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Abstract

Cadmium, a highly toxic heavy metal affects grovetid metabolic pathways in plants,
including photosynthesis. Though Cd is a transitigetal with no redox capacity, it generates
reactive oxygen species (ROS) indirectly and causadative stress. Nevertheless, the
mechanisms involved in long-term Cd tolerance ahtd are not well known. Hydroponically
cultured poplarRopulus jacquemontianaar. glaucacv. '‘Kopeczkii') plants were treated with
Cd for 4 weeks. Following a functional decline, fhlants performed acclimation to the Cd
induced oxidative stress evidenced by the decrels#dmalondialdehyde content and the
recovery of most photosynthetic parameters. Adtivabf peroxidases played a key role in
the elimination of hydrogen-peroxide, and thusrgmovery of photosynthesis, while the role
of superoxide dismutase isoforms was less impartetdistribution of the iron content in
leaf mesophyll cells resulted in an increase ofRecontent of chloroplasts, thus contributed
to the biosynthesis of the photosynthetic apparangd some antioxidative enzymes. The
delayed increase in photosynthetic activity comgai@ the decline in the level of lipid
peroxidation indicates the energy requirement alimation mechanisms during long-term

Cd treatment.

Abbreviations: APX — ascorbate peroxidase; BPOfthophenantroline disulphonate; CAT
— catalase; Chl — chlorophyll; DEEPS — de-epoxatastate of xanthophyll cycle pigments;
®;p — fluorescence/thermal dissipation of the absodrestgy; e — the thermal dissipation
by inactive PSIlI centres®npq — ApH dependent, xanthophyll-cycle coupled non-
photochemical quenchingbps; — the photochemical efficiency of functional P8dntres;

MDA — malondialdehyde; NPQ — non-photochemical ainémg; POD — peroxidase; PS —
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photosystem; ROS - reactive oxygen species; SODupersxide dismutase; VAZ —

violaxanthin-antheraxanthin-zeaxanthin.

Keywords: cadmium; oxidative stress; photosynthéXipulus stress hardening
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I ntroduction

Many cultivated plant species have to cope witlmeased soil cadmium concentration due to
anthropogenic activities, such as deposition olustdal wastes (galvanic batteries, dyes),
usage of chemical fertilizers in the intensive agitural production and zinc mining, where
Cd is a by-product. Cd contamination has increagimgortance because of its toxicity to
plants as well as the high risk to human healthlfiplants, Cd causes various damages (for
review, see: [2]). For instance, it disturbs thetahbomeostasis by causing, among others,
iron deficiency in the shoot [3,4]. As a resulttieé induced Fe deficiency, the biosynthesis of
chlorophylls (Chl), the formation of Chl-proteinroplexes and the development of thylakoid
membranes are highly disturbed [5,6]. Particula@y, was shown to selectively inhibit the
biogenesis and the activity of photosystem Il (P$#action centres [7], and retard £0
fixation [8]. Once photosynthesis becomes inactigtathe generation and accumulation of
reactive oxygen species (ROS) is elevated. Cd samg€dative damages in the shoot [9]. In
the chloroplasts, one of the most important targétROS is the D1 protein in PSII. Under
mild stress conditions, damaged D1 proteins ariaced with new ones resulting in operating
PSIl complexes. Under constant level of stress,dvew the capacity to repair is not high
enough to replace all the inactivated centres [1®]addition to the non-photochemical
guenching (NPQ) processes in the antennae, thes#iviated reaction centres are strong
qguenchers of the excited state of the antennaentagitprotect the neighbouring active PSII
complexes [11,12].

In aerobic cells, ROS are common by-products ofHremical processes but a well-equipped
antioxidative system is also evolved to maintaia tedox equilibrium. The elimination of
ROS in mesophyll cells has several pathways, sushtha water-water cycle in the

chloroplasts operated by superoxide dismutase (S@f2) ascorbate peroxidase (APX)
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isoforms [13]. Moreover, catalases [CAT] and glotabe peroxidases located in the
peroxisomes [14] also contribute to the protectgainst oxidative stress. In parallel to the
occurrence of damages, organisms may change th@nae mechanisms influencing the
amount and activity of players leading to the regtion of vital functions. Cd, which is able
to provoke the disruption of redox equilibrium, Isng effects on the antioxidative defence
[14,15]. Moderate Cd stress increased the amoudefgince metabolites, and influenced the
activation of several antioxidant enzymesPhaseolus vulgari$l5]. While the activity of
glutathione reductase [GR], peroxidases [POD], Gl APX increased under Cd stress,
PODs, which need iron for their hem cofactors, stiweduced activity [16].

Poplar species are good candidate for Cd phytorextiea [17]. Since Cd phytoremediation
requires plants that perform long-term resistarganst Cd stress, the understanding of the
defence mechanisms that helps the plant to overcbenacute stress symptoms is essential.
Nevertheless, the connection between the alleviaifaCd-induced photosynthesis inhibition
and the activity of protective mechanisms is poéripwn in poplars. Therefore, we studied
here the changes in the excitation energy quenchieghanisms and in the activity of

antioxidant enzymes in detail under long-term, nmateCd stress.

M aterials and methods

Plant material

Experiments were performed on micropropagated poff@pulus jacquemontianaar.
glauca(Haines) Kimura cv. 'Kopeczkii') plants, grown iimtatic chamber [14/10 hours light
(100 pmol photons th s')/dark periods, 24/22 °C and 70/75% relative hutyjdin

hydroponics of quarter-strength Hoagland solutib2% mM Ca(NQ@), 1.25 mM KNQ, 0.5
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mM MgSQ,, 0.25 mM KHPQ,, 0.08uM CuSQ, 4.6 uM MnCl,, 0.19uM ZnSQ,, 0.12uM
Na:MoO,, 11.56uM H3BO; and 10uM Fe"-citrate as iron source]. Control plants (Ctrl) and
plants treated with 10M Cd(NGs), from their four-leaf-stage (Cad plants) were irigeded
during a four-week period . Data were collectedtuné" leaves, emerged during the time of

treatment.

Determination of element concentrations

Dried (one week at 60 °C) leaves were digested BpHfor 30 min at 60 °C, and then in
H.O, for 90 min at 120 °C. After filtration by MN 640\Waper ion contents were measured

by ICP-MS (Inductively Connected Plasma Mass Spautter, Thermo-Fisher, USA).

For measurement of chloroplast iron content, intdbroplasts were isolated, and iron
content was measured photometrically as [Fe(BEIbS)omplex at 535 nm by UV-VIS
spectrophotometer (Shimadzu, Japan) as describesaimari et al [18]. An absorption
coefficient of 22.14 mM cm® for the F&"-BPDS complex [19] was used for calculations.
Chloroplast density was determined by counting Milkkon Optiphot-2 microscope equipped

with Nikon D70 DSLR camera.

Pigment contents

Chlorophyll contents were determined in 80% (v/\Qetane extracts by a UV-VIS

spectrophotometer (Shimadzu, Japan) using the @atiimoicoefficients of Porrat al [20].

For the determination of xanthophyll cycle compdseeneaf discs adapted to 100 pmol
photons rif s or kept in dark for 30 minutes were used. Cardtermmponents were

separated by HPLC method and quantified using ze#hia standard [20,21]. The de-
epoxidation state of xanthophyll cycle pigments HPES) was calculated as

(DEEPs=Z+0.5A)/(V+A+Z) and diurnal change SBEEPS=DEEPg-DEEP S
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Chlorophylla fluorescence induction

Fluorescence induction measurements were performsilg a PAM 101-102-103
Chlorophyll a Fluorometer (Walz, Effeltrich, Germany) as in $a@t al [22]. Maximal
efficiency of PSIl centres were determined agFk=(Fn-Fo)/Fn. For excitation energy
allocation experiments, the maximal quantum efficies of the corresponding Ctrl leaves
were used as reference valuew{Fmv). Parameters were determined according to

Hendricksoret al. [23] modified in the application by So#t al [24]:

Fv/Fm Ft Fv/Fm
Dpsi = (1- ; @ — - ) (——);
P ( ') (FVM/FmM) e ( m m) (FVM/FmM)
Fv/Fm Fv/ Fm
P b = (— ; Prnr=1- (——);
o =( m) (FVM/FmM) " (FVM/FmM)

whereXEex=0psi+ Onet Pnpgt O p=1.

Oxidative damages and antioxidative defence

Lipid peroxidation was estimated by measuring thalomdialdehyde (MDA) content
according to Heath and Packer [25]. 100 mg leafpdasnwere homogenized in 1 ml 0.1%
(v/v) trichloroacetic acid and centrifuged at 18&@ for 15 min. Equal volume of 20% (v/v)
trichloroacetic acid and 0.5% (w/v) thiobarbiturateas added to the supernatant and
incubated at 90 °C for 30 min. MDA content was deiaed by measuring the absorption at
532 nm € = 155 mM* cm*) by UV-VIS spectrophotometer (Shimadzu, Japan).

The activity of ascorbate peroxidase (APX, L-asatebHO, oxidoreductase, EC 1.11.1.11)
was measured according to Nakano and Asada [26]midleaf samples were homogenized
in 1 ml isolating buffer (50 mMphosphate buffer [pH 7.0], 1.0 mEDTA, 0.1% (w/v) Triton
X-100, 5 mM ascorbic acid, 2 mM PVP) at 0 °C. Reaction mixtemtained 50 mM

phosphate buffer [pH 7.0], 0.1 mM,&,, 0.5 mM ascorbic acid, 0.1 mM EDTA and 100 pl
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crude enzyme extract. Reaction was started by gddi@®,. Enzyme activity was measured
by following the absorption decrease of ascorb&@98 nm ¢ = 2.8 mM* cm?) at 25 °C by
UV-VIS spectrophotometer (Shimadzu, Japan).

The activity of superoxide dismutase (SOD, EC 1L15. was measured according
Giannopolitis and Ries [27] with some modification$00 mg leaf samples were
homogenized on ice in 1 ml isolating buffer (50 np¥osphate buffer [pH 7.0], 1.0 mM
EDTA, 0.1% (w/v) Triton X-100, 2 mM PVP) and cefiiged at 15,00&g for 15 min, and
the supernatants were collected as crude extractptes were solubilised mildly (5 mM Tris-
HCI, pH 6.8, 0.01% SDS, 10% glycerol and 0.001%wphenol blue). SOD isoforms were
separated by native PAGE using 10-18% gradientlaige gels by Laemmli [28]
containing only 0.01% SDS. Gels were negativelynsth for SOD activity in 50 mM
phosphate buffer [pH 7.8], 0.1 mM EDTA, 13 mM methine, 60uM riboflavin, 2.25 mM
Nitro Blue Tetrazolium. Activity stained gels weseanned using an Epson Perfection V750
PRO gel scanner and evaluated by densitometry ugiagPhoretix software (Phoretix
International, Newcastle upon Tyne, UK).

To extract and separate peroxidases (POD; EC 171the same procedure was done as
described for the SOD isoforms. POD isoforms wéaened by incubating the native gels in
50 mM acetate buffer (pH 4.5), containing 2 mM bdime (dissolved in DMSO). The
reaction was initiated by adding 3 mM®} and allowed to continue for 30 min [29]. Bands
were evaluated by densitometry using the Phorefiixvare as above.

To measure protein content of samples, solubilgedeins (in 5 mM Tris-HCI, pH 6.8%
SDS, 2% dithiothreitol, 10% glycerol and 0.001% rbophenol blue) were run on 10-18%
gradient acrylamide gels containing 0.1% SDS [d8jotein content was calculated by
comparing the density of protein samples to thapwftein standards of known protein

content in Coomassie-stained gels.
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Statistical analysis

Enzymatic activities, pigment and element contemtse measured as 2 replicates pet 3

independent experiments. Fluorescence inductiorsunements were performed on the same
45 plants during the experimental period in 3 inchefent experiments. Unpaired Student’s t-
tests and one-way ANOVAs with Tukey-Kranpost-hoctests were performed on data. The

term ‘significantly different’ means, that the slarity of samples is p<0.05.

Results

Leaf development

Investigations were performed off Baves developed during the treatment period. rite

of leaf growth both in weight and area began tolidean leaves of Cad plants from the
beginning of the treatment. Cad and Cifil6aves reached their maximal size to the §-10
and 10-11 day of treatment, respectively, thus no furthewgh was found (the maximal
size of Cad leaves were 58.1+2.3°%cand 518.6+20.6 mg freshieight and those of Ctrl
leaves were 129.1+6.1 érand 785.7+168.26 mg fresteight, respectively). In Ctrl leaves,
the dry weight growth had a similar run to thatlod fresh weight (reaching 124.0+6.9 mg at
the 11" day). However, in Cad leaves, increase in the degfweight did not stop together
with leaf expansion but continued in the second tnd week of treatment, and increased

from 52.0+1.7 mg (7 day of treatment) to 88.9+1.2 mg {2day of treatment).

Leaf metal content
The concentration of Cd reached 268.0+45.9 Tigly weight (DW) in Cad leaves by th& 7

day and 373.0+43.8 pg'dPW by the 21" days of treatment (Fig. 1A), whereas Ctrl leaves
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contained less than 3 ug Ctt W by the end of the investigated period. Concggrthe
essential transition metals, the Fe concentratibieaves was strongly affected by Cd
treatment (Fig. 1A): it decreased to 45.0+3.3%hef €trl at the 9 day. It did not change
significantly during the further treatment periddhe concentration of Mn in the Cad samples
was hardly affected, i.e. it decreased a little didt not differ significantly from that of the
Ctrl during the experimental period. The concemradf Zn increased under Cd treatment (to

175.3+£17.5% of Ctrl by the end of the third week).

Iron content of chloroplasts

As a result of acute Cd stress, the Fe accumulatiamloroplasts was strongly retarded (to
around 60%) compared to those of the Citrl, the di@ents of Cad and Ctrl leaves were
0.41+0.04 and 0.67+0.04 femtomol (fmol) Fe chloaspt, respectively. Nevertheless, Fe
content of chloroplasts isolated from Cad leavastest to increase from the end of the first
week of treatment (Fig. 1B). It is important to rtien that there was a Fe accumulation in
Ctrl chloroplasts, but the increase in Fe conteas wiore intensive in the Cad chloroplasts.
Thus, by the end of thé"4aveek of treatment, the Fe content in the Cad oblasts reached

around 80% of the Fe content of the Ctrl chloraslé$.23+0.05 fmol Fe chloropladt

Photosynthetic pigment content

In Ctrl leaves, the Chl concentration stagnatedlightly increased from the middle of the
second week of treatment (Fig. 2A) as a resulheirttransformation into shade leaves. At
the same time, the Chl concentration of Cad leavas strongly reduced in the first two
weeks, but an increasing trend was observed intlind week. Nevertheless, their Chli
concentration did not reach the level of not-shaddd leaves (their difference was

significant at the end of the fourth week of treairt).
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Cd treatment also affected the Gitb ratio (Fig. 2B). While the Chdvb ratio increased in
Ctrl leaves in the first week, and some decreasemyd was found from the second week, the
initially increasing trend stopped soon in Cad &sg\vand turned into decrease during the first
and second weeks. However, the relative amounthbh@creased in Cad leaves during the
third-fourth week period resulting in an elevatel @b ratio which did not differ from that
of the fully developed (7 day-old) Ctrl (Fig. 2B).

Concerning the carotenoids, the relative amournt-cérotene showed a decreasing trend in
Ctrl plants under the time of treatment, whereagharease occurred from the third week in
Cad plants (Fig. 2C). Cd treatment had little dffec the relative amount of xanthophylls
during the treatment period (Table 1), lutein amdiZ?\lecreased in both Ctrl and Cad plants,
but the decrease was less pronounced in Cad plsDEEPS, indicating the light-inducible
de-epoxidation of violaxanthin, increased in Caanpd from the second week to the end of
the investigated period (Table 1), thus it becaigeificantly higher than the Ctrl value by the

end of third week.

Photochemical efficiency and excitation energyctmn

During one week Cd treatment, the maximal quantdinciency of PSII reaction centres
(FW/Fm) decreased continuously up to the middle of theoisé week but it turned into an
increase thereafter until it reached the level of glants. The F level was more affected
(from 0.661+0.081 at the™9day to 0.885+0.105 at the 2Hay), the values ofFwas less
variable (from 0.316+0.057 at th&' @ay to 0.220+0.026 at the 2ay). Ctrl plants did not
show significant changes during the experimentaktikh and K, values were stable (F
0.190+0.015 and & 0.920+0,096).

Concerning the excitation energy allocation, namsigant changes were found in Ctrl plants

except the decrease @fpq in the third week of treatment. In Cad plants, thanges in the
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®pg; were similar to that of A=, (Fig. 3A). e changed in opposite compareddgs in
Cad plants, while did not differ significantly fromero in Ctrls (Fig. 3C)®Pnpo Showed an
increasing trend from the second half of the fiveek, and exceeded the level of Ctrl from
the second week (Fig. 3B). The fluorescence andtitative heat dissipationd¢p) rose in
the initial phase of Cd treatment and only showdkiad of decrease during the fourth week

of treatment (Fig. 3D).

Oxidative stress and antioxidative defence

The concentration of MDA strongly increased in @#ahts compared to the Ctrls. It reached
241.0£19.8% of the well-developed Ctrl up to thel ef the second week of treatment (Fig.
4A). However, it decreased in the third and fountkek, the end of which the difference
became not significant.

Cd treatment decreased the APX activity in the eqhase of the stress but the activity
started to increase from the first week. Thus,ARX activity became significantly higher in
Cad leaves compared to the unchanged activity dfl€ives in the third and fourth week
(Fig. 4B).

Cd treatment decreased the activity of SOD in gdr{@iable 2). Nevertheless, it showed two-
week periodical changes in time: there was no Bagmt difference between Ctrl and Cad
plants at the 12 and 29 day of treatment, but, SOD activity was signifitarower in the
remaining experimental time. In native gels, fo@Bisoforms were separated (Fig. 5). The
activities of isoforms 1 1ll, and IV were the masgnsitive to Cd treatment (Fig. 6A—C), while
any significant differences from the Ctrl was netatted in the activity of the isoform Il (not
shown). Periodical changes were found only in ttievidy of the isoform Ill: the trend of
changes was the same in Cad and Citrl leaves, bu thas an about five-day delay of

appearance of activity maxima in Ctrl compared &l aves.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

In contrast to SOD activity, the activity of POD svalevated by Cad treatment in general
(Table 2). The POD activity increased nearly camumsly in Cad leaves during the
experimental time. On native gels, 12 POD isofowese identified (Fig. 5), three of them (I,
Il and VII) were not present in the first two wee&t treatment, and the amount of all
isoforms increased during the hardening periodiftbe second week). Cd treatment affected
the activity of the isoforms differently. Four majgroups can be distinguished. In the first
group (isoforms I, 1l and 1V), the activity did hdiffer significantly in Cad and Ctrl leaves
(not shown). In the second group (isoforms VIII, XlJ and partially V), the activity was
higher in Cad leaves in the first two weeks of tirent, but did not differ significantly from
that of the Ctrl leaves in the last two weeks (Fig). In the third group (isoforms II, VI and
VII), the activity did not differ significantly from the Ctrl in the first two weeks but was
significantly lower in the last two weeks (Fig. 7B) the fourth group (isoforms IX and Xl),
the activity was significantly higher in Cad leawhsing the whole experimental time (Fig.

70).

Discussion
Poplar plants were able to survive long-term expws$ol Cd in the nutrient solution. Since Cd
induces acute damages, the long-term survival regjimducible defence mechanisms against

the direct and indirect effects of Cd.

Metal re-distribution and hardening
Cd is known to cause many of its effects indirecthrough influencing metal distribution
[3,28]. Cd treatment strongly reduced the concéntreof Fe, slightly decreased that of the

Mn, but increased the amount of Zn in leaves ofigro®ince severe Mn deficiency produces
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similar effects to Cd [30], it can contribute teeticd caused inhibition of photosynthesis,
particularly the PSII activity. In turn, increasgd content of Cad leaves may be connected to
the Cd induced transcription of root Zn transpofi#t9 [31].

From the point of view of both damage and hardemlrgmost important is, indeed, the Cd
induced Fe deficiency in leaves [3,4] and also e thloroplasts [18]. In fact, the
translocation of Fe from roots to the shoots wagligile here, during the whole
experimental period. It may be connected with # that Cd is known to down-regulate the
expression of the root xylem parenchyma citratesparter FRD3, which plays a key role in
the citrate efflux in the xylem and thus in thetrtmshoot Fe translocation [32]. Since the Fe
translocation did not restore under the longer t@unstress, the later recovery in some Fe-
requiring physiological parameters indicates, imljethe re-distribution of Fe in the
mesophyll cells that also involves the allocatioh Fe into the chloroplasts. The Fe
acquisition of chloroplasts can also be monitorgdhe slow increase in the Chl content [33],

and the recovery of photochemical activity.

Changes in the excitation energy allocation duhagdening

Acute Cd stress inhibited Chl accumulation, de@dashla/b ratio due to its effects on the
developmental stability and activity of reactiomtres but did not significantly changed the
carotenoid/Chl ratio. Together with the developraédisturbances in thylakoids, the¢/fR,,

I.e. the maximal quantum efficiency of PSII centi@so dropped down due to the alterations
in both iy and K, Since Cd inhibits the electron transport in P®&Hation centres [7] the
excitation energy transfer to molecular oxygen tamease leading to damages in the D1
protein. The increase ab;p together with the elevated level of Fdicated the loosing
connection between the PSII reaction centres aadatitennae [34]. Nevertheless, Was

more affected in this period indicating an inhilatibased non-photochemical quenching of
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the reaction centres [23]. The strongly increabgdtogether with the decreaseg &nddpg),
means that the quenching of the inactive reactemires become one of the most important
excitation energy quenching mechanisms in the apated of Cd stress. The diminished
function of PSII, the decreased synthesis of PSitres together with the developing
oxidative stress shown by the increasing MDA-conigng. 4A) can be a self-enhancing
driving force in the formation of quenching centres

In the hardening period, the opposite trend of ei@se in PSII inactivation and increase in
PSIl quantum efficiencies indicates the recoverypbbtosynthetic activity. Whereas the
concentration of Fe did not grow significantly ihetleaves, the chloroplast-directed re-
distribution of Fe may have had special importaimc¢he hardening. Any increase in the
chloroplast Fe content results in an increase hgty Fe-dependent processes such as
biosynthesis of Chls and formation of Fe-containi®f§l complexes [22]. In addition to the
increase inPpg), the observed increase in thearotene/Chl and Cl/b ratios indicates, in
fact, ade novoaccumulation of reaction centres. The elevatecceatnation of zeaxanthin
under light conditions contributed to the increa@®\pq Nevertheless, it has to be noticed
that theApH-dependent quenching was low during the wholeegrpent even in Ctrl samples

because of the applied low light intensity (Cd teelgplants are light sensitive, see: [35]).

Antioxidative defence

Cd was shown to accumulate in the cytoplasm arttiérncell walls ofPopulusx canescens
leaves [36]. Since Cd cannot take part in Fent@ctiens, it generates an oxidative burst
indirectly, by interacting with the signalling pathy of calmodulin/C&-dependent protein
kinases [37]. Peroxidases are also important inestging BO,, especially in the cell wall. In
fact, the relatively fast induction of some per@asd isoforms in the high mobility region

upon the start of Cd stress indicates that they b®ayn the first line of protection against
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ROS. Marmiroliet al [38] showed that Peroxidase 5 is among the firsteins that are
induced by Cd treatment iRopulus spp. Since all class Ill peroxidases contain hem
prosthetic group, the limited availability of Fe ynlaave also contributed to the alterations in
their activity. Acidic peroxidases, which have jprtole in lignin synthesis [16] did not show
inactivation. Moreover, the high mobility, and patielly acidic isoforms showed increased
activity under Cd stress. In fact, they may alseeha role in increase of leaf dry weight and
also in the accumulation of phenolic compounds3s},

During long-term Cd treatment, poplar plants coolgtrcome on oxidative damages. Thus,
following the acute phase of the Cd stress, lipidogidation decreased, while the trend of
decrease in the MDA content was similar to tha®gf indicating the involvement of ROS
both in development of membrane damages and iniR&iivation. According to Giacomelli
et al [39], APX and SOD isoforms have importance taneglate ROS in chloroplasts. The
rise in the activity of APX was observed in paraltethe increase abpg; and to the decline
of ®nr. The separated SOD isoforms can be identified: a4niSOD, 1I: Cu/ZnSOD, IIl:
FeSOD and IV: Cu/ZnSOD [40,41]. Since, in contrastthe MnSOD, that is present in
peroxisomes, mitochondria and cell wall [42], tloéivaty of chloroplast Cu/ZnSOD isoforms
(I and 1V) did not increase during the experimehgir role in Cd stress alleviation may be
less important in poplar. Periodic changes in tbevidy of the isoform lll, identified as
FeSOD, might be a result of re-distribution of aullular Fe content. FeSOD is only present
in the chloroplasts [42] thus any changes in itsviig are strongly connected to the Fe
content of chloroplasts. In Cad leaves, maximuniviégtof FeSOD appeared when APX
activity reached the level of Ctrl leaves abgk started to decline, indicating that the FeSOD
isoform has an importance in hardening. Thus, elaton of ROSvia water-water cycle in

chloroplasts [13] could have induced a self-enhdrecess: the decreased amount of ROS
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allowed an elevated ratio of non-inhibited PSllatean centres and increasing photosynthetic

activity probably facilitated the production of teging capacity for ROS elimination.

Conclusion

In poplar, the long-term Cd treatment induces hardg that lead to an alleviation of the
acute damages evidenced by the decrease in leaf &tD#ent and recovery of PSII activity.
Activation of antioxidative enzymes, especially P@Bd APX seems to play a role in the
elimination of ROS. The re-distribution of leaf Eentent and the allocation of Fe to the
chloroplasts in particular, promote the recoverypbbtosynthetic structures and activity,

which, in fact, also contributes to the reductagfuirement of the antioxidative defence.
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Table 1: Xanthophyll contents (mmol moChl a+b) of Ctrl and Cad leaves in the acut& (7
day — 7d) and in the hardening phase’(8ay — 21d) of the streseDEEPS — light minus
dark de-epoxidation index, i.e. light-induced deradation. One-way ANOVAs with Tukey-

Kramerpost-hodests were performed on data (p<0.05).

Ctrl Cad
7d 142.382.6 159.321.5

lutein 21d  111.846.6% 139.640.2*
VAZ 7d 328405 41.9403
21d 27445  31.65.4

3
\DEEps  7d  0.2838044 0,350,050

21d  0.1836.106 0.7444.159



Table 2. SOD and POD activities in Ctrl and Cadiésa Values are given in percentage of

the activity of full-grown Ctrl leaves (SOD: 65664594.03 pixel density jigprotein; POD:

39837+9337 pixel density [fgprotein). One-way ANOVAs with Tukey-Krameost-hoc

tests were performed on data (p<0.05).

SOD

POD

Ctrl Cad
7d 94.648.8 36.325.C°
14d  121.644.9° 98.548.2°
21d  96.447.6 64.814. 7"
29d  126.921.8° 111.4®.1°

Ctrl Cad
110.684.8 58.722.F
89.4414.8 258.5469.7
477.2409.9 365.2456.7
307.079.60 593.587.C°
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Figure 1. (A) Cd, Fe, Mn and Zn content (stripddck, grey and open columns, respectively)
in Ctrl and Cad leaves in the acute phastday), inflexion point (18 day) and hardening
phase (20 day) of the Cd stress. (B) Fe content of the (ithtd marks) and Cad chloroplast
(open marks) in the acute and hardening phase dafti€@ds. Cad values are expressed in the
percentage of the corresponding Ctrl (0.67+0.047£0.02; 1.13+0.04 and 1.23+0.05 fmol

Fe chloroplast at the ¥, 13", 21 and 27" day of treatment, respectively).
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Figure 2. Changes in the Cdatb content (per leaf area) (A), Calb ratio (B), ands-carotene
content (per Chh+b content; C) in Ctrl (filled marks) and the Cad €éopmarks) leaves

during the time of treatment. Error bars repreSitalues, n=8.
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Figure 3. Differences in the excitation energy @don in Ctrl (filed marks) and the Cad
(open marks) leaves during the time of treatmeh,photochemical quenchingbgs)); (B)
energization-dependent non-photochemical quencfingg); (C) non-radiative dissipation
related to the inactivation of PSII reaction cest@yr) and (D) fluorescence and constant

heat dissipation of the photosynthetic apparatys)( Error bars represent SD values, n=5.
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Figure 4. Changes in the malondialdehyde (MDA) enht(A) and ascorbate peroxidase
(APX) activity (B) in the Ctrl (filled marks) and&d (open marks) leaves during the time of
treatment. Average values of the Ctrls were: 82262 hM MDA g* fresh weight and 9.0+4.1

pmol ascorbate |igprotein mirt, respectively. Error bars represent SD values, n=8
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Figure 5. Superoxide dismutase (A; SOD) and pessad(B; POD) isoforms separated on

native gels in the Ctrl and Cad leaves. Numbergatd the separated isoforms for both SOD

and POD enzymes.
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Figure 6. Changes in the activity of selected S€&darms representing three different types
of changes under long-term Cd treatment; (A) astiuncrease under the treatment; (B)
periodic changes in the activity; and (C) reducetivily compared to the corresponding
Ctrls. Values of the normalizations were: (A) 301* pixel density pg protein; (B)
136.2+15.4 pixel density |Tgprotein; (C) 569.9+212.9 pixel density figrotein. Error bars

represent SD values, n=8.



250 +

200 -

150 +

POD X. activity
(% of control)

100 +

50 -

200 -

150 +

100 +

POD VII. activity
(% of control)

50 -

300 -

200 -

100 +

POD XI. activity
(% of control)

0 5 10 15 20 25 30
time of treatment (days)

Figure 7. Changes in the activity of selected P&&arms representing three different types
of changes under long-term Cd treatment; (A) ativicrease in both Ctrl and Cad leaves;
(B) activity decrease and (C) activity increase emdCd treatment. Values of the
normalizations were: (A) 1168.1+238.0 pixel density" protein; (B) 4582.0+1634.3 pixel
density ug protein; (C) 11228.5+3779.3 pixel density Jugrotein. Error bars represent SD

values, n=8.



