BaHHBIM BapualeabHbIM moTeHnuaioM [A30] waum  BII-00pa3HbIMH  AIEKTPUYECKUMU
CHUTHAJIaMU B 30HE HarpeBa [AS] moBwIIeHHEM TerIoycTouuBOCTH (otocuctemsl |1, koTopas
ObUIa IIOKa3aHa B IUCCEPTALIMOHHOM HCCIIEI0OBAaHUU IIPU MCIIOJIb30BaHUM OoJiee c1aboro Harpesa
(50°C u Hmxke). BaxXHO OTMETUTH OTCYTCTBHE BBIPAKEHHBIX M3MEHEHUH TEIUIOYCTOMYHMBOCTH
@®CI B 3TOM ciyyae [A8], 4TO XOpOLIO COIJIACOBHIBAJIOCH C YMEHBIIEHUEM IOJIOKUTEIBLHOIO
Biusinust BIT va ®CI npu ymenbinenun varpesa [A47].

B pamkax auccepTallMOHHOIO HccieloBaHMsA ObUIO ToOKa3aHo, yto BII BbI3bIBatOT y
pacrenuii Bospacranue NPQ [A3,A5A11,A20,A21,A26,A30,A31], CEF [A36,A41,A48] u
conepxkanne AT® B muctesax [A2]. Bospacranue NPQ (Miiller et al., 2001; Roach, Krieger-
Liszkay, 2014; Ruban, 2016) u CEF (Rumeau et al., 2007; Sharkey, Zhang, 2010; Johnson,
2011) sBRsIIOTCS XOPOIIO HU3BECTHBIMU CTPECCOBBIMH OTBETAMU PACTEHHi, CIOCOOCTBYIOLUIMMH
3anTe (POTOCHHTETHYECKOTO anmnapaTa MpH JeicTBUU HeOaronpusaTHeIX (pakropoB. HanpoTus,
noBbllieHHOe cojepxkanue AT® sBusercs (akropoM, o00JeryaromiuM BOCCTAHOBJIICHHE
(OTOCMHTETHYECKOTO  ammapaTa Iocie JeMCTBUS  CTPEcCOBBIX  (AaKTOpPOB  (BKIOYAs
noBsieHHy0 Temneparypy) (Allakhverdiev et al., 2005, 2008). 136biTok AT® Takke MOXET
OBITH HEMOCPEICTBEHHO MCIIONB30BaH JUIsl YCKOPEeHUs (OpMHUpPOBaHUS 3aIIUTHBIX U3MEHEHUN U
BOCCTAHOBJICHMsI JPYTHX IpOLIECCOB pacTeHHs. Ha ocHOBaHMM 3TOro, MOXHO IOJararb, 4ToO
yBemmmuenue NPQ, CEF u AT® [Al] sBisiFOTCS MEXaHU3MaMHF TIOBBIIICHUS TEIIOYCTOWINBOCTH
¢dorocunTeTHyeckoro ammapara. OJHaKo, B 3TOM Cilydae JONOJIHHUTEIBHOTO aHalu3a TpedyeT
pons moBeimeHHOro NPQ, Tak kak 3TOT MexaHm3M 3amumiaer npexnae Bcero DCII, a
pE3yJIbTaThl JUCCEPTALMOHHOTO MCCIEN0BAHUS IPEUMYIIECTBEHHO IOKA3bIBAIOT BO3pPACTaHME
teroycroiunBoctd PCl (o kpaiineit mepe, mpu cwibHOM HarpeBe [A4,A47,A49]. B
auTepaType mpezcraBieHa rumore3a (Sonoike, 2011; Tikkanen, Aro, 2014; Tikkanen et al.,
2014) o Tom, yTo MHaKTUBanuMs (Hampumep, Beaeacteue pocta NPQ) wiu nospexaenne OCII
MOXET OBITh YacThlO 3amUTHOrO Mexanusma it OCl (myTemM yMeHbIIEeHUS OTOKa 3JIEKTPOHOB
Ha 3Ty (oTocucTeMy), Tak Kak mHoBpexaeHue cinabo penapupytomeid DCl spaserca Oornee
OIIACHBIM ISl pAaCTEHUS.

OTmedeHHas TUTIOTE3a OOBSCHSAET HE TONBKO poib yBenmdeHuss NPQ B MmoBBIIEHUH
ycroitunBoctu @Cl 1 pacrenus B uenom, Ho 1 Bei3BaHHOe BII Bo3pactanue nospexaenus OCII
npu cwibHOM HarpeBe [A49]. s TpoBEepKH IOCIIETHETO, B paMKax JIUCCEPTAI[HOHHOTO
UCCIIeIoBaHMs OBIJIO MPOBEIEHO comocTaBieHne octaTouHbX akTuBHOcTell DCl nu OCII nocne
Harpesa B YCIOBHSX TpenBaputenbHoil uaaykiuu BIT (3a 5, 10, 15 u 20 mun 10 Harpesa) [A4].
bein ucnonezoBan HarpeB g0 50°C ropsiueil BOAOH, YTO yMEHbIIANO BapHaOEeNbHOCTh
pe3yNbTaTOB BCJEACTBUM HCKIIOUYEHHS BapuadeNbHOCTH W3MEHEHUH TpaHCIUpaluu Npu
Harpese. bbulo nokaszano, yro uHaykuus BII 3a 5 MuH 10 HarpeBa AOCTOBEpHO NOBBILIANA
ocrarounyto aktuBHOocTh DCIl, a unnykuus BIl 3a 20 mMuH 1o HarpeBa — mpuBOAMIA K
TeHeHIMH K noBbieHuto (Puc. 28a). Muaykuusa BII Takke cHuXkana 0CTaTOYHYIO aKTUBHOCTD
OCII mpu Harpese uepe3 5 u 20 mun nmocine Hee (Puc. 280).
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Puc. 28. Ocrarounas aktuBHOCTh PCI (a) u DCIl (6) mocne Harpesa jucTa ropoxa A0
50°C (5 w™mwmH, Harperas Boga) (N=6-11) wu gmarpamMmma paccesHHS MEXIy BCEMHU
UHIUBHIYalbHBIMH OCTaTOYHBbIMH akTUBHOCTMHU (N=37) [A4]. HarpeB BrOporo Jmcra
ocymiectBisics uepe3 5, 10, 15 u 20 mun nocne uaaykuuu BII (JokanbHBIIM 0XOr mepBOTro
JTMCTA); B KOHTPOJIE oxor He HaHocuics. Ocratounyro akTuBHOCTE DCI (1-dpsi®) 1 PCI (dpsii®)
M3MepsIi BO BTOPOM JmcTe uepes 15 mmH mocie mHarpea (Dual-PAM-100). drs® u ¢psi®
onpenensuin nociae 10 MuH 3areMHeHHs 1o craHgaptHoM mporeaype Dual-PAM-100; mepen
ompenenenneM (ps’’ IUCT OCBENTANM AambHUM KpacHEIM cBeToM (10 ¢). R — xodddurment
koppensiun [Tupcona. *, pa3nudus ¢ KOHTPOJIEM ObUTH CTaTHCTHUECKH 3HAaUYUMBbI (p<0.05).

AHanus auarpaMMbl paccesHUs MEXIy HHAWBHUIYaJIbHBIMM BEJIMYMHAMHM OCTaTOYHOMN
aktuBHOCTH ®Cl 1 OCII, monyyeHHBIMH BO BCEX BapHaHTaX dKCIIEPUMEHTA, BBIIBUI CHIIbHYIO
OTPHILIATENIbHYIO CBsA3b MeXIy BenuunHamu (Puc. 28B). [lonydeHHble pe3ybTaThl IOKa3bIBAIOT,
yro ycmienue nospexnaerus PCIl (umm ee muHaktuBamus npu pocte NPQ) neiicTBuTenbHO
MOTYT BBICTYIIaTh B KauecTBe MexaHu3Mma 3amuTsl @C| oT TeMepaTypHOro NOBpPEXICHUS U, B
COOTBETCTBUU C MPUBEACHHON TMIIOTE30M, YJaCTBOBATh B Ka4eCTBE MEXaHM3Ma BbI3BaHHOTO BII
HOBBIIICHHUS TEIIOYCTOHYMBOCTH (DOTOCHHTETHUYECKOTO arnapara u pacTeHus B uenom [Al].

25.3. Oowana cxema nymeit e6IUAHUA  6aAPUADEILHO20 NOMEHUUANA HA
mMennoycmouyugocms YomocuHmemuuecko2o0 annapama pacmeHuil

Puc. 29 o06oOmiaer moTeHIMaNbHBIE IyTH BIUSHUS BapuaOETbHOTO IOTCHIMANA W
BBI3BAaHHOH MM  ObICTpOH  MHaKTUBaUMM  (OTOCHHTE3a  Ha  TEIJIOYCTOHYHMBOCTb
(GOoTOCHHTETHYECKOTO ammapara M pacTeHus B 1eiaoM. OmnwMpasch Ha  pe3yibTaTbl
JUCCEPTALMOHHOTO HCCIIEOBAHUS, Takas CXeMa IpEANoiaraéT HECKOJBKO OCHOBHBIX IyTeW
MOBBILICHUS TETJIOYCTOWYMBOCTH PACTEHUSI.

IIpexxne Bcero, cieqyer OTMETUTH, BbI3BaHHOE BII MoBBIIEHHE TEIIOYCTOWYUBOCTH
OCl B ycrnoBusix JAeWCTBUS BBICOKOM Temreparypbl. Takoe mMoOBbIlIeHHE Oa3upyercss Ha
aktuBaimu CEF u Ha crumynsiuu wHaktuBaimu (poct NPQ) u TepMHUECKOro MOBPEKICHUS
OCII; mocnengnee coryacyercss ¢ TUNOTEe30M o Oosiee BaxkHoM poysm DPC| mius BeDKHBaHUSA
pacTeHust 1 Heo0XouMoCThIo nofasyeHus pyHkuuonupoBanust @CII mpu CHIIBHBIX CTPECCOBBIX
Bo3neiictBusx (Sonoike, 2011; Tikkanen, Aro, 2014; Tikkanen et al., 2014).

52



JokainHoe MOBpPeEXKICHHE

v

PaCl’lpOCTpaHE‘HHE‘ Bapl-la(’)eﬂbHOl'O NoTeHIHAJIa

v v

Himenenns npogoaumocta | .') — N HMaakTHRannsa TeMHoBoI
YCTBHI craaul (poToCHHTE3A
v y Y
NPQT CEFT [AT®]T

Tpancoupanust |

v

Temnepatypa aucra |

v v

A 4
VYceToliuHBOCTE > YcToliunBOCTE VeToliuHBOCTE
OCII | @CI 1 @CI 7
Cunvhuiii . Vvepennwiil

A 4

VYcropeHHe penapanin
thoTocHATETHYECKOTO
anmapara H JpYIHX
CTPYKRTYp pacTeHHs

BospacTanne odmeii
TEMIOYCTOHYHBOCTH PACTEHHS

Puc. 29. Cxema mNOTeHIMANbHBIX TMYyTEeH BIUSHUA BBI3BAHHBIX BapUAOETHHBIM
MOTEHIIMAJIOM OTBETOB Ha TEIUIOYCTOMYMBOCTH (POTOCHUHTETUUYECKOTO amrmapara U pacTeHHs B
uenoM. IlyHKTHpHas CTpeska ITOKa3bIBAET BO3MOXKHOE BIMSHUE W3MEHEHUU IPOBOIUMMOCTH
YCTBHUII, BEI3BAaHHBIX BapuaOeIbHBIMU MOTEHIIMATIaMU, Ha (POTOCHHTETUYECKUE MpoIecchl. Poib
TaKOro BIUSHUS B U3BMEHEHUSX TEIJIOYCTOWYUBOCTU (POTOCUHTETUYECKOTO anmnapara u pacTeHus
TpeOyeT JaNbHEHIIINX UCCIIETOBAHM.

Bropoii myTs npeznonaraer HemocpeACTBEHHOE NoBbIeHne TeroycroitunBoctu OCII B
YCIIOBUSIX JEHCTBHS yMEPEHHOIO HarpeBa, YTO MOXET OBITb OOYCIIOBJIEHO, IpPEXKIE BCErO,
BbI3BaHHBIM BII Bo3pactannemM NPQ u, B 4acTHOCTH, €ro 3HEpro3aBUCHMMON KOMIIOHEHTHI,
KOTOpas sBisieTcs OJHMM U3 Haubosnee 3p¢exkTuBHbIX M OblcTphix myTeil 3amutel OCII ot
¢doronoBpexnenust (Ruban, 2016). Kak criexctBue, BO3pacTaHue dSHEPro3aBUCHUMOM
komoHeHTBI NPQ Oyjmer Takke CIIOCOOCTBOBATH 3alllUTE OT APYTHUX CTPECCOPOB (BKIFOYAs
NOBBIIICHHYIO0 Temreparypy, Falcioni et al., 2024), xoropble 00Jier4aloT pa3BHTHE TaKOTO
(boTOnOBpEXKACHUS TyTEM CHUKEHHS aKTUBHOCTH TEMHOBOM cTaiuu (POTOCHHTE3A.

Tpetnii myTh cBs3aH ¢ BeI3BaHHBIM BII M mHakTHBanuen (oTOCHHTE3a BO3pACTaHHUEM
comepxanuss AT® B TUCThAX pacTeHH, Tak Kak H30BITOK AT® MoxeT crmocoOCTBOBATh Kak
pernapalMoHHbIM, TaK ¥ aJIalTallMOHHBIM mporeccaM. Onupasich Ha [A3], MOXKHO ToJIaraTh, 4To
BbI3BaHHbIe BII oTocuHTETHYECKHE OTBETHI HE CTUMYJIUPYIOT, a CHIKaIT npoaykunio AT B
X0/1e POTOCHHTETHYECKUX MPOILIECCOB (Js CHIKAETCS); OJJHAKO, BCICACTBUE YMEHBILICHHS OTTOKA
SHEPrUM U3 JIMCTHEB (B pe3ysIbTaTe CHUKEHUS 00pa30BaHUs caxapoB, YUaCTBYIOIIUX B JaJlbHEM
TpaHcnopTe) npoucxoauT HakormeHne AT® B xjopomnacrax M, BEpOSTHO, B LIUTOILIA3ME
kiaetok Me3odmnia [A2]. Ha ocnHoBanuu aToro 6suto mpeamnonokeno [A39], uto BerzBanHoe BII
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CHUCTEMHOE IOBBIIIEHHE TEIUIOYCTOMYMBOCTH PACTEHHUSI MOKET OBITh CBS3aHO C BPEMEHHBIM
CHI)KCHMEM B3aUMOJICHCTBUS MEXIy KJIETKaMU W opraHaMM pacTeHus. IloMuMo CHMkeHus
0o0pa3oBaHUs TPAHCHOPTUPYEMBIX caxapoB, BIl MoryTr ymeHsmate ux 3arpy3ky Bo (uiosmy
(Fromm, 1991; Fromm, Bauer, 1994) u cmocoOCTBOBaTh OKK/IIO3HH CHTOBHUIHBIX 3JIEMEHTOB
(Furch et al., 2007, 2010; van Bel et al., 2014); ecme ogHMM pe3yIbTaTOM PACHPOCTPAHEHUS
JNIEKTPUYECKUX CUTHAIOB sBJsieTCSl 3akpbiTHe IwiazmozecM [A39]. Tlpu sTom CcHmKEeHHE
B3aUMOJICHCTBUS MEXJy KIeTKaMM U OpraHaMu pacTeHHUs MOXKET CHOCOOCTBOBATH Kak
HAKOIJICHUIO HEOOXOMUMBIX pecypcoB (mpexae Bcero, AT®) B dYacTix pacTeHHs,
HOJIBEPKEHHBIX HAaUOOJIBIIEMY PUCKY BO3AEHCTBHSI HEOIAaronpuaTHoro (pakropa (JIMCThs), TaK U
CHI)KCHHMIO BEPOSTHOCTU IIOBPEXKIECHUS COCEJHUX YYacTKOB pacTeHHUs (Hampumep, uepes
pacrpocTpaHEeHUE aKTUBHBIX (POPM KHCIIOPOJIA).

3aBepmasi 6JOK JTUCCEPTAIMOHHOTO HCCIEIOBAHMUs, CIEAYET MPEABAPUTEIHHO OTMETHTH
elle OAMH NMOTEHLUUAIbHBIM MyTh BIMSHUA BbI3BaHHBIX BII (oTocuHTETHYECKMX OTBETOB Ha
YCTOWYHMBOCTh pacTeHus. B coorBercTBuM ¢ 0030pHON padotoit [A28], Bbi3BanHas BII
MHAKTUBaLlUs (OTOCHHTE3a MOXKET CHMXKaTb MOPOr [UId MHIYKIUHM MPOrpaMMHUpPYyEMOM
KJICTOYHOW CMEPTH, T.€. PEryJIMpOBaTh Pa3BUTHE ITOTO IpoOIecca MOA JCHCTBHEM (PAKTOPOB
cpeabl. HecMoTpss Ha TO, 4TO BIMSHHUE SJIEKTPUYECKMX CHUTHAJIOB Ha MPOTrPaMMHUPYEMYIO
KJIETOYHYIO CMEpPTh y PACTEHMH OCTAaeTcs MNPaKTUUECKU HEU3YyUEHHBIM, aHAIW3 I0J00HOro
BIMSIHUS SIBISIETCS BaKHOM 3ajadeil OyqylIMX HCCIelOBaHMH, TaK KaK MOJXKET I0Ka3aTh elle
onuH myTh ydactust BII B ananTanmu pacTeHuid K IEHCTBHIO HEOIArONPUATHBIX (DAKTOPOB.

2.6. Anaau3 ¢axropoB, MoaupUUUPYIOIIUX (opMHUPOBaHHE BapuadeIbHOI0
MOTEHUUAJA U OBICTPOIi MHAKTUBANUM (POTOCHMHTE3A

VY4auThIBas TOJOXHUTEIBHOE BIHMSHHE DSJEKTPUYECKHX CUTHAJIOB M BBI3BAHHOW HMH
WHAKTUBalMK (OTOCHUHTE3a Ha YCTOWYMBOCTH (POTOCHMHTETHYECKOrO ammapara K JIeHCTBHUIO
CTPECCOpPOB, CTAHOBHUTCS AKTyaJIbHBIM aHamHu3 (HaKTOpPOB, MOAUPUIUPYIONINX (HOPMHUPOBAHUE
BII u ¢ortocunTeTHUeckux OTBETOB. B pamkax IuCCEpTAlMOHHOTO HCCIEIOBaHMs ObLIN
paccMOTpeHBbl TpPH TPYNIbl TakuX (PaKkTOpoB: BapuaOETBLHOCTh AIEKTPOPUINOTOTHIECKUX
XapaKTEPUCTHK PACTUTENLHBIX KJIETOK (Ha mpumepe, aktuBHOCTH H-AT®da3sl m1a3MaTnueckoi
MeMOpaHbl); JJIUTENIbHOE IpelBApUTENIbHOE JEeHCTBUE CcTpeccopa (Ha NpUMEpe, 3acyXu);
npeaBapuTeNnbHas 00pa0oOTKa SK30T€HHbIMH (uToropmMoHamu (Ha mpuMepe, aOCLU30BON
kuciotel (ABK) u 24-smmbpaccunonmma (36J1)).

2.6.1. Ananuz  enusanusn  eapuabdenvnhocmu  akmuehocmu  H'-AT®Dazv
naA3MaAmMu4ecKol Memopansvl Ha opmuposanue INEKMPUYECKUX CUZHATI08 PACHEHUA

Nssectno (Becemosa u ap., 1993; Schurr et al., 2006), uto aeilicTBHE CTPECCOBBIX
(akTOpOB MOXKET MOBBIIIATh BapUAOCIBHOCTh XapaKTEPUCTHUK PACTEHUMN; ATO COTJIacyercs ¢
YBEJIMYEHUEM MPOCTPAHCTBEHHOW HEOAHOPOAHOCTH (POTOCHHTETHUECKUX IPOIECCOB B JIMCTE
ropoxa MpH MOBBINICHUH WHTCHCUBHOCTH OCBEINEHHs WK pa3Buthu 3acyxu [A37]. YuuTbiBas,
41O (POTOCHMHTETHYECKHE MPOIECCHI CBs3aHbl ¢ akTMBHOCTHI0O H -AT®asms1 (Kinoshita, Kinoshita,
2022), MOXHO OXHJaTh, YTO €€ BapuabeTbHOCTh TaKke OyneT BO3pacTaTh NpU JEHCTBUU
CTPECCOPOB.

C npyroit CTOpOHBI, aHAINU3 BO30YJAMMBIX DJIEMEHTOB W WX CHCTEM IIOKAa3bIBAET, YTO
(uryKTyanuu BeTHYUHBI Topora Bo30yx1eHus Bo Bpemenu (Gammaitoni et al., 1998; Wellens et
al., 2004) unu ee croxacTuyeckas MPOCTPAHCTBEHHas HeomHopoaHocts (Tessone et al., 2006;
Liang et al., 2020) moryr oOmeryarb MHAYKIHIO O3JCKTPHYECKOTO CHTHana. B kauecTBe
MEXaHMU3MOB JTOTO pacCMaTPUBAIOT CTOXAaCTUYECKHH pPE30HAHC WM WHAYIMPOBAHHBIN
pasHoOOpa3HeM pe30HaHC, COOTBETCTBEHHO. MOXHO O0XHJaTh, UYTO TMOJOOHBIE (DAKTOPEI
OKa3bIBAIOT BIIMSHUE HA TEHEPAIUIO JJIEKTPUIECKUX CUTHAJIOB y PACTEHUIA.

B pamkax auccepTallMOHHOTO HCCIEAOBaHMs OBUIO IMOKa3aHO, 4TO MeTaboiuueckas
KOMIIOHEHTa MEMOpAaHHOTO MOTEHIMada, KOTopas OTpakaeT akTUBHOCTH H'-AT®dassl
TU1a3MaTHYecKoi MeMOpaHbl, 3HAYNTEIbHO BapbipoBaia (okomno 40% B mpenenax oJHOTO JHCTa
[A32]). C napyroii cTOpoHBI, Takas aKTHBHOCTh MOKET CYIIECTBEHHO BIHUSATH Ha MOPOT
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TeHepaluu JIEKTPUYECKUX CHTHAIOB (CM., HampuMep, TeopeThdeckyro pabdory Sukhov et al.,
2011). BenenctBre 3TOro, HMEHHO CTOXAaCTHYECKash BapuabeabHOCTh akTHBHOCTH H'-AT®da3br
aHAJM3UPOBAIaCh B paMKax IUCCEPTalMOHHOTO ucciemoBanus [A27,A32]. MaremaTnueckoe
MOJICIIUPOBAHUE SBIAECTCS OCHOBHBIM HHCTPYMEHTOM JUIS aHajdh3a CTOXAaCTHYECKOTO U
WHIYIIMPOBAHHOTO pPa3HOOOpa3WeM pEe30HaHCa, IMOATOMY I3TOT paslieNl JIUCCEPTAIIMOHHOTO
UCCIICIOBAaHUS ONUpaJCd Ha paHee pa3padOTaHHYI0 MOJENb aHcaMOias BO30YAMMBIX
pactutensHbIX KaeTok (Sukhov, Vodeneev, 2009; Sukhov et al., 2011). Ciaexyer OTMETUTD, YTO
Takasi MOJIeJIb ONKMChIBAIa HHAKTUBAIMIO H'-AT®a3bl MOCTENEHHBIM CHIKEHHEM TEMIIEPATYPbI;
OJTHAKO, PE3yJbTaThl aHaW3a MOJCIU TNPUMEHUMBI I TEOPETUYECKOTO HCCIICOBaHUS
HAualbHOM (a3bl Pa3IMUYHBIX JJIEKTPHUECKUX CHUTHAJIOB, OOYCIIOBJICHHBIX MOCTEIICHHBIM
CHIDKEHHEM aKTUBHOCTH 3Toro (epmenTa (B uactoctu, BIT [AL1,A7,A15,A40]).

MaremaTnueckasi MoOJeNIb, KOTopas Oblla pa3paboTaHa aiasi H3Y4YCHUS BIMSHUSA
WHIYIIIPOBAHHOTO Pa3HOOOpa3HeM pe30HaHCa Ha AJIEKTPHUYECKUE CUTHAJBI, H UCTIOJIh30BAHHBIC
napaMeTpsl ObUIM TOAPOOHO omucanbl B padore [A32]. Dnekrpodusnonorunyeckas MOICIb
kinetkn (Puc. 30a) BKitouana B cebs onmmcanue ToTeHIMan3aBucuMbix Ca?* kananos, inwardly-
rectifying u outwardly-rectifying K* xamanos, CI° xamanos, H' u Ca?*-ATda3, H'/K*
antunoprepa u 2H'/CI" cummoprepa, M3MeHEHUH HMOHHBIX KOHIEHTPAIMN KajlblMs, Kalus U
xJIopa, Oy(epHBIX CBOMCTB aromiacrta W IUTOINIA3Mbl, a TaKKe KaublUeBOW peryisimuu H-
AT®a3s1 u Cl kananos.
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Puc. 30. Cxema Monenu D3JEKTPUYECKOH aKTUBHOCTH KJIETKH (a) M MOJENIu
B3aUMOJICCTBUSL COCENHMX KIETOK (0), a Takke TMpuUMep DJJIEKTPHUUYECKOTO CHUTHAJIA,
UMHTHUPOBAHHOTO MOJICNIBIO TIPH CHIDKEHWM TEMIIepaTypbl M ero mnapamerpel (B) [A32].
[MoapobHOe ommcaHue Monaenud W ee mapamerpbl mnpuBeneHbl B [A32]. Em — MemOpaHHbBII
noreHman, T — Temneparypa, Ags — aMIUIUTY /1A SIEKTPUUECKOT0 CUTHaNA, Atth — «ITIOpOTOBOEY

Bpemst ansi (opmupoBaHus cnaiika, AT — «moporoBoe» H3MEHEHHME TeMIEepaTyphl AJis
(dopmMHpoBaHuUs criaifka.
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CocenHue KIeTKH ObUIM CBSI3aHBI 3JEKTPUUECKUMU KOHTAaKTaMU 4Yepe3 IUIa3MOJECMbl
(Puc. 300); Takke, MeXKAy y4aCTKaMH aroIuiacTa COCEAHUX KIJIETOK MPOUCXOIMI 0OMEH HOHOB,
ONMCAaHHbIE HA OCHOBaHWHU 3aKkoHa Puka. CucreMa B LEJIOM IpeAcTaBisiia co00i ABYMEpHBIN
aHcamMOib  BO30yAMMbIX  KJeToK  (20%20); aHamM3UpyeMblii  DICKTPUYECKUHA  CUTHAI
pacCUMTHIBANICS MYyTEM YCPEIHEHUS OTBETOB TIpPYNIbl LEHTpalbHBIX KieTok (10%10).
Croxactuueckass IPOCTPAHCTBEHHAs HEOJAHOPOAHOCTh, akTUBHOCTH H'-ATdasel  Oblia
peain3oBaHa IYTEM YMHOXXEHHS AKTUBHOCTH (DepMEHTa B KaXKIOW KJIETKE Ha CIy4ailHYyIO
BEJIMYMHY C HOPMaJbHBIM PACIPENEICHUEM U CPEIHUM 3HAYEHHEM, PaBHBIM eAMHMLE. Takas
BEJIMYMHA OCTaBaJlaCh HEM3MEHHOW MJisi KJIETKM B TEYEHHMHM BCETrO LHMKIA pacuera MOJEIu.
Mopnens ananmusupoBanu merogoM Monte-Kapio, wucnone3ys 25 mnostopoB. Puc. 308
MOKA3bIBACT aHAIM3HPYEMblEe MapaMeTphbl DJIEKTPUUYECKHX CHUTHAJIOB, BKJIIOYas IOPOTOBBIC
XapaKTEPUCTHUKHU.

bouto mokazano (Puc. 3la), uTo yBenMUEHHE CTOXACTHUYECKOH MPOCTPaHCTBEHHOM
HEOJHOPOIHOCTH akTHBHOCTH H'-AT®a3bl, KOTOPYIO 33/1aBajii HA OCHOBAHUHM OTHOCHTEIHLHOTO
CTaHJapTHOIO OTKJIOHEHHs Takoi aktuBHOCTH (SD,%), mNpHBOAMIO K  YCKOPCHHUIO
dopMupoBaHUs Jenoispu3alud U Oosiee paHHEMY IMOSBICHUIO CIIAWKOB IPU Pa3BUTUU
3JICKTPUYCCKOTO CUTHAJIA. AHANIW3 CpeIHUX 3HadeHWH mokasarened (Puc. 3106), moarBepanin
TaKOM pe3yJIbTaT, I0Ka3blBasi CHUKEHUE BPEMEHHOI'O U TEMIIEPATYPHOIO MTOPOTa /sl MOSIBICHUS
cnaiikoB mpu yBenuueHMH SD. AMIITUTyOa SIEKTPUUECKOro CHTHajga HMMena JBYyX(a3zHyro
3aBHCUMOCTBH OT SD: Bo3pacTranue, 3aTeM CHIKEHHE; OJTHAKO, 00a BapUAHTHI M3MEHEHHH ObLIH
OTHOCUTENbHO HeBenuku (Mmenee 10%).

CxozHblit aHanu3 ObUT UCIIONB30BAH YIS OLEHKH BIMAHHA (IIyKTyanuii aktusHoct H'-
AT®a3sl BO BpeMEHH Ha aMIUIMTYLy M MOPOT TeHEepaluu SJICKTPUYECKUX cuUrHaioB [A27];
OJIHAKO, /IJIs1 HEro ObuIa UCII0JIb30BaHa 0oJiee YIPOIIEHHAs MOJIENb, BKIIIOYAOIas B ce0s TOJIbKO
JNEKTPUYECKH BO30YIUMYIO KIETKy. Pe3ynbpTarhl aHanm3a T[OKa3ald, YTO BO3pacTaHue
GiayKTyanuil TakKe yCKOPSJIO NEHOJSPU3ALUI0 U CHIDKAJIO MOpOr (OpMHpPOBAHHUS CHAMKOB;
KpOME TOT0, IPOUCXOIUIO0 HEOOIbIIIOE YMEHBIICHNE aMILIUTYIbI JIEKTPUUECKUX CUTHAJIOB.

Takum 00pa3oM, MONXy4YEHHbIE pPE3yJIbTAaThl MOKA3bIBAIOT, YTO IPOCTPAHCTBEHHAs
HEOJHOPOIHOCTh WM GIyKTyaluu akTuBHOCTH H-AT®as3bl mia3MaTnueckoi MeMOpaHbl MOTY T
YCKOPATh Pa3BUTHE AJIEKTPUUYECKUX CHUTHAJIOB (00JeryaTh JenoJisipu3anuio U (GOpMUPOBAaHUE
CHaiikOB C BBICOKOW aMILTUTY/O0). YUUTHIBasl CBsI3b MapaMeTPOB ANEKTPUUYECKUX CHUTHAIIOB C
napameTpamu oTBeTOB (hoTocuHTe3a [Al,A6], MOXKHO Mpe/oiaraTh, 4YTO BhISIBICHHBIN YD QeKT
JOJKEH TaKke CIoCcOOCTBOBATH YCKOPEHHUIO Pa3BUTHsI OBICTPOI MHAKTHUBAIMU (DOTOCHHTE3A H,
BEPOSATHO, MOBBIILIEHUIO YCTONYUBOCTH (POTOCUHTETUYECKOTO armapara K IeHCTBUIO CTPECCOPOB.
B 1enom, pe3ynbTaThl OKa3bIBAKOT, YTO BO3pACTAHKE BapUabeIbHOCTH akTUBHOCTH H -AT®da3kl
MOKET OBITh MEXaHM3MOM CTUMYJSIMKM (opmupoBanus BII u ObicTpoii poTocuHTETHUECKON
WHAKTUBAIlUU Y PACTCHUH.

2.6.2. Ananu3 enuanusa 3acyxu Ha hopmuposeanue 6apuadeibHOZ0 NOMEHUUANA U
OvbicmpolX homocunmemuueckux omeemos

JlintenbHOE BIMSHUE CTPECCOPOB SBJISETCS €II€ OAHOM TIpYyNION €CTECTBEHHBIX
(bakToOpoB, KOTOPHIE, MOTEHIIMAILHO, MOTYT OKa3bIBaTh BIUSHUE HAa MHAYKIHIO BII u OpicTpyro
MHaAKTUBaLMIO0 QoTrocuHTe3a. [Ipu 3TOM, 3HAUUTENBHBIM UHTEPEC BBHI3BIBAET BIMSHHUE 3aCyXH, TaK
KaK BOJHBIN JAePHUIMT SBISAETCS OJAHUM W3 KIIOUEBBIX HEOIAronpUsATHBIX (AKTOPOB CpENbl
(Chaves et al., 2009; Fahad et al., 2017; Gupta et al., 2020), poiab KOTOPOro AOMOJHHUTEIHHO
YCHUIIMBAETCS BCIIEICTBUE TTI00ATBHBIX M3MEHEHHI KIIMMAaTa.

3acyxa MHIyLHpOBaJlach IMpEKpalleHWeM IMOJMBa PacTeHHM ropoxa, BBIPALIEHHBIX Ha
necyaHoM cyoctpare [A36]; Takast MojieTIbHAsA cCUCTEMa oOecrieunBasa ObICTPYIO IOTEPIO BOJBI U
pa3BUTHE 3HAUUTEIBHOIO BOJHOTO AEPHUIMTA B TEYEHHE HECKOJIBKHX CYTOK (OTHOCHTEIHHOE
coJepaHue BOAbl B mecke coctaBisuio MeHee 0.5% mocne 2 cytok 3acyxu). Ilpu stom,
CHIKEHHE OTHOCHUTEIILHOTO COJIEPKAHUsS BOJIBI B TOOErax ropoxa CoOCTaBiisiio okojio 1% mocme 2
CyTOK 3acyxu u okosio 10% mocie 4 cytok 3acyxu [A34].
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Puc. 31. Ilpumepsl 31€KTPUUECKUX CUTHAJIOB, UMUTHPOBAHHBIX MOJEIBIO B YCIOBHSIX
HOCTENEHHOTO OXJIAXIEHHs U Pa3IMYHON IPOCTPAHCTBEHHOM HEOJHOPOAHOCTH aKTHBHOCTH H -
AT®a3sl (a), a TakKe 3aBUCUMOCTH aMIUTATYIbI JJICKTPUYCCKUX CUTHAIOB (AES) U BPEMEHHOTO
(Atty) u TtemmeparypHoro (ATw) moporoB nns (HOpMHUPOBAHMS CHAWKOB OT BETUYMHBI
IPOCTPAHCTBEHHON HeoAHOpoAHOCTH akTuBHOCTH H'-AT®aser (6) [A32]. Pasnuunbie
BEJIMYMHBI OTHOCHTEJHLHOIO CTAHIAPTHOIO OTKJIOHEeHHs akTuBHOCcTH H'-AT®aser (SD,%)
HCIIOJIb30BAJIOCh ISl OMMCAaHUsl €€ CTOXACTUYECKOW MPOCTPaHCTBEHHOW HEOAHOpOAHOCTH. Jliis
IIPUMEPOB TMPUBOAWIOCH IO 5 3amuceil; A pacdeToB 3aBHUCHUMOCTEN MCIIONIB30BAIUCH 25
noBTOpoB. OtpunarenbHbie  3HaueHUs AT TOKa3pIBalOT HEOOXOJUMOCTH  WMHUTALUU
OXJIKJEHUS Il MHAYKLIUN IEKTPUYECKOTO CUTHATIA.

beuto  mokazaHo, 4YTO JIOKaNbHBIM oOxor mepBoro Jsmcra (Puc. 32a) BwI3BIBaN
pacnpoctpanenue BII Bo Bropoit muct (Puc. 320); mpu »ToM, 3acyxa B TeueHHE 2 CyTOK He
okasbiBaja cymecrBenHoro BinusHus Ha BIL. TTocne 4 cytok 3acyxu (Puc. 3260) ammuryna BIT B
ctelie CHUKaJIach; B JIUCTE€ B PAaBHOM COOTHOIIEHUH HaOJIOJaUCh HEOObIINe BapradenbHbIe
noreHuuansl (MeHee 10-15 MB) u runepnonsipusaniMoHHBIE CHTHadbl, KOTOpPbIE OBLIU
UJICHTU(HUIIMPOBAHBI KAK CUCTEMHBIC TIOTeHIMABI (ZImmermann et al., 2009; 2016).

HccnenoBanme QorocuHTeTHYecknx u3MeHeHni (Puc. 32B) mokaszamo, 4To 3acyxa B
TEUYeHUEe 2 CyTOK cinabo BiMsAia Ha BbI3BaHHYI0 BII MHaKTHBaIMIO acCUMWIALMU; HAIPOTHB,
nocine 4 cyTok 3acyxu, HaOroanack HHAYIUPOBaHHAS 3JIEKTPUUECKIUMH CUTHATaMH aKTUBAIUS
¢dorocunternyeckoro mnornomenuss COz. Takas akTUBaIus CONPOBOXKAAJach TEHACHLUEH K
BO3pacTanuio Qreo mociie BII, uto mokassiBaeT oTKpbiTHE ycThuIl [A36]; mpu stom, mocie 4
CYTOK 3acyXW HCXOJAHAas BOJHAs MPOBOJUMOCTH JHMCTa OblIa OYEHb HHM3KOW. BBIABICHHBIN
3¢ dexT xopomo coriacyercs C BBIIABUHYTOH B paMKaX AMCCEPTALIMOHHOTO HCCIIEI0BaHUS
runore3oi [A42] o TOM, 4TO BBI3BaHHAs AJIEKTPUYECKUMH CHTHAJIaMHU aKTUBANUs (OTOCHHTE3a
HaOmomaetcs, eciau TpaHcropt COz depe3 ycCThUIA SIBISETCS JTUMUTHPYIOUIEH cTamuen

¢dorocuHTe3a (HU3KAsg UCXOAHAS QH20) M €CJIM IJIEKTPUUECKUI CHUTHAJ BBI3BIBAET OTKPBITHE
YCTBULL.
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Puc. 32. a, Pacnonoxxenue usmeputensHbix 3iektponoB (E1, E2, E3) u snextpona
cpaBHeHust (ERr), 30HBI moBpexaeHUs (JIOKAIbHBIM OXOI, KpacHas CTpeiaka) U obnactu
u3MepeHus: (OTOCHMHTETHMUYECKUX IOKa3aTeneill (OTMeYeHa OKpYKHOCThIO). O, IIpumepst
BapraOeIbHBIX TTOTEHIINATIOB, BEI3BAHHBIX 0YKOTOM (KpacHasi CTpeIka), B YCIOBHUSIX KOHTPOJIS, 2
CYTOK 3acyxu U 4 CyTOK 3acyxd. B, AMIuUTyabl Bei3BaHHOro BII cHmxenuss A (AA) u LEF
(ALEF) u Bospactanus NPQ (ANPQ) u CEF (ACEF) (n=6). Pacrenusi BbIpamuBaid Ha
necyaHoM cyOcTparte; 3acyXy HMHIYLHMPOBAIM IMPEKpAIIEHUEM I0JIMBA, KOTOPOE MPUBOJIMIO K
ObICTpOit moTepe Bojbl. Pe3ysbraTel u3 padoTsl [A36].

AMrunty el BeI3BaHHBIX BII M3MeHeHMid mapameTpoB CBETOBOM cTaguu (OTOCHHTE3a
(ANPQ, ALEF, ACEF) 6butn camkensl Tiociie 2 cyTok 3acyxu (Puc. 32B); mocie 4 cyTok 3acyxu
OHM IPAKTHYECKH OTCYTCTBOBAJIU. DTOT pE3yJbTaT XOpOIIO corjacyercs ¢ ydactuem BII B
MOBBIIICHHH YCTOWYUBOCTH PACTeHUs K JeicTBHIO cTpeccopoB [Al,A28], Tak Kak B yCIOBHSIX
CHJIBHOTO ¥ CHUCTEMHOr0o JEWUCTBUS HeOmarompusiTHoro (Qaxropa, HeoOXOAMMOCTb B
pacnpoctpanenuu BII u pa3BuTiu pOTOCUHTETUYECKHX OTBETOB OTCYTCTBYET.
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Takum 00pazom, MOJydeHHBbIE Pe3yJIbTaThl MMOKA3bIBAIOT CIIOKHBIM XapakTep BIUSHUS
3acyxu Ha BIl u BbpI3BaHHBIE UM (POTOCHHTETUYECKUE OTBETHI: CHJIbHAS 3acyXa IOJHOCTHIO
MOJIaBJIsieT M3MEHEHUsI CBETOBOM cTaguu (QoTocuHTe3a, a HampaBieHue 50% >IeKTpUuecKux
CUTHAJIOB M OOJIBIIIMHCTBA OTBETOB ACCUMIIISIIINA HHBEPTHPYETCS.

2.6.3. Ananuz enuaHusa o00padGOmMKu IK302eHHOU AOCUU3060U Kucaomou u 24-
InUOpaAccuHOIUOOM Ha Gopmuposanue eapuadenbHO20 NOMEHUUANa u  Obicmpoi
uHaKkmueayuu homocunmesa

ABK sByIsieTcsl OHUM M3 KIIFOYEBBIX CTPecCoBbIX (uToropmoHoB y pactenuii (Wilkinson
et al.,, 2012; Kurepin et al., 2015). B wactHoctH, 00paboTka sk3oreHHoi ABK BbI3bIBacT
3aKpbITHE YCThHIl U CHIDKeHHe (otocunteza (Mott, 1995; Franks, Farquhar, 2001); mociensee
MOJKET HaOIMoIaThCs U 0e3 3HauuTeabHOro cHIKeHus geo (CyxoB u mp., 2017). Ha ocHoBanuu
3TOr0 MOXHO OXXUAATh, 4TO 00paboTka sk3oreHHOH ABK Oyner BiusaTh Ha Bb3BaHHYyIO BII
MHAKTUBALMIO (DOTOCHHTE3a U, BO3MOXKHO, HA MapaMeTpbl BapuabeIbHOTO OTEHIMAIA.

B pamkax JucCepTallMOHHOTO WCCIEAOBAaHHS OBUI TPOBENEH aHAIW3 BIMSAHUSA
sk3orenHoii ABK na BII u otBeth horocuntesa [A22]. Bolio mokaszaHo, 4To mpeaBapUTeIbHas
o6pabotka pactenuii ropoxa ABK (10° M, onpsickuBaHMe 3a CyTKH 10 H3MEPEHMiT), BhI3bIBANIA
camkenne ammuntyasl BIT (Puc. 33a u 330); BennunHa CHI>KEHUS cocTaBiisiia okono 30%.
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Puc. 33. [Ipumepsr MukpoaaekTpoansix 3anucei BII (a) u ux cpenuue ammaty st (Avp)
(6) y pacreHuii TOopoxa B KOHTposie M Tmocie oOpaborku sk3oreHHor ABK, a Ttaxxke
OTHOCHTEJIbHAs BelnunHa Ep mocie Takoi o0padotku (N=7) (B) [A22]. BII BbI3bIBaJICS 05KOTOM
MEePBOTO JINCTA TOpoxa (CTpeNKa); H3MEPEHHUs TPOBOIMINCEH BO BTopoM Jycte. O0padoTka ABK
(10° M) ocymiecTBisIach ONPHICKUBAHUEM 3a CYTKM 10 H3MepeHuil. Ep ompemensics 1o
BEJIMYMHE U3MEHEeHUsI Em Tipu 1elicTBUN BBICOKOM KOHIIEHTpAllMU OpTOBaHajaara HaTtpus (5 MM)
Ha KJICTKHU. *, pa3inyusi ¢ KOHTPOJIEM CTaTucTHuecku 3HauuMbl (p<0.05).
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HsBectHo, uro 0b6pabotka ABK cHmxkaer aktuBHOCTE H'-AT®a3bl Mmia3sMaTHuecKoi
memOpanbl (CyxoB u np., 2017; Hayashi et al., 2014); ¢ npyroii cTOpoHbI, BEIMYMHA UCXOIHOM
akTuBHOCTH H'-AT®a3el nmosoxurensHo Biuser Ha ammutyny BIT (Puc. 136) [A20]. Puc. 338
nokasbiBaeT, 4ro obpaborka ABK cHikama merabonMuecKuil MOTeHIMaNl KJIETOK ropoxa, 4To
COOTBETCTBOBAIO CHIDKEHUIO akTMBHOCTH H'-AT®aspl. Ilo-BupumoMy, BiusHHE 00pabOTKH
ABK na ammutyny BII peann3oBbiBanocs MMEHHO Yepe3 TAKOE CHUYKEHUE.

BrzBanHoe mnpenBaputenbHO 00padoTkoit ABK cHmwkenne amrutyasl BIT moxker
NPUBOJNUTH K YMEHBIIEHUIO BEJTMYUHBI U3MEHEHHH (POTOCHHTETUYECKHUX MapaMeTpoB. B pamkax
JIUCCEPTAITMOHHOTO MCCIIeIOBaHUs ObLTO Moka3aHo [A22], uro 06paboTKa abCIIM30BON KHCIOTOM
(10° M) cna6o Bnmsia Ha auHamuky oteetoB (Puc. 34a u 346); onHako, BbI3bIBaNa
CTaTHUCTUYECKU 3HAUYMMOE YMEHBIIEHUE aMIUIMTYAbl BbI3BaHHOTO BII cHmkeHus accumunsiuuu
(Puc. 34B). Ammmutynsl BeBBaHHbIX BIl u3MeHeHuii moOkaszareneil CBETOBOW CTaIuu
dbotocunTesa (dpsi, Grsii, NPQ) He MeHsunch mocie oopadboTku ABK.
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Puc. 34. Ilpumeps! nnaynnpoBanHbix BIl n3smenenuit napamMeTpoB CBETOBOW U TEMHOBOM
cTamuu  (OTOCHHTE3a BO BTOPOM JIUCT€ TOpOXa B YCIOBUSX KOHTpoJs (a) W TOCie
npeaBaputensHoi 00paboTku ABK (6) u cpeaHue aMIiMTyAbl Takux U3MeHeHui (N=5-7) (B)
[A22]. BII BeI3bIBaNICS 0’KOTOM IEPBOTO JIUCTA TOpOXa (CTPEIKa); M3MEPEHHS MTPOBOIUINCH BO
BTOpOM JncTe. s OTOCHHTETHYECKHX M3MEpeHMi ucnonb3oBanu cucremy u3z GFS-3000 u
Dual-PAM-100. O6pab6otka ABK (10° M) ocymecTBasnach ONpPBHICKABAHHEM 3a CYTKH JIO
U3MEpeHUi. *, pa3nuus ¢ KOHTpoJieM ctatucTruuecku 3Hauumbl (P<0.05).
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Bpaccunocreponnpl, Brimtouass IbBJI, mpencraBisoT coboit crepouiHbie (PUTOTOPMOHBI,
pPEryJIHUPYIOIINUE IHPOKUH CIEKTp (U3UOJIOTHUECKUX OTBETOB PACTCHHS M, B YAaCTHOCTH,
yUYacCTBYIOIIME B OTBETE Ha JeiicTBUEe HebOaarompusaTHbIX (akropos (Zhabinskii et al., 2015;
Peres et al., 2019; Nolan et al., 2020; Sadura, Janeczko, 2022). M13BectHO, 4TO 00paboTKa
pacTeHuii sk30reHHBIM DbJI MokeT BIHATh Ha GOTOCHUHTETUUYECKHE TIPOLIECCHI Y psijia pacTeHUH
(Yu et al., 2004; Rothova et al., 2014; Kolomeichuk et al., 2020), sxirouas ropox (Dobrikova et
al., 2014). YuuteiBas BIMSHHE Ha4YalbHOW (DOTOCHMHTETHUYECKOW AKTUBHOCTH Ha aMILIUTYIY
Bb3BaHHON BII mnHakTtuBamum ¢ortocuHTe3a (cM., Hampumep, [A22]), MOXKHO OXHAATh, UYTO
npenBapuTenbHas 00paboTka 9sk3oreHHbiM  OBJI  Moxker BiuATh Ha  (GopMUpOBaHUE
(OTOCUHTETHUYECKUX OTBETOB; HENB3sl HUCKIIOYATh TAKXKE BIHMSHHE TaKol OOpabOTKM Ha
napametpsl BII.

B pamkax nuccepTallmOHHOTO MCCieI0BaHus ObLI IPOBEIEH aHATU3 BIUSHHUS 00pabOTKH
sk3orennbiM DBJI (10® M, ompeickuBanme 3a CyTKM 10 3KcmepuMmeHTa) Ha BIT M oTBeThI
¢dortocunresa y ropoxa [A4l]. beuio mokazano (Puc. 35), uto obpaborka DBJI yBenuunBaia
ammuntyay BII B nucTte u cHIKana BpeMst MPOXOKIEHUS BapraOeabHOro MOoTeHIMana u3 ctedus

B JIUCT, HAIpOTUB, 00paboTKa SnMOpaccCHHONIMIOM He Biusuia Ha amrummtyay BII B crebie
ropoxa.
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Puc. 35. Ilpumepbl MakpoaaeKkTpoaHbIX 3anuced BII, ”HAyIHpOBaHHBIX Y KOHTPOJIBHBIX
U npeaBapuTensHo oopadorannbix OBJI pactenuit ropoxa (a), cpeanue amrutyasl BIT B aucre
(Avp) (6) m BpeMeHa MPOXOXKACHHUS SJICKTPUUECKOTO CUTHaima u3 credns B juct (At) (B) B
KOHTpoJie U mocie obpadotku DBJI [A4l]. BIl unaynupoBaau O0KOTOM IEPBOTO JIUCTA
(cTpernka); U3MEpEeHHs IPOBOAUIN BO BTOPOM JIUCTE U B cTe0JIe Y OCHOBAHUS YepelIka BTOPOTo
macta. O6pabotka DBJI (10° M) ocymecTBisiach onpeICKMBaHHEM 3a CYTKH J0 H3MEPEHHUH. *,
pa3ianuus ¢ KoHTposieM cratuctuuecku 3HauuMbl (P<0.05). Cpennue amrmuutyast BII B crebie
HE MPHUBOJATCA, TaK Kak 00paboTka DBJI Ha UX BeTMUMHY HE BIUsIIA.
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Jlanee Oblna uccnenoBana Bei3BaHHas BII mHakTuBanms dotocuHTe3a. beiio mokasaHo,
4TO MpeABapuTenabHas o0padoTka DbJI npakTHUeCKu He BIIMsIA HAa aMIUIUTYbI BbI3BaHHOTO BIT
cHmkenus accumusiiuu (Puc. 36a) u LEF (Puc. 366). Hanpotus, Bpemsi pa3BUTHSI BBI3BAHHOTO
BII orBera A (Puc. 368) u LEF (Puc. 36r) camxkanock mocie oopaborku DBJI. TlonyueHHbIC
pe3yNbTaThl MOKA3bIBAIOT, 4TO 00padoTka sKk30reHHbIM DBJI yckopsier npoxoxaenue BII B nuct
u ¢GopMUpOBaHHE OBICTPON HWHAKTHBAIMHU (orocuHTe3a. HecMOTpss Ha TO, YTO KOHKPETHBIN
MexaHu3M BiusHus 00pabotku DObJI Ha BII u poTrocuHTETHYECKHE OTBETHI /10 KOHIIA HESICEH,
BECbMA BEPOSTHBIM IIyTEM pealu3allid TaKOro BJMAHHMS IpPEACTaBIseTcs akThBanus H'-
AT®da3bl 1azmMatiuueckoit MeMmopansl. M3 mutepatypsl uzBectao (Witthoft et al., 2011; Minami
et al., 2019), uro 0OpaboTKa OPACCHHOIUIAMH MOXET BBI3BIBATH TAKYIO aKTHUBAIHIO; C JPYTOi
CTOpOHBI, OblIa Mokazana ctumyisaius BII u ObicTpas mHakTtuBauus ¢ortocuHTe3a mnpu Oolee
BBICOKOU MCX0qHOM akTuBHOCTH H'-AT®asn1 [A20].
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Puc. 36. Cpennue ammnutyasl BeizBanHoro BII camkenus A (a) u LEF (6) Bo BTOpoMm
JUCTE TOpoXa Tocie MpeaBapuTenbHo o0paboTtku ObJI m B KOHTpoJie, a Takke BpeMeHa
passutus 50% cHmxenus A (112”) (B) u LEF (t12"5%) (r) mocne unaykuuu BIT (n=5-7) [A41].
BII BbI3BIBaJICSI 0’KOTOM IIE€PBOTO JINCTA TOPOXA; MU3MEPEHUS MPOBOIMINCH BO BTOPOM JIHUCTE.
Jlnst poTOCHHTETHYECKHUX M3MEpeHuii ucnob3oBanu cucremy u3 GFS-3000 u Dual-PAM-100.
O6paborka DOBJI (10° M) ocymecTpismack ONpHICKMBAHMEM 3a CYTKHM 10 HM3MEpEHHi. *,
pazyinyusi ¢ KOHTPOJIeM cTatucTrdecku 3Hauumbl (P<0.05).

Takum 00pa3om, MOTyUYEHHBIE PE3yJIbTaThl MOKA3BIBAIOT, YTO 00pabOTKa 3K30TE€HHBIMHU
ABK u 3OBJI mMoxer cyliecTBeHHO BIUSATh Ha BapualOesibHbI MOTEHIMad U BbI3BaHHYIO BII
MHAKTUBALMIO (oTOCHHTE3a: 00paboTka aOCIM30BOM KHCIOTOM CcHIbKaeT amruutyay BII u
BBI3BAHHYI0O MM WHAaKTHBalMIO (OTOCHHTE3a; 00paboTka 24-3muMOpacCHHOINIOM YCKOpPSET
npoxoxaeHue BII B muct u pa3BuTHe MHAKTUBAUU (OTOCHHTE3a B 3TOM JIMCTE. YUMTHIBas
cBsi3b BbI3BaHHON BII ObicTpoil MHakTHBamMu (OTOCHHTE3a C YCTOMUMBOCTBIO PACTEHHS
[A1,A15,A24], mMoxHO mpeamojarat, uro ob6padotka ABK wmm DBJI Moxer ObITH B
NEepCHEeKTHBE HCIOJIb30BaHa sl ocialieHuss wiaM ycwieHus BiausHus BII Ha cocrosiHue
pacTeHusl.
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2.7. AHaju3 BO3MOKHOCTH BBIfIBJE€HHUsI ObICTPOii HMHAKTHBANUM (OTOCHHTE3A,
BbI3BAHHOI Bapua0eIbHbIM MOTEHIHAJIOM, METOJAMH ONTHYECKOr0 MOHUTOPUHTA

OnTuyeckre METOJbl MOHUTOPUHIA W, B YAaCTHOCTH, MOHHUTOPUHI CIHEKTPaJIbHBIX
XapaKTePUCTHK OTPAKCHHOTO CBETa, SBISAIOTCI OJHMM U3 HaumbOonee 3(PPEKTUBHBIX
HHCTPYMEHTOB ISl BBIABJCHHS CTPECCOBBIX M3MEHEHHU# y pacrenuii (Xue, Su, 2017), Bxarouas
oneHky (orocuHTeTHueckux uamenenuit (Gitelson, 2003; Danelichen et al., 2015; Tsujimoto,
Hikosaka, 2021). M0kHO MPEAIoI0KUTh, YTO TAKUE METOIbI MOI'YT OBITh TaK)KE MCIIOJIb30BaHbBI
JUTSL TUCTAHITMOHHOTO U OBICTPOTO BBISIBJICHUS OTBETOB (DOTOCHHTE3a, BRI3BAHHBIX T'eHEpaluel 1
pacnpocTpaHEHHEM JJIEKTPUYECKUX CHUTHAJIOB. B pamMkax QUCCEpTAallMOHHOIO HCCIeIO0BaHUS
aHanmu3upoBany BnusHue BII u BeI3BaHHON UM OBICTPON MHAKTUBAIMH (POTOCHHTE3a HA IIUPOKO
UCIIONB3yeMbli  (poroxmmuueckuid uHACKC oTpaxeHus (PRI), Ha BCIO COBOKYITHOCTh
Y3KOIOJIOCHBIX HHJIEKCOB OTPAXKCHHSI, PACCUUTHIBACMBIX HA OCHOBAHHMHM BHJIMMOTO JHMAla30Ha
(400-700 uM), 1 Ha TApaMETPBI HIMPOKOIIOJOCHOTO OTPAKEHHS.

2.7.1. AHaiu3 BO3MOXKHOCTH HCHoJb30BaHus PRI niisi BbisiBjieHHS BBI3BAHHOM
BapuadeJbHbIM MOTEHIIHAJIOM ObICTPOH NHAKTBUALMHU (POTOCHHTE3A

Tunmunsiii poroxummuueckuii uugekc orpakenus (Garbulsky et al., 2011; Zhang et al.,
2016) paccunMThIBacTCS Ha OCHOBAHWHU BEJIMYHH OTPAKCHHOTO CBETA HA M3MEPUTEIbHOM JTHHE
BoJsiHbI 531 HM (Rs31) 1 Ha «omopHOI» HnHEe BoaHBI 570 HM (cM. ypaBuenwue (4)). B nutepatype
MOKAa3aHO, YTO MPU JIeHCTBUU HEOIaronpusaTHHIX (GAaKTOpPOB Rs31 MOKET CHUKATHCS B MUHYTHOM
U JaXe CEKYHIHOM JHala3oHe, YTO CBS3BIBAIOT C IEpPEeXoJaMH B IUKJIEC KCAHTO(PHIUIOB U
ckatueM xjaoporutactoB (Gamon et al., 1992, 1997; Evain et al., 2004); oTMeuYeHHbIE TIPOLIECCHI
UHAYIHUPYIOTCS  3aKUCICHHEM JIIOMEHAa  XJIOPOIUIACTOB.  YUHWTHIBAasS  KIIOYEBYIO  pOJIb
dbopmupoBanus rpaauentTa pH Ha TunakougHOM MeMOpaHe U, B YACTHOCTH, 3aKUCIICHUS JIIOMEHA
B ¢orocunternyeckux mpoieccax (Tuxonos, 2012; Tikhonov, 2013; Ruban, 2016), seasercs
BepoATHbIM, uTO PRI MoXeT ObITh HCHONB30BaH [UJIsl BBISBICHHUS OBICTPON WHAKTUBALUU
¢dorocunTe3a, " ynupoBaHHon BII.

[IpoBeneHHBIN B paMKax TUCCEPTAIMOHHOTO UccienoBanus MeTa-ananu3 [Al3] mokaszan,
yTo abcomtoTHbie BenuuuHbl PRI B cpemHeM moctaTodHo ciabo CBSI3aHBI € MOKa3aTeNsMU
dortocunTe3a. JOMOMHUTENbHBIE SKCIEpUMEHTaIbHbIe wuccnenoBanus [Al7,A23,A24,A35]
NOKa3aJlM, YTO aHalu3 aMIUIUTY ObICTphIX (MUHYTHI) u3Menenuit PRI (APRI) siBnsiercst Gornee
7 (deKTUBHBIM I OIEHKH MoKaszareneil ¢oTocuHTe3a. B yacTHOCTH, CBETOMHIYLIMPOBAHHBIE
APRI Obun HampaBiieHbl B OTPULIATEIbHYIO CTOPOHY MpHU JIEHCTBUU TAaKMX HEOIAronpUsTHBIX
(akropoB, kak u30bITouHbId cBer [Al7,A24], marpeB u 3acyxa [A23,A35]; ammiautyna
W3MEHEHUH BO3pacTaja MpH YBEIMUYECHUW HHTEHCUBHOCTH JCHCTBHS CTpeccopa. AMIUIUTYIBI
camkenuns PRI Obuty THHEHHO CBsI3aHbI ¢ SHepro3aBrcuMoi kommonenToin NPQ [A17,A23,A35]
U C IPYTUMU TTOKa3aTeJIsIMU CBETOBOM cTaauu ¢otocuntesa [A24]. Crneayer OTAeNbHO OTMETUTD
[A35], uto cunpHas nuHelHas cBsi3b Mexay APRI u NPQF coxpassiiach mpu OObeIHHEHUH
Pe3yIbTaTOB, MOJMYYSHHBIX HAa TOPOXE B YCIOBUSAX M30BITOYHOTO CBETA, 3aCyxH W Harpesa (Puc.
37); nanpotuB, cBsi3b Mexay PRI u NPQF Obuia ciaboid.

[Ipu oObeaMHEHUH PE3yJIHTATOB, MOJYYECHHBIX B YCIOBUSAX PA3TUYHON HHTEHCHUBHOCTH
OCBEILIEHUS Y TOPOXa, MIIEHUIIBI U THIKBHI [Al7], Takke HaOMIOAaNach CUJIbHAS JIMHEWHAs CBSI3b
mexay APRI mw NPQrF u cmabas cBs3p mexay PRI um NPQr. TlomydeHnHble pe3yibTaThl
nokasbiBatoT, 4To APRI Oonee 4YyBCTBUTENBHBI K W3MEHEHHSIM (OTOCHHTETHUECKHUX
nokasareJsei (B YaCTHOCTH, K U3MEHEHUsIM dHeprozaBucumoin komnoneHTs NPQ), Hexxenn PRI.
DTO XOpPOIIO COTNacyeTcs ¢ HATMYHEeM MPOIECCOB, BBI3BIBAIOIIUX MeajeHHbIe n3MeHenus PRI
(HampuMep, M3MEHEHHE COJICPXKaHUs XJIOpopuuioB u kapotuHoumos, Wong, Gamon, 2015),
KOTOpBIE MOTYT yBeIWYHBaTh BapuaOenbHOCTh PRI mpu anamuse pimurenbHONW BpeMEHHOU
JTUHAMHUKU (CYTKH M 00Jiee) WM TPU YCPETHSHUH ToKa3aTelield HeCKOIbKUX WHIWBHIYaTbHBIX
pacrenuif. Takum o6pazom, umeHHo APRI O vicrionb3oBanbl npu aHanuse BiausHug BII Ha
(hOTOXMMHUYECKUAN UHICKC OTPAXKCHHUS.
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Puc. 37. lnarpammsl paccestHusi MeXKAY (HOTOXMMHUYECKUM UHIeKcoM oTpaxkeHus (PRI) u
sHeprozaBucumoii  kommoneHtoir NPQ (NPQfF) (a) u Mexay CBETOMHIYyIMPOBAHHBIM
usmenenueM PRI (APRI) u NPQf (06), momyueHHble Ha OCHOBAaHUU CPEIHUX BEIMYUH
nokazaresei (N1=12-16) npu neiicTBUU Ha TOPOX PA3IUYHBIX CTPECCOBBIX (PAKTOPOB (paszIHuHBIC
WHTEHCUBHOCTH CBeTa, 3acyxa, HarpeB) [A35]. IToapobHOe OMUCaHUEe CTPECCOBBIX BO3ICHCTBHIA
npuBoguTcs B pabore [A35]; Ha auarpaMmax paccesHus IPEJCTABIECHbl BCE U3MEPEHHbIE
cpennue 3HadeHus u ux norpemHoctd. NPQF u3Mepsiiack Kak OBICTpO pelakcupyromas B
temHoTe komrnoneHta NPQ (5 mun) ¢ ucnosnp3oBanuem OpenFluorCam FC 800-0O/1010. PRI
u3Mepsiach C UCIHONb30BaHUWEM paspabortanHou cucteMbl PRI-umumxunra [A35,A43]. APRI
paccumThIBaTach Kak pasHocth PRI Ha cBeTy u B ycnoBusx 3aTemHeHus. R? — xooddumment
JIeTepMHUHAIUH.

Jlanee B X0/ TUCCEPTAIMOHHOTO HCCIIeIOBaHUs ObLT MpoBesieH ananu3 Bausaus BIT na
nokasarend cBeToBoil cramum ¢orocuntesa u PRI [Al6]; u3MepeHHs OCYIIECTBISUIUCH
napaensHo. Puc. 38a mokaspIBaeT, YTO JIOKAJIBHBIH OXKOT TEPBOTO JIMCTa TOPOXa BBI3BIBAI
pactipoctpanerue BII Bo BTopoii v 4eTBepThIi JIUCT; IPU 3TOM, B UETBEPTOM JIUCTE aMILIUTYAA
BII 3naunrensHO cHmxkanach. llocie mHaykuumum BII BoO BTOpOM M 4ETBEPTOM JIMCTHSX
HaOmonanoce Bo3pactanue NPQ u cuHmwkenue ¢psi u ¢psu (Puc. 3806); oxHOBpemeHHO,
pasBuBanoch obparumoe cHwkenue PRI, Amanm3 cpennux 3HadeHuit m3meHenwii (Puc. 38B)
nokasai BeipaxeHHble ciBUrH NPQ, dpsi, Gpsn 1 PRI Bo BTopoM nHcTe ropoxa; UX aMIUIUTYIbI
ObUIM HIDKE B YETBEPTOM JIUCTE. B II€TIOM, TONyYeHHBIE pPE3yNbTaThl TOKa3all OJIM3KYIO
JMHAMUKY U3MEHEHUS MoKa3aTeneil cBeToBoi craauu potocunresa u PRI, a Takxe 3aBucuMocTtb
TakuX u3MeHeHu# ot aMmuTyasl BII. Mexny ammutynamu usmenenuit PRI u uccnenoBanubix
¢dorocunTeTnyeckux mnokazareneit (NPQ, dpsi, dpsi) HabMOIATUCH CTATUCTUYECKU 3HAUYUMbBIE
koppesiun [Tupcona [A16].

s Gonee neranpHoro aHanmsa cBsizu APRI u ANPQF B pamkax auccepTaliMOHHOTO
uccie0BaHus ObUIa POBEICHA HOTMONHUTEbHAsS cepus dKkcriepruMeHToB [Al6]. Beuto mokazaHo
(Puc. 39a), yto unayknus BII Be3bIBana Bo3pacTaHue sHeprozaBUcUMOi koMmoHeHTH NPQ,
JUHAMHUKa KOTOpoi OblTM Onu3Ka K AMHaMuKe cHkeHus PRI. Ananus3 auarpaMmsbl paccesHus
mexny 3HaueHusMu APRI u ANPQr B ormenbHbix Toukax (Puc. 390) mokaszan CHIbHYIO
JUHEHHYIO CBSI3b MEXIY HCCIEAyeMBbIMH BelWYMHAMHU. [loydeHHBIE pe3ylbTaThl XOpPOIIO
COIJIaCYIOTCSl C 3aKuciieHueMm JmoMeHa npu pa3utuu BII [A3] u c BIusHHEM 3aKHCICHHS
aromena kak Ha NPQ (Ruban, 2016), rak u Ha PRI (Garbulsky et al., 2011; Zhang et al., 2016).
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Puc. 38. a, [Ipumepsr BII Bo BTOpoM U 4E€TBEPTOM JIHCTHSIX TOpOXa U B CTEOJIE PSAIOM C
muctesiMu.  BIl  uHAaynupoBancs 0XOroM TMepBOro Jmcra (CTpeika); HCIOJIb30BajoCh
MaKpOAJIEKTpOoIHOE oTBeneHue. 0, [Ipumepsl dhoTocuHTETHUECKMX OTBETOB M M3MeHeHud PRI,
uHaynupoBanHbix BII.  V3mepeHus QoTocuHTE3a ¥ OTPaKEHUS OCYHIECTBISIUCH C
ucnonp3oBanuem Dual-PAM-100 u S100, cootBeTcTBeHHO. B, CpeaHNe BETHYNHBI BHI3BAHHBIX
BIT usmenenuii NPQ, dpsi, ¢psi 1 PRI (n=5). Pesynbratel u3 padotsr [Al6]. *, ammiuryna
U3MEHEHH B YETBEPTOM JIUCTE CTATUCTUYECKH 3HAYUMO OTIMYAETCS OT aMILTUTYAbl U3MEHEHUH
B0 BTOpoMm Jjucte (p<0.05).
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Puc. 39. Bnusaue naaykiun Bl va ycpennennsie nunamuka ANPQF u APRI Bo BTopom
mucte ropoxa (N=7) (a) m mguarpamma paccesHus mexnay BenmnuuHamu ANPQfF u APRI,
OIIPE/ICTICHHBIMYU Yy WH/MBUIYaJbHBIX PACTCHHI B KaXX/I0W BpeMeHHOM Touke (N=56) (0) [A16].
Wsmepenuss ¢GoTocuHTE3a U CHEKTPAa OTPAXKEHUS OCYIIECTBISUIMCH Kaxaple 10 MuH C
ucnonp3opanuem Dual-PAM-100 u S100, coorBercTBeHHo. BIl wuHIynupoBajics 0XOrom
nepBoro sucra (CTpeika) 4epe3 5 MHH TMOCIE TPEThbero U3MepeHHs (HOTOCHHTETHYECKHX
nokasareneil u criekrpa orpaxxenus. BersBanubie BII m3menennst NPQrF u PRI paccunteiBaimch
KaK pa3HOCTH MEXAy TEeKYIIeH BeIWYMHON MOoKa3aTellsd U YCPEeIHEHHOW BEIHMYMHOM MoKa3aTess
10 TIEpPBBHIM TPEM BPEMEHHBIM TOUYKAM, KOTOphle M3Mepsnuch o uuayknuu BII. R? u R —
kod(urmeHT gerepMuHaEK U K03 dunmeHT koppensuun [Tupcona.

Takum oOpazom, BbeBaHHble BIl wu3MeHeHus (OTOCHHTETHYECKHX MPOIECCOB
COIIPOBOXKIAIOTCA 00paTUMbIM CHMXeHHeM PRI, 4To moTeHuManbHO MO3BOJISET UCIOJIB30BAThH
U3MEpeHNEe HW3MEHEHHH (POTOXUMHUYECKOTO HHJIEKCAa OTPaKEHUS Ui BBIABICHHUS OBICTPOU
MHaKTHBaUMU (oTocuHTe3a, BbI3BaHHOM BII. Crnemyer oTMeTHUTb, YTO HaNpaBICHHOCTb
BbI3BaHHbIX BIl u3menenuii PRI MOIHOCTBIO COOTBETCTBYET HANpPaBICHHOCTH HW3MEHEHUN
cBeTouHaynrpoBanHoro APRI mpu HenmocpeICTBEHHOM JEeMCTBUU CTPECCOPOB (M30BITOUHBIN
cBeT, 3acyxa, HarpeBanue) [Al7,A23,A24,A35]. Hakoner, cuibHas JMHEHHAs CBA3b MEKIY
ANPQF u APRI co3maer mnpennochUiku Uil KOJWYECTBEHHOW OIEHKM HW3MEHEHMH
sHepro3aBucuMoii komrmoHeHTel NPQ Ha ocHOBe W3MepeHHss H3MEHEHUH (OTOXMMHYECKOTO
UHJIEKCA OTPAKEHHUS.

2.7.2. KomnuekcHblii anaau3 BausiHus BII Ha y3konoJsiocHble HHAEKCHI OTPaKeHus,
paccUMThIBaeMble HA OCHOBAHMM CeKTpaabHOro auanasona 400-700 um

Jlnsi KOMIUIEKCHOTO aHanm3a BiusiHUs BIl Ha y3KOMOJOCHBIE HWHICKCHI OTPAXKEHHS,
paccuMThIBaeéMble Ha OCHOBaHMM CHEKTpajibHOro auvanazona 400-700 HM, ObUIM HCHOIB30BAHBI
TETUIOBBIE KapThl, OMUCHIBAIONINE CTATHCTUYECKYIO 3HAYMMOCTh M HAIlPaBIICHHE M3MEHEHHH (B
COOTBETCTBUHM C TMPEJIOKCHHBIM B JIMCCEPTAllMOHHOM HcclienoBaHuu wmetozoM [A34]).
JlomoTHUTENHHO OBLTH WCTIIOJIH30BAHBI TETUIOBBIE KapThI, OMUCHIBAIOIINE Koppelsiuio [Tnpcona
(Balzarolo et al., 2018; Kovar et al., 2019; El-Hendawy et al., 2019). Ilpu anaiuze Obuia
UCIIOJIb30BaHA TOJbKO HOPMalIM30BaHHAs pa3HocTHas ¢Gopma umHaekca orpaxenus (RI(X,y)),
KOTOPYIO PACCUUTHIBAIIHM B COOTBETCTBUH C YpaBHEHHEM (5).

KommiiekchHpiii anann3 BiausiHus BII Ha y3KOIMOJOCHBIE Pa3HOCTHBIE MHJEKCHI IOKa3ail
[A33], uTo mHAYKIMS BapraOEeTbHOTO MOTEHIMANA C1a00 BIHMSET HA CTATHCTHYECKHE 3HAYNMBIC
pa3nuuusi MEeXKAYy aOCONIOTHBIMH BETMYMHAMH HHIEKCOB. HampoTHB, KOMITJICKCHBIN aHau3
Bbi3BaHHbIX BII u3amenenmii Benmmuma RI(X,y) (ARI(X,y)) moka3zan ux OoJibloi MacmTad u
cratuctuueckyro 3HaunMocth (Puc. 40a). [Ipu sToM y psma uuaekcos, Bkiovas RI1(571,542),
R1(538,500), RI(646,554) u R1(692,662), Bei3Banubic BIl n3MeHeHNs] HAUMHAIKNCH HE MO3/HEE,
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4YeM uepe3 5 MHH IOCJie MHAYKIMH CHTHaa (TiepBasi UCCIICIOBAaHHAS BPEMEHHAs TOYKA ITOCIIE
HAHECEHMsI IOKAIBHOTO 0)K0Ta) 1 uMenu Ooubinyro Benuuuny (Puc. 400).
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Puc. 40. TennoBele KapThl CTATUCTUYECKON 3HAYMMOCTH M HaIlpaBJIEHUs BbI3BaHHBIX BII
U3MeHeHH BenuuuH wuHACKcoB otpaxkeHus (ARI(X,y)) (n=7) (a) u npumepsl Haubojece
gyBctBUTeNbHBIX ARI(X,Y) (n=13) (6) [A33]. BII 6bu1 HHAYIIMPOBAH 0KOTOM TMEPBOTO JIHCTA
(Touka «0» W MyHKTUpHAs JIMHUSA); U3MEPEHHs OCYLIECTBISUIUCH BO BTOPOM JIUCTE. TerioBble
KapThl TpPUBEACHBI TONBKO JJIsI TPeX BPEeMEHHBIX Touek; u3aMeHeHus ARI(X)y) Taxxke
COXPAaHSUTUCh Ha OOJBIINX BPEMEHHBIX HHTepBaiax nocne uaaykuuu BIL. *, p<0.05. **, p<0.01.
*** p<0.001.

Baxno ormeruts, uto RI(571,542) oueHp Onu3ok K MOAUGPHUIIMPOBAHHBIM
(OTOXUMHUYECKUM  HMHJEKCaM  OTPa)XXeHHs, BBICOKas  A3(PPEKTHUBHOCTb  KOTOPBIX K
HETOCPEACTBEHHOMY JEHCTBHUIO CTPECCOBBIX (DaKTOpOB ObLTA MoKazaHa B pabore [A24]. Jpyrue
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npuBeneuubie uHaekcel (R1(538,500), RI(646,554) u RI(692,662)) menee 3dhdeKTUBHBI mpH
HEMOCPEACTBEHHOM JeiicTBum cTpeccopoB (cM. [A34]). IloTeHIumanbHO, Takass OCOOCHHOCTH
MOYET OBITh HCIOJb30BaHA JJIS Pa3padOTKH METONOB TU(PGEPESHIIMPOBAHHOTO OIPEICICHUS
HETOCPEACTBEHHOTO JICHCTBUS CTPECCOPOB U BBISBICHUS PAa3BUTHS CHCTEMHBIX CTPECCOBBIX
otBeToB npu pacnpocrpanenun BII. TIpu stom m3menenus unaekcos RI(571,542), R1(538,500)
u RI(646,554), BeposATHO, CBsA3aHbl C OBICTPHIMM M3MEHEHMSIMH OTPAa)KEHHUS JINCTA Ha JUIMHAX
BostHE 535-555 M [A24], KOoTOpBIE, B CBOIO OYEPEb, MOTYT OBITH OOYCJIOBJICHBI 3aKHUCICHUEM
JroMeHa xjoporiactoB u ux coxkaruem (Evain et al.,, 2004). Takoii MexaHH3M XOpOLIO
coryiacyercsi ¢ MexaHu3Mamu (OPMHUPOBAHHS OBICTPON WHAKTHBAIMU (POTOCHHTE3a IPH
pactipoctpaneanu BIT [Al,A40]. UunyuupoBanubie BIT usmenenus RI(692,662) moryt ObITH
obycioiensl pazButueM oTBeta NPQ (Puc. 3806 m 39a) m cHmwkenwem GiayopecieHIun
xnopodmuta a. Tak, yuursiBast criektp ¢uryopecueniuun OCII (Pedros et al., 2008), ucxoaHas
UHTCHCUBHOCTH ()JIyOPECUICHIIMH Ha JUIMHE BOJIHBI 692 HM JIOJDKHBI OBITH JOCTATOYHO BBICOKA H,
[O-BUAMMOMY, MOXET BHOCUTH BKJIQJ B M3MEpSAEMBIH CHEKTP OTPa)KEHHOro cBeTa (IIOMHUMO,
COOCTBEHHO OTPa)KEHHOTO CBeTa). BeieacTBue 3Toro, CHUKEHUE TaKO (IIyOpPECIEHITMH MOXKET
HNPUBOJNTH K YMEHbIICHHIO n3Mepsiemoro R1(692,662).

JlonoHHUTENBHO ObLiIa MPOBEACH KOPPEISIIMOHHBINA aHAIH3 CBSI3M M3MCHEHHI WHICKCOB
OTpa’KeHHMsI, PACCYUTAHHBIX HA OCHOBAHWHU BCEX BO3MOXKHBIX KOMOHMHAIMI X | Y, U MOKa3aTeen
cBeroBoii cramuu (orocuntesa [A33]. bbuto moka3aHO, YTO MMENOCHh 3HAYUTEIBHOE YHCIIO
unaekcoB RI(X,y), BKitouas omuMcaHHBIC BbIIIC, IS KOTOPBIX Bbi3BaHHbIe BIl u3aMeHeHwus
CHJIbHO KOoppenupoBaiu ¢ uaMeHeHusMu Gpsi (Puc. 41a) u NPQ (Puc. 416).

a
Y. HM Y, HM
700 | | 700
|
600 | 600
500 500
400 S=aqas : } N ., | 40—
400 500 600 700 400
X, HM
B R--091@<0001) [ R>0951@<0.001)
B Rr--0875(p<001) B rR-08750<001) [JR>-0754mmR<0.754
R < -0.754 (p<0.05) B R>0.754(p<0.05) (p<0.05)

Puc. 41. TennoBsie kapThl kK03 duuuenta koppemsuu [Tupcona (R) mexxay ARI(X,Y) u
Adrpsi (a) 1 mexay ARI(X,y) u ANPQ (6) (n=7) [A33]. Benuuunst ARI(X,Y), Adprsi 1 ANPQ Ha
pasHBIX BPEMEHHBIX TOYKax A0 M mocie MHAykiuu BII ObuiM MCHonb30BaHBI JUId pacyera
Kod(purmenTa Koppesium.

Takum o00pa3oM, TMONy4YEHHblE peE3yJNbTaThl IOKA3bIBAIOT, YTO CYILIECTBYET psij
JIOTIOJTHUTENBHBIX ~ Y3KOIMOJOCHBIX ~MHJAEKCOB oTpaxkeHuss (B uactHoctH, RI(571,542),
RI1(538,500), RI(646,554) wu RI(692,662)), u3MeHeHHs KOTOPbIX YYBCTBUTEIbHBI K
pacnpoctpanenuto BII u cBsizanbl ¢ pa3BuTueM (HOTOCHHTETHUECKUX OTBETOB, a 3HAUUT — MOTYT
OBbITh, OTEHIMAIILHO, UCIIOIb30BaHbI JIUIsl BHISIBICHUS TAKUX OTBETOB.

2.7.3. Ananu3 Bausinus BI1 Ha mapaMeTpsl IIHPOKONOJIOCHOTO OTPAKEHUS

B nureparype moxkazano (Gitelson et al., 2002; Widjaja Putra, Soni, 2018; Yin et al.,
2022), 4TO MOHHUTOPUHI XapaKTEPUCTUK PACTEHUS MOXKET Oa3supoBaTbCS Ha H3MEPEHUU
OTpaKeHHsI B IIUPOKUX CIIEKTPAIBHBIX MoJ0cax (10 AECATKOB HM, B OTMEUEHHBIX paboTax). Tak
KaK TaKhe HM3MepeHus TpeOyeT TeXHUYecKH OoJiee MPOCTHIX MPUOOPOB, aHAIU3 BO3MOKHOCTH
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UCIIOJIb30BaHUsl MapaMETPOB ILIMPOKOMOJIOCHOTO OTPa)KEHUsS ISl BBISBJICHHS BbI3BaHHBIX BII
CUCTEMHBIX OTBETOB PACTCHHSI SIBJISICTCS aKTyaJIbHBIM.

B xone nucceprannoHHOro uccienoBaHus ObUl mpoBedeH aHanu3 BiusHus Bl Ha
(OTOCUHTETHUYECKHE TOKa3aTelId W OTPaXKCHHE JHCTa TOpOXa B IIMPOKUX CHEKTPATBHBIX
nojocax (400-500 um, 500-600 um, 600-700 um u 700-800 um) [A18]. Ilpexme Bcero, ObLIO
noka3aHo, 4ro BII, BbI3BaHHBIN JIOKAJIBHBIM OKOIOM IEPBOrO JIMCTA TOPOXa, XOPOLIO MPOXOAUIT
BO BTOPOMW JIUCT, BBI3bIBAs B HEM THUIUYHbIE (POTOCUHTETUYECKHUE OTBETHI (CHMKEHUE Gpsi U
Bozpacranne NPQ); HampoTuB, TOJNBKO HEOONBIION SJIEKTPHUECKUM CHTHAT H  CIabo
BbIpaXCHHAs] MHAKTUBALUU (OTOCHUHTE3a HAOIIOAAIUCH B YETBEPTOM JIMCTE. AHAJINU3 BIUSHUS
unaykiun Bl mokasan, 4To BO BTOPOM JIUCTE OTPaKEHUE CTATUCTHYECKU 3HAYUMO BO3PACTAJIO
Ha BCEX HCCJIEIOBAHHBIX IIUPOKOIOJIOCHBIX auamna3zoHax (Puc. 42a). Ilpu sToM, HamOosbmias
aMIUTUTyZa U3MeHeHnd Habmoganacs Ha 600-700 HM, 9TO TPUOIUZUTENHHO COOTBETCTBOBAJIO
KpacHOMYy cBerTy. Hammenwinas ammumdtyga u3meHeHud HabOmomanack Ha 700-800 HM, 4YTO
COOTBETCTBOBAJIO JJAIbHEMY KPacHOMY CBETY M OJKHEMY MH(pakpacHOMY. B ueTBepTroMm nucre
(Puc. 4206), ammuntya u3MeHEeHUH OblIa 3HAYUTEILHO HUXKE, U OHM HE UMEJIU CTATUCTHYCCKU
3HaYMMOT'O XapakKTepa.
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Puc. 42. /lunamuka cpelHETO0 OTHOCUTEIBHOTO OTpakeHus Ha jynHax BoJiH 400-500 Hm
(R400-500), 500-600 M (Rs00-600), 600-700 M (Re00-700) 1 700-800 M (R700-800) MOCIIC MHAYKIIUK
BIT (ctpenka) Bo BTOpoM (a) W B uerBeproMm (0) nucthsix ropoxa (n=5) [Al8]. BII
MHIYLUPOBAJICA 0KOTOM IEpBOro jucra. 3MepeHus: CrieKTpoB OTPaKeHHUs! OCYILECTBISIIUCH C
ucnonb3oBanueM S100. [TorydeHHbIE WHTCHCHBHOCTH OTPA)XCHHOTO CBETa YCPEIHSIINCh Ha
OTMEUEHHBIX CIEKTPaJbHbIX Auana3zoHax; 3a 100% mnpuHMManach BeIMYMHA OTPAXKEHHUS 10
oxora. Cepoii 30HOM MTOKa3aHO CTaHIAPTHOE OTKJIOHEHUE 3HAYEHUH.
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[TomyueHHbIl pe3ynbTaT IOKas3ag, 4YTo pacnpocrpaHeHue BII Moxker oxa3bIBaTh
3HAYUTENIBHOE BIIMSHUE Ha IIUPOKOMNOJIOCHOE oOTpakeHue B jucTe. OHAKO, BBISBIECHHBIC
JUHAMUAKHA BO3pPACTaHUS OTPAKEHHUS 3HAYUTEIBHO OTJIMYAJINCh OT TUIUYHBIX JUHAMUK
dorocuHTeTHYECKMX OTBeTOB y ropoxa [A2,A16,A18]. IIpoBeneHHBINH IOMOJHUTEIHHO
KoppensuuoHHbId aHanu3 [Al8] mokaszan, uyTo abCOMOTHBIE BeMUYMHBI Koppensiuu [lupcona
MEXIY aMIUIMTYJaMU W3MEHEHMs OTPaXEHHUsS M U3MEHEHUH (DOTOCHMHTETHUYECKUX IMOKa3aTesei
(dpsn 1 NPQ) ne mpeBbimanu 0.35 ¥ HE MMENM CTATHCTUYECKH 3HAYMMOTO Xapakrepa. JTo
O3HauaeT, yTo BbI3BaHHbIe BII n3MeHeHMs oTpakeHMsl B IIUPOKOIIOJIOCHOM AMAINA30HE JTOJIKHbBI
UMETb JPYTUe MEXaHU3MBI.

bbu10 mpeanonokeHo, 4To pa3BUTHE M3MEHEHHUS OTPaKEHUI MOXKET ObITh CBA3aHO C
U3MEHEHHEM COJIEpKaHUs BOJBl B JUCTE, Tak Kak BIl MoXeT CymecTBEHHO BIMATH Ha
Tpancnupauuo [A42)]. s npoBepKH 3TOr0 MPEANOIOKeHUS ObUT U3MEPEH MHIICKC OTPayKCHUSI
WI [A25], noka3biBarommii conepxkanue Boabl B pacrenun (Penuelas et al., 1997). WI
paccuntsiBancsa kak WI = Rgy /Ry;o , T Rooo M Rg70 MHTEHCHBHOCTH OTPa’KGHHOTO CBETa Ha

nmuHaxX BoaH 900 u 970 uMm (Puc. 43a). KanunbpoBka Ha Oenblii cTaHAApT HE MPUBOAMIACH, TaK
Kak abconroTHble BenuunHbl WI He aHaTM3MpPOBAIMCH B JAHHOM OJIOKE PadOT; MCCIIEAOBAINCH
toibKo u3menenuss WI (AWI).

C ncnonp30BaHNEM MOAETHHON CHCTEMBI (TOpOX, BRIPAIICHHBIN Ha MIECYaHOM cyoOcTpare,
B YCIIOBUSIX OTCYTCTBHS M HaJW4us IMoiuBa), Obuto moka3zaHo (Puc. 436), uyto Mexay
u3meHenusimu WI (AWI) u u3MEeHEHHSIMH OTHOCHUTEIBHOTO COJEPXAHUS BOJBI B JIUCTHSX
(ARWC) umenach cunpHas TMHEWHas CBA3b. [lonydeHHbIN pe3yabTaT MOATBEPAUI BO3MOKHOCTD
ucnionb3oBanus AWI| B KayecTBe IMOKa3aTelsl M3MEHEHUS COJACPXKAHUSA BOJbI Y PACTEHUHU.
Hanpuedimmii  ananu3 mnokazan (Puc. 43B), uro wunaykuus BII BebBama miurenbHOE
ymenbiienne WI Bo BTOpoOM JiMcTe ropoxa, JUHAMHUKa KOTOPOTO ObLia OJIM3Ka K JUHAMHKAM
BbI3BaHHBIX BIl M3MeHeHMiI OTpakeHHs JIMCTa B IIUPOKUX CIEKTpaJbHBIX IMoyiocax. B
YETBEPTOM JIUCTE, BbI3BaHHbIe MHAYKIHeH BII m3menenuss WI Obuin BbIpakeHbl 3HAYUTEIHHO
cmabee (Puc. 43r), 4rOo TaKkKe COOTBETCTBOBAJIO HW3MEHEHHUSAM OTPAXKECHHS B IIUPOKHUX
CHEKTpaJIbHbIX TMosiocax. IlomydeHHble pe3ynbTaThl MOKa3bIBalOT, 4YTO BbI3BaHHble BII
HeOOoJbIIINe U3MEHEHHSI COJIEpXKaHUS BOJABI Y TOPOXa MOTEHIUATBHO MOTYT OBITh MEXaHU3MOM
M3MEHEHHUS HIMPOKOIOJIOCHOTO OTPAXKEHUS JIUCTA.

JlomonHutenbHbId  aHanmu3 [A25], mNpoBeNeHHBIM B paMKax IUCCEPTALMOHHOTO
UccIlIeIoBaHMsl, ObUT HANpaBJIeH Ha McclleoBaHre BIusHUA UHAYKIuU Bl Ha mmpokomnonocHsie
Pa3HOCTHBIE HOPMAJIM30BAaHHBIE WHJEKChl OTpaXeHus. Takue HHAEKC pacCUUTHIBAIIUCH B
COOTBETCTBUU C ypaBHEHHMEM (5); OJIHAKO, NMpPU 3TOM ObUIM HCIHOJIb30BaHbI CIIEKTPAJIbHbIE
nojsocel 400-500 M, 500-600 uM, 600-700 HM u 700-800 M. Beiio mokaszano, uro RI(400-
500,600-700) (Puc. 44a), RI1(500-600,700-800) (Puc. 446) u RI(600-700,700-800) (Puc. 448)
CTaTMCTUYECKU 3HAYMMO MEHSJIMCh BO BTOPOM JiMcTe ropoxa nocie uaaykuuu BIIl. M3menenus
JIPYTHX HWHJEKCOB OTPa)KEHUS BO BTOPOM JIMCTE ObUIM HE3HAUYUTENbHBL. B deTBepTOoM nmcTe
M3MEHEHHUS BCEX LIMPOKOIOJIOCHBIX MHAEKCOB OTPaKEHUSI UMENU CIa00BbIpaKEHHBIN XapakTep,
4TO coriacyercs ¢ Hu3koi amrumutynoit BII B atom nucre. Koppensuuonnsiit ananus (Puc. 44)
nmokazayi, 4to Mexay usMeHeHusMu WI u HU3MEHEHHUSIMH OTMEUYEHHBIX IHPOKOIMOJIOCHBIX
ungekcoB orpaxkenus (RI(400-500,600-700), RI(500-600,700-800) u RI(600-700,700-800))
HaOJI0IaTMCh CUJIbHBIE M CTAaTUCTHYECKU 3HaunMble koppensuuu Ilupcona. Takoil pesynbrar
JIOTIOJIHUTENLHO MOJITBEPKAAET poJib BbI3BaHHBIX BII m3meHeHuil copepxaHus BOJbI B JIUCTE
1151 GOPMHUPOBAHMS U3MEHEHHUI MIMPOKOTIONOCHBIX HHIEKCOB OTpakeHHs. [Ipu 5TOM BbI3BaHHBIE
BII u3menenuss WI nocrarouno mansl (Puc. 43B); yuutsiBas puc. 4306, MOXKHO IMpeanosaraTh,
4yto BbI3BaHHbIC BIl u3aMeHeHus comepikaHusi BOJbI TaKXkKe JIODKHBI ObITh Maibl. Pabora [A25]
JOTIOTHUTENIFHO TIOATBEPXKAAeT HEOONBIIYyI0 BETUYMHY TaKUX W3MEHEHUW, TaK Kak Npu
camwkennn RWC na 15% (3acyxa), m3menenus RI(400-500,600-700), RI(500-600,700-800) u
RI1(600-700,700-800) B 6-8 pa3 mpeBbIMIAIA U3MEHEHHs 3TUX MHJICKCOB, HAOIIOAABIIUECS MPU
nHaykuu BIT.
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Puc. 43. a, CrnekTp WHTEHCHBHOCTH OTPaXXEHHOTO CBeTa y Jucta ropoxa (0e3
KamuOpOBKM Ha Oenblil cTaHAapT, rajdoreHHas jamma). Rooo W Rg70 — uWHTEHCHBHOCTH
oTpakeHHOro cpera Ha JiuuHax BOJAH 900 m 970 HMm. CnekTtp OTpaxxeHHs U3MEpsuIcS C
ucnonb3oBanueM criekrpomerpa S100. 6, CBsi3b MeXAy BEINYMHON U3MEHEHUS! OTHOCUTENHFHOTO
conepkanus Boasl (ARWC) u BogHoro unaekca (AWI) y nuctbeB ropoxa Ha (oHe pa3BUTHS
3acyxH. 3acyxa MHIYLHMpOBaHa MPEKPAIEHUEM IOJMBA TOPOXA, B YCIOBUAX €r0 BBIPALIMBAHUS
Ha mlecuaHoMm cyOctpare. RWC ompenensuics Ha OCHOBaHHHM CBIpOro W cyxoro Beca. AWI
paccuuthiBajicsi kak pazHocts WI B ombiTe (3acyxa) u koHTposie (monauB). R — xo3ddunument
koppemsuu [Iupcona. B, YcpenHeHHass TMHaMuKa BbI3BaHHBIX WHAYKIMend BII uzmenennit WI
BO BTOpOM Jcte ropoxa (n=6). BII unaynmpoBancs 0X0rom mnepBoro jucra (crpenka). 3a
HyJIeBOIl ypoBeHb HpuHHMManach BenuuumHa WI mepen okorom. r, YcpenHeHHas IUHaAMHUKa
BbI3BaHHBIX MHAyKIHed BIl m3menenuit WI B uerBeprom mmcre ropoxa (N=5). Pe3ynbraTsl u3
pabotsr [A25].
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Puc. 44. /Ilunamuka Bb13BaHHBIX HHAYKIKEN BII n3aMeHeHNI MHUPOKONIOIOCHBIX UHIEKCOB
OTpakeHUs BO BTOpoM Jjmcte ropoxa (N=6) u cBsa3b ARI(X,y) u AWI B xome pa3Butus
Boi3BaHHBIX BIT um3menenmii (N=110) [A25]. BII uHaymupoBajcsi 0KOrOM MEpPBOrO JIHCTa,
CIIEKTPBI OTPAKECHUS U3MEPSUTUCH C UCToNIb30BaHueM criektpomerpa S100. TTokazansr ARI(400-
500,600-700) (a), ARI(500-600,700-800) (6) u ARI(600-700,700-800) (B); u3MeHeHHsI APYTUX
HMIMPOKOMOJIOCHBIX HHJIEKCOB BO BTOPOM JICTE HE UMENN CTATUCTHYECKH 3HAYUMOTO XapaKTepa.
JIMHaMUK{ W3MEHEHHsI MHJEKCOB B UETBEPTOM JIUCTE HE MPUBOJATCS, TaK KaK TaKue U3MEHEHHUs
ObUTM MeHee BBIPR)KEHHBIMH W B OOJBITMHCTBE TOYEK HE MMETH CTATUCTHYECKH 3HAYMMOTO
xapakTepa. /i1 mocTpoeHus AMarpaMM paccesHUs HCIOJIb30BAIN BCE BPEMEHHBIE TOUKH JIs
BTOpOro (pomO) M YeTBEpTOro (TPEyrojbHUK) JIHUCTHbEB. I[IyHKTUPHBIM MPSAMOYTOJIBHUKOM
o0o3HaueHa OO0JIaCTh CTATUCTHYECKH 3HAYMMbIX M3MEHEHMH uHIekca. R — kxosddunuent
koppessinuu [Iupcona.

Jlns HemocpecTBeHHOH mpoBepku BiausHus BIl Ha oTHOcHUTeNnbHOE COjep)KaHUE BOJbBI
(RWC) B nucThsx OblIa MpoOBeNeHA OTICIbHAs CepUsl SKCIECPUMEHTOB. BbIIO TMOKa3aHO, YTO
yepe3 15 muH nocne uaaykiuu BIT paznuuns mexay Benuunnamu RWC B ombiTe U KOHTpOJIe
npaktudecku orcytcTBoBanmm (Puc. 45a); omnako, wepes 45 mun RWC B ombite ObIT HUXE
npubsmmsutensio Ha 1.5% (Puc. 456). Takol pe3yabTaT MOATBEPXKIAET BO3MOXKHOCTD
HEOOJIBIIOTO M MEIJICHHO DPAa3BUBAIOLIErOCsS CHI)KEHUS COJAEp)KaHHUS BOJABI B JIMCTE IOCIE
nHaykuuu BII
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Puc. 45. Cpennee otHocutensHoe coaepkanue Boasl (RWC) Bo BTOpoMm smcTe Topoxa
yepe3 15 muH (a) u 45 mun (0) nocne uaaykuuu BIT (n=11). BII unayuupoBaics oxorom
NEPBOTO JIUCTA; B KOHTpoJe oxkor He Hanocuian. RWC paccunThiBagoch Ha OCHOBaHUH CHIPOTO U
CYXOro Beca. *, OTJIUYHUS OT KOHTPOJIs cTaTHCcTHUeckH 3HaunuMbl (P<0.05).

VYuurbiBas CHOXHBIA XapakTep oTBeTOB TpaHcnupauuu Ha BII [Al19], Bompoc o
KOHKPETHBIX MEXaHHM3MaX BbI3BAHHOI'O BapHaOEJIbHBIM MOTEHLUAIOM CHMXKEHHsS COAEp KaHUs
BOJIbI OCTA€TCA OTKPBITHIM. [loTeHIIManbHO, TaKOW OTBET MOXKET ObITh CBSA3aH C BbI3BaHHBIM BII
OTKPBITHEM YCTBHII, KOTOPOE MOXKET COXPaHAThCS y ropoxa B Teuenue 20 muH u 6onee [Al9];
OJTHAKO, OTKPBITUE YCTBHHI[ MPEUMYIIECTBEHHO HAOIIOAANOCh B YCJIOBUSAX ITOBBIIICHHOM
BJIQKHOCTH BO3/1yXa, 4YTO CHOCOOCTBYET HHM3KOMY YpPOBHIO TpaHcmupauuu. bornee toro, Ha
JUINTENIHBIX BpPEMEHHBIX uHTepBanax (Oonmee 20 muH) pacmpocrpaneHue BII BwI3bIBao
CHI)KCHHE IIPOBOJMMOCTH YCTBHUII W TpaHCIHMpALUU IPU Pa3IMYHOM BIAXXHOCTH BO31yXa
[A19,A36,A49], a usmenenus WI mocTuraam MakCHMalbHOTO YPOBHS MPHOIM3UTEIbHO 3a 30
MuH (Puc. 43B). AnbTepHAaTUBHBIM BapUaHTOM SIBJSIETCS CHIJKEHHE IOCTYIUIEHHS! BOJBI OT
KOpHsl, HO BO3MOXXHOCTh peaji3allii MoJ00HOro MexaHuszMa npu uHaykuuu BII TtpeGyer
JalbHENIINX UCCIEI0OBaHUN.

TakuM 00pa3zoMm, MOJTY4YEHHBIE PE3YyJbTaThl MOKA3bIBAIOT, YTO H3MEHEHHUS OTPakKeHUS
CBETa B UIMPOKHMX CIHEKTpaidbHbIX mosocax (100 HM) W M3MEHEHUS BEIMYUHBI psja
HIMPOKOTIOIOCHBIX HHAekcoB oTpakerus (R1(400-500,600-700), R1(500-600,700-800) u RI(600-
700,700-800)) moryT ObITH MCIIOJIb30BaHBI JUI BBIBIECHUS pacripocTpaHeHus BII no pacrenuto.
[Ipu 3TOM, TaKkue U3MEHEHHUS SIBISIFOTCSI OTHOCUTENIBHO MeIJIEHHBIMU (pa3BuBatoTCs 3a 30 MUH U
Oonmee) u cnabo CBS3aHHBIMH C OTBETAMH (POTOCHHTE3a; BO3MOXHO, TaKHE W3MEHCHUsI
00yCIIOBJIEHBI HEOOJBIINM CHUKEHUEM COJIEp’KaHUs BOJBI B JIUCTE, KOTOPOE Pa3BUBAETCS MOCIIE
unaykuuu BII,
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3. 3AKJIIOYEHHUE U BBIBO/IbI

DNEeKTpUYECKUe CUTHANBI, BKJIIOYAs BBI3BAaHHBIC JIOKAIBHBIMH MOBPEXKIAIOITIMHI
BO3/ICHCTBUSIMU BapuadelibHbIe IMOTEHIMANBI, SBJSIOTCS OJHUM M3 KIIOYEBBIX MEXaHH3MOB
(dbopMUpOBaHUs OBICTPHIX M CHCTEMHBIX (PU3MOJIOTUYECKUX OTBETOB pacTeHus (Fromm, Lautner,
2007; Gall¢ et al., 2015; Choi et al., 2016; Hedrich et al., 2016). 13BecTHO, UTO 3JICKTPUIECKHE
CHUTHAJIBI MOTYT BiMATh Ha sKkcnpeccuro renoB (Wildon et al., 1992; Mousavi et al., 2013),
cunres ¢puroropmonos (Farmer et al., 2020), ¢pmosmusiii motok (van Bel et al., 2014), nsixanue
(Filek, Koscielniak, 1997; Lautner et al., 2014), rpancniupanuto (Kaiser, Grams, 2006; Vuralhan-
Eckert et al., 2018), poct (Shiina, Tazawa, 1986; Stahlberg, Cosgrove, 1996) u muorue apyrue
npoueccbl. POTOCUHTE3 SBIACTCS OJHOM W3 KIIIOYEBBIX «MHILICHEN» IS DJIEKTPUYECKUX
CHTHAJIOB y BhICIIKX pacTenuii (Fromm, Lautner, 2007; Gallé et al., 2015; Szechynska-Hebda et
al.,, 2017). B uacTHOCTH, TOKa3aHO, YTO JIOKAJbHAS CTUMYJISIIMS W WHIYIUPOBAHHBIC €IO
9JIEKTPHYECKUE CHTHAIIBI MOTYT BbI3bIBaTh ObicTpyro (Kaiser, Grams, 2006; Gallé et al., 2013;
Biatasek et al., 2017 ; Szechynska-Hebda et al., 2022) w/unmu gmutensuyto (Hlavackova et al.,
2006; Hlavinka et al., 2012; Szechynska-Hebda et al., 2022) nnaktuBamuio HOTOCHHTE3a; TaKas
WHAKTHBALIUSL TIPOSBISIETCSA, B YAaCTHOCTH, B CHIDKCHHHM (OTOCHHTETUYECKOH ACCHUMMIISIIHM,
YMEHBIIIEHUH aKTUBHOCTH CBETOBOM cTafuu Gorocuntesa u Bozpacranuu NPQ.

B T0 e Bpems, B TUTEpaType OTCYTCTBYET IEIIOCTHOE MOHUMAaHNE MEXaHU3MOB BIIUSHUS
ANEKTPUYECKUX CHTHAIOB Ha (POTOCHHTE3 M aHallU3 POJIM TAaKOro BIUSHUS Ui aJanTaliu
pacTeHuss K HEONarompusTHBIM yciaoBusM. Kpome TOro, OCTalOTCS TPAKTUYECKH He
UCCIICIOBAHHBIMU TYTH MOJU(UKAIIMM W MOHUTOPHUHTa (HOTOCHMHTETHUECKUX OTBETOB.
Hacrosimee amccepTalioHHOE HWCCIIEAOBAHHUE IMPEICTABISET COOOM TMOMBITKY PEIICHHUS 3THUX
BONPOCOB i1 KOHKPETHOTO THIIA JJIEKTPUYECKOr0 CHrHaia (BapualenbHBIA MOTEHIMAN) U
KOHKPETHOr0 THUMa (HOTOCHHTETHYECKOro oOTBeTa (ObIcTpas WHAaKTUBAIMS (POTOCHHTE3A).
BapuabenpHblii moTeHIMan Obl1 BbIOpaH B KadecTBe LI€JM aHaIW3a B CHUJIY TOTO, YTO 3TO
YHUKQJIBHBIN JIEKTPUYECKUM CHTHAJ BBICIIMX PACTEHUH, KOTOPBIM MHAYLUPYETCS JIOKAJIbHBIM
JIEHCTBHEM SKCTpEeMallbHBIX (DaKTOPOB (HApUMEp, OKOT, BBICOKOTEMIIEpATypHBIM HArpeB Wid
pa3naBnuBanue). TakuM 00pa3oM, 3TO CHUTHAIN, KOTOPBIA, BEPOSTHO, UTPAET KIIOYEBYIO POJb B
OMACHBIX sl )KM3HU pactenus ycnosusix [A15,A50]. Beictpas nnakTiBaims (HOTOCHHTE3a ObLIa
BbIOpaHa B KadyecTBE IpEIMETa HCCICNOBAaHMUA KaK HanOoiee paHHUH (OTOCHHTETUYECKHN
OTBET, KOTOPBIi, BEpOATHO, HE JIOJKEH OBITh CBSA3aH ¢ 0oJjiee MEIUIEHHBIM paclpoCTpaHEeHHEM
CUTHAJIOB JpYrMX THUNOB (Hampumep, ropmoHanbHoro curhaia) [Al5A28]. Ilo-Bunumomy,
ObICTpasi MHAKTHBAIMs (OTOCHHTE3a B MEHbBIIEH CTENEHW 3aBUCUT OT THUMA CTHUMYJA,
unnynupyroomero BII, Hexenun mniurensHas wHaktuBamms [A31l]; T.e., sBisercs HaumOolee
YHUBEPCAIbHOM.

[Ipexne Bcero, pe3ysbTaThl AUCCEPTAIIMOHHOTO UCCIIETOBAHMS 3HAYUTEIFHO PACIIHPSIOT
(eHOMEHOIOTUYEeCKHE 3HAaHUS O OBICTPHIX (POTOCHHTETHYECKUX OTBETAaX pacTeHHUs Iocie
uaayknun BII; B 9acTHOCTH, BIEpBBIC IOKA3aHO, YTO TakKas WHIYKIUS MOXET BBI3BIBATH
o0OpaTMOe BO3pacTaHHe IUKJINYECKOro motoka siekTpoHoB Bokpyr ®PCl [A36,A41,A48].
JlpyruM KITFOUEBBIM PE3YJIBTaTOM MEPBOTO dTama IUCCEPTAMOHHOTO WCCIICAOBAHUS SBISETCS
BBISIBJICHHE Psi/ia JOTOJHUTEIBHBIX apryMEHTOB B MOJIb3y yuacTus BII B kaduecTBe mocpeaHuka
MEXIy 30HOW TOBPESKICHUS M HMHTAKTHBIMH JIUCTBSIMHU PACTEHHs, B KOTOPBIX IMPOUCXOIUT
WHAYKIHS OBICTpON MHAKTHBAIMKM (poTOocHHTE3a. B nmuTeparype mpeacTaBieHBI J1Ba OCHOBHBIX
apryMeHTa B TIOJIb3y TAKOTO y4YacTHs: OoJjiee paHHee pa3BUTHE M3MEHEHHH (DOTOCHHTE3a OKOJIO
MPOBOJSIINX  IMYYKOB, KOTOpBIE  SBJSIIOTCS  OCHOBHBIM ~ KaHAJIOM  PaclpOCTPaHEHUS
snektpuueckux curHamo (Lautner et al.,, 2005; Grams et al.,, 2009), u wncue3HOBeHHE
(OTOCHHTETUYECKHX OTBETOB IMpPH OJOKMPOBAHUHU PACIPOCTPAHEHUS DIEKTPUUECKUX CHUTHAIOB
(manpumep, oxnaxaenuem sumcta) (Grams et al., 2007). duccepTalluOHHOE HCCIEIOBAHUE
JONOJTHUTENBHO TMOKa3biBaeT, uto (i) ObicTpas MHAaKTUBamMs (POTOCHHTE3a OTCYTCTBYET, €CIIU
BIT He mpOXOJMT B JIUCT, U TOSBISIETCS MPH €ro JOMOJHUTENbHON uHIyKuuu [Ad4,A47], (ii)
ammumatyasl BII, Bapeupyoomue B CHIy WHIUBUAYATbHOW BapHaOETbHOCTH WIU Pa3HOTO
PacCTOSIHUSL IO 30HBI MOBPEKICHUS, TMHEWHO CBSI3aHBI C aMIUTUTYAOH OBICTPOW WHAKTHBAIHH
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dorocuntesa [A2,A11,A16,A21,A30,A31,A51], (iii) MmoguduKamus aMIUTUTYAb6I U TApaMETPOB
pacnpoctpanenuss BIl (oproBanamat Hatpus, ABK, »snubOpaccuHONMMI) TPUBOIUT K
COOTBETCTBYIOIIMM  H3MEHEHUSM  IapaMeTpoB  OBICTPOM  WHAKTUBAaUU  (OTOCHHTE3a
[A20,A22,A41], (iv) umwuranus wusaykioud BIT  (mogasnenwe aktuBHOCTH H-AT®asbl
1a3MaTHYeCKON MeMOpaHbl OPTOBAHAJATOM HATPHS) BHI3BIBAET OTBETHI (POTOCHMHTE3A, CXOIHbBIC
C MHIyLIIUPOBaHHOW BapualOebHBIM MOTSHIIMAIOM OBICTPOM MHaKTHBaImel ¢porocunresa [A20].
Takum oOpa3oM, umeHHo pacnpoctpanenue BII siBnsiercss Hanbosnee BEpOSTHBIM MEXaHU3MOM
dbopMupoOBaHUsS OBICTPON WHAKTUBAIMM (POTOCHHTE3a B MHTAKTHBIX YaCTSIX PACTEHUS IOCIE
JIOKQJIbHOTO JIWCTBUS MOBPEXKAAIOINX (PAKTOPOB.

Jlanee, pe3ynbTaThl AMCCEPTALIOHHOTO WCCIENIOBAaHHUS IOKA3bIBAIOT KOMIUIEKCHBIC
MexaHu3mbl  (opmupoBaHus  Bb3BaHHOM BII  ObicTpoit  mHakTuBanmuu  (OTOCHHTE3a
[A1,A40,A42]. Panee, B iuteparype (Krupenina, Bulychev, 2007; Pavlovi¢ et al., 2011) GOpuia
npeyioKeHa TUIOTe3a O TOM, YTO HMHAKTHBAIUS TEMHOBOW cTaguu (OTOCHMHTE3a SBISAETCS
OCHOBHBIM MEXaHU3MOM BIIHSIHHSI IOTSHIIMAJIOB ICHCTBHUS Ha TIPOIECCH CBETOBOM cTaanu. Hamu
MOJTy4YEeH PsiJi aprYMEHTOB, KOTOPbIE MOKA3bIBAIOT, YTO MpH pactpoctpanenuu BII, nnaktuBanus
TEMHOBOW CcTaguu (OTOCUHTE3a TAKXKE SBISICTCS OJHUM M3 MEXAHW3MOB €ro BIUSHHUS Ha
CBETOBYIO CTAQJIMI0: CHUXCHHE AaMIUIUTYAbl OTBETOB CBETOBOW CTaJWU TpPU TOJABICHUU
uHAyuupoBanHbiX BII oTBeToB TeMHOBOW cTaauu B YyCIOBHSX HM3KOM KoHueHTpauuu CO2
[A3,A44,A46,A47,A48], uMuTaliisi OTBETOB CBETOBOW CTaaud (POTOCHMHTE3a NMPH CHUKEHUHU
KOHIICHTPALMK YTJICKUCIIOr0 Tra3a M TOjAaBieHuH TeMHoBoi craauu [A3,A47,A48], a takxe
BoizBanHoe BII ymenbinenue aktuHoctH H'-AT®-cuHTassl THIaKoMaHOW MeMOpanbl [A3] u
Bo3pacranue conepxkanusi AT® B mucre [A2]. Ognako, coxpanenue Bbi3BaHHbIX BII oTBeTOB
cBeToBOM cTaguu (oTocuHTe3a (C YMEHBUICHHOW AaMIUIUTYJI0M) B YCIOBUSX HU3KOH
koHrentpaiud CO2 u B TemHore [A3,Al1,A44 A46,A48] mnoka3piBaeT CyIIECTBOBAHHE
JOTIOTHUTEIbHBIX MyTEeH BIMSHUS BapuabeIbHOro MOTEHIIMANa Ha MPOIIECChl CBETOBOM CTaIui,
KOTOpBIC HE CBS3aHBI C WHAKTUBAIMEH TEMHOBOW cramuu QorocwHTe3a. JucceprannoHHOE
WCCJIEIOBAHME TIOKAa3bIBaeT, 4TO 00€ Tpymmbl MyTed BIUSHUS CBS3aHBl C OOpaTUMOMN
uHaktuBanueii H™-AT®asel mnasmatuyeckoin MemOpanbsl [A20,A22] u  mOCIELyOMUM
BozpactranueM pH amommacta [A31,A46,A51,A52] u cHmxenuem pH nuromiasmsl
[A46,A51,A52], ctpomsl 1 itoMeHa xJoporuiactoB [A3].

AHanu3 cBs3M MEXAY U3MeHeHussMU pH 1 POTOCHHTETHYECKUMHU OTBETaMU, MTOKA3bIBAET,
yro compoBoxnatomiee BIl  3amemaunBanme  amorutacta  00eCHeUYMBAET  CHIDKEHHE
dorocunTeTnueckoit accumuisiimu CO2, a CHIDKEHHE BHYTPUKIIETOUHOTO pH, BKITIOUas, mpexae
BCETO, 3aKUCIICHUE CTPOMBI U JtoMeHa [A3], HemoCpeICTBEHHO BIIMSET HA MPOIECCHl CBETOBOM
craauu otocunresa [A6,A52]. Bnusuue pH amoruiacra Ha ()OTOCHHTETHYECKUE TMPOIIECCHI,
BEPOATHO, pealn3yercs uepes3 caBuru paBHoBecus B peakuun CO2+H0«—HCO3z+H™, kotoprie
cytiecTBeHHO BiusioT Ha TpaHcmopT CO2 B kietky [Al4,A38], obecneunBas, mo-BUIAMOMY,
Be3BaHHOe BII cHmwkenue nposoaumoctu Mesodmmia mis CO2 (Gallé et al., 2013). ITpu stom,
conpoBokaaromre BIT u unaktuarmio H'-AT®a3bl u3menenust pH anormiacta WHAYIUPYIOT
HecTanoHapHbeie u3MeHeHust moctymieHus COz B kinetky [Al4,A40]; OGasupyromieecss Ha
aHanuze pa3paboTaHHON Mojaenu (QOTOCHHTE3a HCCIENOBAaHHE MOTOKOB IMPH CTAlMOHAPHBIX
koHIeHTpanusax CO2 B IUCTE U XJIOPOIUIACTE HE BHISIBUIIO CYNIECTBEHHOTO BIIMSIHHSI aKTHBHOCTH
H*-AT®a3m1 Ha potocunTes [A38].

Ponb cHmxkeHWs BHYTpHKIETOYHOro pH B KadecTBe ajlbTEpPHATUBHOTO MEXaHU3Ma
dopmupoBanus BbBaHHOW BII ObicTpoii wWHaKkTHBAIMK (OTOCHHTE3a MOATBEPIKIACTCS
OTBETaMH XJIOPOIUTACTOB HA 3aKUCICHHE CpeIbl MHKYOalnd W OTBETaMH y4YacTKOB JIMCTa Ha
nevicrBuun npotonodopa [A45,A46,A51]. Ceszannoe ¢ BII 3akucieHue JiroMeHa XJI0OPOILIACTOB,
MO-BHJIMMOMY, SIBJIIETCSI OCHOBHBIM MexaHm3MoM Bo3pactanuss NPQ u CEF u cHmwkenus LEF
[A1,A3,A40]; Bce OTMEUEHHBIC MPOIECCH CIMOCOOCTBYIOT TMOJABICHUIO CBETOBOW CTaHH
¢dorocuHTe3a. 3aKUCICHHE CTPOMBI XJIOPOIIJIACTOB MOKET BHOCHTDH JOTIOJTHHUTENBHBIA BKIAa B
takoe mnonasinenne [Al,A40,A44], cnocoOGcTtBys mnepemeunieHuo ¢eppenokcu-HAID-
penaktassl U cHwkeHHIO ee akTuBHOCTH (Alte et al., 2010; Benz et al., 2010). ITonyueHnbIe
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pe3yNbTaThl COTJIACYIOTCS C OTIENbHBIMU pabdOTaMH, HUCCIEAYIOUIMMH BIUSHUE 3aKUCICHUS
cpenbl nHKyOamu xjoporuactoB (Grams et al., 2009) niu cpeapl nepdy3uu XapoBoOil KICTKH
(Bynbrués u ap., 2013), KoTophIe MOKA3BIBAIOT CXOIHOE BIMsAHUE CHIKeHUs pH Ha poTocuHTes.

Takum 00pa3zom, pe3yabTaThl 3Tana AUCCEPTAMOHHOTO MCCIIEJOBAHUS MTOKA3bIBAIOT, YTO
vHakTuBaius H'-AT®a3el 1 usMmeHenuss pH sABIsioTCA Hauboliee BEPOSTHBHIM MEXAHU3MOM
dopmupoBanus ObicTpoii uwHakTuBanuu QorocuHresa [Al,A40]. Takoii MexaHusM He
MPOTUBOPEUYUT ANbTEPHATUBHBIM OOBSICHEHUSIM (OPMUPOBAHUSA OBICTPON HHAKTUBALUU
doTocuntesa (Bxox Ca?* uw mmaktmBamus uukna Kanesuma, Krupenina, Bulychev, 2007, umu
BXOJI MEPOKCH/IA BOAOpPOJA M CHHW)KEHHE akTUBHOCTH (horocuHTe3a, Biatasek et al., 2017), Tak
KaK BJIMSHHE TaKUX MEXaHHU3MOB TaKXXe MOXET pealn30BbIBAThCA uepe3 u3MeHeHus pH
[A15,A40]. Bonee Toro, cesazannas ¢ BII mnakruBanus H'-AT®a3bl NpUBOAUT K CHUKEHUIO
npoBoaumocT yctbull [A49]. CornacHo pesyibpratam [A42], uM3MEHEHUS MPOBOAMMOCTH
YCTBUI[ TakXke MOryT ObiTh MexaHusmoMm BiusHus BII Ha dQorocunres, ecnu Takas
IPOBOJUMOCTb SBIISICTCS JIUMUTHpYIOLIEH ctanueil g noctyrienuss CO2 B kietky. Hecmotps
Ha TO, YTO B OOJBIIMHCTBE IKCIHEPUMEHTOB JIHUCCEPTALMOHHOTO HCCIENOBaHUS Takoh 3pdeKT
OTCYTCTBOBAJI, CHJIbHAsI CBSI3b U3MEHEHUN aCCHMWJISIIIMU U ITPOBOJIMMOCTH YCTHHI] HAOII01AIaCh
B YCJIOBHSIX CHIIbHOM 3aCyXH U HU3KOH MPOBOAMMOCTH ycThuIl [A36].

B nuteparype oOcCyXnaercs BIMSHUE DJJIEKTPUYECKMX CHUTHAJIOB Ha YCTOMYMBOCTH
pacreHuii k aeiictBuio crpeccopoB (PeruBun u ap., 1999; Szechynska-Hebda et al., 2010;
Zandalinas et al., 2020a, 2020b), 4To 1M03BOJISAET MPEAIOIOKHKTH BO3ZMOYKHOE YIaCTUE BHI3BAHHOU
BII ObicTpoii uHakTHBanuu (OTOCHHTE3a B TOBBIINIEHUH YCTOMYMBOCTH. JluccepTrannoHHOE
HCCJIEI0BAHNE NTOKa3bIBaeT, 4To BII nelicTBUTENBHO MOBBIIIAET TEIUIOYCTOMYNBOCTD PACTEHHUS B
nenom [A49] w  BaMsSeT Ha  TEMJIOYCTOMYMBOCTH  (DOTOCMHTETHMUYECKOTO  ammapara
[A4,A30,A47,A49]; nocnennuii >pdekT cBs3aH ¢ pa3BuTHeM BbI3BaHHOW BII ObicTpoii
WHAKTUBalMU (OoTOoCcHHTE3a (MEXIYy HM3MEHEHUSMU TEIUIOYCTOMYMBOCTH M aMIUTUTYIaMU
OTBETOB HAOIIIOJACTCsl CHIIbHAS KOPPEISIHs, UMUTALUs OBICTPOM MHAKTUBAIMH (DOTOCHHTE3A
cHmkeHneM konueHntpauuu CO2 BIHSET Ha TEIUIOYCTONYUBOCTH (DOTOCHHTETHUECKOTO anmnapara
aHasiornyHo BII).

Crnenyer, oOAHako, OTMeTUTh, u4To BiugHue BIl Ha  TemnoycroiuuBOCTH
(OTOCMHTETHUYECKOTO amnmapaTa HMeeT CIOXHBIA Xxapakrep. [lpum nelcTBUHM  BBICOKHMX
Temreparyp (HarpeB Bo3jayxa Npuoau3uTensHo a0 53°C, HarpeB JUCTOBOW IUIacTHMHKH A0 46°C
win Bbiie) uHAykuus BII camxkaer teroBoe nospexaenne @Cl um yBennmuuBaer TenjaoBoe
nospexxaenne OCIl [A4,A47,A49], Tlocnennnit ekt oTuactTh CBsi3aH ¢ BbI3BaHHBIM BII
CHIDKEHHEM TPAHCIHPALWU MPH HAarpeBe W OOJBIINM TOBBIIMICHHEM TEMIEPaTyphl JIMCTOBOM
miactiHKU [A49], HO B ciydae CHIIBHOTO HarpeBa Bospactanue mnopexaeHus OCIl moxer
OBITh HE CBSI3aHO C W3MEHeHusiMU TpaHcrupaiuu [A4]. [lpu 3ToM yBelIMuYEHHE TEIIOBOTO
nospexaeHus DOCIl  momokuTeNnbHO CBsA3aHO €O CcHWKeHHeM moBpexacHus @OCI [A4].
[Tonmy4yeHHBI pe3ynbTaT O3HA4YaeT, 4YTO TAaKOE YBEJIWYCHHE MOXKET OBITh MEXaHH3MOM
noBsieHus: termoycroiunBoctn OCI [Al]; B yacTHOCTH, CHMIKEHHE MOTOKA 3JIEKTPOHOB Ha
@OCI (mpu mHaktuBanuu win nospexaeHud OCII) ymMeHbIIaeT ee MOBPEKICHUE MPU JICHCTBUU
ctpeccopoB. YuutbiBas, uyto ®CIl nerko pemapupyer, B To Bpems kak mnopexzaeHue OCI
npaktiuueckun HeoOpatumo (Sonoike, 2011; Tikkanen, Aro, 2014; Tikkanen et al., 2014),
OTMEUEHHBI  MEXaHU3M JIOJDKEH CII0COOCTBOBATh  IMOBBIIICHUIO  TEIJIOYCTOHYHMBOCTU
(OTOCHHTETHYECKOTO ammapara B IeJIOM. AHAJOTHYHYIO POJb MOKET BBITIOJIHSITH BBI3BAHHOE
BII BO3pacTaHHE NPQ (poct OTEPh CBETOBOM SHEPTUu B @CIlI)
[A3,A12,A20,A21,A26,A30,A31,A36,A44, A46,A48]; ¢ apyroii CTOPOHBI, HHAYIHPOBAHHOE
BapHuabeIbHBIM TMOTEHIMAJIOM BO3pAaCTaHHWE IUKIMYECKOrO MOTOKa 3JeKTpoHOB BOKpyr PCI
[A36,A41,A48] MOXET HEMOCPEACTBEHHO CHIKATh M30BITOYHOC BOCCTAHOBIICHHE OTOU
dorocuctempl Tpu AeiictBUM cTpeccopoB. Haxonen, Bwi3BanHoe BII u wHakTHBanuein
dorocunTe3a Bo3pactanue comepxkanus AT® B mucre [A2] co3gaer NPEANOCHUIKH IS
obyieryenus: penapanuu gorocuareTndeckoro ammapata (Allakhverdiev et al., 2005, 2008) u,
BEPOSATHO, IPYTHX CTPYKTYP PACTEHUs MOCIE MOBPEXKIAIOIIETO AEUCTBUS CTpeccopa.
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MOoXHO 0XHAaTh, YTO HEKOTOpHIE M3 OTMEUYCHHBIX MeXaHu3MOB (Bodpactanue NPQ u
coaepxanuss AT®D) MOMKHBI TakXKe MOJOXHUTEIbHO BIUATh Ha TemioycronuuBocts OCII u,
BO3MOXXHO, JIpYTrMX (DOTOCHMHTETHUYECKHUX TIIPOLIECCOB B YCIOBHUAX MEHBILIEr0 Harpesa.
HeiictButensHo, npu Harpese 10 50°C wmm mmwke, BIT [A30] u BII-o0pa3Hbie 3jIeKTpHYECKHE
curHanbl B 30He HarpeBa [A8] mossimmaror temioycroiunBocts MCII [A30], a umuTamms
BapradeIbHOrO IMOTEHIMAda II0JABICHUEM aKTUBHOCTH H'-AT®a3bl  I1a3MaTUYeCcKOi
MEMOpaHbl YBEIMUYUBACT TEIIOYCTOMYUBOCTH (hoTocuHTeTHUeCKOM accumminsiiuun CO2 [A22].
bonee TOro, mosydeHHbIE B paMKax UCCEPTAIMOHHOTO WCCIEIOBaHMs pe3yibTarhl [A47]
MOKA3bIBAIOT, YTO YMEPEHHOE CHIKEHHE AaKTUBHOCTH TEMHOBOM cTaauu QoTocuHTe3a (Ipu
ymenbiieHnn COz B cpene 1o 150 ppm) moxer nossimarh temnoyctoiunBocts OCII naxe B
YCIIOBUSIX CHJIBHOTO HarpeBa. Ha oCHOBaHMU IMOCIETHEro pe3yJibTaTa, Helb3sl UCKIIYaTh, YTO
nosioxkurenbHoe BiaussHUe BII Ha ycroitumBocts @CIl MOXeET [ONOJHUTENBHO HEIUHEHHO
3aBHCETh OT aMILUIUTY/Ibl OBICTPON (POTOCUHTETUYECKON MHAKTUBALIMH.

Taxum 0Opa3om, 3Tan AUCCEPTAIIMOHHOTO UCCIIEIOBAHUS MTOKA3bIBAET, YTO UHAYKIH BIT
U pa3BUTHE ObICTPOI MHAKTUBALIMU (DOTOCHHTE3a MOKET MOBBIILIATH OOIIYIO TEIIOYCTONYUBOCTh
(OTOCMHTETUYECKOTO armapara. MexaHu3Mbl TaKOTI'O MOBBIIIEHHUS, I0-BUUMOMY, BApbUPYIOT B
3aBHCHMOCTH OT BEJIMUMHBI HarpeBa JIMCTA.

VYuuteiBass mokazanHoe BiusHUe BIl m ObicTpoli wmHakTuMBammu (OTOCHHTE3a Ha
TEIJIOYCTONYMBOCTh PACTEHUN, B paMKaxX IUCCEPTAMOHHOTO HCCIENOBAHHS ObUIM BBISBICHBI
HEKOTOPBIC SHAOTCHHBIC U IK30T€HHBIE (DAaKTOPBI, CIOCOOHBIE MOIN(MUITMPOBATE IIEKTPUICCKUI
curHanuHr pacrenuil. [lpexxne Bcero, Ha OCHOBAaHMM aHallM3a MAaTEMAaTHUECKUX MOAeNei
AIIEKTPOTE€HE3a PAaCTeHUH MOKa3aHo, YTO (HOPMUPOBAHHE IIEKTPUIECKUX CUTHAIOB MOXKET OBITh
ycKopeHo npu (uiykryanusx aktueHoctd H'-AT®asbl miasmMatuueckoi MemOpansl [A27] wiu
IPU CTOXACTMYECKON HEOJHOPOJAHOCTH €€ IPOCTPAHCTBEHHOI'O paclpe]elieHus B aHcamOiie
BO30YIUMBIX KJIETOK C JIOKQJbHOH 3iieKTpuueckoil cBs3bio (cumruiact) [A32]. BepositHbiMu
MEXaHHM3MaMH BBIIBJICHHOIO OTBETa SBIAIOTCS croxacThueckmii (Gammaitoni et al., 1998;
Wellens et al., 2004) u unayiupoBanHbiii pazHoobpasuem (Tessone et al., 2006; Liang et al.,
2020) pesonancel. C apyrodl CTOPOHBI, dKCIIEPUMEHTANIbHBIC pe3yibTaThl [A32] mokas3bIBarOT
BBICOKYIO BapuabenbHOCTh akTuBHOCTH H'-AT®a3bl (0 KpaiiHell Mepe, MeKIy pasinuyHbIMU
KJIETKAaMHU B TIpeJeNiax OJHOTO JIMCTa pacTeHus), koTopas cocraBiser okoio 40%. Hamuuaue
TaKoOW BapHaOeIbHOCTU MOATBEPHKJIAET BO3MOXKHOCTh yckopeHus ¢opmupoBanus BII 3a cuer
IPOCTPAHCTBEHHOM HEOJHOPOAHOCTH aKTUBHOCTH H'-AT®a3kl B peaabHbIX yCIOBHSX.

ITomumo sHAOTeHHBIX (akTopoB, mapamerpbl BIl u QoTocuHTEeTHUECKHX OTBETOB
MOIU(UIMPYIOTCST  DK30T€HHbIMU  (pakTopamu. Tak, JgUCCEpTallMOHHOE HCCIEI0BaHUE
nokassiBaeT [A36], dYTO pasBUTHE 3acyXH, KOTOpPOE SBISETCS OJHMM K3 KIIOYEBBIX
HeOnaronpusTHBIX pakropoB cpenst (Chaves et al., 2009; Fahad et al., 2017; Gupta et al., 2020),
MOJKET IOCTENIEHHO CHIDKAaTh aMIUIMTYyAy BbI3BaHHbIX BII m3MeHeHuil mapaMeTpoB CBETOBOM
craguu porocunrteza. Hamporus, mapamerpsl BIl u otBeta accummisaimu COz KaueCTBEHHO
MEHSIOTCS B YCIOBMAX CHJIBHOM 3acyxu [A36]: B 3HaUMTENBbHOM YacTH cCilyyaeB HaOIOAaeTcs
TUIEPIOJIIPU3ALMOHHBIA CUTHAN (CUCTEMHBIH MOTEHLMAN); BMECTO CHMKEHUS aCCUMMIALNU
CO2, nabmonmaercsa ee Bospactenue. [lo-Bumumomy, Tpanchopmanus BII B cucremusbiit
MOTEeHLIMad OOYyCIIOBJI€Ha CHW)KEHHEM aMIUINTYJbl THAPABIMYECKONH BOJHBI TPU OXKOTe
(BcreACcTBHE YMEHBIIEHHS OOIIero KoimudecTBa BoAsl B pacTeHuu) [A40], a Bo3pacraHue
accummianuu CO2 00yclOBIIEHO HU3KOM HadyalbHOM MPOBOJMMOCTBIO YCTBUIl B YCIOBHSX
3aCyXH, BCJIEJCTBHE YEro Takas MPOBOJUMOCTb CTAHOBUTCS JIMMHUTHUPYIOUIMM (aKTOPOM JUIS
tpancnopta CO2 B poTocuHTE3UpyoIue KieTku [A42].

Hpyrumu  MoaupuuupyomumMi  (GaktopaMu  sBiseTcss 00paboTka CTPECCOBBIMHU
¢utoropmonamu. Tak mokazaHo, 4To o0OpaboTka osk3oreHHo ABK, koropas sBisercs
OCHOBHBIM cTpeccoBbiMU ropmonoMm mipu 3acyxe (Wilkinson et al., 2012; Kurepin et al., 2015),
BbI3bIBACT CHIDKeHHE aMmruiutTyabl BIl wu  ObicTpodt wHakTHBamuu QotocuHTe3da [A22].
BeisBnennbiii adpdexr obycnosneH BoizBaHHbIM ABK cHmkeHneMm HavanbHOM aktuBHOCTH H'-
AT®a3pl mna3marudyecko wMemOpanbl [A22], 4YTO XOpOUIO COTJacyercs ¢ HallluMU
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WCcCIeIOBaHUAMHU, He Bomeamumu B guccepranuio (CyxoB u mp., 2017), m 1maHHBIMU
nauteparypsl (Hayashi et al., 2014).

OO0paboTka 3K30T€HHbIM 24-3MUOpPACCUHONIUAOM, KOTOPBIM SBISETCS €IlIe OJHHUM
KJIIOYEBBIM (PUTOrOPMOHOM pacTEHUI U MOXKET BIUATH Ha oTocuHTeTHYEeCKHE mporecchl (YU et
al., 2004; Dobrikova et al., 2014; Rothova et al., 2014; Kolomeichuk et al., 2020), oka3biBaet
IPOTHBONOJIOXKEHHBIH 3 dekr, yBenmnuuBas ammutyay BII, yckopsis ero pacmpocTpaHeHue B
JUCTbSI U CHIDKasg Bpems, HeoOXoauMoe Juis pa3BUTUSL OBICTPOl  (poTOCHHTETHUECKOH
uHaktuBanuu [A41l]. TlorenumansHo, BiusHue OBJI MokeT ObITh TaKKe CBS3aHO C
¢yukironuposanrem H'-ATda3sel, Tak Kak W3BECTHO, YTO 00pabOTKa OPacCHHOCTEPOUIAMU
MOJKET TIOBBINIATL HayadbHYyI0 aktuBHOCTH H™-AT®aser (Witthoft et al., 2011; Minami et al.,
2019), ctumynupys teM cambiM (opmupoBanue BII u ObicTpoit MHAKTHBaUU (POTOCHHTE3A
[A20].

Takum oOpa3om, AHcCCEPTAIIMIOHHOE HCCIEIOBAaHUE IIOKa3bIBAECT, 4YTO CYIIECTBYIOT
SHJIOTEHHbIE (B YAaCTHOCTH, BapuabeabHOCTh akTHBHOCTH H'-AT®a3bl) u 3K30reHHbBIE (3acyXa,
obpaborka ABK um OBJI) dakTopsl, kotopeie MoryT Jmb0 o0ierdath, JUOO 3aTPYIHATH
dopmupoBanne BII um OwicTpoli wmHakTuBanuu (ortocuHTe3a. I[lomumo ¢dyHIaMEHTATBHON
3HAYUMOCTH, TIOJTyYEHHbIE PE3yIbTaThl CO3AAI0T OCHOBY JIA Pa3pabOTKU METOIOB yIpPaBICHUS
YCTOMUMBOCTBIO PACTEHUH K JEHCTBHIO HEOJIArompHATHBIX (DaKTOPOB IyTEM MOIU(PHUKAINN
dbopmupoBanus BII u GpoToCHHTETHUECKUX OTBETOB.

VYuuteiBas, uro uaaykuusa BIl u passutue ObicTpoil MHAKTUBAIMHN (DOTOCHMHTE3A BIIHSET
Ha YCTOWYMBOCTh PACTEHHIl K MOBBLIIMICHHOH TemmepaType U, BEpOSITHO, OPYTHMM CTpeccopam
[A1,A15,A28,A39,A40], panHee ¥ JWCTAHIIMOHHOE BBIABICHHE OOOHMX IIPOIIECCOB HMMEET
BaXHOE 3HAYEHUS JIJI1 MOHUTOPUHTA pacTeHUd. B auccepTallMOHHOM HCCIeI0BAaHUU TOKa3aHo,
YTO aHAIMU3 CHEKTPAIbHBIX XapaKTEPHCTUK OTPAKEHHOTO CBETa MOXKET OBITh 3((eKTHBHBIM
WHCTpYMEHTaM s BbIsiBIIeHUS pacnpoctpaHenus BII u ¢dopmupoBanus ObICTpOil HHAKTUBALIUU
¢orocunTesa. Tak uzmenenus PRI, uyBcTBUTENbHBIE K H30BITOUHOMY CBETY, 3aCyX€, HArpeBy U
apyrum ¢aktopam [Al7,A23,A24,A35], moryt ObiTh Takke Bbi3Banbl BIT [Al6]. Kak u npu
HETOCPEJCTBEHHOM JICHCTBHM CTPECCOPOB Ha wucciaeayembie nucthst [Al7,A23,A24,A35],
BbI3BaHHble BIl wu3MeHeHuss nuHeiiHO cBszaHbl ¢ u3MeHeHusMH NPQ u moryt ObITh
UCIIOJIb30BAHBI JIJIsl OIICHKU BEJIMYMHBI €r0 YHEPTro3aBUCUMOI KoMIOHeHTHI [AL6].

Vcnonb3oBaHue TEIUIOBBIX KapT Koa(duuuenTa koppensuu [Tupcona (B cOOTBETCTBUU
c Balzarolo et al., 2018; Kovar et al., 2019; El-Hendawy et al., 2019) u craTuctiueckoi
3HAYMMOCTH pazauuuil (B cooTBeTcTBUU € [A34]), M0O3BONNIIO BBIIBUTH HOBBIE Y3KOIOJIOCHBIE
WHJICKCHl OTPaKEHHsI, YyBCTBHUTENbHbIE K WHAYKIWK BIl u pa3BUTHIO (OTOCHHTETHYECKHX
orBeToB [A33]. Cpeau HHX MOXHO OTMETHTh Takue HHACKChI, kak RI(571,542), R1(538,500),
RI(646,554) u RI1(692,662). IIpu 3TOM, W3MEHEHHUS MEPBBIX TPEX HHIEKCOB, MO-BUIUMOMY,
CBSI3aHBl C BBICOKOM UYYBCTBHUTEIBHOCTbIO OTpa’keHHs B obOmactu 535-555 HM K ObICTpBIM
W3MEHEHUSIM (POTOCHHTETUYECKON aKTUBHOCTH [A24]; MEXaHM3MOM TaKOW UyBCTBUTEIIBHOCTH
seisiercst pH 3aBucumoe cxarue xinoportactoB (Evain et al., 2004). VuurteiBas crektp
dnyopecuentn PCII (Pedros et al., 2008), se3Bannbie BIT usmenenus nnaekca RI1(692,662)
MOTYT OBITh CBSI3aHBI C M3MEHEHUSAMH ()IyOpecleHIMH XJIOpopHUla a; B YaCTHOCTH, 3a CUET
cHIDKeHHsT Takou Quyopecniennuu mpu pocre NPQ mocrne pacmpocTpaneHus BapuaOelTbsHOTO
noreniuana [A3,A12,A20,A21,A26,A30,A31,A36,A44,A46,A48].

B pamkax auccepTallMOHHOTO UCCIIEIOBAHUS TaKKe MoKa3aHo, 4to BII Moxer BiusaTh Ha
IIMPOKOIIOJIOCHOE OTpaKeHWe W HeKoTopble uHAeKchl otpaxenus (RI(400-500,600-700),
RI1(500-600,700-800) u RI(600-700,700-800)), paccunmTaHHbIE Ha OCHOBAHHU IIMPOKHX
cnekTpanbHbix  monoc (100 um) [Al8,A25]. OpHako, BBISBJICHHBIC  W3MCHCHHS
HIMPOKOMOJIOCHOTO OTpakeHUsI cyabo CBSA3aHBI € (POTOCHMHTETUYECKMMH IpolieccaMu U
MOKa3bIBAIOT HEOOJBIIOE CHUKEHUE COJIEP)KaHMs BOJBI B JIMCTE, KOTOPOE MEJICHHO (IAECATKU
MUHYT) pa3BuBaetcs nocie nHayknuu BI1. B To jxe BpeMs, clieyeT OTMETUTh, YTO U3MEPEHUE H
aHaJM3 OTPaXEHHOTO0 CBeTa B IIMPOKUX CHEKTPAIbHBIX I10JIOCaX SBISETCS BaXHBIM
nanpasienuem uccienoanuii (Gitelson et al., 2002; Widjaja Putra, Soni, 2018; Yin et al., 2022)
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B cuily OoJbIIed MPOCTOTHl M JEIIEBU3HBI CUCTEM MAJIS PETUCTPALMM OTPAKEHHUsI B TaKUX
nojocax. C 3TOH TOYKM 3peHHs, caM (PAKT BBIABICHHS OTHOCHUTEIBHO OBICTPBIX H3MEHEHUM
HIMPOKONOJIOCHBIX MHEKCOB (20-30 MMH) OKa3bIBAET, YTO IIUPOKOMOIOCHBIE HHAEKCHI MOYXKHO
UCIIOJIB30BAaTh JUIsl MOHUTOPUHIA CUCTEMHOI'O OTBETA pacTeHUs nocie nHaykuuu Bl

Taxkum oGpa3zom, n3menenust PRI, psia HOBBIX Y3KONOJIOCHBIX MHJEKCOB OTPAXKEHMS, U
MIMPOKONOJIOCHBIE MHJIEKCHI, BBISBJICHHBIE B XOJi¢ OJIOKa aHajH3a, B MEPCIEKTUBE, MOTYT OBITh
UCIOJb30BaHbl  JUIi MOHUTOPMHIA CHUCTEMHBIX (PU3HOJIOIMYECKMX OTBETOB DPACTEHMH,
MHIYIIMPOBAHHBIX TeHepanuend u pacrnpoctpanenreMm BII. Pemenue takoil 3amaun oOecreyut
uccieioBaTenei eue OJHUM HHCTPYMEHTOM sl aHajau3a U3MEpPEHUi, MoJlyuyeHHbIX Ha Oasze
TUIEPCIEKTPAJIBHBIX WM MYJIBTUCIIEKTPAJIBHBIX KaMep.

B 1nenoM, OCHOBHBIM (yHIAMEHTAJIbHBIM pE3yJbTaTOM JIUCCEPTALMOHHOM pabOThI
SBIISICTCS  BBISIBJIGHME OCHOBHBIX MEXaHM3MOB (opmupoBanust BbI3BaHHOW BII ObicTpoii
UHAKTUBaLMU (OTOCHMHTE3a M IyTel MOCIEIYIOIEro MOBBIIIEHUS TEII0YCTOHYUBOCTH
(doToCHHTETHYECKOTO ammapara y pacreHuid. Takoil pe3ynbTaT HE TOJIBKO YriyOunser
COBpPEMEHHbIEC 3HAHUS B 00JAaCTH aJanTallMd pacTeHUM K HeOIaronpHUATHBIM YCIOBHUSM CpE.bl,
HO W TIOKa3bIBACT HOBBIA IYTh PErYJSIIUU (DOTOCHHTETHYECKUX MPOLECCOB, OMUPAIONIMNCSA Ha
TeHepaltIo U pacpoCTpaHEeHHe BapualdesIbHOrO OTEHIMANIA.

[Ipu 3TOM, NOJIy4YEHHBIE PE3YyJIBTATHI TAKKE UMEIOT BBICOKYIO MPUKIIAJHYIO 3HAYNMOCTb,
co3/aBasl OCHOBY Juisl peryisinuu (Ha 6a3e oOpaOOTKM (UTOrOPMOHAMHU) M MOHUTOpPUHTA (HA
Oa3e m3Mepenust u aHanuza PRI, a Taxke HalJIEeHHBIX Y3KOMOJOCHBIX M HIMPOKONOJIOCHBIX
MHJIEKCOB OTPaKEHUs1) BapHaOelbHOro NoTeHIHMaia U OblcTpoil nHaKTHBauuu dorocuHTesa. Mx
paHHEE M TOYHOE BBISABICHUE B COYETAHHHM C HCIIOJIB30BAHUEM METOAOB YCUJICHUS WIH
ocnabnenus ¢opmupoBanus BIl u oTBeToB (hoTOCHMHTE3a MOXXET CTaTh BaKHBIM IIaromM B
MOBBILICHUU 3¢ EeKTUBHOCTH 3emJieienus, CIIOCOOCTBYS nepexony K
BBICOKOITPOU3BOIUTEIIBHOMY CEIbCKOMY XO3SMCTBY.

[lo pe3ynbrataM JUCCEPTALIMOHHOTO MCCIEAOBAaHUSA OBUIM CHAETaHbl CIEIyIOIIHe
BBIBO/IbI:

1. TloaTrBepkaeHa posib BapuaOenbHOro TMOTEHIMala B (OPMUPOBAHUU OBICTPOM
uHakTHBaIMu GorocunTesa (5-10 MUH) B MHTAKTHBIX YaCTAX PACTEHHS, BKIFOUAIOLICH CHIDKCHUE
accummisinuu CO2, KBaHTOBBIX BbIXOJOB (otocuctembl | u Il M Henmukimmyeckoro morToka
AJIEKTPOHOB, BO3pacTaHWE HEPOTOXUMHUECKOTO TYLIeHHs (IyopecleHIuu Xjiopopwiia a U
BIIEPBBIE TOKA3aHHOE YCWIIEHNE IUKIMYECKOTr0 NOTOKa 31eKTpOoHOB BOKpyr DCI.

2. TlokasaHo, 4TO CH¥KeHHME aKTHBHOCTH H'-AT®a3pl muasMaTuueckoil MeMOpaHbl,
BBI3BIBAOIIIECE 3ALICIIAYMBAHME aroIUIacTa W 3aKHCIEHUE LUTOIUIA3Mbl, CTPOMBI M JIFOMEHA
XJIOPOIIJIACTOB, ~ SIBJIIETCSI  Hambojiee  BEPOSTHBIM ~ MEXaHM3MOM  MHAYKIMH  OBICTpOii
(OTOCMHTETUYECKON MHAKTUBALIMHU y BBICIIUX pacTeHui npu pacnpoctpanenuu BII. Ilpu stom,
OIHOM M3 «mulleHelW» wusmeHeHud pH amorutacra sBiserca Tpancnopt CO2 BHYTph
(OTOCUHTE3UPYIOLINX KJIETOK, MOJABJIE€HHUE KOTOPOro MPHUBOAUT K HMHAKTUBALIUM TEMHOBOM
cTaguu (OTOCHUHTE3A U MOCIEIYIOIEMY CHI)KEHHIO aKTUBHOCTH CBETOBOM cTainu (YMEHbIICHHE
kBaHTOBBIX BbIXOJ0B DCI, ®CIl u HeuukIMueckoro IMOTOKa OHJIEKTPOHOB, BO3pacTaHUE
HE(POTOXUMHUECKOTO TYIIEHHU (DIYOpPECHEHIMN U HUKIMYECKOr0 MOTOKA 3JEKTPOHOB BOKPYT
®Cl). B To xe Bpemsi, 3aKHCIICHHE IUTOIIa3Mbl, TIPUBOAIICE K CHIKeHHIO pH B cTpome u
JIOMEHE XJIOpOIUIacToB, (opmupyeT apyrol nyte BiausHus BIl Ha cBeroByro craguto
dboTOoCHHTE3a, KOTOPBII TaKXKe CIIOCOOCTBYET €€ MHAKTUBAITHH.

3. BeiBnena ponb uHAynupoBaHHoi BII ObicTpoli mHakTHBanuMM (GOTOCHHTE3a B
noBbIeHn ycronuuBoctd OCl B ycnoBusix cuiibHOTo HarpeBa (okosio 53°C), 4ro, BeposiTHO,
CHOCOOCTBYET TIOBBIIIEHHIO TEMJIOYCTOMYMBOCTH pacTeHus B nenoMm. Ilokasan psa
MOTEHIMAIBHBIX MEXaHU3MOB TaKOT'O MOBBIIICHHUS, BKIIOYAsl YBEJIMYECHUE [IUKINYECKOTO ITOTOKA
3JIEKTPOHOB, POCT HE(POTOXUMHUUECKOTO TYIIECHHs (PIyopecleHlny XJI0popuia a, NOBHILIEHHE
conepxkanuss AT® B nucThsx, a Takxke ycuieHue terioBoro nospexjaenuss @ClI, Bor3BanHoe, B
TOM 4YHCJE, CHWKEHMEM TpaHCIHUpalud M 0ojiee CHIBHBIM HAarpeBOM JIMCTOBOM IUIACTHHKH.
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Hanportus, B ycioBusx 6oinee ciadboro temreparypuoro Bosaciictsus (50°C u nmke) BIT moxer
BbI3bIBaTh yBeanueHue Temioycrounsoctu OCII.

4. BpigBieH psii SHAOTEHHBIX U SK30T€HHBIX (PAKTOPOB, CIIOCOOHBIX YCHUIMBATh WU
ocnabnate (popmupoBanue BIl u ObicTpoii WHaKTUBaNUK (HOTOCHHTE3a, YTO MOXKET OBITh
UCIIOJIb30BAHO JJISi NPOTHO3MPOBAHMS MX BIHUSHUS HA COCTOSHHUE PACTEHUS B Pa3IMUHBIX
YCIOBHSAX W JJsl YIPaBICHHUS TAaKUM BJIMSHHEM. B 4acTHOCTH, MOKa3aHO, YTO CTUMYJISIIHS
bopMUPOBAaHUSA AIEKTPUYECKUX W/ MU  (HOTOCUMHTETHUYECKUX OTBETOB IMPOUCXOAUT MPH
BO3PACTaHUU aMILTUTYAbI (DIYKTyaluid ¥ IpU YBEIMYCHUH CTOXACTHUECKOW MPOCTPAHCTBEHHOM
HEOMHOPOAHOCTH aKTUBHOCTH H-AT®aspl, a Takke INpH IPEIBAPUTEILHOM 00paboTKe
pacrenuii 24-smmubpaccunonugom (10° M). dopmupoBanue Takux OTBETOB 3aTpPyIHSAETCS IPH
TIpeIBapUTEIIBHOI 006paboTKe pacTeHuil abcim30Boii KucaoToii (10° M), a Takke IpH pa3BUTHH
3aCyXH.

5. [Ilpemnoxen psag  METOJOB  ONTHYECKOIO  MOHUTOPUHIA  JUISl  BBISIBJICHHS
pacrpocTpaHeHHus BapuaOeNbHOTO MOTEHIHANAa W/WiIH (POPMUPOBAHUS OBICTPON WHAKTUBAIUH
dborocuHTE3a, KOTOphIE B MEPCHEKTUBE MOTYT OBITh HCIOJIB30BAaHbI Ui OLIEHKH CHUCTEMHBIX
OTBETOB PACTECHHUS MPH ACUCTBUHM HEOIaronpusITHRIX (HakTopoB cpeabl. IIpeamoskeHHbIe METOBI
0a3upyloTca Ha U3MEPEHUHM M aHajdu3e M3MEHEHUH (OTOXUMHUYECKOTO WHIEKCA OTPAKEHUS U
HOBBIX Y3KOITOJIOCHBIX MHICKCOB oTpaxkeHus (Biirouas, RI1(571,542), R1(538,500), RI(646,554)
u R1(692,662)), koTopble TECHO CBA3aHbI ¢ OBICTPOI MHaKTHBanuel Gorocurresa. Kpome toro,
pactpoctpanenre BIl MoxeT OBITh BBISBICHO MO MEAJICHHOMY (IECSITKH MUHYT) W3MEHEHHIO
mmpokonojocHoro (100 HM) oTpakeHHMs pacTeHHs, BKIIOYas U3MEHEHHUs  psja
HIMPOKONIOIOCHBIX HHAeKkcoB oTpaxkerus (R1(400-500,600-700), R1(500-600,700-800) u RI(600-
700,700-800)).

80



4. CIIMCOK HAYYHBIX NYBJIUKAIIMMA, B KOTOPBIX W3JOKEHBI
OCHOBHBIE PE3YJIBTATHI JUCCEPTALIUU

4.1. Cnucok HayuyHbIX crarteil 3a mociaeanue 10 jer (2016-2024 rr.), B KOTOPBIX
H3JJ0K€HBI OCHOBHbLIE PE3YJIbTAThI JUCCEPTALIUU

Al. V. Sukhov. Electrical signals as mechanism of photosynthesis regulation in plants //
Photosynthesis Research. — 2016. — V. 130. — Ne 1-3. — P. 373-387. d0i:10.1007/s11120-016-
0270-x (WoS, Scopus, IF=2.9, Q1 (SJR))

A2. L. Surova, O. Sherstneva, V. Vodeneev, L. Katicheva, M. Semina, V. Sukhov.
Variation potential-induced photosynthetic and respiratory changes increase ATP content in pea
leaves // Journal of Plant Physiology. — 2016. — V. 202. - P. 57-64. doi:
10.1016/j.jplph.2016.05.024 (WS, Scopus, IF=4.0, Q1 (SJR))

A3. V. Sukhov, L. Surova, E. Morozova, O. Sherstneva, V. Vodeneev. Changes in H*-
ATP synthase activity, proton electrochemical gradient, and pH in pea chloroplast can be
connected with variation potential // Frontiers in Plant Science. — 2016. — V. 7. — P. 1092. doi:
10.3389/fpls.2016.01092 (WoS, Scopus, IF=4.1, Q1 (SJR))

A4. L. Surova, O. Sherstneva, V. Vodeneev, V. Sukhov. Variation potential propagation
decreases heat-related damage of pea photosystem I by two different pathways // Plant Signaling
and Behavior. — 2016. — V. 11. — P. E1145334. doi: 10.1080/15592324.2016.1145334 (Wo0S,
Scopus, IF=2.8, Q2 (SJR))

AS5. B.A. Bonenees, O.H. llepctaera, JI.M. Cypoa, M.M. Cemuna, JI.A. Katuuesa,
B.C. CyXOB. H3menenue napaMeTpoB MHAYLUUPOBAHHLIX 3JICKTPUYCCKHUMU CUT'HAJIAMU OTBETOB
¢doTocuHTE3a TPU yBEITMYEHUH BO3pPACTa MPOPOCTKOB MIIEHHUIBI // PU3HONOTHS pacTeHUH. —
2016. —T. 63. — Ne 6. — C. 873-880. d0i:10.7868/S001533031605016X (WoS, Scopus, IF=1.1)

A6. O.H. HlepctueBa, B.A. Boaenees, JI.M. Cyposa, E.M. Hosukosa, B.C. CyxoB.
Hcnonp3oBaHue MaTeMaTHUYECKOM MOACIN BapI/Ia6eJ'ILHOFO IIOTECHIHAaJIa 4 aHajiu3a €ro
BIMSIHUA Ha (DOTOCHHTE3 BBICIINX pacTeHui / buonormueckne memOpansl. — 2016. — T. 33. — Ne
4. —C. 293-302. doi: 10.7868/S0233475516030087 (WoS, Scopus, RSCI)

A7. B.A. Bonenees, JI.A. KatuueBa, B.C. CyxoB. DieKTpUyeCKrUe CUTHAJbl Y BBICIINX
pacTeHMil: MexaHU3Mbl TeHepaluu U pacnpoctpanenus // buopusuka. — 2016. — T. 61. — Ne 3. —
C. 598-606. doi: 10.1134/S0006350916030209 (Scopus, RSCI)

A8. V. Sukhov, V. Gaspirovich, S. Mysyagin, V. Vodeneev. High-temperature tolerance
of photosynthesis can be linked to local electrical responses in leaves of pea // Frontiers in
Physiology. — 2017. — V. 8. — P. 763. doi: 10.3389/fphys.2017.00763 (WoS, Scopus, IF=3.2, Q2
(SJR))

A9. E. Sukhova, E. Akinchits, V. Sukhov. Mathematical models of electrical activity in
plants // Journal of Membrane Biology. — 2017. — V. 250. — Ne 5. — P. 407-423. doi:
10.1007/s00232-017-9969-7 (WoS, Scopus, IF=2.3)

A10. EMM. HosukoBa, B.A. Bonenees, B.C. CyxoB. Pa3paboTka MareMaTudeckou
MOACIN IIOTEHIMAaJla HeﬁCTBHH BBICIIIUX paCTeHHﬁ, y‘-II/ITLIBaIOH_Ieﬁ POJib BaKyOJIM B I'€HCpaAlIUU
ANIeKTpHYecKoro curHana // buomorndeckne memOpansl. — 2017. — T. 34. — Ne 2. — C. 109-125.
doi: 10.7868/S0233475517010066 (WoS, Scopus, RSCI)

All. E. Sukhova, M. Mudrilov, V. Vodeneev, V. Sukhov. Influence of the variation
potential on photosynthetic flows of light energy and electrons in pea // Photosynthesis Research.
—2018. — V. 136. — Ne 2. — P. 215-228. doi: 10.1007/s11120-017-0460-1 (WoS, Scopus, IF=
2.9, Q1 (SJR))

Al2. V. Vodeneev, M. Mudrilov, E. Akinchits, I. Balalaeva, V. Sukhov. Parameters of
electrical signals and photosynthetic responses induced by them in pea seedlings depend on the
nature of stimulus // Functional Plant Biology. — 2018. — V. 45. — Ne 2. — P. 160-170. doi:
10.1071/FP16342 (WoS, Scopus, IF= 2.6, Q1 (SJR))

Al3. E. Sukhova, V. Sukhov. Connection of the photochemical reflectance index (PRI)
with the photosystem Il quantum yield and the nonphotochemical quenching can be dependent
on variation of photosynthetic parameters among investigated plants: A meta-analysis // Remote

81



Sensing. — 2018. — V. 10. — Ne 5. — P. 771. d0i:10.3390/rs10050771 (WoS, Scopus, 1F=4.2, Q1
(SJR))

Al4. EMM. CyxoBa, B.C. CyxoB. 3aBucumocth noctyrmieHus COz B pacTUTEIBHYIO
Ki1eTKy oT akTuBHOCTH H'-ATP-a3bl mia3Marndeckoil MeMOpaHbl. TeopeTHdecKuil aHaiu3 //
buomornueckue membOpansl. — 2018, — T. 35 — Ne 1. — C. 52-65. doi:
10.7868/S0233475518010061 (WoS, Scopus, RSCI)

Al5. V. Sukhov, E. Sukhova, V. Vodeneev. Long-distance electrical signals as a link
between the local action of stressors and the systemic physiological responses in higher plants //
Progress in Biophysics and Molecular Biology. — 2019. — V. 146. — P. 63-84. doi:
10.1016/j.pbiomolbio.2018.11.009 (WoS, Scopus, IF= 3.2, Q1 (SJR))

Al6. V. Sukhov, E. Sukhova, E. Gromova, L. Surova, V. Nerush, V. Vodeneev. The
electrical signals-induced systemic photosynthetic response is accompanied with changes in
photochemical reflectance index in pea // Functional Plant Biology. — 2019. — V. 46. — Ne 4. — P.
328-338. doi:10.1071/FP18224 (WoS, Scopus, IF=2.6, Q1 (SJR))

Al7. E. Sukhova, V. Sukhov. Analysis of light-induced changes in the photochemical
reflectance index (PRI) in leaves of pea, wheat, and pumpkin using pulses of green-yellow
measuring light // Remote Sensing. — 2019. — V. 11. — Ne 7. — P. 810. doi:10.3390/rs11070810
(WoS, Scopus, IF=4.2, Q1 (SJR))

Al18. E. Sukhova, L. Yudina, E. Akinchits, V. Vodeneev, V. Sukhov. Influence of
electrical signals on pea leaf reflectance in the 400 - 800 nm range // Plant Signaling and
Behavior. — 2019. — V. 14. — Ne 7. — P. E1610301. doi:10.1080/15592324.2019.1610301 (WoS,
Scopus, IF=2.8, Q2 (SJR))

A19. JLIM. Cyposa, O.H. IlllepctueBa, C.A. Msicsarun, B.A. Boxnenees, B.C. Cyxos.
Bnusanne jokxainbHOTrO MOBPCKACHHA Ha TpaHCOHUpAalWIO JIMCTBCB Tropoxa IIpu pa3anH01?1
BIQXHOCTH Bo3ayxa // ®usuonorust pacrenuit. — 2019. — T. 66. — Ne 1. — C. 58-65.
d0i:10.1134/S0015330319010160 (WoS, Scopus, 1F=1.1)

A20. L. Yudina, O. Sherstneva, E. Sukhova, M. Grinberg, S. Mysyagin, V. Vodeneev, V.
Sukhov. Inactivation of H*-ATPase participates in the influence of variation potential on
photosynthesis and respiration in peas // Plants. — 2020. — V. 11. — Ne 9. — P. 1585.
doi:10.3390/plants9111585 (WoS, Scopus, IF=4.0, Q1 (SJR))

A21. M. Ladeinova, M. Mudrilov, E. Berezina, D. Kior, M. Grinberg, A. Brilkina, V.
Sukhov, V. Vodeneev. Spatial and temporal dynamics of electrical and photosynthetic activity
and the content of phytohormones induced by local stimulation of pea plants // Plants. — 2020. —
V.9.—Ne 10. —P. 1364. doi:10.3390/plants9101364 (WoS, Scopus, IF=4.0, Q1 (SJR))

A22. L. Yudina, E. Sukhova, O. Sherstneva, M. Grinberg, M. Ladeinova, V. Vodeneev,
V. Sukhov. Exogenous abscisic acid can influence photosynthetic processes in peas through a
decrease in activity of H*-ATP-ase in the plasma membrane // Biology. — 2020. — V. 9. — Ne 10.
—P. 324. doi:10.3390/biology9100324 (WoS, Scopus, IF= 3.6, Q1 (SJR))

A23. L. Yudina, E. Sukhova, E. Gromova, V. Nerush, V. Vodeneev, V. Sukhov. A light-
induced decrease in the photochemical reflectance index (PRI) can be used to estimate the
energy-dependent component of non-photochemical quenching under heat stress and soil
drought in pea, wheat, and pumpkin. // Photosynthesis Research. — 2020. — V. 146. — Ne 1-3. — P.
175-187. doi:10.1007/s11120-020-00718-x (WoS, Scopus, IF= 2.9, Q1 (SJR))

A24. E. Sukhova, V. Sukhov. Relation of photochemical reflectance indices based on
different wavelengths to the parameters of light reactions in photosystems | and 1l in pea plants //
Remote Sensing. — 2020. — V. 12. — Ne 8. — P. 1312. d0i:10.3390/rs12081312 (WoS, Scopus,
IF=4.2, Q1 (SJR))

A25. E. Sukhova, L. Yudina, E. Gromova, V. Nerush, V. Vodeneev, V. Sukhov.
Burning-induced electrical signals influence broadband reflectance indices and water index in
pea leaves // Plant Signaling and Behavior. — 2020. — V. 15. — Ne 4. — P. 1737786. doi:
10.1080/15592324.2020.1737786 (Wo0S, Scopus, IF= 2.8, Q2 (SJR))

82



A26. M. Mudrilov, L. Katicheva, M. Ladeynova, I. Balalaeva, V. Sukhov, V. Vodeneev.
Automatic determination of the parameters of electrical signals and functional responses of
plants using the wavelet transformation method // Agriculture. — 2020. — V. 10. — Ne 1. — P. 7.
doi:10.3390/agriculture10010007 (WoS, Scopus, IF= 3.3, Q2 (SJR))

A27. B.C. Cyxos, E.M. Cyxosa, /I.A. Pataunieina, M.A. I'purbepr, JI.M. FOnuna, B.A.
Bonenees. Teopernmueckuit ananu3 BiaumsHuS — (uykryanuii  aktuBHoctTd  H'-ATP-a3bl
IIa3MaTHIECKOH MeM6paHbI Ha XOJIOJOMHAYIUPOBAHHBIC SJICKTPHYCCKUEC p€aknuun
pactutensHOU KieTku // buomormueckne memOpansl. — 2020. — T. 37. — Ne 4. — C. 299-312.
doi:10.31857/S0233475520040076 (WoS, Scopus, RSCI)

A28. E. Sukhova, V. Sukhov. Electrical signals, plant tolerance to actions of stressors,
and programmed cell death: Is interaction possible? // Plants. — 2021. — V. 10. — Ne 8. — P. 1704,
doi:10.3390/plants10081704 (WoS, Scopus, IF=4.0, Q1 (SJR))

A29. E. Sukhova, E. Akinchits, S.V. Gudkov, R.Y. Pishchalnikov, V. Vodeneev, V.
Sukhov. A theoretical analysis of relations between pressure changes along xylem vessels and
propagation of variation potential in higher plants // Plants. — 2021. — V. 10. — Ne 2. — P. 372.
doi:10.3390/plants10020372 (WoS, Scopus, IF=4.0, Q1 (SJR))

A30. M.A. Grinberg, S.V. Gudkov, I.V. Balalaeva, E. Gromova, Yu. Sinitsyna, V.
Sukhov, V. Vodeneev. Effect of chronic B-radiation on long-distance electrical signals in wheat
and their role in adaptation to heat stress // Environmental and Experimental Botany. — 2021. —
V. 184. — P. 104378. d0i:10.1016/j.envexpbot.2021.104378 (WoS, Scopus, IF=4.5, Q1 (SJR))

A31. M. Mudrilov, M. Ladeinova, E. Berezina, M. Grinberg, A. Brilkina, V. Sukhov, V.
Vodeneev. Mechanisms of specific systemic response in wheat plants under different locally
acting heat stimuli // Journal of Plant Physiology. — 2021. — V. 258-259. — P. 153377. doi:
10.1016/j.jplph.2021.153377 (W0S, Scopus, IF=4.0, Q1 (SJR))

A32. E. Sukhova, D. Ratnitsyna, V. Sukhov. Stochastic spatial heterogeneity in activities
of H™-ATP-ases in electrically connected plant cells decreases threshold for cooling-induced
electrical responses // International Journal of Molecular Sciences. — 2021. — V. 22. — Ne 15. — P.
8254. doi:10.3390/ijms22158254 (WoS, Scopus, IF=4.9, Q1 (SJR))

A33. E. Sukhova, L. Yudina, E. Gromova, A. Ryabkova, V. Vodeneev, V. Sukhov
Influence of local burning on difference reflectance indices based on 400—700 nm wavelengths
in leaves of pea seedlings // Plants. — 2021. V. 10. — Ne 5. — P. 876. doi:
10.3390/plants10050878 (WoS, Scopus, IF=4.0, Q1 (SJR))

A34. E. Sukhova, L. Yudina, E. Gromova, A. Ryabkova, D. Kior, V. Sukhov. Complex
analysis of the efficiency of difference reflectance indices on the basis of 400-700 nm
wavelengths for revealing the influences of water shortage and heating on plant seedlings //
Remote Sensing. — 2021. — V. 13. — Ne 5.— P. 962. d0i:10.3390/rs13050962 (WoS, Scopus, IF=
4.2, Q1 (SJR))

A35. V. Sukhov, E. Sukhova, A. Khlopkov, L. Yudina, A. Ryabkova, A. Telnykh, E.
Sergeeva, V. Vodeneev, |. Turchin. Proximal imaging of changes in photochemical reflectance
index in leaves based on using pulses of green-yellow light // Remote Sensing. — 2021. V. 13. —
Ne 9. — P. 1762. doi:10.3390/rs13091762 (WoS, Scopus, IF=4.2, Q1 (SJR))

A36. L. Yudina, E. Gromova, M. Grinberg, A. Popova, E. Sukhova, V. Sukhov.
Influence of burning-induced electrical signals on photosynthesis in pea can be modified by soil
water shortage // Plants. — 2022. — V. 11. — Ne 4, — P. 534. doi:10.3390/plants11040534 (WoS,
Scopus, IF=4.0, Q1 (SJR))

A37. E. Sukhova, D. Ratnitsyna, E. Gromova, V. Sukhov. Development of two-
dimensional model of photosynthesis in plant leaves and analysis of induction of spatial
heterogeneity of CO> assimilation rate under action of excess light and drought // Plants. — 2022.
—V.11. — Ne 23. — P. 3285. d0i:10.3390/plants11233285 (WoS, Scopus, IF= 4.0, Q1 (SJR))

A38. E. Sukhova, D. Ratnitsyna, V. Sukhov. Simulated analysis of influence of changes
in H*-ATPase activity and membrane CO. conductance on parameters of photosynthetic

83



assimilation in leaves // Plants. — 2022. — V. 11. — Ne 24, — P. 3435. d0i:10.3390/plants11243435
(WoS, Scopus, IF=4.0, Q1 (SJR))

A39. E. Sukhova, V. Sukhov. Electrical signals in systemic adaptive response of higher
plants: Integration through separation // Bioelectricity. — 2023. — V. 5. — Ne 2. — P. 126-131. doi:
10.1089/bioe.2022.0042 (WoS, Scopus, IF= 1.7, Q2 (SJR))

A40. EM. Cyxosa, .M. IOmuna, B.C. CyxoB. M3menenus akruBHoctd H'-ATPasbl
IIa3MaTHIECKOH MeM6paHBI KaK CBA3YIOHICC 3BCHO MCEXIY (bOpMHpOBaHI/IeM OJICKTPHUYCCKUX
CHUTHAJIOB M pa3BUTHEM (POTOCHHTETUUYECKHUX OTBETOB y BBICIINX pacTteHuit // buoxumus. — 2023.
—T. 88. — Ne 10. — C. 1800-1817. doi:10.31857/S0320972523100068 (WoS, Scopus, IF= 2.3,
Q2 (SJR), RSCI)

A41. E. Sukhova, L. Yudina, E. Kozlova, V. Sukhov. Preliminary treatment by
exogenous 24-epibrassinolide influences burning-induced electrical signals and following
photosynthetic responses in pea (Pisum sativum L.) // Plants. — 2024. — V. 13. — Ne 23. — P. 3292.
doi:10.3390/plants13233292 (WoS, Scopus, IF=4.0, Q1 (SJR))

A42. V. Sukhov. Increasing stomatal CO2 conductance as a potential mechanism of
photosynthetic activation by electrical signals in terrestrial plants // Frontiers in Plant Science. —
2024. — V. 15. — P. 1476175. doi:10.3389/fpls.2024.1476175 (WoS, Scopus, IF=4.1, Q1 (SJR))

4.2. Cnucoxk mnareHTtoB 3a mocuaeanue 10 jer (2016-2024 rr.),, CBA3aHHBIX C
auccepTanuet

A43. B.C. CyxoB, EM. CyxoBa, B.A. Bonenees, JIM. KOnuna, U.B. Typuun, A.A.
Tenpubix, E.A. Cepreesa, B.A. BopoObeB Cucrema st uaMepeHus: (OTOXUMHUYECKOTO MHIEKCa
orpaxkenust PRI y pacrenuii (IlatenT Ha usodperenue 2746690, rocyjapcTBeHHAs perucTpanus
19 anpens 2021 r.).

4.3. Cniucok Hay4HbIX cTaTell, ony0JIMKOBaHHBIX 10 2016 r., B KOTOPBIX M3JI0KEHBI
OCHOBHBI€ pe3yJIbTaTbl JTHCCEPTALINHA

A44. V. Sukhov, O. Orlova, S. Mysyagin, J. Sinitsyna, V. Vodeneev Analysis of the
photosynthetic response induced by variation potential in geranium // Planta. — 2012. — V. 235. —
Ne 4, — P. 703-712. doi:10.1007/s00425-011-1529-2 (WoS, Scopus, IF= 3.6, Q1 (SJR))

A45. B.C. Cyxos, O.H. lllepctHeBa, J.M. Cyposa, E.A. Pymsnues, B.A. Bonenees.
Bnusiarie BaprabelibHOTO MOTEHITHaa Ha (oTOCHHTE3 MPopocTKOB ThikBhI (Cucurbita pepo L.) //
buodusuka. — 2013. — T. 58. — Ne 3. — C. 468-473. d0i:10.1134/S0006350913030184 (Scopus,
RSCI)

A46. V. Sukhov, O. Sherstneva, L. Surova, L. Katicheva, V. Vodeneev. Proton cellular
influx as a probable mechanism of variation potential influence on photosynthesis in pea // Plant,
Cell and Environment. — 2014. — V. 37. — Ne 11. — P. 2532-2541. doi:10.1111/pce.12321 (WoS,
Scopus, IF=6.1, Q1 (SJR))

A47. V. Sukhov, L. Surova, O. Sherstneva, V. Vodeneev. Influence of variation potential
on resistance of the photosynthetic machinery to heating in pea // Physiologia Plantarum. — 2014.
—V.152. — Ne 4, — P, 773-783. d0i:10.1111/ppl.12208 (WoS, Scopus, IF=5.4, Q1 (SJR))

A48. V. Sukhov, L. Surova, O. Sherstneva, L. Katicheva, V. Vodeneev. Variation
potential influence on photosynthetic cyclic electron flow in pea // Frontiers in Plant Science. —
2015. - V. 5. —P. 766. doi: 10.3389/fpls.2014.00766 (WoS, Scopus, IF=4.1, Q1 (SJR))

A49. V. Sukhov, L. Surova, O. Sherstneva, A. Bushueva, V. Vodeneev. Variation
potential induces decreased PSI damage and increased PSII damage under high external
temperature in pea // Functional Plant Biology. — 2015. — V. 42. — Ne 8. — P. 727-736.
doi:10.1071/FP15052 (WoS, Scopus, IF= 2.6, Q1 (SJR))

A50. V. Vodeneev, E. Akinchits, V. Sukhov. Variation potential in higher plants:
mechanisms of generation and propagation // Plant Signaling and Behavior. — 2015. — V. 10. — P.
E1057365. doi:10.1080/15592324.2015.1057365 (Wo0S, Scopus, IF= 2.8, Q2 (SJR))

84



AS51. O.H. lepctueBa, B.A. Bonenees, JI.A. KarnueBa, JI.M. Cypora, B.C. CyxoB.
Yyactue M3MEHEHU BHYTPH U BHEKJIETOYHOTO pH B pa3BUTHUU BBI3BAaHHOTO BaprabOeIbHBIM
MOTEHITMATIOM (POTOCHUHTETUYECKOTO OTBETA Y MPOPOCTKOB THIKBHI // buoxumms. — 2015. — T. 80.
— Ne 6. — C. 920-930. doi:10.1134/S0006297915060139 (WoS, Scopus, IF=2.3, Q2 (SJR),
RSCI)

A52. O.H. HlepcrtueBa, JL.M. CypoBa, B.A. Bonenees, FHO.M. Ilnoruukosa, A.B.
bymyega, B.C. CyxoB. lI3MeHeHHsT BHYTpH- U BHEKJIETOYHOTO pH y4acTByIOT B popMUpOBAHUHT
pa3HbIX KOMIOHEHT ()OTOCUHTETHYECKOTO OTBETA, BBI3BAHHOTO BapUAOEIbHBIM IMOTCHIINAIOM Y
pOpOCTKOB ropoxa // buonoruaeckue memopansl. — 2015, — T. 32. — Ne 5-6. — C. 446-454. DOI.:
doi:10.1134/S1990747815050116 (WoS, Scopus, RSCI)

85



5. CIIMCOK JINTEPATYPbI
1. Bynbrue A.A., Yepkamua A.A., Bpenenbepr B., Pyoun A.b., 3pixoB B.C., Mionnep
C.X. @nyopecreHuus 1 GOTOCUHTETUYECKAsI aKTUBHOCTh XJIOPOIJIACTOB B KUCIBIX M IIEIOYHBIX
3oHax kjierok Chara corallina // ®usuonorus pacrenwmii. 2001. T. 48. C. 384-391.
2. byneuéB A.A., AnoBa A.B., Pyoun A.b. 3menenus ayopeciieHuu XjaopoIuiacToB B
kierkax Chara corallina, cBszanubie ¢ nepenayeii (GOTOMHIYIMPOBAHHOTO CUTHANA C TIOTOKOM
nuroruiazmMel // @usnonorus pacreruit. 2013. T. 60. C. 38—46.
3. Boneneer B.A., Akununi E.K., KatuueBa JI.A., Cyxos B.C. Ananu3 pojiu MOHOB Ca?,
H*, CI" B renepanuu BapuabGenbHOro IOTEHLMA a y Bhiciiero pacrenus Cucurbita pepo L. //
@wusnonorus pacreanid. 2011. T. 6. C. 826-833.
4, lNoneues B.H, Kanamku X.M., [TaynoB M., ba6a B., Xopauek T., Moiicku ., Komnen X.,
AmnaxsepaueB C.M. Ucnonb3oBaHue mepeMeHHON (iyopecieHnnn XJopoduiuia Uit OlEHKA
(bU3HONIOrMYecKOro COCTOSIHHMSL (DOTOCHMHTETHYECKOro amnmapara pacteHuil // ®uznonorus
pacrenuii. 2016. T. 63. C. 881-908.
5. Perusun B.I'., OmputoB B.A., Jlo6oB C.A., TapakanoB C.A., XyaskoB B.A.
Monudukarus yCTOWIMBOCTH (POTOCUHTE3UPYIONINX KIETOK K OXJIKICHHUIO M IPOTPEBY IMOCIIEC
paznpaxenus kopueit pactBopom KCl // ®uznonorus pacrenuit. 1999. T. 46. C. 790-798.
6. CyxoB B.C., TI'aciupoBuu B.B., I'pomoBa E.H., JlageitnoBa M.M., Cununsina 1O.B.,
bepesuna E.B., Axunuun E.K., BogeneeB B.A. CHmwxkenue npoBogumocti Me3odumia aist CO»
KaK MEXaHU3M BIUSHUS a0CIIM30BOM KUCIOTHI Ha (DOTOCHHTE3 MTPOPOCTKOB TOPOXa M MINCHUIIBI //
buonoruueckue mem6pansl. 2017. T. 34. C. 174-185.

7. TuxonoB A.H. DHepretnueckas M peryjisTopHas pojb IPOTOHHOTO IOTEHLMala B
xyoporutactax // buoxumus. 2012. T. 77. C. 1155-1176.
8. BecenoBa T., Becenosckuii B., UepnaBckwmii [I. Ctpecc y pacrennii (6nodusmaeckuit

nonaxon). M.: M3n-Bo Mock. yH-Ta, 1993. 144 c.

9. Allakhverdiev S.1., Nishiyama Y., Takahashi S., Miyairi S., Suzuki I., Murata N.
Systematic analysis of the relation of electron transport and ATP synthesis to the photodamage
and repair of photosystem Il in Synechocystis // Plant Physiol. 2005. V. 137. P. 263-273.

10.  Allakhverdiev S.1., Kreslavski V.D., Klimov V.V., Los D.A., Carpentier R., Mohanty P.
Heat stress: An overview of molecular responses in photosynthesis // Photosynth. Res. 2008. V.
98. P. 541-550.

11. Alte F., Stengel A., Benz J.P., Petersen E., Soll J, Groll M., Bolter, B.
Ferredoxin:NADPH oxidoreductase is recruited to thylakoids by binding to a polyproline type Il
helix in a pH-dependent manner // Proc. Natl. Acad. Sci. USA. 2010. V. 107. P. 19260-19265.
12.  Bakery A., Vraggalas S., Shalha B., Chauhan H., Benhamed M., Fragkostefanakis S.
Heat stress transcription factors as the central molecular rheostat to optimize plant survival and
recovery from heat stress // New Phytol. 2024. V. 244. P. 51-64.

13. Balzarolo M., Pefuelas J., Filella 1., Portillo-Estrada M., Ceulemans R. Assessing
ecosystem isoprene emissions by hyper-spectral remote sensing // Remote Sens. 2018. V. 10.
Article 1086.

14. Benz J.P., Stengel A., Lintala M., Lee Y.H., Weber A., Philippar K., Giigel I.L., Kaieda
S., Ikegami T., Mulo P., Soll J., Bolter, B. Arabidopsis Tic62 and ferredoxin-NADP(H)
oxidoreductase form light-regulated complexes that are integrated into the chloroplast redox
poise // Plant Cell. 2010. V. 21. P. 3965-3983.

15. Bernacchi C.J., Rosenthal D.M., Pimentel C., Long S.P., Farquhar G.D. Modeling the
temperature dependence of Csz // Photosynthesis in silico. Advances in Photosynthesis and
Respiration. Laisk A., Nedbal L., Govindjee, Eds. Springer: Dordrecht, Germany, 2009. V. 29.
P. 231-246.

16. Biatasek M., Gorecka M., Mittler R., Karpinski S. Evidence for the involvement of
electrical, calcium and ROS signaling in the systemic regulation of non-photochemical
quenching and photosynthesis // Plant Cell Physiol. 2017. V. 58. P. 207-215.

86



17.  Chaumont F., Tyerman S.D. Aquaporins: highly regulated channels controlling plant
water relations // Plant Physiol. 2014. V. 164. P. 1600-1618.

18. Chaves M.M., Flexas J., Pinheiro C. Photosynthesis under drought and salt stress:
Regulation mechanisms from whole plant to cell // Ann. Bot. 2009. V. 103. P. 551-560.

19.  Choi W.G,, Hilleary R., Swanson S.J., Kim S.H., Gilroy S. Rapid, long-distance electrical
and calcium signaling in plants // Annu. Rev. Plant Biol. 2016. V. 67. P. 287-307.

20.  Choi W.G., Miller G., Wallace I., Harper J., Mittler R., Gilroy S. Orchestrating rapid
long-distance signaling in plants with Ca?*, ROS and electrical signals // Plant J. 2017. V. 90. P.
698-707.

21.  Danelichen V.H., Biudes M.S., Velasque M.C., Machado N.G., Gomes R.S., Vourlitis
G.L., Nogueira J.S. Estimating of gross primary production in an Amazon-Cerrado transitional
forest using MODIS and Landsat imagery // An Acad Bras Cienc. 2015. V. 87. P. 1545-1564.

22.  Dempsey D.A., Klessig D.F. SOS - too many signals for systemic acquired resistance? //
Trends Plant. Sci. 2012. V. 17. P. 538-545.

23. Devireddy A.R., Zandalinas S.I., Goémez-Cadenas A., Blumwald E., Mittler R.
Coordinating the overall stomatal response of plants: Rapid leaf-to-leaf communication during
light stress // Sci. Signal. 2018. V. 11. Article eaam9514.

24.  Ding M., Zhang M., Zeng H., Hayashi Y., Zhu Y., Kinoshita T. Molecular basis of
plasma membrane H"-ATPase function and potential application in the agricultural production //
Plant Physiol. Biochem. 2021. V. 168. P. 10-16.

25. Dobrikova A.G., Vladkova R.S., Rashkov G.D., Todinova S.J., Krumova S.B.,
Apostolova E.L. Effects of exogenous 24-epibrassinolide on the photosynthetic membranes
under non-stress conditions // Plant Physiol. Biochem. 2014. V. 80. P. 75-82.

26.  Egorov S.Y., Krasnovsky A.A. Participation of chlorophyll triplet state and singlet
molecular oxygen in chlorophyll photodestruction // Research in Photosynthesis. Proceedings of
the IXth ICP. Murata N., Ed. Kluwer Academic Press: Amsterdam. 1992. V. 3. P. 111-114.

27.  El-Hendawy S., Al-Suhaibani N., Dewir Y.H., Elsayed S., Alotaibi M., Hassan W., Refay
Y., Tahir M.U. Ability of modified spectral reflectance indices for estimating growth and
photosynthetic efficiency of wheat under saline field conditions // Agronomy. 2019. V. 9. Article
35.

28. Evain S., Flexas J., Moya I. A new instrument for passive remote sensing: 2.
Measurement of leaf and canopy reflectance changes at 531 nm and their relationship with
photosynthesis and chlorophyll fluorescence // Remote Sens. Environ. 2004. V. 91. P. 175-185.
29. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.;
Nasim, W.; Adkins, S.; Saud, S.; et al. Crop production under drought and heat stress: Plant
responses and management options // Front. Plant Sci. 2017, 8, 1147.

30. Falcioni R., Chicati M.L., de Oliveira R.B., Antunes W.C., Hasanuzzaman M., Dematté
JAM., Nanni M.R. Decreased photosynthetic efficiency in Nicotiana tabacum L. under
transient heat stress // Plants. 2024. V. 13. Article 395.

31.  Falhof J., Pedersen J.T., Fuglsang A.T., Palmgren M. Plasma membrane H*-ATPase
regulation in the center of plant physiology // Mol. Plant. 2016. V. 9. P. 323-337.

32.  Farmer E.E., Gao Y.Q., Lenzoni G., Wolfender J.L., Wu Q. Wound- and
mechanostimulated electrical signals control hormone responses // New Phytol. 2020. V. 227. P.
1037-1050.

33. Felle H.H., Zimmermann M.R. Systemic signalling in barley through action potentials //
Planta. 2007. V. 226. P. 203-214.

34.  Filek M., Koscielniak J. The effect of wounding the roots by high temperature on the
respiration rate of the shoot and propagation of electric signal in horse bean seedlings (Vicia faba
L. minor) // Plant Sci. 1997. V. 123. P. 39-46.

35.  Franks P.J., Farquhar G.D. The effect of exogenous abscisic acid on stomatal
development, stomatal mechanics, and leaf gas exchange in Tradescantia virginiana // Plant
Physiol. 2001. V. 125. P. 935-942.

87



36.  Fromm J. Control of phloem unloading by action potentials in Mimosa // Physiol. Plant.
1991. V. 83. P. 529-533.

37.  Fromm J. Control of phloem unloading by action potentials in Mimosa // Physiol Plant.
1991. V. 83. P. 529-533.

38.  Fromm J., Bauer T. Action potentials in maize sieve tubes change phloem translocation //
J. Exp.Bot. 1994. V. 45. P. 463-469.

39.  Fromm J., Fei H. Electrical signaling and gas exchange in maize plants of drying soil //
Plant Sci. 1998. V. 132. P. 203-213.

40.  Fromm J., Hajirezaei M.R., Becker V.K., Lautner S. Electrical signaling along the
phloem and its physiological responses in the maize leaf // Front. Plant Sci. 2013. V. 4. Article
239.

41.  Fromm J., Lautner S. Electrical signals and their physiological significance in plants //
Plant Cell Environ. 2007. V. 30. P. 249-257.

42.  Furch A.C., Hafke J.B., Schulz A., van Bel A.J. Ca*-mediated remote control of
reversible sieve tube occlusion in Vicia faba // J. Exp. Bot. 2007. V. 58. P. 2827-2838.

43. Furch A.C., Zimmermann M.R., Will T., Hafke J.B., van Bel A.J. Remote-controlled stop
of phloem mass flow by biphasic occlusion in Cucurbita maxima // J. Exp. Bot. 2010. V. 61. P.
3697-3708.

44, Gall¢ A., Lautner S., Flexas J., Fromm J. Environmental stimuli and physiological
responses: the current view on electrical signaling // Environ. Exp. Bot. 2015. V. 114. P. 15-21.
45. Gallé A., Lautner S., Flexas J., Ribas-Carbo M., Hanson D., Roesgen J., Fromm J.
Photosynthetic responses of soybean (Glycine max L.) to heat-induced electrical signalling are
predominantly governed by modifications of mesophyll conductance for CO2 // Plant Cell
Environ. 2013. V. 36. P. 542-552.

46.  Gammaitoni L., Hanggi P., Jung P., Marchesoni F. Stochastic resonance // Rev. Mod.
Phys. 1998. V. 70. P. 223-287.

47.  Gamon J.A., Penuelas J., Field C.B. A narrow-waveband spectral index that tracks
diurnal changes in photosynthetic efficiency // Remote Sens. Environ. 1992. V. 41. P. 35— 44.

48.  Gamon J.A., Serrano L., Surfus J.S. The photochemical reflectance index: an optical
indicator of photosynthetic radiation use efficiency across species, functional types, and nutrient
levels // Oecologia. 1997. V. 112. P. 492-501.

49, Garbulsky ML.F., Peiiuelas J., Gamon J., Inoue Y., Filella I. The photochemical
reflectance index (PRI) and the remote sensing of leaf, canopy and ecosystem radiation use
efficiencies. A review and meta-analysis // Remote Sens. Environ. 2011. V. 115. P. 281-297.

50.  Gitelson A.A. Novel technique for remote estimation of CO> flux in maize // Geophys.
Res. Lett. 2003. V. 30. Article 1486.

51.  Gitelson A.A., Kaufman Y.J., Stark R., Rundquist D. Novel algorithms for remote
estimation of vegetation fraction // Remote Sens. Environ. 2002. V. 80. P. 76-87.

52.  Grams T.E., Koziolek C., Lautner S., Matyssek R., Fromm J. Distinct roles of electric
and hydraulic signals on the reaction of leaf gas exchange upon re-irrigation in Zea mays L. //
Plant Cell Environ. 2007. V. 30. P. 79-84.

53. Grams T.E., Lautner S., Felle H.H., Matyssek R., Fromm J. Heat-induced electrical
signals affect cytoplasmic and apoplastic pH as well as photosynthesis during propagation
through the maize leaf // Plant Cell Environ. 2009. V. 32. P. 319-326.

54.  Gupta A., Rico-Medina A., Cafio-Delgado A.l. The physiology of plant responses to
drought // Science. 2020. V. 368. P. 266—-269.

55. Hayashi Y., Takahashi K., Inoue S., Kinoshita T. Abscisic acid suppresses hypocotyl
elongation by dephosphorylating plasma membrane H*-ATPase in Arabidopsis thaliana // Plant
Cell Physiol. 2014. V. 55. P. 845-853.

56.  Hedrich R., Salvador-Recatala V., Dreyer 1. Electrical wiring and long-distance plant
communication // Trends Plant Sci. 2016. V. 21. P. 376-387.

88



57.  Hilleary R., Gilroy S. Systemic signaling in response to wounding and pathogens // Curr.
Opin. Plant Biol. 2018. V. 43. P. 57-62.

58.  Hilleary R., Gilroy S. Systemic signaling in response to wounding and pathogens // Curr.
Opin. Plant Biol. 2018. V. 43. P. 57-62.

59. Hlavackova V., Krchnak P., Naus J., Novak O., Spundova M., Strnad M. Electrical and
chemical signals involved in short-term systemic photosynthetic responses of tobacco plants to
local burning // Planta. 2006. V. 225. P. 235-244.

60. Hlavinka J., Nozkova-Hlavackova V., Flokova K., Novak O., Nau§ J. Jasmonic acid
accumulation and systemic photosynthetic and electrical changes in locally burned wild type
tomato, ABA-deficient sitiens mutants and sitiens pre-treated by ABA // Plant Physiol. Biochem.
2012. V. 54. P. 89-96.

61. Huang W., Yang S.J., Zhang S.B., Zhang J.L., Cao K.F. Cyclic electron flow plays an
important role in photoprotection for the resurrection plant Paraboea rufescens under drought
stress // Planta. 2012. V. 235. P. 819-828.

62.  Huber A.E., Bauerle T.L. Long-distance plant signaling pathways in response to multiple
stressors: the gap in knowledge // J. Exp. Bot. 2016. V. 67. P. 2063-2079.

63. Inoue S.I., Kinoshita T. Blue light regulation of stomatal opening and the plasma
membrane H*-ATPase // Plant Physiol. 2017. V. 174. P. 531-538.

64.  Johnson G.N. Physiology of PSI cyclic electron transport in higher plants // Biochim.
Biophys. Acta. 2011. V. 1807. P. 384-3809.

65.  Kaiser H., Grams T.E. Rapid hydropassive opening and subsequent active stomatal
closure follow heat-induced electrical signals in Mimosa pudica // J Exp Bot. 2006. V. 57. P.
2087-2092.

66.  Kapilan R., Vaziri M., Zwiazek J. J. Regulation of aquaporins in plants under stress //
Biol. Res. 2018. V. 51. Article 4.

67.  Katicheva L., Sukhov V., Akinchits E., Vodeneev V. lonic nature of burn-induced
variation potential in wheat leaves // Plant Cell Physiol. 2014. V. 55. P. 1511-15109.

68.  Kinoshita S.N., Kinoshita T. A win-win scenario for photosynthesis and the plasma
membrane H* pump // Front. Plant Sci. 2022. V. 13. Article 982485.

69.  Klughammer C., Schreiber U. Saturation pulse method for assessment of energy
conversion in PSI // PAM Appl. Notes. 2008. V. 1. P. 11-14.

70.  Kollist H., Nuhkat M., Rob M., Roelfsema G. Closing gaps: linking elements that control
stomatal movement // New Phytol. 2014. V. 203. P. 44-62.

71. Kolomeichuk L.V., Efimova M.V., Zlobin I.E., Kreslavski V.D., Murgan O.K., Kovtun
I.S., Khripach V.A., Kuznetsov V.V., Allakhverdiev S.l. 24-Epibrassinolide alleviates the toxic
effects of NaCl on photosynthetic processes in potato plants // Photosynth. Res. 2020. V. 146. P.
151-163.

72. Kovar M., Brestic M., Sytar O., Barek V., Hauptvogel P., Zivcak M. Evaluation of
hyperspectral reflectance parameters to assess the leaf water content in soybean // Water. 2019.
V. 11.P. 443.

73. Koziolek C., Grams T.E.E., Schreiber U., Matyssek R., Fromm J. Transient knockout of
photosynthesis mediated by electrical signals // New Phytol. 2004. V. 161. P. 715-722,

74. Krupenina N.A., Bulychev A.A. Action potential in a plant cell lowers the light
requirement for non-photochemical energy-dependent quenching of chlorophyll fluorescence //
Biochim. Biophys. Acta. 2007. V. 1767. P. 781-788.

75. Kurepin, L.V., Ivanov A.G., Zaman M., Pharis R.P., Allakhverdiev S.I., Hurry V., Hiiner
N.P. Stress-related hormones and glycinebetaine interplay in protection of photosynthesis under
abiotic stress conditions // Photosynth. Res. 2015. V. 126. P. 221-235.

76. Lautner S., Grams T.E.E., Matyssek R., Fromm J. Characteristics of electrical signals in
poplar and responses in photosynthesis // Plant Physiol. 2005. V. 138. P. 2200-2209.

89



77.  Lautner S., Stummer M., Matyssek R., Fromm J., Grams T.E.E. Involvement of
respiratory processes in the transient knockout of net CO> uptake in Mimosa pudica upon heat
stimulation // Plant Cell Environ. 2014. V. 37. P. 254-260.

78.  Liang X., Zhang X., Zhao L. Diversity-induced resonance for optimally suprathreshold
signals // Chaos. 2020. V. 30. P. 103101.

79.  Luu D.-Y., Maurel C. Aquaporins in a challenging environment: molecular gears for
adjusting plant water status // Plant Cell Environ. 2005. V. 28. P. 85-96.

80.  Mancuso S. Hydraulic and electrical transmission of wound-induced signals in Vitis
vinifera // Aust. J. Plant Physiol. 1999. V. 26. P. 55-61.

81.  Maxwell K., Johnson G.N. Chlorophyll fluorescence — a practical guide // J.Exp. Bot.
2000. V. 51. P. 659-668.

82.  Minami A., Takahashi K., Inoue S.I., Tada Y., Kinoshita T. Brassinosteroid induces
phosphorylation of the plasma membrane H™-ATPase during hypocotyl elongation in
Arabidopsis thaliana // Plant Cell Physiol. 2019. V. 60. P. 935-944.

83.  Miyake C., Miyata M., Shinzaki Y., Tomizawa K. CO2 response of cyclic electron flow
around PSI (CEF-PSI) in tobacco leaves--relative electron fluxes through PSI and PSII
determine the magnitude of non-photochemical quenching (NPQ) of Chl fluorescence // Plant
Cell Physiol. 2005. V. 46. P. 629-637.

84.  Miyake C., Shinzaki Y., Miyata M., Tomizawa K. Enhancement of cyclic electron flow
around PSI at high light and its contribution to the induction of non-photochemical quenching of
Chl fluorescence in intact leaves of tobacco plants // Plant Cell Physiol. 2004. V. 45. P. 1426-
1433.

85.  Mott K.A. Effects of patchy stomatal closure on gas exchange measurements following
abscisic acid treatment // Plant Cell Environ. 1995. V. 18. P. 1291-1300.

86.  Mousavi S.A., Chauvin A., Pascaud F., Kellenberger S., Farmer E.E. GLUTAMATE
RECEPTOR-LIKE genes mediate leaf-to-leaf wound signalling // Nature. 2013. V. 500. P. 422—
426.

87.  Miller P., Li X. P., Niyogi K.K. Non-photochemical quenching. A response to excess
light energy // Plant Physiol. 2001. V. 125. P. 1558-1566.

88. Nolan T.M., VukaSinovi¢ N., Liu D., Russinova E., Yin Y. Brassinosteroids:
Multidimensional regulators of plant growth, development, and stress responses // Plant Cell.
2020. V. 32. P. 295-318.

89. Pachu J.K.S., Macedo F.C.O., Malaquias J.B., Ramalho F.S., Oliveira R.F., Godoy
W.A.C., Salustino A.S. Electrical signalling and plant response to herbivory: A short review //
Plant Signal Behav. 2023.V.18. Article 2277578.

90. Palmgren M.G. Plant plasma membrane H*-ATPases: Powerhouses for nutrient uptake //
Annu. Rev. Plant Physiol. Plant Mol. Biol. 2001. V. 52. P. 817-845.

91. Pandey S., Divakar S., Singh A. Genome editing prospects for heat stress tolerance in
cereal crops // Plant Physiol. Biochem. 2024. V. 215. Article 108989.

92. Pavlovi¢ A., Slovakova L., Pandolfi C., Mancuso S. On the mechanism underlying
photosynthetic limitation upon trigger hair irritation in the carnivorous plant Venus flytrap
(Dionaea muscipula Ellis) // J. Exp. Bot. 2011. V. 62. P. 1991-2000.

93.  Pedrés R., Moya I., Goulas Y., Jacquemoud S. Chlorophyll fluorescence emission
spectrum inside a leaf // Photochem. Photobiol. Sci. 2008. V. 7. P. 498-502.

94, Pena-Cortés H., Fisahn J., Willmitzer L. Signals involved in wound-induced proteinase
inhibitor 11 gene expression in tomato and potato plants // Proc. Natl. Acad. Sci. USA 1995. V.
92. P. 4106-4113.

95.  Penuelas J., Pinol J., Ogaya R., Filella I. Estimation of plant water concentration by the
reflectance Water Index W1 (R900/R970) // Int. J. Remote Sens. 1997. V. 18. P. 2869-2875.

96. Peres A.L.G.L., Soares J.S., Tavares R.G., Righetto G., Zullo M.A.T., Mandava N.B.,
Menossi M. Brassinosteroids, the sixth class of phytohormones: A molecular view from the

90



discovery to hormonal interactions in plant development and stress adaptation // Int. J. Mol. Sci.
2019. V. 20. Article 331.

97.  Pottosin 1., Shabala S. Transport across chloroplast membranes: Optimizing
photosynthesis for adverse environmental conditions // Mol. Plant. 2016. V. 9. P. 356-370.

98. Roach T., Krieger-Liszkay A. Regulation of photosynthetic electron transport and
photoinhibition // Curr. Protein Pept. Sci. 2014. V. 15. P. 351-362.

99. Rothova O., Hola D., Koc¢ova M., Tamova L., Hnilicka F., Hnilickova H., Kamlar M.,
Macek T. 24-epibrassinolide and 20-hydroxyecdysone affect photosynthesis differently in maize
and spinach // Steroids. 2014. V. 85. P. 44-57.

100. Ruban A.V. Nonphotochemical chlorophyll fluorescence quenching: Mechanism and
effectiveness in protecting plants from photodamage // Plant Physiol. 2016. V. 170. P. 1903-
1916.

101. Rumeau D., Peltier G., Cournac L. Chlororespiration and cyclic electron flow around PSI
during photosynthesis and plant stress response. Plant Cell Environ. 2007. V. 30. P. 1041-1051.
102. Sadura I., Janeczko A. Brassinosteroids and the tolerance of cereals to low and high
temperature stress: Photosynthesis and the physicochemical properties of cell membranes // Int.
J. Mol. Sci. 2022. V. 23. Article 342.

103.  Schreiber U., Klughammer C. New accessory for the DUAL-PAM-100: The P515/535
module and examples of its application // PAM Appl. Notes. 2008. V. 1. P. 1-10.

104. Schurr U., Walter A., Rascher U. Functional dynamics of plant growth and
photosynthesis—from steady-state to dynamics—from homogeneity to heterogeneity // Plant Cell
Environ. 2006. V. 29. P. 340-352.

105. Shah J., Zeier J. Long-distance communication and signal amplification in systemic
acquired resistance // Front. Plant Sci. 2013. V. 4. Article 30.

106. Sharkey T.D., Zhang R. High temperature effects on electron and proton circuits of
photosynthesis // J. Integr. Plant Biol. 2010. V. 52. P. 712-722.

107. Shiina T., Tazawa M. Action potential in Luffa cylindrica and its effects on elongation
growth // Plant Cell Physiol. 1986. V. 27. P. 1081-1089.

108. Sonoike K. Photoinhibition of photosystem I // Physiol. Plant. 2011. V. 142. P. 56-64.
109. Stahlberg R., Cleland R.E., van Volkenburgh E. Slow wave potentials - A propagating
electrical signal unique to higher plants // Communication in plants. neuronal aspects of plant
life. Baluska F., Mancuso S., Volkmann D., Eds. Springer: Berlin/Heidelberg, Germany; New
York, NY, USA. 2006. P. 291-308.

110. Stahlberg R., Cosgrove D.J. Induction and ionic basis of slow wave potentials in
seedlings of Pisum sativum L // Planta. 1996. V. 200. P. 416-425.

111. Stahlberg R., Cosgrove D.J. The propagation of slow wave potentials in pea epicotyls //
Plant Physiol. 1997. V. 113. P. 209-217.

112. Stankovi¢ B., Davies E. Both action potentials and variation potentials induce proteinase
inhibitor gene expression in tomato // FEBS Lett. 1996. V. 390. P. 275-279.

113. Strasser R.J., Srivastava A., Tsimilli-Michael M. The fluorescence transient as a tool to
characterize and screen photosynthetic samples // Probing photosynthesis: mechanisme,
regulation and adaptation. Yunus M., Pathre U., Mohanty P., Eds. Taylor and Francis: London,
2000. P. 445-483.

114. Sukhov V., Nerush V., Orlova L., Vodeneev V. Simulation of action potential
propagation in plants // J. Theor. Biol. 2011. V. 291. P. 47-55.

115. Sukhov V., Vodeneev V. A mathematical model of action potential in cells of vascular
plants // J. Membrane Biol. 2009. V. 232. P. 59-67.

116. Sukhov V., Akinchits E., Katicheva L., Vodeneev V. Simulation of variation potential in
higher plant cells // J. Membr. Biol. 2013. V. 246. P. 287-296.

117. Suzuki N., Mittler R. Reactive oxygen species-dependent wound responses in animals
and plants // Free Radic. Biol. Med. 2012. V. 53. P. 2269-2276.

91



118. Szabo I., Spetea C. Impact of the ion transportome of chloroplasts on the optimization of
photosynthesis // J. Exp. Bot. 2017. V. 68. P. 3115-3128.

119. Sze H., Li X., Palmgren M.G. Energization of plant cell membranes by H*-pumping
ATPases. Regulation and biosynthesis // Plant Cell. 1999. V. 11. P. 677-690.

120. Szechynska-Hebda M., Lewandowska M., Witon D., Fichman Y., Mittler R., Karpinski
S.M. Aboveground plant-to-plant electrical signaling mediates network acquired acclimation //
Plant Cell. 2022. V. 34. P. 3047-3065.

121. Szechynska-Hebda M., Lewandowska M., Karpinski S. Electrical signaling,
photosynthesis and systemic acquired acclimation // Front. Physiol. 2017. V. 8. Article 684.

122. Szechynska-Hebda M., Kruk J., Gorecka M., Karpinska B., Karpinski S. Evidence for
light wavelength-specific photoelectrophysiological signaling and memory of excess light
episodes in Arabidopsis // Plant Cell. 2010. V. 22. P. 2201-2218.

123. Tessone C.J., Mirasso C.R., Toral R., Gunton J.D. Diversity-induced resonance // Phys.
Rev. Lett. 2006. V. 97. Article 194101.

124. Tholen D., Zhu X.-G. The mechanistic basis of internal conductance: a theoretical
analysis of mesophyll cell photosynthesis and CO> diffusion // Plant Physiol. 2011. V. 156. P.
90-105.

125. Tikhonov A.N. pH-dependent regulation of electron transport and ATP synthesis in
chloroplasts // Photosynth. Res. 2013. V. 116. P. 511-534.

126. Tikhonov A.N. The cytochrome bsf complex at the crossroad of photosynthetic electron
transport pathways // Plant Physiol. Biochem. 2014. V. 81. P. 163-183.

127. Tikkanen M., Aro E.M. Integrative regulatory network of plant thylakoid energy
transduction // Trends Plant Sci. 2014. V. 19. P. 10-17.

128. Tikkanen M., Mekala N.R., Aro E.M. Photosystem Il photoinhibition-repair cycle
protects Photosystem | from irreversible damage // Biochim. Biophys. Acta. 2014. V. 1837. P.
210-215.

129. Trebacz K., Dziubinska H., Krol E. Electrical signals in long-distance communication in
plants // Communication in Plants. Neuronal Aspects of Plant Life. Baluska, F., Mancuso, S.,
Volkmann, D., Eds. Springer-Verlag, Berlin, Heidelberg, New York, 2006. P. 277-290.

130. Tsujimoto K., Hikosaka K. Estimating leaf photosynthesis of Cs plants grown under
different environments from pigment index, photochemical reflectance index, and chlorophyll
fluorescence // Photosynth Res. 2021. V. 148. P. 33-46.

131. Uehlein N., Otto B., Hanson D.T., Fischer M., McDowell N., Kaldenhoff R. Function of
Nicotiana tabacum aquaporins as chloroplast gas pores challenges the concept of membrane CO>
permeability // Plant Cell. 2008. V. 20. P. 648-657.

132.  van Bel A.J., Furch A.C., Will T., Buxa S.V., Musetti R., Hafke J.B. Spread the news:
Systemic dissemination and local impact of Ca*" signals along the phloem pathway // J. Exp.
Bot. 2014. V. 65. P. 1761-1787.

133. von Caemmerer S. Steady-state models of photosynthesis // Plant Cell Environ. 2013, 36,
1617-1630.

134. von Caemmerer S., Farquhar G.D. Some relationships between the biochemistry of
photosynthesis and the gas exchange of leaves // Planta. 1981. V. 153. P. 376-387.

135. von Caemmerer S., Farquhar G., Berry J. Biochemical model of Cz photosynthesis //
Photosynthesis in silico: Advances in photosynthesis and respiration. Laisk A., Nedbal L.,
Govindjee, Eds. Springer: Dordrecht, The Netherlands. 2009. V. 29. P. 209-230.

136. Vuralhan-Eckert J., Lautner S., Fromm J. Effect of simultaneously induced
environmental stimuli on electrical signalling and gas exchange in maize plants // J. Plant
Physiol. 2018. V. 223. P. 32-36.

137. Wang C., Hu H., Qin X., Zeise B., Xu D., Rappel W.J., Boron W.F, Schroeder J.I.
Reconstitution of CO> regulation of SLAC1 anion channel and function of CO2-permeable PIP2;
aquaporin as CARBONIC ANHYDRASE; interactor // Plant Cell. 2016. V. 28. P. 568-582.

92



138. Wang C., Yamamoto H., Shikanai T. Role of cyclic electron transport around
photosystem | in regulating proton motive force // Biochim. Biophys. Acta. 2015. V. 1847. P.
931-938.

139. Wellens T., Shatokhin V., Buchleitner A. Stochastic resonance // Rep. Prog. Phys. 2004.
V. 67.P. 45-105.

140. Widjaja Putra T.B., Soni P. Enhanced broadband greenness in assessing chlorophyll a
and b, carotenoid, and nitrogen in Robusta coffee plantations using a digital camera // Precis.
Agric. 2018. V. 19. P. 238-256.

141.  Wildon D.C., Thain J.F., Minchin P.E.H., Gubb I.R., Reilly A.J., Skipper Y.D., Doherty
H.M., O'Donnell P.J., Bowles D. Electrical signalling and systemic proteinase inhibitor
Induction in the wounded plant // Nature. 1992. V. 360. P. 62-65.

142.  Wilkinson S., Kudoyarova G.R., Veselov D.S., Arkhipova T.N., Davies W.J. Plant
hormone interactions: innovative targets for crop breeding and management // J. Exp. Bot. 2012.
V. 63. P. 3499-35009.

143. Witthoft J., Caesar K., Elgass K., Huppenberger P., Kilian J., Schleifenbaum F., Oecking
C., Harter K. The activation of the Arabidopsis P-ATPase 1 by the brassinosteroid receptor BRI1
is independent of threonine 948 phosphorylation // Plant Signal. Behav. 2011. V. 6. P. 1063—
1066.

144. Wolosiuk R.A., Ballicora M.A., Hagelin K. The reductive pentose phosphate cycle for
photosynthetic CO- assimilation: enzyme modulation // FASEB J. 1993. V. 7. P. 622-637.

145.  Wong C.Y., Gamon J.A. Three causes of variation in the photochemical reflectance index
(PRI) in evergreen conifers // New Phytol. 2015. V. 206. P. 187— 195.

146. Xue J., Su B. Significant remote sensing vegetation indices: A review of developments
and applications // J. Sens. 2017. V. 2017. P. 2-17.

147. Yao Q., Li P.,, Wang X., Liao S., Wang P., Huang S. Molecular mechanisms underlying
the negative effects of transient heatwaves on crop fertility // Plant Commun. 2024. V. 5. Article
101009.

148. Yin G., Verger A., Descals A., Filella I., Pefiuelas J. A broadband green-red vegetation
index for monitoring gross primary production phenology // J. Remote Sens. 2022. V. 2022.
Article 9764982.

149. YuQ., Tang C., Kuo J. A critical review on methods to measure apoplastic pH in plants //
Plant Soil. 2000. V. 219. P. 29-40.

150. Yu J.Q., Huang L.F., Hu W.H., Zhou Y.H., Mao W.H., Ye S.F., Nogués S. A role for
brassinosteroids in the regulation of photosynthesis in Cucumis sativus // J. Exp. Bot. 2004. V.
55. P. 1135-1143.

151. Zandalinas S.l., Fichman Y., Devireddy A.R., Sengupta S., Azad R.K., Mittler R.
Systemic signaling during abiotic stress combination in plants // Proc. Natl. Acad. Sci. USA.
2020a. V. 117. P. 13810-13820.

152. Zandalinas S.I., Fichman Y., Mittler R. Vascular bundles mediate systemic reactive
oxygen signaling during light stress // Plant Cell. 2020b. V. 32. P. 3425-3435.

153.  Zhabinskii V.N., Khripach N.B., Khripach V.A. Steroid plant hormones: Effects outside
plant kingdom // Steroids. 2015. V. 97. P. 87-97.

154. Zhang C., Filella 1., Garbulsky M.F., Pefiuelas J. Affecting factors and recent
improvements of the photochemical reflectance index (PRI) for remotely sensing foliar, canopy
and ecosystemic radiation-use efficiencies // Remote Sens. 2016. V. 8. Artcle 677.

155.  Zhou J.Y., Hao D.L., Yang G.Z. Regulation of Cytosolic pH: The contributions of plant
plasma membrane H*-ATPases and multiple transporters // Int. J. Mol. Sci. 2021. V. 22. Article
12998.

156. Zimmermann M.R., Felle H.H. Dissection of heat-induced systemic signals: Superiority
of ion fluxes to voltage changes in substomatal cavities // Planta. 2009. V. 229. P. 539-547.

93



157. Zimmermann M.R., Mithofer A., Will T., Felle H.H., Furch A.C. Herbivore-triggered
electrophysiological reactions: Candidates for systemic signals in higher plants and the challenge
of their identification // Plant Physiol. 2016. V. 170. P. 2407-2419.

158. Zivcak M., Brestic M., Balatova Z., Drevenakova P., Olsovska K., Kalaji H.M., Yang X.,
Allakhverdiev S.I. Photosynthetic electron transport and specific photoprotective responses in
wheat leaves under drought stress // Photosynth. Res. 2013. V. 117. P. 529-546.

94



BJIATOJAPHOCTH

Bripakato orpoMHyr0 OJIarofapHOCTh MOUM KoJuleraM ¢ Kadeapsl OHOGU3NKU
Hwmxeropozackoro yHuBepcureTa, 6€3 KOTOpPBIX 3Ta paboTa Obl HE COCTOSIACK.

Oco60 xoTenock Obl mOONarogaputh Braaumupa AnaronbeBndya BojeHeeBa — 3a IIeHHBIC
00CyX/1eHus1, TIOMOIIb U MHOTOJIETHEE HACTOMUMBOE YOEXkKAeHUE HAMKMCaTh 3Ty padoty, JIto60Bb
MuxaitioBny HOmuHy — 3a yMeHHE OpraHu30BaTh UM IPOKOHTPOJIMPOBATH IPOBEICHHE
CJIOKHEHIINX KcIepuMeHTOB, Eneny KoHcTaHTHHOBHY AKHMHYHI] — 32 HE3aMEHUMYIO ITOMOIIIb B
paboTe ¢ JOKyMEHTaMHU.

A onaromapto O.H. IlepcrueBy, E.H. I'pomoBy, FO.A. 3onuna, A.IO. Ilonory, K.B.
I'pebueBy, K.P. AGameny, E.A. Ko3oBy u Ap. 32 akTUBHOE y4acTHE B UCCIICIOBAHUX.

OtnenbHO, X0uy nobnarogaputh Exarepuny MuxaiinoBHy CyXoBy 3a COTPYIHHYECTBO U
MOJJICPKKY BO BCEX HAIPABJICHUSX UCCIICTOBAHHIA U J)KU3HHU. ..
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