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BB Cu’' Ta kucaorHocri cepeoBHIIA
HA BMICT HUTOIJIA3MATHYHOI0 KAJIbIII0 TA NEPeKNMCHE OKMCHEHHS JIiMmiTiB
Y KOpPeHsIX 03MMO] MIIeHuIIi

M.€. Pszanosa, T.1. Makoseiiuyk, B.B. llIsapray
Inemumym ¢hizionoeii pocun i eenemuxu Hayionanenoi akademii nayx Yrpainu, Kuis, Ykpaina

Jlocrimpxeno Brms ionis Cu’’ Ha BHyTpilHbOKTiTHHERT ToMeocTa3 Ca’’ Ta TepeKnCcHe OKHCHEHHS JITIB B YMOBAX Pi3HOI KUCIOTHOCTI
cepenosunia. [Tokasaro, 1o 3umwxenns pH cepenopuia 3ymMoBmoe mimsumenns [Ca’ Jeyt i Moye GyTH BiryKOM KIITHH KOPEHS HA KHCIOT-
HUH ctpec. JlomaBaHHs Mifli 10 CEPEIOBHUINA Il TIPOPOLIyBaHHs HACIHHS WMOBIPHO IMi/IBHIIYE HECEICKTHBHY MPOHUKHICTH MEMOpaHH Ta
cripravHIoE Ti renomsipusaito. Lle Moxe akrnByBati Ca-KaHauH, 110 aKTUBYIOTHCS 32 YMOB JICTIOJISIPH3aLlii Ta BiZNOBIArOTh 32 HAIXOIDKCHHS
KaJIbLIifo 10 LTOIUIa3Mu 3 anoruacty. [Tigeuienss piBast MJIA cBig4uTh PO HAsIBHICTH OKHCHOTO CTPECY, SIKUI MOYKE aKTHBYBATH TilIepIio-
napusaniiisi Ca-KaHaH, 0 TaKoXK BIUMBAIOTh Ha [Ca’'Jcyt. TakuM umHOM, 3MiHHK iHTeHCHBHOCTI Ca’'-3a7eKHIX MeTaGOMIMHIX MpOLeciB
(peryJiLList IORLTY KITITHH Ta PiCT KOPEHs) MOYKYTb OYTH HACIIAKOM TOKCHYHOrO BIUTHBY ioHiB Cu®* Ha POCIHHH O3MMOI ITIICHHLL.

Kmouosi cno6a: TOKCHYHICTD Mifl; [Ca2+]cyt; KHUCJIOTHICTB CepeIOBUINa; MAJIOHOBHUH mianbaerin; Fluo-3 AM; Ca-kanamu

Effect of Cu®* and pH on intracellular calcium content
and lipid peroxidation in winter wheat roots

M.E. Riazanova, T.I. Makoveychuk, V.V. Schwartau
Institute of Plant Physiology and Genetics of NAS of Ukraine, Kiev, Ukraine

The study investigates the effect of copper ions and pH of external solution on intracellular calcium homeostasis and lipid peroxidation in
winter wheat roots. Experiment was carried out with winter wheat. Sterile seeds were germinated in Petri dishes on the filter paper soaked with
acetic buffer (pH 4.7 and 6.2) at 20 °C in the dark for 48 hours. Copper was added as CuSQj,. It’s concentrations varied from 0 to 50 uM. The
Ca*'-fluorescent dye Fluo-3/AM ester was loaded on 60 hour. Root fluorescence with Fluo-3 loading was detected using X-Cite Series 120 Q
unit attached to microscope Olympus BX53 with camera Olympus DP72. Imaging of root cells was achieved after exciting with 488 nm laser
and collection of emission signals above 512 nm. Preliminary analysis of the images was performed using software LabSens; brightness
(fluorescence intensity) analysis was carried out by means of ImagelJ. Peroxidation of lipids was determined according to Kumar and Knowles
method. It was found that pH of solution had effect on release of calcium from intracellular stores. Low pH provokes an increase of [Ca® Jeyt
which may be reaction of roots to acidic medium. Copper induces increase in non-selective permeability of plasma membrane and leads to its
faster depolarization. This probably initiates Ca-dependent depolarization channels which are responsible for the influx of calcium from apoplast
into the cell. Changing of the membrane permeability may occur due to interaction between Cu®* ions and Ca-binding sites on plasma membrane
or may be due to binding of copper with sulthydryl groups and increasing of POL. Copper may also damage lipid bilayer and change the activity
of some non-selective channels and transporters. Reactive oxygen species which are formed under some types of stress factors, especially the
effect of heavy metals, can be activators of Ca-channels. Cu®>" jons rise MDA content and promote the oxidative stress. Low medium pH also
induces its development. Oxidative stress apparently enhances activity of hyperpolarization of Ca-channels and leads to increase of [CaJcyt.
These Ca-channels may also be stimulated by calcium, which influxes into the cell, so Ca-signal can be self-enhanced one. Prolonged retention
of high calcium concentration may be the evidence of copper toxicity to root cells and the consequence of deactivation of Ca-ATPases which
promote Ca efflux from cell. The increase of [Ca*Jcyt may elicit changes in some metabolic processes.
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Beryn

KucnoTHicTh cepesioBuIlia Ma€e IOMIHYIOUM BIUIMB HA
PO3YMHHICTG 1, SIK HACTIZOK, HA JOCTYITHICTh 1 MOTEHINAI
¢itorokcuunocri ioHiB (Rengel, 2011). V myxxHoMy cepe-
JIOBHII[ CIIOCTEPIraeThesl 3HWKEHHS JocTynHOCTI P, Zn, Fe
ta Cu, y KHCIIOMy 3pocTae TOKcHuHHi BB Al Ta Mn.
BBakaernest, 10 onTHManbHUE piBeHb pH Uit 3aCBOEHHS
€JIEMEHTIB JKUBJICHHS! O3MMOIO IIIIEHHIIECI0 CTaHOBUTH 6,0—
7,5 (Zynchenko et al., 2001).

Mine — omuH i3 HaHBaXJIMBIIINX MIKPOEJIEMEHTIB IS
pociH. HopManbHHIA PICT i PO3BUTOK MOTPEOYE OMTHMAITE-
Hoi kiskocti Cu?t. V Toid ke gac Jiarma3oH KOHIIEHTPAITii
Cu*', sIKi He YUMHSATH HETATHBHOTO edeKTy Ha poCJMHH, OC-
TaTHHO BY3bKHMH. He3Bakarounm Ha MOXKIIMBI HETaTHBHI
edekr, 00podka pociuH Cu-QyHrinuaaMu 3aTUIAETHCS
OJIHUM 13 NOIIMPEHUX MiIXOIIB JI0 KYJIbTUBYBAHHSI LIIUPOKO-
ro cnekrpa KyneTyp (Barker and Pilbeam, 2006; US EPA,
2008). Cepen MOXJIMBHX TOSCHCHb TOKCHYHOTO BILTHBY
iOHIB Mili Ha POCIIMHHI KJIITHHM Yy JITepaTypl Haivacrimie
3yCTPIYAEThCS MMOCHIICHHS MEPEKHCHOTO OKHCHEHHS MEM-
OpaHHHMX JmiAiB, 3MiHA IX CKJIagy Ta IIiABUIICHHS
Hecrienudigaoi mpoHuKHOCTI MeMmOpaH (Berglund et al.,
2002; Kanoun-Boulé et al., 2008; Hong et al., 2012), ane
MeXaHi3M Jii 3aIAIIAEThCS HE 3’ ICOBAHNM.

loHn KambLif0 BOJOMIIOTH YHIKAIBHIMH BIACTUBOCTSIMH
W yHIBEpCAJIBHOI 3/IATHICTIO INOJO TMPOBEIACHHS DI3HHX
CHTHAJIIB, SIKI 3JIHCHIOIOTh TIEPBUHHY it0 (TOPMOHH, IaTo-
TeHH, CBITJO, rpasiTaitis Tomo) (Medvedev, 2005). V xox-
Hiif 13 BIIOMHX Yy POCIIMH CHCTE€M CHUTHAJIBHOI TPaHCHyKLIl
BEJIKE 3HAYEHHS SIK BTOPMHHHMHN IOCEPETHUK MAIOTh 10HH
Ca®". Kampliii — ed)eKTHBHMI DEryjsTop MeTaGoIiuHUX
TIPOLIECIB Y BCIX KITHHAX, /I ICHYIOTh CHCTEMH, SIKi peary-
FOTh Ha HEBEIHMKi 3MiHH HOoro KoHIeHTpamnii. OCHOBHI BHY-
TPIIHBOKIIITHHHI MIIIIEH] TS 10HIB KaJIBIIIFO — PI3HOMAaHITHI
Ca-3B’s3yBasibHI OUTKH, OJIHI 3 SIKUX Cami 3MiHIOIOTh CBOIO
axtuBHicTh (Lewit-Bentley and Rety, 2000), a ixmi (Hampuk-
JaJl, KaIbMOJIYJIiH) OMOCEPEIKOBYIOTh e(PEeKT IBOro KaTioHa
Ha pi3HOMaHiTHI Ki1iTMHHI MinreHi (Roberts and Harmon,
1992). Meta nmaHOl CTaTTi — BUSIBUTH BIUIMB 10HIB Cu*' ma
BHYTPIITHBOKITITHHEMIT romeoctas Ca’™ Ta mepekucHe OKwHC-
HEHHSI JIITI B 32 Pi3HOI KMCJIOTHOCTI CEpPEIOBHILIA.

Marepiai i MeToau 10CTiTKEHD

CrepmiizoBane (ompomiHroBau Oaxrepurmmanii OBH-
35m) HaciaHS o3umoil nmeruni copty Cmyrisaka (Triticum
aestivum L.) poporryBamu y wamkax [lerpi Ha mBormapo-
BOMy (inmbTpyBaJIbBHOMY Marepi, 3MOYEHOMY CTEPHIEHUM
cepenosuiiem i3 pH 4,7 ta 6,2 (5 MM aueraruuii 6ydep) y
Tempssi, 3a +20 °C npotsirom 48 rox (xaagorepmoctar XT
3/70-2). Ha 48-my roauny upoBomwin o00pobky CuSOy
(50 MkM). 3aBaHTa)KEHHSI KOpEHIB ()IyOpECHEHTHUM 1HAM-
katopoM Fluo-3AM (Sigma) poOuin 3a METOIUKOI, OIH-
caHoro Zhang et al. (1998). IHTakTHI KOpEHi JOBXHHOIO
0,5 cm iHkyOyBamm 3a +4 °C ynpomoBX IBOX TOAMH Y
TempsBi. Pozunn mis inkyOartii mictuB 20 MM Fluo-3AM,
0,2 MM CaCl, ta 50 MM copbitory. Po3zuna Fluo-3 AM
noxaHo 3 BuximHoro pozunHy 1 MM Fluo-3AM y JIMCO.
@inanpHa koHIeHTpanis IMCO B iHKyOaniitHOMy po34mHi

cknagana <1%. Ilicns iHKyOyBaHHA KOpeHi 3MuBamu Oy-
(depHuM po3unHOM mpoTAroM 15 xB. @iyopecleHilito
KopeHiB, nodapodosanux Fluo-3 AM, nociimxyBaiu 3a J0-
nomororo Mikpockora Olympus BX53 i3 momiHeCIIeHTHUM
oiaokom X-Cite Series 120 Q 1 KamepoOIO-IETEKTOPOM
Olympus DP72 3a moBxuHH XBWIi 30ymkeHHS 488 HM,
xBui emicii — 512 HM (3eneHnit cBiTiodinbTp). KoHTponem
CIyTyBajla JMCTHIbOBaHa BoJa. [IOBTOPHICTH NPOBENECHHS
JOCITiTy — YOTPHUPa30Ba, aHAIITHIHA CEMHUPA30Ba.

PiBerr T10JI Br3HauamM 3a HAKONWYCHHSIM MAaJOHOBOTO
mianpzaeriny (MJIA) meromom Kumar and Knowles (1993) i3
nesikuMy Moauikargisivi. 200 Mr KOpeHIB TOMOTEHI3yBad 3
Hesenukoro KutbkicTio Tris-NaCl Oydepa (pH 7,6), 00’em ek-
CTpaKTy AOBOIWIH 10 3 MiL. JIo OTprMaHOro roMoreHary no/a-
Bam 1 mi1 0,5% po3unny Tiobap6iTyposoi kucinotu (TBK) Ta
2 vt 20% TpuxitoporrroBoi kuciotu (TXO). [Tpobipku 3 romo-
reHatoM BuTpuMyBa 30 XB Ha KUIUIYiN BOJsHIN OaHi 3 Ha-
cryrmHuM teHTprdyryBanssM 3a 3 000 00./xB porsirom 10 xB.
BusHaueHHs TPOBOMTM 3a JOBXWHM XBWI 533 HM Ha
criekrpooromerpi UV-1800 (Shimadzu).

Cyxy 6iomacy Bi3Havamm BimmosigHo 1o [OCT 16932-93.

[Nomepeniit aHai3 oTpUMaHUX 300pakKeHb MTPOBOIIIIH
3a JONIOMOT'OI0 TIporpaMHoro 3abesneueHns LabSens, ananiz
sICKpaBocTi (iHTeHCHBHOCTI (utyopectieHitii) — Imagel.

CratuctryHy 00OpOOKy AaHHX pOOWIM 3a OMOMOTOIO
nporpamu Statistica 6.0.

Pe3yabTaTn Ta ix 06roBopeHHs

VY craHi CHOKOIO BMICT 10HI30BaHOTO KalIbL{IO Yy IIUTO-
IUIa3Mi POCITMHHUX KJITHH HAJI3BUYAHHO MAIMH i Bapiroe Bif
100 mo 200 sM (Medvedev, 2005; Schwartau et al., 2014).
[TimBrIIIeHHS] UTO30JIEHOTO BMICTY KAJIBINIO Ji€ SK CHTHAM,
10 BUKJIMKAE 3MiHH (i3i0NorivHmX Ta Oi0XIMIYHMX TPOIIECIB
(Webb et al., 1996; Pandey et al., 2000). KucnotHicts cepemo-
BUIIIA BIUTMBAE HAa KOHIIEHTPAITIO [Ca%]cyt. 3a pH 4,7 criocte-
pIraeThCsl MIBUIIEHHS KOHIICHTpALTii [Ca2+]cyt y 1,5 pa3a
TIOpIBHAHO 3 onTuMansHUM piBHeM pH (puc. 1). Lle moxHa
HOSICHUTH BIJITyKOM KaJIbLIi€BOi CHI'HAJIBHOI CHCTEMH Ha
kucnothuii crpec (Vodneev et al., 2007). lonaBauHs ioHIB
Cu®" 110 PO3uMHY IUIs NMPOPOLIYBAHHS HACIHHS BHKIHKAE
IiIBUIICHHST BHYTPIIIHBOKIITHHHOTO BMICTY Ca®" B 060x
BapiaHTax gocminy. Y npani Demidchik et al. (1997) moka-
3an0, mo 10 MkM Cu”" 3yMOBIIOE IIBMJIKE MiJBHINCHHS
HECENIEKTUBHOI TPOHHWKHOCTI MeMOpaHW Ta ii Jermoms-
pmsaniro. Lle Moxe iHimitoBaTH Caz+-KaHaJII/I, 0 aKTUBY-
FOTBCS 32 YMOB JETOIIpU3alil Ta BiIIIOBIJAalOTh 32 HAXOM-
JKEHHSI KaJIbLlif0 J0 1uToriasmu 3 amnoruiacty (Thion et al.,
1998). Ha mma3manemi icHye Oarato caiTiB BIUTHBY 1OHIB
Cu®'. OmHMMM 3 HUX € KaHadd iOHHOTO BIATOKY, 3MiHa
AKTUBHOCTI SIKMX MOX€ OyTH HacIiIkoM mepeOyI0BU
JmigHOro Oinrapy abo iHIIMX HECEICKTHBHUX KaHAIB 1 Iie-
PEHOCHHUKIB. 3MiHa IIPOHUKHOCTI MeMOpaH! MOKe BiJ0yBa-
THCh BHACTIIOK B3aemofii Mix iomamu Cu®’ Ta Ca-38’s3y-
BaJIbHUMHU caiitam Ha 1u1asMasieMi (Murphy et al., 1999), abo
6yt pesynsraToM B3aemomii Cu’’ i3 cymbdriapumbHIMEI
rpynaMd  MeMOpaHHuX OinkiB Ta migumenHsm [IOJL
HimicHicts mimigHoro Oimapy MO)Ke TIONMIKOIKYBATHCh
YHACIIIOK BUTHCKAHHS (i310JI0TIYHO BAXKIMBHUX KaTiOHIB 3
X IEHTpIB 3B’A3yBaHHS HA MIOBEPXHI MeMOpaHH, 3aralbHOTO
IMHAMIYHOTO TIOIIKOMKEHHS Ta MIABUIIEHHS KUIBKOCTI KO-
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porkorpuBanx 1op (Demidchik et al, 1997, 2001).
AxrusHi popmu kucHio (ADK), siki GopMyrOThCS 32 ASSIKUX
THIIB CTPECOBHX UMHHHKIB (HANPUKIIAJ, BIUIMB BaKKHX
METAIIB), MOXKYTh TaKOX BHUCTYIATH sIK aktuBatopu Ca-mpo-
HUKHHX KaHamiB. OKHCHHE CTpec CHOPUYMHIOE ITiIBHIICHHS
pienst [Ca®Jeyt y tBapunnnx (Klyubin et al., 1996), a Takosx
pocmuHHNX KiitHHAX (Zhang et al., 1998; Cessna and Low,
2001). Y xopeneBux Bonockax ADK, iIMOBIpHO, CTUMYITIOIOT
KaHaIM, SIKi aKTUBYIOTBCS 32 YMOB Tireprionsapu3artii (Pei et

al., 2000; Lecourieux et al., 2002). OcranHi T0JaTKOBO MO-
KYTh CTUMYITIOBATUCS KAJIbLIEM, 10 HAIXOIWUTh Y KIITHHY,
ToOT0 Ca-curHan 3mareH 1o camorocuiieHnst (Demidchik,
2012). Tigrpumanus BuCcoKoi koHueHTpamii Ca’’ mpoTsrom
TPHUBAJIOrO Yacy MOKE CBIIMUTH PO TOKCUYHHH BIUIMB 10HIB
MiIi Ha KITHHA KOPEHIB 1 TPOSBISTHCS B IHAKTHBAII]
Ca-KaHalB TOHOIUTACTY, SIKi CIIPUSIOTH 3aBaHTaeHHi0 Ca’
HazaJ /0 Bakyormi, a Takox neakruBanii Ca-AT®az, mio
CrpustoTh BinToKy Ca’' 3 KIiTHHIL
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Jns mepeBipkd HAsBHOCTI OKHUCHOTO CTpECY IIPOBEITH
aHaTi3 HakormueHHs1 npoxykty I1OJI — manoHOBOTO Iianmbae-
rigy. Ha pucyHky 2 BUIHO, IO IJBHUIIEHHS KOHIIEHTpALl
Cu*" BUKIMKAITO 3pocTanHs KoHueHTpawii MJIA 3a pH 4,7 Ha
47%, a 3a pH 6,2 — Ha 23%, BimmosigHo. Citij 3a3Ha4YUTH, LIO
3HIKeHHs pH cepemoBuiua /Uil MPOPOLILYBAHHS ITi/IBHILYE
Tokcuurmit Brums Cu®’, 10 Y3rOIKYeThCs 3 JTTepaTypHHMI
nmaanvu (Mortvedt et al., 1991).

BucHoBKH

Brums ionis Cu®’ crumymoe migpumenns [Ca’'leyt y
KOpEHSX 03MMOI MIICHUII, 0 MOKE TPOSBIITUCS Y 3MiHi
inTencuBHOCTI Ca”'-3aJ1€KHIX MeTaGONYHMX IPOLECB (pe-
TYIBAIIS TOALTY KIIITHH Ta PICT KOPEHs) Ta € HACTIIKOM TOK-
craHOro BBy ioHiB Cu’’ HA POCIMHM O3MMOI TIIICHHII.
3pocranHs KimbkocTi MJIA CBIIYMTH MPO HASBHICTH OKHKC-

HOT'O CTpecy, SIKW PO3BHBAETHCS 3 IIIBUILCHHAM KOHIICH-
Tpanii ionis Cu’" i NOCHTIOETBCS 33 yMOB 30iIBIIEHHS
KIJIBKOCTI 10HIB BOJIHIO y CEPEIOBHILIL.
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