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ABSTRACT

Zinc is an essential microelement, btd eéxcess exerts toxic effects in plants. Heavy metal
stresscanalter the metabolism of reactive oxygen (ROS) and nitrogen species (Ei8)g

to oxidative and nitrosative damagedthough the participation of these pesses in Zn
toxicity and tolerances notyetknown. Therefor¢his study aimed to evaluate the zinc tolerance

of Brassicaorgans and the putative correspondence of it with protein nitration as a relevant
marker for nitrosative stresBoth examinedrassca speciesB. junceaandB. napu$ proved

to be moderate Zn accumulagohoweverB. napusaccumulated more from this metal in its
organs. The zineinduced damages (growth diminution, altered morphology, necrosis,
chlorosis, and the decrease of photosgtit activity) were slighter in the shoot systenBof
napusthan inB. juncea The relative zinc tolerance &. napusshoot was accompanied by
moderateehanges of the nitration pattefn.contrast, the root systemBf napussuffered more
severe damages (growth reduction, altered morphology, viabilitydosis$lighter increase in
nitration level compared tB. juncea Based on these, the organsBoassicaspecies reacted
differentially to excess zinc, since in the shoattegn modification of the nitration pattern
occurred (with newly appearedtratedprotein bands), while in the roots, a general increment

in the nitroproteome could be observed (the intensification of the same protein bands being
present in the control sgies). It can be assumed that the significant alteration of nitration
pattern is coupled with enhanced zinc sensitivity ofBressicashoot systenandthe general

intensification of protein nitration in the roassattached to relative zinc endurance.

Key words: Brassica juncea, Brassica napysptein tyrosine nitration, reactive nitrogen

species, reactive oxygen species, zinc tolerance
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1.INTRODUCTION

Zinc is typically the second most abundant metal in organisms after iroar(§€9%
of theeukaryoteproteomecontains zincAndreini and Bertin2009)suggestingts fundamental
role in physiological processedndeed, zinc is involved in protein synthesis and in
carbohydrate, nucleic acid, lipid metabolism and it is the only metal represented in all six
enzyme classes (oxidoreductases, hydrolases, transferases, lyases, isomerases, ligases)
(Broadley et al. 200). Despite itsnecessityat supraoptimal concentrations zoan explicate
phytotoxic effectsas well Generally,agricultural soils contain 28 0 0 O g; hatvever ghe
Zn content of the soils can be enhanced by naturalaatittopogenicactivities induding
mining, industrialand agricultural practices. The pollution of soil by zinc has been a major
environmental concern (Zarcinas et al. 200#nontolerant plants, zinc toxicity occurs above
100-300 mg/kgdry weighttissue concentrationfoxic symptomsat the whole plant level
involve reducedgermination rate anttiomass productioffMunzuroglu and Geckil 2002)
chlorosis, necrosiéEbbs and Uchil 2008)oss of photosynthetic activifghi and Cai 2009)
genotoxicity and disturbances in macrand microelement homeostasfdain et al. 2010)
Excess Zn may affect photosynthesis at different sites, incluthiter, alia, photosynthetic
pigments, photosynthetic electron transport, RubisCo actiityp@ and Baszynski 1995t
cellularlevel, zinc toxicity materializes througixidative stressssociatedipid peroxidation
causing membrane destabilizatiom the plasmalemma, mitochondrial and photosynthetic
membranes as wdllRout and Da2003)

The nonredox active zinc has thability to bind tightly to oxygen, nitrogen or sulphur
atoms, hereby inactivating enzymes by binding to their cysteine residues (Nieboer and
Richardson 1980). Also, zinc is able to cause secondary oxidative stress by replacing other
essential metal ions ih hei r catalytic sites (Sch¢tzendyg

triggered oxidative stress, reactive oxygen species (ROS), such as superoxide anjon (O
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hydrogen peroxide (#D.) |, and hydroxyl radicals (LOH)
revealed g several authorse(g. Morina et al. 2010JJain et al. 2010)The level of ROS is
needed to be strictisegulatedoy complex mecanisms in plants (Apel and Hi2004). These
include several enzymes such as ascorbate peroxidase (APX, EC 1.11.1.11)iogé&utath
reductase (GR, EC 1.6.4.2), catalase (CAT, EC 1.11.1.6) superoxide dismutase (SOD, EC
1.1.5.1.1), and neenzymatic, soluble antioxidants such as glutathione and ascorbate, among
others.The activity of several antioxidant enzymes and antioxidanteotsmtvashown to be
affected by zin¢Cuypers et al. 2002; Di Baccio et al. 200Bwari et al. 2008Li et al. 2013.

Besides ROSreactive nitrogen species (RN&je also formed as the effect of wide
variety of environmental stress@$e accumulation of these nitric oxide (Nf@)ated radicals
and nonradical molecules (e.g. peroxynitrite, ONQG-nitrosoglutathione, GSNO) leads to
nitrosative stress during which one of the principle {p@stslational modifications is tyrosine
nitration in proteinsyielding 3nitrotyrosine(Corpas et al. 2013Puring this peroxinitrite
catalyzed raction an addition of a nitrgroupto one of the two equivalent ortho carbons in the
aromatic ring of tyrosine residues (Gow et20)04) takes place causing steric and electronic
perturbations, which modify the tyrosineods
or to keep the proper protein conformation (van der Vliet.et%9).In most cases nitration
resultsinthda nhi bi ti on of the proteinds function
nitration has the ability to influence several signal transduction pathways through the
prevention of tyrosine phosphorylation (Galetskiy ef@ll1).

Although oxidative sess triggered by heavy metadswell characterized in different
plant speciegntil today, very little is known abotieavy metal particularly essential element
excesgnduced nitrosative processssch asalterations inRNS metabolism andyrosine
nitration. Therefore, the main goal of this wowkas to evaluate and compare ROSRNS

metabolismand the consequent protein nitratiom the root and shoot system of two
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economically importanand moderately zinc accumulatplants (Ebbs and Kohian 1997)
Indian mustardBrassica juncepand oilseed rapd3fassica napusexposed to prolonged zinc
excess Furthermore, the determination of possible correspondence between the changes in

protein nitration and zinc tolerance was alselavantissie of this study.



81 2.MATERIALS AND METHODS
82
83 2.1.Plant material and growth
84 Seeds ofndian mustardBrassica junced.. Czern.cv. Negro Caballpwere obtained
85 from the Research I nstitute for Melseedadpe a l P
86 (Brassica napus ).seeds from the Cereal Research Nwafit Ltd. of Szeged, Hungaryhe
87 seed®f both speciewere surfacesterilized with 5% (v/v) sodium hypochlorite and then placed
88 onto perlitefilled Eppendorf tubes floating dull-strength Hoaglansolution where they grew
89 for nine daysThe nutrient solution contained 5 mM Ca(®£)5 mM KNG, 2 mM MgSQ, 1
90 mMMKH2PQ, 0.01mMMFeEEDT A, 180:0M1 HOM, MB SOM ZM.SO @M Cu SC
91 0.1 ONM@EG®4a Nnd 10 sONe nikdddrbld sedlingsweretreated withs0, 150
92 or300 O M,fd adfitibnal fourteerdays.During the whole experimental period, the
93 controlplantswerg&epti n f ul | strength Hoagl anptheglamts ut i on
94 weregrowni n a greenhouse at a phostd2i2iflighttdark den s i
95 cycle) at a relative humidityof %60 % and 25N2AC.
96
97  Allchemicabused during the experiments were purchased from Sigdrach (St. Louis, MO,
98 USA) unless statedtherwise.
99
100 2.2.Element content analysis
101 The concentrations of microelements were measured by using inductively coupled
102 plasma mass spectroraefiICP-MS, Thermo Scientific XSeries II, Asheville, USA) according
103 to Feigl et al. (20B). Root and shoot material were harvested separately and rinsed with
104 distilled water.After thedryingon 7 0 AC f amd dige8tiontf the plat material

105 (digestion proces& ml 65%(w/v) nitric acidwas added to the sampleiowed by 2 hours of
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incubation then2 ml of 30% (w/v) hydrogesperoxide was added then the sampiese

subjected to 200 A£gtheauds olZh &nd Bthef ntcroeldm&he,nvin,n

B, Cu, Mo, Ni)concentrationsvere determinedThe concentrations of Zn are given in mg/g

dry weight(DW), while the concentrations of other microelements e g i W®W. i n

2.3.Measurement of photosynthetic pigmentomposition
In the leaves of the control and-FreatedBrassicaspecies, the amount of chlorophyll

a, band total carotenoids were determined according to Lichtenthaler (1987). The calcu

Og/

lated

amounts of the pigments are expressed as Og

2.4.Shoot norphological measurements

The freshweights (FW andthe dry weights DW) of the carefully separated shoot
material were measured on theA" day of the treatment using a balanteaf area was
determined on at least 10 specimens in every case by using a grid and ImageJ software (N

Institute of Mental Health, Bethesda, Maryland, USA).

2.5.Measurement ofchlorophyll fluorescenceparameters

ational

Chlorophyll fluorescence parameters were measured using a Pulse Amplitude

Modul ated Fluorometer ( Pr og rFacrométdR Hainz 8valz

PAM

GmbH, Effeltrich, Germany). Leaves of treated and control plants were first dark adapted for

30 minutes anéFm, F m &t andF o @arameters were measured in the function of increasing

light intensity (PAR = Photosynthetic Active Radi i on) from 60 ¢t o
From these parameters the effective quantum yield of PSII (Yiek m-§t)/F m)pelectron
transport rate (ETR = Yield x PAR x 0.5 x 0.84), photochemical quenching (dPnxo(

Ft)/(F mB 0))aand norphotochemical quarhing (NPQ =Fm-F m& m)avere calculated and

850

(



131 recorded. All measurements were carried out on leaves from five different plants in three
132 parallel experiments.

133

134 2.6.Root morphological measurements

135 The length of the primary root (cm) and the firstlaberal roots from the root collar (cm) were
136 determined manually. Also the visible lateral roots were counted and their number is expressed
137 as pieces/root.

138

139 2.7.Detection ofviability loss, reactive oxygen (ROS) and nitrogen species (RNSih the

140 root tissues

141 In all cases, approx. two elang segments were cut from the root tips and these were
142 incubated in 2 mL dye/buffer solutions in Petisheswith 2 cm diameterAfter the staining

143 procedure, the root samples were prepared on microscopic slidesandmidition.

144 The viability of the rootmeristem cells was determined usihigd ~ @&udrescein

145 diacetate (FDA)solution (in 10/50 mM MES/KCI buffer, pH 6.1% at room temperature
146 (2552 A @)the dark(Lehotai et al. 2012).

147 The level of superoxide anion in the root tip was estimated ugiy OM
148  dihydroethidium (DHE)prepared with 10 mMris/HCI, pH 7.4) inthe darka t  3(Rofb&t

149 etal.2012).

150 For hydrogen peroxide detection, rdipswe r e i ncubated ™M@ 50
151 acetyt3,7-dihydroxyphenoxazine, ADHP or Amplex Red) solutairroom temperature the

152 darkfor 30 minutesaccording to Lehotai et al. (2012).

153 The fluorophore, 4amine5-methylamine2 6 ;difludrofluorescein diacetate (DAF
154 FMDA,10 OM i nlristHGI buffé, pH 74) was applied for the visualization bO

155 levels inBrassicaroot tip segmentgKolbertet al.2012).
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For thein situ and in vivo detection of peroxynitrite (ONOD 1 0 G Mp-

aminophenyl¥luorescein (APF) was applied accordimgChaki et al(2009. Although these

staining methods allow semuantitative determinations, they are reliable toolsirfositu

detection of ROS and RNSince their specificity wengrovedin vivoandin vitro (Kolbert et

al. 2012).

The roots othe plants labelled with different fluorophores were investigated under a

Zeiss Axiovert 200M inverted microscope (Carl Zeiss, Jena, Germany) equipped with filter set

9 (exc.: 45490 nm, em.: 518 n m)

for APF, DARFM and FDA, filter set 20HE (exc.: 546/12, em.: 607/80) for Amplex Red.

for DHE, f-490,m.r51868nmm) 10

Digital photographs from the samples were takeadbigital camera (Axiocam HR, HQ CCD)

The same camera settings wexgplied for each digital imageln all cases, lfiorescence

intensities (pixel intensity) in the meristematic zone of the primary roots were measured on

di gital i mages us

ng AXiovision RaAtleastl1®.

15 root tipswere measured ieach experiment.

2.8.Measurement of the enzymatic antioxidant activityand lipid peroxidation

The activity ofsuperoxide dismutag&C 1.15.1.1) was determined by measuring the

ability of the enzyme to inhibit the photochemical reduction of nitro blue tetrazolium (NBT) in

thepresence of riboflavirin light (Dhindsa et al1981). For the enzyme extract, 250 fresh

plant material was grinded with 10 mg polyvinyl polypyrrolidone (PVPP) and 1 ml 50 mM

phosphate buffer (pH 7.0, with 1 mM EDTA added). The enzyohgity is exprased in Uniig

8

(e

sof

fresh weight; one unit (U) of SOD corresponds to the amount of enzyme causing a 50%

inhibition of NBT reduction in light.

Ascorbate peroxidase (APX; EC 1.11.1.Atjivity was measured by monitoring the

decrease of ascorbate content at 265

( & =1om?) ackbrding to a modified method by
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Nakano and Asada (1981). For the enzyme extract, 25fiaslgplant material was grinded
with 1.5 ml extraction buffer containing 1mM
are expressed as activifynit/g fresh weight).

The zineinduced lipid peroxidation in the root and shoot tissues was quantified by the
measurement athiobarbituric acid reactive substances (TBAR®hcentration (Heath and
Packer1968. 100 mg of shoot and root tissuere freshly grounded in liquid nitrogen,
suspendedh 1 ml 0.1% trichloro acetic acid (TCA)and thercentrifuged at 12.000 rpm for
20min inthe pesence of butylated hydroxytoluene (BHU)L ml, 4%)to prevent further lipid
peroxidation 2500 of the supenatant was removed and incubated@A C f or 30 mi n \
ml of 0.5% 2thiobarbituric acid (TBA) dissolved in 20% TCA. After cooling the samples on
ice,they were refilled to the starting volumghe absorbance of the supernatant was determined
at 532 m, and corrected for unspecific turbidity afserbtractionfrom the value obtained at
600 nm. The level of lipid peroxidation is expressed as ABARS per gramfresh weight,

using arextinctioncoefficient of 155 mitcm.

2.9.S0D activity on native PAGE, isoform staining

The isoformsand activityof SOD (Mn-SOD, FeSOD, Cu/ZRSODs) were detected in
gelaccording tahe modified method of Beauchamp and Fridovich (19Xft¢r theseparation
of SOD isozymes by nedenaturating?AGE on 10% acrylamide gelthey were incubated
sequentially in 2.45 mM NBT for 20 min and
ethylene diamine (TEMED) for 15 min the dark After light exposure, theatourless SOD
bandswere observedn a dark lue backgroundThe differentisoforms were identified by
incubatingthe gels in 50 mM potassium phosphate buffer (pH 7.0) supplemented with 3 mM
KCN (inhibits Cu/Zn SOD) or 5 mM ¥D- (inhibits both Cu/Zr and FeSOD) for 30 min

before staining with NBT. M-SODs are resistant to both inhibitors.



206  2.10.Preparation of protein extract

207 Shoot and root tissuesf Brassicaspecieswere groundedwith double volumeof

208 extraction buffer 50 mM Tris-HCI buffer (pH 7.67.8) containing 0.1 mM EDTA

209 (ethylenediaminetetraacetic acid), 0.1% TritonlQ0 [polyethylene glycol #1,1,3,3

210 tetramethylbutyBphenyl ether) and 10% glicetoAfter centrifugation att2,000 rpm for @

211  min at 4A Cthe superrant was stored a0 A C . Protein comigedusing ati on
212 the Bradford (1976) assay with bovine serum albumin as a standard.

213

214 2.11.SDSPAGE and Western blotting

215 10 kg of root and 25g of shoot protein extracts per lamere subjected to sodium

216 dodecyl sulphat@olyacrylamide gel electrophoresis (SP8GE) on 12% acrylamide gels.

217 For western blot analysisgparategbroteins were transferred to PVDF membranes using the

218 wet blotting procedur€¢30 mA, 16 hours)After trarsfer, membranes were used for cross

219 reactivity assays with rabbit polyclonal antibody agairsitf®tyrosine diluted 1:2000 (Corpas

220 et al. 2008). Immunodetection was performed by using affinity isolated goathhii IgG

221 alkaline phosphatasemndaryantibody in dilution of 1:10 000, and bands were visualised by

222 using NBT/BCIP reaction. As a positive control nitrated bovine serum albumin was used.

223

224  2.12.Statistical analysis

225 All experiments were carried out at least two times. The results are expasss®an

226 N SE. Multiple comparison analyses were perf
227 of wvariance (ANOVA, P<0.05) and Duncands tes

228

10



229 3.RESULTS AND DISCUSSION

230 3.1.Zinc accumulation and translocation capacity oBrassicaspecies are similar

231 As the effect of increasing external zinc sulphate concentrations, the zinc content of the
232 root system of both species dramatically increg$eg 19. The roots ofB. napusshowed

233 maximal accumulation already at 1%M Zn, while in B. juncearoots by 60% lower zinc

234  concentrationwasmeasuredt this treatmenfhisindicateghatB. napugoots possess a more
235 efficient zinc uptake systernompared toB. juncea Moreover, the enhancement of zinc
236 concentrationn the root tissues d@. junceaproved to belirectly proportional tdhe external

237  zinc concentration of the nutrient solutitiR?=0.999) In theaerialplant partsas the effect of
238 external exposure the zinc concentration significantly enhai€igd1b) in both species
239 suggestig that rootto-shoot transport occur$he most abundant transport forms of zinc are
240 complees with citricmalicand oxalicacid (Lu et al. 2013)According to the results of White
241 et al. (1981)small amounts of soluble zimghosphatean also be found in the xylem sap of
242  zinc stressed plantg#iowever, it has to be noted that in the shoot tissresrder of magnitude
243 lower zinc contentswere measuredcompared to the rootThis suggests thathe zinc

244  translocation capabilitpf the Brassicaspeciess relatively poor, which canbe a part of an
245 exclusion defene strategyBaker 1987. With the restriction of its roeto-shoot translocation,
246 plants try to protect the more sensitive shoot from-mdcced damagest the same time,
247  bothspecies accumulatenorezincthan 0.1% of the shoot dry weight (0.45% of shoot DW in
248 B. junceaand 0.49% of shoot DW iB. napu$; therefore both species are considered to be zinc
249 accumulatorsIn other works, isnilar Zn accumulation tendencies were absd in the

250 Brassicaspecies, antheywere considered to be as moderate zinc accumulators (Kumar et al.
251 1995 Ebbs et al. 199&bbs and Kochian 1997).

252

11
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3.2.Excess zinc inducesimilar disturbancesin the microelement homeostasisf Brassica
species

Besides zinc, the concentrationsroh (Fe), manganesayn), boron 8), copper Cu),
molybdenum o) and nickel (Ni) were also measured by IEN®S, in order toevaluatethe
putative disruption in microelement homeostasis provoked by zinc expdSupplenentary
Figure 3. Surprisingly,exceszinc led to thancrease otoppercontentin both organs aboth
speciesThis can be explained by that both ions use the same transporters, which can be up
regul ated by excess Zn, ald Bilkeoand) William$ 2091 pr e f «
provokingthe increasef Cu contenin the Znexposed plantsThe manganeseoncentration
was found to be remarkably decreased in the organs -ekgosedBrassicaspecies, which
suggests an antagonistic relationship betweeitvto ionsSimilarly to our resultsn theshmts
of zinc-exposed. junceaandB. napuscultivarsand in the roots dfolium perennghe Mn
contents were significantly reducdgbps and Kochian 199%onnet et al. 2001 Decrease in
manganese content may due to competition of zinc with manganese for transport sites in the
plasmalemmaThe concentrations dafon and boronwere differentially influenced by zinc
treatment in the organs. A notable zinduced loss of Fe coemt was observed ineéhshoot
tissues of both speciefn the case ofB. juncea the concentration oFe ion remarkably
increased within the root systerbut it was not modified in the roots &. napus The
synergistic effecbetween iron and zingbserved irB. juncearootssuggests thahis species
may intensify their iron uptake ito the rootin order tocompensat@on diminutionin leaves.
In Arabidopsisroots excessZn notably induced the expression of the fedhelate reductase
gene (FRO2), which contributed to the intensification of Fe uptakede Mortel et al. 2006)
Although, the inhibitory effect oéxcesszinc onthe rootto-shootFe translocation was also
evidenceck.g.in soybeanJapanesmint or Picea abiegAmbler et al. 1970Misra and Ramani

1991 Godbold and Huttermann 198%hich may providepossible explanation for the altered

12
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Fe distributionbetween the orgars B. juncea Excess inc modified the concentration of B

in the organsf both specieas wel| and wthin the shoot systenthe enhancement &fcontent
wasworth mentioning Similar synergisnibetween boron and ziweas observedh mustard by
Sinha et al. (2000Jhe increase of Mo contents wasidentin the shoot of Zrexposed
Brassica and it was not modified within the root systeltoreover, Zn exposure did not
significantly altered Ni concentrations of thigrassicaorgans.The observed changes in
microelementconcentrationsand distribution suggest that excess zinc is able to disrupt the
homeostasis of micronutrients in the orghgsnterfering with the uptake, translocation and
metabolism(Stoyanova and Doncheva 200%Ve observedimilar changesn the Brassica
species, whictsupports the speci@sdependentather generahature of the zintriggered

micronutrient disturbances.

3.3.Growth and morphology of Brassicaorgansare differentially affected by excess zinc

During control circumstances, the shoot system.afapugroved to be more extended
than that oB. junceawhich is indicated by thgignificantlyhigher freshdry biomassand the
larger leaf areaf it (Fig 2 a, b andc, respectively) As the effect 650 and 150kM Zn,
concentratiordependent decrease of shoot Wk observed in both spec{&$g 2a). The most
serious Zn exposure (36MM) did not reduce the biomass further compared to thexMb@n
treatmentRegarding theshoot DW(Fig 2d), Zn at all concentrations reducédsignificantly
compared to the contrdh case of botlireshand drybiomassthe species were differentially
affected, sincén B. juncea Zn resulted in78% reductiorof shoot FW andn 60% of shoot
DW, butB. napusshowedonly 64% and 43% loss of shootWFand DW, respectively

The leaf area of botRrassicaspecies was significantly reduced by all Zn concentrations
(Fig 2b). Although, hgher doses of Zn treatme(®50 and 30kM) caused by ~8% slighter

leaf growth inhibition inB. napuscompared td. juncea

13



303 In the twoBrassicaspeciesgxcesinc significantly decreased chlorophy(thl) a, b

304 and carotenoid contents, although, the effects were more pronounc&l joncea
305 (Supplementaryrable 1).As the effect of 30&M Zn, both total chlorophyll and carotenoid
306 contents decreased more significamtyB. juncealeaves compared . napusin B. napus

307 the rate of loss was greater in case ofoctdmpared to chh, whichresulted in the increment
308 of chla/bratios suggesting that chlpool is more sensitive texces<Zn than chla. By Ebbs
309 and Uchil (2008) two possible mechanisms were supposed fandinced chlorophyll loss
310 including the increased conversion of bhb chl a contributing to the maintenance of the more
311 important chla pool under zinc stress. The other possible mechanism can be thenthetaid

312 downregulation ofchl a oxygenaseenzyme involved in chb synthesis.Moreover, iron
313 deficiency(seeSupplemerdry Figure ), or substitution of the central magnesium ion with Zn
314 may also contribute to the observedtriggered chlorophyll loss (Prasad and Strzalka 1999).
315 Chlorosis can be associated also with Mn deficiency (Last and Bean 1991), which in our system
316 can also be the reason of the chloroptitinution

317 In Fig 2c and d Zn-triggered changes in leaf morphologyd chlorotic symptomscan

318 be seenOn te led bladesof B. juncea also necrotic lesions an be observedmarked by
319 arrowsin Fig 2d) reflecting a serious damageluced by zinc in this species.

320 In order to get a more accurate view about the-ridaced damagef the shoot system,
321 chlorophyll fluorescence parameters were determimkith providea reliable method for
322 assessing photosthetic activityunder stress conditoflsRo h 8| ek et al . 2008
323 exces¥Zninduced inhibition of photosynthesspecially inB. juncealFig 3), while the effect
324 was much slighter i8. napudseaves Interestingly, the Yield, ETR and grarametersf B.

325 junceawere not #ected by300 and 58 MZn treatmentremarkably but they werghe most
326  seriously reduced by 150 MZn (Fig 3a). The results indicate that excess Zn is an effective

327 blocker of PSII functionespecially irB. junceaeaves Indeed, i has been demonstrated that

14
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the mechanism of action is the displacement of Mg by Zn at the water splitting site in
photosystem II\fan Assche and Clijsters, 1986upper et al. 1996)Moreover, Teige et al.
(1990) suggested that the primdoxic action of Zn is the inhibition of ATP synthesis and
therefore energy metabolism in plamsother background mechanism of the phoenaical
activity loss during zinc toxicity can be the alteration of the inner structure and composition of
the thyakoid membrangBaszynski et al. 1988)n contrastto B. juncea excess Zn did not
result in obvious inhibition of the observed parameters (Yield, ETRjmge leaves oB.
napus(Fig 3b). However, NPQ was found to increase as the effect of zinc exposure in both
species. IB. juncea only 150 OM Zn enhanceB napusasd NPQ
applied zinc concentratisincreased the probability of dissipating the excess excitation energy
via this alternative routén our system, the photosynthetic activity well correlates with the iron
deficiencyassociated chlorosis, since zimeatedB. junceashowed more intense dmass
reduction, necrotic damages, chlorophyll loss and consequently more prondencease in
photosynthetic activitgompared td3. napusThereforewe assume thahe photosynthesis of
B. junceas more sensitive tainc stress than that 8f napus

In contrast to the shoot, the reducing effeatxdessinc on the fresh and dry weights
of theroot systemproved to be independefiom the applied concentratiofBig 4a). In both
speci es, the most serious di mi n uyireatmentwa s
although this effect was statistically significant onlyBnjuncea despite that the root ofis
speciesaccumulated smaller amouot zinc from the solution thathat of B. napus(see Fig
1a). This suggests thgreater zinesensitivityof B. junceacompared td. napusDuring the
detailed examination of the root architecture, some interesting differences were observed
between the specids. B. napusthe elongation of the primary root was significantly inhibited
by 150 ;hOwéveZinwas only slightly, but not significantly affectedBinjuncea(Fig

4b). This differerce can be explained by the higher Zn accumulatidd. efapusoots (see Fig
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1a). Regarding the lateral rootgxcesszinc resulted in a remarkable adncentration
dependent shortening of them in both speff&s4c), which refers to the higher sensitivity of
thenewly formed lateralsompared to thprimaryroot. Interestingly, zinc at all concentrations
significantly increased the lateral root numbgB. junceawhile inB. napughe effect proved
to be muctslighter(Fig 4d). The accession of lateral root number induced by heavy metals was
described as symptomof stressinduced morphogenetic igsnse (SIMR, Potters et al. 2009
Similarly to ourreaults, LR-inducing effect ofZn in Sesbaniapeciesvasreportedby Yang et
al. (2004. The changes in meristem cell viability showed correlation with theiaoheced
shortening of the PRsvhich supports thtundamentarole of meristem cell activityn root
elongation The viability loss was notable already in &@d 1500 M -&xposed roots of the
species, but ilB. napughe viability reduction(Fig 4€) as well as the PR shorteni(igig 4b)
proved to be more pronouncedinc-triggered cell deatin the root system was provedter

alia, in rice (Chang et al. 2005)

3.4.Excess zinc triggers changes in thROS and RNSmetabolism of the root system

Fluorescent microscopic techniguavere applied for detecting the possible zinc
induced changes in ROS (superoxide radical and hydrogen peroxide) and RNS (nitric oxide and
peroxynitrite) levels of the root system. During control circumstances all fluorophores showed
higher fluorescence intenigis inB. juncearoots than in those &. napusAs the effect of zinc
exposure,superoxide levelslightly decreased irB. napus in a concentraticalependent
manner, while in the root tips &. napust 50 OM zinc caused the mos
aniondepletion (Figoa). In both species the level o8, wasremarkably enhanced by zinc;
although the accumulation was more intense ifuBcearoots (Fig 5b). The highesH->0»
contens weredetected irB. napusreat ed wi t h 50 Allrzide cdneftratiOrel z i nc

significantly increasethe NO levels inB. juncea(Fig 5¢). In B. napus the zinetriggered NO
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generation proved to be sl i ghtcemparabbhighNQ he 15

level. The possible mechanisms underlyidg-induced NO formation may be diverse.
According to Xu et al. (2010), Zmmiggered Feadeficiency could lead to NO formation; although
in our experiments, the Fe content of the root system did not decreastufg#ementary
Figure 1. Furthermore, in ouearlier experiments, the activity dig majorNO-producing
enzyme, nitrate reductassas not influenced bgxcessinc in Brassicaroots (Bartha et al.
2005). Instead, another possibility of NO production in this system igrdresition metal
triggered decomposition of NO pools such ast®soglutathione (Smith and Dasgupta 2000)
but thishypothesigs needed to be confirmed in the futuxitric oxide reacts with superoxide
anion yielding peroxynitrite (ONOQ a powerful aidative and nitrosative agent
(ArasimowiczJelonek and Floryszal/ieczorek 2011)Regarding the peroxynitrite content,
interestinglythehi gher zinc doses ( 158 juneeardots@igbd), OM)
which showed no correspondence to thserved changes MO and superoxide levels (Fig
5¢). In the background of the zifileduced peroxynitrite diminution, the activation of putative
decomposition pathways (e.g. ascorbic acid, flavonoids, peroxyredamh,glutathione
reductase) can be supgsal (Arasimowiczlelonek and Floryszal/ieczorek 2011). In contrast,
the peroxynitrite levels increaséd B. napusroots (Fig 5d), in a concentratiomependent
manner however no correlation of this with superoxide levels was f@bigiba).

Zinc at all applied concentrations intensified the activity of SOD enzyme in the roots of
the species; however the effects were not dependent on the zinc doses and the activation was
more pronounced iB. napus(Fig 6a). Within the shoot system, similarn@encies were
observedThe different SOD isoforms were separated by native PAGE and five activity bands
were identified in the organs of both species @hy In Fig 6h a representative SOD activity
gel from B. napusis shown. Tie uppermost band represed a MRSOD isoform, which

activity decreaseds the effect of increasingn concentrations in the roofBhe diminution of
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Mn-SOD activity can be explained by the reduced availability of manganese as previously
showed irSupplementary Figure The FeSOD isoform was only present in the control sample

of B. napus its activity was seriously reduced by the zinc treatmemte last three bands
showed Cu/Z#50Ds, whichshowed a remarkable activatioggpecially in the rootsyhich

wasin correlation with the overall SOD activity (see Fg. The intensification of Cu/Zn

SODs may be the result of the increment of the Zn and Cu contents triggered by zinc exposure
(seeSupplementary Figure)l1Contrary to our results, significantly redagttotal SOD and
isoenzyme activities were observed in rapeseed; although younger plants were subjected to
more severe zinc stress than in our system (Wang et al. 20@activity of APX decreased

as the effect of zinc exposure in both organs of bathisp(Fig 6¢). Interestingly, the activity

loss was more pronounced in the shoot system of the species (espedaljyrined. These

imply that the effect of zinc on antioxidant enzymes (at least SOD and APX) is dependent on
the plant age, the durati@nd the intensity of stress treatmefhe observed changes in the
antioxidant enzyme activities could explain the alterations in the ROS levels, since the zinc
triggered activation of SOD and deactivation of APX can be responsible for the superoxide
depletion and the #D> accumulation in the rootfegarding the lipid peroxidation being a
marker of oxidative stress, no obvious tendencies and intensificati@olbserved in the shoot
system of the speci€Big 6d). Only in B. juncearoots, asignificantincrease in the amount of

lipid peroxides (e.g.TBARS) could be determed as the effect of all applied zinc

concentrations

3.5.Excess zinanduces changes ithe level and the pattern ofprotein tyrosine nitration
Using Western blot analysis, tipeesence of severatr8trotyrosinepositive protein
bands were detecteénl the untreated samples (Fiyy Which suggests that a part of the protein

pool of the organs is nitrated even under control conditions. This raises the possibility that
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tyrosine nitation is a basal regulatory mechanism of protein activity. Similarly, a basal nitration
state of proteins was evidenced in different plant species such as sun@awes;, pea and
pepper (Chaki et al. 2009, Begdvimrales et al. 2013, Corpas et al. 20CBaki et al. 2015).
Moreover, the protein pool of thehootof both Brassicawas more nitrated compared ttee
root systemwhere the ditrotyrosinepositive signals were much weaker indicating organ
specificity of protein tyrosine nitration. In preliminary experiments, we did not observe
concentratiordependent effect of zinc on the level of tyrosine nitration, therefore based on
other data 150 OM zi nc vmageneralhtogmteem offpotein f ur t h
nitration was modified by zinc in the shoot system of the species, while a general strengthening
of 3-nitrotyrosineassociated immunopositivity was observed in the root system of the zinc
exposed species. Based on thg, can assume dhthe proteome of thBrassicaorgans are
differentially affected by zingriggered nitration.In the shoot oB. junceathe nitration of the
protein bands &0, 37and~12kDa decreased, while two new, immunopositive bands appeared
between 15 and ZDa. In the shoot afinc-exposed. napusthe tyrosine nitratiof protein
bands at 50, 37, 25 and ~kRa weakened, while a slight intensification was observed in two
other protein bands suggesting the modification of nitration pattern of the orgamtrast to
the shoot, the nitration level of the root proteome of both species intensified as the effect of 150
OM zi nc ;, thd respenseevas muchore intense inB. juncearoots. Similarly, the
enhancement of theitration levels was publishednter alia, in saltstressed olive leaves, in
cold-treated pea leaves or in arseaxposedirabidopsis(rewieved by Corpas et al. 2013).
4. CONCLUSIONS

Among the two moderate Zn accumulaBrassicaspecies, oilseed rape took apd
translocatednore zirc compared td. junceaStill the shoot oB. napushowedslighter zine
induced damages (examined by growth and morphology parameters, pigment contents and

photosynthetic activities), which weeecompanied by the activation of antioxidants tred
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453 moderate alteratioaf proteinnitration pattern Based on the examined parameters (PR length,
454 LR number, viability) the root system Bf junceashowed enhancedleranceo zinc exposure
455 compared tdB. napus and itwas coupled with enhanced®, NO levels and remarkaypl
456 intensified protein nitration.The organs oBrassicaspecies reacted differentially to excess
457  zinc, since in the shoot system modification of the nitration pattern occwitid newly

458 appeareditratedprotein bands)while in the oots a generalncrementn the nitroproteome
459 could be observe(the intensification of the same protein bands being present in the control
460 samples)When we consider thenc-induced changes of protein nitration in the shoot system,
461 it can be assumed ththe significant alteratiorof its patternis coupledwith enhanced zinc
462  sensitivity but the zinanducedgeneral intensification of protein nitratigrather attached to
463 relativezinc endurance
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Figures and figurelegends
Fig 1 Concentration of zinckg/g dry weight) in the root (a) and shoot (b) system of 0, 50, 150
or 300kM ZnSOy-treatedB. junced )andB. napug ). Differént letters indicate significant

differences according to Duncane st ( n =6, POO. 05)
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Fig 2 (a) Dry and fresh weight (g) dlie shoot system d@rassicaspecies treated with 0, 50,
150 or 300 OM Z#) of cdntoo) and ZeeapbsedBrassicaplats. Different

letters indicate significant differences according to Durtcans t (n=20, POO.

Photographs taken from the shoot system of control and®80RN-treatedB. junceaandB.
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693 napus Bar=30 cm. (d) Representatiphotographs oBrassicaleaves dmonstrating the effect

694  of zinc concentrations on morphology and on the appearance of chlorosis and necrosis (marked

695 by white arrows). Bar=5 cm
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699

Fig 3 Chlorophyll fluorescence parameters (Yield, ETR, gP, NP®) pfnceda) andB. napus

(b) leaves after Xdlayslong zinc exposure
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Fig 7 Representative immunoblots showing protein tyrosine nitration in roots and sh&ots of

junceaandB. napusplants under control conditions (C) and during ¥80Zn exposure (Zn).

Root and shoot samples were separated byBBSE and analysed on Western blotting with

anti-nitrotyrosine antibody (1:2000). Commercial nitrated BSA {NB3A) was used as a

postive control
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