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Abstract Rice (Oryza sativa L.) seedlings were treated with
different concentrations of copper (Cu) either in presence or
absence of zinc (Zn), and different events were investigated
to evaluate the ameliorative effect of Zn on Cu stress. In
presence of high Cu concentration, growth of both root and
shoots were considerably reduced. Decline in elongation and
fresh mass was observed in root and shoot. Zn alone did not
show any considerable difference as compared to control,
but when supplemented along with high concentration Cu, it
prompted the growth of both root and shoot. After 7 days,
root growth was 9.36 and 9.59 cm, respectively, at 200 and
500 uM of Cu alone as compared to 10.59 and 12.26 cm at
similar Cu concentrations, respectively, in presence of Zn.
Cu accumulation was considerably high after 7 days of
treatment. In absence of Zn, significant accumulation of Cu
was observed. Zn supplementation ameliorated the toxic
impact of Cu and minimized its accumulation. Cu treatment
for 1 and 7 days resulted in a dose-dependent increase in
hydrogen peroxide (H,O,). When Cu was added in presence
of Zn, the H,O, production in root and shoot was reduced
significantly. The increase in H,O, production under Cu stress
was accompanied by augmentation of lipid peroxidation. In
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absence of Zn, Cu alone enhanced the malondialdehyde
(MDA) production in both root and shoot after 1 and 7 days
of treatment. The MDA content drastically reduced in root and
shoot as when Zn was added during Cu treatment. The activ-
ities of antioxidant enzymes like superoxide dismutase
(SOD), catalase (CAT), and guaiacol peroxidase (GPX) were
elevated under Cu stress both in root and shoot. Addition of
Zn further stimulated the activities of these enzymes. Both
ascorbate (AsA) and glutathione (GSH) contents were high
under Cu stress either in presence or absence of Zn. The
results suggests that Zn supplementation improves plant sur-
vival capacity under high Cu stress by modulating oxidative
stress through stimulation of antioxidant mechanisms and re-
stricts the accumulation of toxic concentrations of Cu.

Keywords Antioxidants - Copper - Oxidative stress - Rice -
Zinc

Introduction

Copper (Cu) is a transition metal and an important micronu-
trient required by the plants for vital metabolic process.
Regardless of the fact that Cu has a significant role in cellular
metabolism and growth in plants, its presence beyond this
requirement imposes severe threat to plants (Mazhoudi et al.
1997; Teisseir et al. 1998). Toxic concentrations of Cu di-
rectly affect root plasma membrane and hinder important
physiological processes in plants (Quartacci et al. 2001;
Irtelli et al. 2009). Photosynthetic reactions involving pho-
tosystem II (PSII) are the main target of Cu toxicity (Kiipper
et al. 2009). Cu toxicity in plants is also associated with
production of reactive oxygen species (ROS), leading to
oxidative stress in plants (Panda et al. 2006; Brewer 2010;
Andre et al. 2010; Choudhury et al. 2013). Cu intensifies the
production of ROS entities like superoxide radical (O,™) and
hydrogen peroxide (H,O,) in plants, which is considered as
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the main cause of membrane lipid peroxidation and ion
leakage from cells along with oxidative damage to proteins
and nucleic acids (Cuypers et al. 2000; Demirevska-Kepova
et al. 2004; Panda 2007, 2008; Upadhyay and Panda 2009;
Thounaojam et al. 2012). Like Cu, zinc (Zn) is also an
important micronutrient that is required by plants for growth
and metabolism. It plays an important function in several
metabolic processes. Zn activates enzymes that are actively
involved in protein synthesis, carbohydrate, lipid, and
nucleic acid metabolism (Bonnet et al. 2000). Presence of
Zn in plants above threshold concentration induced oxidative
damage, lipid peroxidation, and degradation of antioxidant
enzymes (Luna et al. 1994; Kampfenkel et al. 1995; Bonnet
et al. 2000; Panda and Choudhury 2005). Studies have
shown that regulations of gene expression under various
environmental stresses are dependent on Zn (Cakmak 2000).

The increased production of ROS in plants under heavy
metal stress is a frequent phenomenon that can disrupt normal
metabolism through oxidative damage to cells (Choudhury
et al. 2013). Cu is a redox active metal, which presence in
excess induces oxidative damage in plants (Kampfenkel et al.
1995; Bonnet et al. 2000). Plants have developed antioxidant
defense mechanisms to eradicate the deleterious effects of
ROS. These include array of antioxidant enzymes like catalase
(CAT 1.11.1.6), superoxide dismutase (SOD 1.15.1.1), ascor-
bate peroxidase (APX 1.11.1.11), etc. along with other me-
tabolites like ascorbate (AA), glutathione (GSH), o-
tocopherol, etc. (Choudhury et al. 2013). Antioxidants act in
a coordinated manner to detoxify the ROS and reduce the
oxidative stress load in plants (Choudhury et al. 2013). SOD
helps to convert O, to H,O,, at the same time as APX, CAT,
and GPX detoxifies H,O, (Apel and Hirt 2004). AA acts as a
substrate for APX for reduction of H,O, to H,O, while GPX
uses GSH as a reducing agent (Gapper and Dolan 2006;
Suzuki et al. 2012; Choudhury et al. 2013). The normal redox
state under abiotic stress is primarily regulated by the antiox-
idant network and any imbalance in cellular redox homeosta-
sis leads to oxidative stress.

Cu and Zn interact in diverse ways in plants. Zinc plays a
key role in abiotic stress resistance in plants. It was reported
that Zn supplementation can reduce Cu absorption, thereby
reducing the toxic impact of Cu and enhancing uptake of Zn
itself (Kausar et al. 1976; Hafeez et al. 2013). Studies have
also shown that Zn has a key role in maintaining cell mem-
brane integrity and restraining the free radical-induced cel-
lular damage in root cells (Cakmak 2000). Reports also
suggests that Zn can ameliorate cadmium (Cd)-induced ox-
idative stress in plants (Hassan et al. 2005; Zhao et al. 2011).
Thus, the aim of this study was to investigate the ameliora-
tive effect of Zn on Cu-induced oxidative stress in develop-
ing rice seedlings. This was studied by observing changes in
growth pattern, Cu accumulation, ROS production, oxida-
tive damage, and antioxidant metabolism in root and shoot
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after 1 and 7 days of Cu treatment. The objective was
focused to understand the effect of Zn supplementation on
oxidative stress responses and probable regulation of antiox-
idant defense system in rice under Cu stress.

Materials and methods
Plant growth and treatments

Viable seeds of rice (Oryza sativa L. cv MSE-9) were pro-
cured from the Regional Agricultural Research Station,
Akbarpur, Karimganj, India. The seeds were surface steril-
ized with 0.01 % mercuric chloride (HgCl,) and set for
germination at 30 °C in dark. Uniformly germinated seeds
were selected and transferred to plastic pots containing
Hoagland nutrient solution. Plants were grown for a period
of 5 days in a growth camber under white light with photon
flux density of 52 pmol s ' % (PAR) with 16-h photoperiod.
On 5 days, plants were treated with different concentrations
of Cu (0, 200, and 500 uM) and Zn supplementation was
added at 50 uM concentration either alone or in combination
with Cu. Cu and Zn were given in the form of CuCl, and
ZnCl,, respectively. After 1 and 7 days of treatment, root and
shoot were excised out for analysis.

Growth analysis and Cu uptake

Growth was measured in terms of elongation (centimeters)
and fresh mass (grams) of root and shoot after 1 and 7 days of
treatment. For determination of Cu content, the root and shoot
were oven dried at 80 °C for 72 h. Dried plant material (0.1 g)
was acid digested with 5 ml of nitric acid (HNOs) at 120 °C
until complete digestion was achieved. The final volume was
adjusted to 20 ml with deionized water and filter. The total Cu
content was measured using an atomic absorption spectrom-
eter (AAnalyst 200, PerkinElmer, USA).

Estimation of H,O,

The total H,O, content was measured as per the method of
Sagisaka (1979). Briefly, 0.2 g of plant tissue was homoge-
nized with 5 % (w/v) trichloroacetic acid (TCA) and the
homogenate was centrifuged at 12,500 rpm for 10 min. The
reaction mixture contained 1.6 ml of supernatant tissue ex-
tract, 0.4 ml of TCA (50 %), 0.4 ml of ferrous ammonium
sulfate, and 0.2 ml of potassium thiocyanate (KSCN). The
absorbance was recorded at 480 nm.

Lipid peroxidation assay

The rate of lipid peroxidation was measured in terms of
malondialdehyde (MDA) content determined by thiobarbituric
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acid (TBA) reaction (Heath and Packer 1968). Plant tissue
(0.2 g) was homogenized with 2 ml 1 % (w/v) TCA and
centrifuged at 12,000 rpm at 4 °C for 20 min. To 1 ml of the
supernatant, 1 ml of 20 % TCA containing 0.5 % TBA and 1 ul
of butylated hydroxyltoluene (BHT, a 4 % solution in ethanol)
were added. The mixture was heated at 95 °C for 30 min and
centrifuged at 10,000 rpm for 15 min. The absorbance was
recorded at 532 nm and corrected by measurement at 600 nm.

Antioxidant enzymes

For extraction of antioxidant enzymes, viz. superoxide
dismutase (SOD), catalase (CAT), and guaiacol peroxidase
(GPX), 0.5 g of plant tissue was homogenized in 0.1 M of
sodium phosphate (Na-PO,) buffer (pH 6.8) in a prechilled
mortar and pestle. The homogenate was centrifuged at
16,000 rpm for 15 min at 4 °C to collect supernatant for
estimation of SOD, CAT, and GPX. The SOD (EC. 1.15.1.1)
activity was measured as per the method of Giannopolitis
and Ries (1977). The assay mixture was comprised of
79.2 mM of tris—HCI buffer (pH 6.8) containing 0.12 mM
of EDTA and 10.8 mM of tetracthylenediamine to which
0.0033 % bovine serum albumin (BSA), 6 mM of nitro blue
tetrazolium (NBT) salt, 600 mM of riboflavin in 5 mM KOH,
and 0.2 ml of supernatant extract were added. The reaction
was initiated by placing the glass tubes between two fluo-
rescent lamps (Philips 20 W, India). By switching the light
on and off, the reaction was started and terminated, respec-
tively. The increase in absorbance due to formazan formation
was recorded at 560 nm. The GPX (EC 1.11.1.7) activity was
assessed according to the method of Chance and Maehly
(1955). The reaction mixture for GPX contained 2.1 ml
(0.1 M) of phosphate buffer, 0.3 ml of 1 % (v/v) guaiacol,
0.3 ml of 1 % H,O,, and 0.3 ml of supernatant enzyme
extract. The reaction mixture was incubated for 5 min at
room temperature and absorbance was recorded at 470 nm
(extinction coefficient, £=26.6). The CAT (EC 1.11.1.6)
activity was estimated as per the method of Chance and
Maehly (1955). The reaction mixture contained 2 ml
(0.1 M) of phosphate buffer (pH 6.8), 0.5 ml of 30-mM
H,0,, and 0.5 ml of enzyme extract. The mixture was
incubated for 1 min. The absorbance was recorded at
240 nm (extinction coefficient, €=43.6). The activities of
all the antioxidant enzymes were expressed as units per
minute per gram from weight.

Estimation of AA and GSH contents

Tissue sample (0.2 g) was homogenized in 5 % (W/v)
sulfosalicylic acid and centrifuged at 17,000 rpm for
15 min. For estimation of AA, the reaction mixture contained
2 % (w/v) sodium molubdate, 0.1 N of H,SO,, 1.5 N of
Na,POy4, and supernatant plant extract. The mixture was

incubated at 60 °C for 40 min followed by centrifugation at
3,000 rpm for 10 min. The absorbance was recorded at
660 nm (Oser and Hawks 1985). For estimation of GSH,
the assay mixture contained tissue extract neutralized with
0.5 ml of 0.5 M potassium phosphate buffer (pH 7.5) with
EDTA, 0.2 ml of 6 mM 5,5'-dithiobis nitrobenzoic acid
(DTNB), 0.1 ml of 2 mM NADPH, and 1 U yeast GR type
III. The absorbance was recorded at 412 nm (Grifith 1980).

Statistical analysis

All the experiments were repeated three times and the data
represents +standard error (SE). The results were subjected
to ANOVA and LSD test was used to compare significant
differences between pairs of treatment either using Microsoft
Excel 2010 or SPSS 12.1.

Results

Rice seedlings treated with Cu in presence or absence of Zn
for 1 day showed no significant changes in root and shoot
elongation as compared to control (Fig. 1a—b and Fig. 2a-b).
Cu alone did not have an effect on root elongation after 1 day
of treatment, but considerably reduced the root growth after
7 days. Zn alone did not exert any major difference as
compared to control, but when supplemented along with
Cu prompted better root and shoot growth after 1 and 7 days.
The root length was increased by 20 and 28 % in plants
treated with 200 and 500 uM Cu in presence of 50 UM Zn as
compared to those under Cu alone. In shoots, 13 and 8 %
increases were observed after 7 days for Cu-treated plants in
presence of Zn (Fig. la—b; Fig. 2a-b). The decline in fresh
mass was recuperated by 50 uM Zn as compared to control
and Cu alone (Fig. 2c—d). Dose- and time-dependent accu-
mulation of Cu was observed in root and shoot in Cu-treated
plants in absence of Zn, while Cu uptake was considerably
minimized under the influence of Zn. About 25 and 30 %
reduction in Cu uptake were observed in plants at 200 and
500 uM Cu in presence of Zn (Fig. le—f).

The changes in H,O, production in rice seedlings after 1
and 7 days of treatment is shown in Fig. 3a—b). Cu stress to
rice seedlings in presence or absence of Zn did not affect the
H,O, production in roots (Fig. 3b). As compared to control,
the increase in H,O, production was significant but did not
show any change within the treated plants. In presence of Zn
H,0,, production was controlled in roots after 1 day of Cu
treatment but increased significantly after 7 days. In roots,
H,0, content was reduced by 30 and 18 % after Cu treat-
ments of 200 and 500 uM in presence of Zn after 7 days
(Fig. 3b) in comparison to those under Cu alone. In case of
shoot, the reduction in H,O, levels were 17 and 10 %,
respectively, after 200 and 500 uM of Cu in presence of
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Fig. 1 Effect of Cu stress and
ameliorative consequence of Zn
supplementation of root and
shoot growth of rice (O. sativa
L.) seedlings after 1 day (a) and
7 days (b) of treatment

Fig. 2 Changes in elongation
(a—b), fresh mass (¢—d), and Cu
uptake (e—f) in root and shoot,
respectively, under Cu treatment
in presence or absence of 50 uM
of Zn. All data show mean + SE
of five replicates of three
independent experiments.
Significance levels were
calculated in comparison to
control and among the treatment
groups. a represents p<0.05 as
compared to control; b
represents p<0.001 as compared
to Zn alone and *, **, and ***
represent significance levels at
p<0.05, p<0.01, and p<0.001,
respectively, among the Cu-
treated plants in presence and
absence of Zn
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Fig. 3 H,O, production in leaf (a) and root (b) of rice plants subjected
to 200 and 500 uM of Cu or Zn alone or in combination. All the data
show mean + SE of five replicates of three independent experiments.
Significance levels were calculated in comparison to control or among
the treatments. a represents significance level at p<0.05 as compared to
control; b represents significance level at p<0.001 among the treat-
ments as compared to Zn alone and ** and *** represent significance
levels at p<0.01 and p<0.001, respectively, among the Cu-treated
plants in presence and absence of Zn

Zn. This reduction was statistically significant after 7 days of
treatment as compared to those under Cu treatment alone. Cu
treatment for a period of 1 and 7 days initiated the process of
lipid peroxidation in root and shoot of rice seedlings
(Fig. 4a-b). The increase in malondialdehyde (MDA) con-
tent increased under Cu treatment as compared to control in
both shoot and root after 1 and 7 days of treatment (p<0.05).
Cu treatment in presence of Zn considerably reduced the
MDA content in both root and shoot, with more prominent
effect noticed after 7 days in roots (Fig. 4b). The increase
was distinctly dose and time dependent; however, Zn, when
applied along with Cu, showed its ameliorative effect in
declining and, to an extent, normalizing the MDA levels in
both root and shoot.

The changes in ASA content in shoot and root rice seed-
lings under Cu treatment in presence or absence of Zn is
shown in Fig. Sa-b. In shoots, the ASA content increased
considerably after Cu treatment for 1 and 7 days (Fig. 5a). Zn
supplementation also increased the ASA content in shoots
but was not significantly different as compared to those
under Cu treatment alone. In roots, Cu alone did not alter
the ASA content as compared to control; major increase was
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Fig. 4 Changes in MDA content in root (a) and shoot (b) of rice
seedlings after Cu treatment in presence or absence of 50 uM Cu.
Significance levels were calculated in comparison to control or among
the treatments. a represents significance level at p<0.05 as compared to
control; b represents significance level at p<0.001 among the treat-
ments as compared to Zn alone and ** represents significance level at
2<0.01 among the Cu-treated plants in presence and absence of Zn

Control 50uM Zn

recorded after 1 and 7 days in presence of Zn. The GSH
content in shoot increased after 7 days of treatment (Fig. 5c).
This increase was not important as compared to control. When
Cu treatment was given in presence of Zn, the GSH level
declined after 7 days. After 1 day of treatment, difference was
observed in shoots treated with 200 1M of Cu in presence of Zn
as compared to Cu alone. At 500 uM, the difference in GSH
level was not significant. In roots, GSH was not affected by Cu
at 200 uM, though it increased at 500 uM (Fig. 5d). Zn
supplementation along with 200 and 500 uM Cu showed a
minor increase after 1 day of treatment. On 7 days, Zn supple-
mentation increased the GSH content at 200 uM of Cu only.
The activities of antioxidant enzymes, viz. SOD, CAT, and
GPX, inrice seedlings under Cu stress in presence or absence of
Zn are shown in Fig. 6a—f. All these enzymes showed increase
in activity after 1 and 7 days of treatment. The SOD was high in
both root and shoot after 1 and 7 days (Fig. 6a—b). The activity
pattern of SOD remained uniform and increase was dependent
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on dose and duration of treatment. As compared to control, Cu
alone resulted in increase in SOD, which further increased after
Zn supplementation. When the SOD activity was measured in
roots and compared among the treatment groups, it was clearly
observed that Zn supplementation improved the SOD activity
considerably. CAT also showed progressive increase in its
activity after 1 and 7 days (Fig. 6¢—d). In shoot, Cu alone has
no significant change in CAT activity after 1 and 7 days
(Fig. 6¢). When Cu treatment was given in presence of Zn,
enhancement in CAT activity was observed. In roots, CAT
activity increased in a dose-dependent manner initially after
1 day under Cu treatment alone (Fig. 5d). The GPX activity
in roots increased considerably after Cu treatment along with
50 uM of Zn, where 82 and 59 % increases were recorded at
200 and 500 uM Cu+50 uM Zn as compared to Cu alone. In
shoots, a uniform increase in GPX activity was observed after
7 days of treatment. These results collectively suggest that Zn
exerts ameliorative impact in plants by reducing Cu-induced
oxidative damage. Presence of Zn may modulate the ROS
metabolism by regulating the antioxidant defense system.
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Discussion

Cu is an essential micronutrient for plants and acts as cofac-
tor for large number of proteins concerned with vital phys-
iological processes (Andre et al. 2010; Choudhary et al.
2012). In the past few decades, Cu has turned up to be an
important environmental pollutant that severely affects plant
growth and agricultural productivity. The importance of Cu
in plant growth and development is well recognized; how-
ever, excess of Cu can lead to phytotoxic symptoms and
oxidative stress. In this study, we investigate the impact of
excess Cu in inducing oxidative damage vis-a-vis the ame-
liorative effect of Zn in regulating Cu stress in developing
rice seedlings. Inhibition of plant growth accompanied by
high accumulation of Cu indicated a high and toxic impact of
Cu. Supplementation of 50 uM Zn ameliorated the toxic
effects of Cu. Zn is an important component of several
enzymes and acts as a stabilizer/protector of proteins
(Arvind and Prasad 2005). Growth inhibition and biomass
reduction is a common indicator of heavy metal toxicity in
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plants (Woolhouse 1985). In hydrophonic cultures, Zn sup-
plementation supported adequate plant growth under Cu
stress. High concentration of Cu at 200 and 500 uM exerted
its significant effect; however, upon addition of Zn, the
growth rate enhanced. Accumulation pattern of Cu was also
affected under the influence of Zn. It was observed that Cu
uptake was considerably reduced and the same pattern was
observed in shoots. This indicated that Zn interferes with Cu
uptake and limits high accumulation of the metal, which
seems to be vital for diminishing oxidative stress induced

by it. The decline in Cu uptake and absorption was reported
earlier in plants under the influence of Zn (Kausar et al.
1976; Hafeez et al. 2013). Low uptake of Cu in presence of
Zn can be fundamental to increase photosynthetic efficiency
and low ROS production in rice seedlings.

The increase in H,O, content in root and shoot clearly
indicated Cu-induced ROS production. Elevated production
of H,O, under Cu stress was previously reported in Lemna
minor, Polytrichum commune, and O. sativa (Panda and
Choudhury 2005; Panda 2007, 2008). Cu being a redox-
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active metal facilitates the production of ROS and this increase
imposes severe threat to plants. Zn supplementation along with
Cu resulted in a significant reduction in H,O, content. This
might be possible due to interference of Zn during Cu absorp-
tion that hinder H,O, production via reduction of O, or
through stimulation of antioxidant defense system to scavenge
ROS (Arvind and Prasad 2005; Upadhyay and Panda 2009).

Lipid peroxidation is considered as an index of oxidative
damage under abiotic stress (Matewally et al. 2005). Cu
treatment prompted lipid peroxidation suggesting oxidative
damage in both root and shoot. High rate of lipid peroxidation
in Cu-treated plants could be due to high ROS production,
which attacks membrane lipid leading to ion leakage and
membrane deterioration. The effect was completely dose de-
pendently. The increase in MDA content directly correlated
with high ROS production and growth inhibition, indicating
that Cu-induced ROS production is the primary cause of lipid
peroxidation. Addition of 50 uM Zn reduced the Cu-induced
oxidative damage, where rate of lipid peroxidation was also
reduced significantly. The ameliorative impact of Zn was
further substantiated by changes in the pattern of antioxidants.
It was observed that Cu alone resulted in a significant incre-
ment of SOD, CAT, and GPX after 1 and 7 days. This
indicated that upon Cu exposure, the ROS accumulation was
high and these enzymes played a vital role in ROS detoxifi-
cation. Cu-induced changes in antioxidant activity were pre-
viously reported in plants (Panda and Choudhury 2005;
Matewally et al. 2005; Panda 2008; Singh et al. 2012). SOD
catalyzes the reduction of O, to H,O,, which is further
scavenged by CAT or GPX (Choudhury et al. 2013). These
results indicate that high SOD activity is due to detoxification
of O,", which further accumulated high concentrations of
H,0, in both root and shoot. Both CAT and GPX acted in a
coordinated manner to detoxify H,O,. Zn supplementation
increased the antioxidant efficiency of rice seedlings under
Cu stress. The results are found to be in agreement with those
reported in aquatic plants under Zn supplementation (Arvind
and Prasad 2005; Upadhyay and Panda 2009).

AA and GSH have a significant role in plants for ROS
detoxification (Choudhury et al. 2013). Cu exposure for 1
and 7 days showed key changes. In roots, the AA content
declined at 500 uM of Cu alone, though not much change
could be observed for other concentrations. A similar trend
was observed in the case of GSH. Supplementation of Zn
improved both AA and GSH levels after 1 and 7 days of
treatment. It might be assumed that though antioxidant en-
zymes are active in ROS detoxification, these nonenzymic
antioxidants simultaneously helped in reducing the oxidative
load. In all cases, Zn, when added in absence of Cu, did not
exert any toxic symptoms. The alleviation of Cu stress upon
Zn supplementation indicated that Zn played an important
role by modulating the uptake of Cu and antioxidant defense
system to reduce the oxidative damage.
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In this study, the ameliorative impact of Zn on Cu-induced
oxidative stress was clearly observed. The change in H,O,
levels and MDA content in both root and shoot evidently
indicate that Zn can amend Cu toxicity. It limits Cu accumu-
lation and also supported growth under toxic concentrations
of Cu. Moreover, the antioxidant response under Cu stress
also revealed that addition of Zn resulted in the increase in
antioxidant efficiency under Cu stress. Thus, these events are
indicative of a direct ameliorative effect of Zn on Cu-induced
oxidative stress in developing rice seedlings.
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