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Abstract Seedlings of rice (Oryza sativa L.) cv. Pant-12

grown in sand cultures containing 200 and 400 lM NiSO4,

showed a decrease in length and fresh weight of roots and

shoots. Nickel was readily taken up by rice seedlings and

the concentration was higher in roots than shoots. Nickel-

treated seedlings showed increased rates of superoxide

anion (O2
•2) production, elevated levels of H2O2 and

thiobarbituric acid reactive substances (TBARS) demon-

strating enhanced lipid peroxidation, and a decline in

protein thiol levels indicative of increased protein oxida-

tion compared to controls. With progressively higher Ni

concentrations, non-protein thiol and ascorbate (AsA)

increased, whereas the level of low-molecular-weight thi-

ols (such as glutathione and hydroxyl-methyl glutathione),

the ratio of these thiols to their corresponding disulphides,

and the ratio of AsA to dehydroascorbic acid declined in

the seedlings. Among the antioxidant enzymes studied, the

activities of all isoforms of superoxide dismutase (Cu-Zn

SOD, Mn SOD and Fe SOD), guaiacol peroxidases (GPX)

and ascorbate peroxidase (APX) increased in Ni-treated

seedlings, while no clear alteration in catalase activity was

evident. Activity of the ascorbate-glutathione cycle

enzymes monodehydroascorbate reductase (MDHAR),

dehydroascorbate reductase (DHAR) and glutathione

reductase (GR)—significantly increased in Ni-treated

seedlings. However such increase was apparently insuffi-

cient to maintain the intracellular redox balance. Results

suggest that Ni induces oxidative stress in rice plants,

resulting in enhanced lipid peroxidation and decline in

protein thiol levels, and that (hydroxyl-methyl) glutathione

and AsA in conjunction with Cu-Zn SOD, GPX and APX

are involved in stress response.
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Introduction

Nickel is regarded as an essential micronutrient for plants

(Marschner 1995). It is a constituent of the enzyme urease

and in small quantities (0.01–5 lg g-1 dry wt.) is essential

for many plant species to complete their life cycle (Seregin

and Kozhevnikova 2006). However, when present at high

concentrations in the soil environment, Ni becomes phy-

totoxic (Parida et al. 2003; Gajewska and Sklodowska

2005). Serpentine soils naturally contain high levels of

heavy metals including Ni (Reeves et al. 1999). Soils con-

taminated by industrial waste and mine waste also fre-

quently contain toxic concentrations of heavy metals. The

most common heavy metal contaminants in polluted envi-

ronments are Cd2?, Pb2?, Hg2?, Cu2?, Zn2?, and Ni2?

(Mishra and Dubey 2006). Ni2? is readily taken up by rice

roots (Rubio et al. 1994) and therefore, Ni toxicity is a

problem for rice crop in many areas of the world that have

high soil Ni contents (Rubio et al. 1994; Seregin and

Kozhevnikova 2006).

Nickel concentrations vary from 0.1 to 5.0 ppm (dry wt.

basis) in plant tissues with a threshold range of toxicity of

40–246 ppm, depending on plant species (Kabata-Pendias

and Pendias 1992; Gonnelli et al. 2001). Common symptoms

of Ni toxicity are inhibited germination, leaf chlorosis and

necrosis, increased ion leakage, reduced root development
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and slower plant growth (Parida et al. 2003; Rao and Sresty

2000; Seregin and Kozhevnikova 2006). Many abiotic

environmental stresses including salinity, drought stress,

temperature extremes, and metal toxicity disrupt the redox

homeostasis of cells and exert a wide range of adverse effects

on plant growth and metabolism (Verma and Dubey 2003;

Sharma and Dubey 2007; Gajewska and Skłodowska 2008).

These stressful conditions induce overproduction of reactive

oxygen species (ROS) such as O2
•2, the hydroxyl radical

(OH�) and H2O2, which can cause oxidative damage to vital

cellular components, such as membrane lipids, proteins,

enzymes, pigments and nucleic acids (Dat et al. 2000; Shah

et al. 2001; Verma and Dubey 2003; Sharma and Dubey

2005, 2007). To alleviate the degenerative effects of ROS,

plant cells are equipped with an array of antioxidant defence

systems comprised of non-enzymatic antioxidants including

AsA and reduced glutathione (GSH), and enzymatic anti-

oxidants such as SOD (EC 1.15.1.1), CAT (EC 1.11.1.6) and

peroxidase (EC 1.11.1.7) (Noctor and Foyer 1998). These

antioxidant compounds remove, neutralize, and scavenge

ROS (Noctor and Foyer 1998; Verma and Dubey 2003).

Enzymes of the ascorbate-glutathione cycle, which is also

called as Halliwell-Foyer-Asada pathway, also play a sig-

nificant role in the elimination of H2O2 in chloroplasts

(Asada 1999).

It has been suggested that Ni-induced phytotoxicity is

associated with Ni-stimulated oxidative stress in certain

plant species (Baccouch et al. 2001; Boominathan and

Doran 2002). Since Ni is a redox-inactive metal, it cannot

directly generate ROS. Membrane peroxidation, however,

has been observed in various plants subject to Ni toxicity

(Rao and Sresty 2000; Boominathan and Doran 2002;

Gajewska and Sklodowska 2005). In wheat seedlings it has

been shown that Ni-induced rates of H2O2 and O2
•2 gen-

eration are due to increased activity of plasma membrane-

linked NADPH-oxidase (Hao et al. 2006). Oxidative stress

induced by Ni also results in reduced level of cellular

antioxidants such as GSH and AsA (Rao and Sresty 2000).

Freeman et al. (2004) suggested that a high level of GSH

under excessive Ni level could be associated with Ni tol-

erance in plants. In addition, enzymes related to antioxidant

defence systems have also been shown to be stimulated in

response to Ni-induced oxidative stress (Rao and Sresty

2000; Baccouch et al. 2001; Gajewska and Sklodowska

2005, 2008).

Rice is a staple food crop for the majority of the world

population and production of this crop is limited in many

parts of the world due to a variety of abiotic stresses

including toxic levels of Ni (Shah et al. 2001; Verma and

Dubey 2003). Our study examined the uptake and distri-

bution of Ni in rice seedlings, Ni-induced generation of

ROS, induction of oxidative stress, redox status of anti-

oxidant molecules, and alterations in the activities of

antioxidant enzymes in rice plants growing under increas-

ing levels of Ni toxicity.

Materials and methods

Plant material and stress conditions

Rice (Oryza sativa L.) cv. Pant-12 sensitive to Ni2? and

commonly grown in India was studied. Seeds were surface

sterilized with 0.1% sodium hypochlorite solution for

10 min, rinsed with distilled water, and imbibed for 24 h in

double-distilled water. Seedlings were then grown in

plastic pots containing sand culture saturated with either

Hoagland’s nutrient solution (Hoagland and Arnon 1938)

which served as control, or Hoagland’s nutrient solution

supplemented with NiSO4 � 7H2O at 200 lM (11.74 ppm

Ni2?) or 400 lMNi2? (23.48 ppm Ni2?), which served as

treatment solutions. The 200 and 400 lM Ni concentra-

tions represent moderately toxic and highly toxic concen-

trations of Ni for the growth of rice seedlings, based on our

earlier studies (Maheshwari and Dubey 2007, 2008).

Seedlings were grown in a greenhouse for 20 days at

28 ± 1�C with 80% relative humidity and 12 h light/dark

cycle (irradiance 80–90 lmol m-2 s-1). Pots were main-

tained at field capacity and plants watered with Hoagland’s

nutrient solution or treatment solutions as needed. Seed-

lings were harvested at 5-day intervals up to 20 days and

all the experiments were performed in triplicate using three

replicates for each treatment.

Rice seedling vigour and Ni uptake

At each sampling interval, root and shoot length as well as

root and shoot fresh biomass were measured based on 10

random samplings in triplicate. To determine seedling Ni

concentration, harvested seedlings were washed with dou-

ble-distilled water. Roots and shoots were separated, oven

dried (70�C for 3 days), ground to a fine powder, and

digested in an acid mixture (HNO3:H2SO4:HClO4; 10:1:4)

(Rao and Sresty 2000). Digested samples were diluted with

deionized double-distilled water and Ni concentration was

determined using an atomic absorption spectrometer

(Model No.-2380, Perkin–Elmer, USA).

Superoxide anion and H2O2 determination

The rate of O2
•2 production was measured based on the

oxidation of epinephrine to adrenochrome using the

method of Misra and Fridovich (1971). Increase in

absorbance was recorded at 480 nm. The rate of H2O2

production was measured colorimetrically using the

method of Jana and Choudhuri (1981). The intensity of
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yellow color developed was recorded at 410 nm and the

amount of H2O2 was calculated using an extinction coef-

ficient of 0.28 lmol-1 cm-1.

Estimation of lipid peroxidation and protein oxidation

The level of lipid peroxidation products was measured in

terms of TBARS using the method of Heath and Packer

(1968). The concentrations of lipid peroxides were expres-

sed as TBARS in terms of nmol g-1 fresh wt using an

extinction coefficient of 155 mM-1 cm-1. To assess the

extent of protein oxidation, protein thiol content was deter-

mined separately in roots and shoots. About 200 mg fresh

tissue samples were homogenized in 0.15% (w/v) sodium

ascorbate solution and the homogenate was centrifuged at

30,000g for 15 min at 4�C. Total thiol and non-protein thiol

contents were determined in the supernatant by the method

of de Kok and Kuiper (1986). The content of protein thiols

was calculated by subtracting the content of non-protein

thiols from total thiols and expressed in nmol g-1 fresh

weight.

Determination of non-enzymatic antioxidants

Low molecular weight thiols and their corresponding

disulphides were analysed according to Griffith (1980) to

estimate the combined contents of GSH and hydroxyl-

methyl GSH (hm-GSH). Approximately 200 mg of fresh

root or shoot samples were homogenized in 5% (w/v) sul-

phosalicylic acid using a chilled mortar and pestle. The

homogenate was centrifuged at 10,000g for 15 min at 4�C.

The supernatant obtained was used to quantify LMW thiols

as well as their corresponding disulphides. The contents of

reduced ascorbate (AsA), oxidized ascorbate (dehydro-

ascorbate, DHA) and total ascorbate (AsA ? DHA) were

determined using the method of Law et al. (1983).

Approximately 200 mg fresh root or shoot samples were

homogenized in 5 ml of 5% (w/v) m-phosphoric acid.

Following centrifugation at 10,000g for 15 min at 4�C, the

supernatant was used for the determination of AsA ? DHA

as well as AsA. For each sample, DHA content was deduced

from the difference between total ascorbate and AsA.

Ascorbate and DHA standards were between 0 and 5 mM in

5% (w/v) m-phosphoric acid.

Determination of antioxidant enzymes

Superoxide dismutase activity was assayed using the

method of Misra and Fridovich (1972). Approximately

200 mg fresh tissue samples were homogenized using a

chilled mortar and pestle in 5 ml of 100 mM K-phosphate

buffer (pH 7.8) containing 0.1 mM EDTA, 0.1% (v/v)

Triton-X-100 and 2% (w/v) polyvinyl pyrrolidone (PVP).

The homogenate was centrifuged at 22,000g for 10 min at

4�C, and the supernatant was dialyzed in cellophane

membrane tubing for 4 h in a cold extraction buffer. Total

SOD activity was assayed in the supernatant by measuring

the oxidation of epinephrine at 475 nm using Spectronic 20

spectrophotometer (Bausch and Lomb, USA). Activities of

different isozymes of SOD were determined by incubating

the enzyme extract with 3 mM KCN (for Mn SOD and Fe

SOD) or 5 mM H2O2 (for Mn SOD) prior to assay. One unit

of SOD activity is expressed as the amount of enzyme

required to cause 50% inhibition of epinephrine oxidation

under the experimental conditions.

Catalase activity was assayed using the method of Beers

and Sizer (1952). Fresh samples weighing 200 mg were

homogenized using a chilled mortar and pestle in 5 ml of

50 mM Tris–HCl buffer (pH 8.0) containing 0.5 mM

EDTA, 0.5% (v/v) Triton-X-100 and 2% (w/v) PVP. The

homogenate was centrifuged at 22,000g for 10 min at 4�C

and the supernatant after dialysis was used for the enzyme

assay. Enzyme activity was assayed by measuring the

decomposition of H2O2 at 240 nm (extinction coefficient of

0.036 mM-1 cm-1) by the decrease in absorbance using a

UV–VIS spectrophotometer (Perkin Elmer, LAMBDA EZ

201, USA). Enzyme specific activity is expressed as nkat

(nmol H2O2 oxidized s-1) mg-1 protein.

Guaiacol peroxidase activity was assayed using the

method of Egley et al. (1983). Approximately 200 mg root

or shoot samples were homogenized in 5 ml of chilled

50 mM Na-phosphate buffer (pH 7.0). The homogenate was

centrifuged at 22,000g for 10 min at 4�C and the superna-

tant after dialysis was used in the enzyme assay. Increase in

absorbance due to formation of tetraguaiacohinone was

measured at 420 nm (extinction coefficient of 26.6 mM-1

cm-1) at 30 s intervals up to 2 min using a Spectronic 20

spectrophotometer (Bausch and Lomb, USA). Enzyme

specific activity is expressed as nkat mg-1 protein.

Ascorbate peroxidase was extracted and assayed using

the method of Moran et al. (1994). Approximately 200 mg

fresh root or shoot samples were homogenized using a

chilled mortar and pestle in 5 ml of 50 mM K-phosphate

buffer (pH 7.8) containing 1% (w/v) PVP, 1 mM ascorbic

acid and 1 mM PMSF. After centrifugation at 22,000g for

10 min at 4�C, the supernatant was dialyzed and used in the

enzyme assay as described by Nakano and Asada (1981).

H2O2-dependent oxidation of AsA was followed by mea-

suring the decrease in absorbance at 290 nm (extinction

coefficient of 2.8 mM-1 cm-1) using a UV–VIS spectro-

photometer (Perkin Elmer, LAMBDA EZ 201, USA).

Enzyme specific activity is expressed as nkat (nmol AsA

oxidized s-1) mg-1 protein.

Monodehydroascorbate reductase activity was assayed

using the method of Hossain et al. (1984). Approximately

200 mg fresh root or shoot samples were homogenized
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using a chilled mortar and pestle in 5 ml of extraction

medium containing 100 mM K-phosphate buffer (pH 7.5),

1 mM EDTA, 2% (w/v) PVP and 1 mM ascorbate which

was added just prior to use. The homogenate was centri-

fuged at 22,000g for 10 min at 4�C. MDHAR was assayed

in supernatant by measuring the decrease in absorbance at

340 nm due to NADH oxidation using UV–VIS spectro-

photometer. Enzyme specific activity is expressed as nkat

(nmol NADPH oxidized s-1) mg-1 protein.

Dehydroascorbate reductase enzyme extract was pre-

pared as described for MDHAR and the activity was

determined using the method of Doulis et al. (1997) by

measuring reduction of DHA in the presence of GSH at

265 nm using UV–VIS spectrophotometer, after account-

ing for the non-enzymic reduction of DHA by GSH.

Enzyme specific activity is expressed as nkat (nmol DHA

reduced s-1) mg-1 protein.

Glutathione reductase activity was assayed using the

method of Schaedle and Bassham (1977). Approximately

200 mg fresh root or shoot samples were homogenized

using a chilled mortar and pestle in 5 ml of 50 mM Tris–

HCl buffer (pH 7.6) containing 1.0 mM EDTA, 0.1 mM

Triton-X-100 and 2% PVP. The homogenate was centri-

fuged at 22,000g for 30 min at 4�C. In the supernatant,

after dialysis, GR was assayed following the oxidation of

NADPH at 340 nm. Enzyme specific activity is expressed

as nkat (nmol NADPH oxidized s-1) mg-1 protein.

In all enzyme preparations protein was determined by

the method of Bradford (1976) using bovine serum albumin

(BSA, Sigma, St. Louis, MI, USA) as standard.

Statistical analysis

All experiments were performed in triplicate. Values indi-

cate mean ± SD based on three independent determina-

tions. Differences among control and treatments were

analyzed by one factorial ANOVA followed by Tukey’s

test. Asterisks (*) were used to identify the level of signif-

icance of the difference between control and Ni treatments

as : *P B 0.05 and **P B 0.01.

Results

Rice seedling vigour and Ni uptake

Elevated levels of Ni in the growth medium caused a sig-

nificant decrease in the length of roots and shoots, as well

as decline in root and shoot fresh biomass of rice seedlings

(Fig. 1). Treatment of rice seedlings for 20 days with

400 lM Ni resulted in almost 50% reduction (P B 0.01) in

root length and 27% reduction (P B 0.01) in shoot length

as well as 47% decline (P B 0.01) in fresh biomass of roots

and 29% decline (P B 0.01) in shoots compared to con-

trols. Seedling Ni content increased with increasing levels

of Ni in the growth medium (Fig. 1). Concentration of

absorbed Ni was greater in roots than in shoots. Seedlings

grown for 20 days in presence of 400 lM Ni contained up

to 3.64 and 0.95 lmol g-1 dry wt. Ni in roots and shoots,

respectively.

Effect of Ni on ROS generation

Ni treatment enhanced O2
•2 generation in rice seedlings

with increasing Ni concentration and treatment length

(Fig. 2). Under both 200 lM and 400 lM Ni treatment

level, O2
•2 generation was higher in roots than in shoots.

Seedlings exposed to 400 lM Ni for 15 days showed 150%

(P B 0.01) increased formation of O2
•2 in roots and 46%

(P B 0.01) increased formation in shoots compared to

controls. Both Ni doses also caused significant increases in

H2O2 formation in the seedlings compared to controls

(Fig. 2). Hydrogen peroxide levels consistently increased

in the shoots of control seedlings between 5 and 20 days of

growth whereas no such trend could be noticed in the roots.

In seedlings grown in the presence of 400 lM Ni, H2O2

level rose to 50–133% (P B 0.01) of the control level of

H2O2 in roots and 125–200% (P B 0.01) of the control

level in shoots between 5 and 20 days of growth.

Effect of Ni on lipid peroxidation and protein thiolation

Lipid peroxidation levels, measured as TBARS, increased

consistently in rice seedlings with increase in the concen-

tration of Ni (Fig. 2). Both Ni doses induced significant

increases in TBARS concentration during the 20 day

growth period. Treatment of seedlings with 400 lM Ni

increased the TBARS levels by 93–100% (P B 0.01) in

roots and by 70–75% (P B 0.01) in shoots compared to

controls. Protein thiol levels declined significantly

(P B 0.01) in response to Ni treatment (Fig. 2). Seedlings

grown for 5–20 days in presence of 400 lM Ni showed

25–36% decline (P B 0.01) in protein thiol levels in roots

and 15–60% decline (P B 0.01) in shoots compared to the

controls. Non-protein thiol levels, however, increased sig-

nificantly in Ni-treated seedlings compared to controls

(Fig. 2). Shoots always maintained a higher content of non-

protein thiol in controls as well as in Ni treated plants,

compared to roots. In particular, the content of non-protein

thiol was higher between 10 and 20 day of growth com-

pared to other days. Seedlings grown for 10 days in the

presence of 400 lM Ni showed about 220% increase

(P B 0.01) in non-protein thiol level in roots and 180%

increased level (P B 0.01) in shoots compared to controls.
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Effect of Ni on nonenzymatic antioxidants

Levels of LMW thiols and their corresponding disulphides

differed in roots and shoots with increasing Ni concentra-

tion and treatment length (Fig. 3). The level of LMW thiols

declined significantly with increased Ni concentration,

whereas the level of their corresponding disulphides

increased in Ni treated seedlings. Root and shoot levels

LMW thiols in 20 day-old seedlings grown under 400 lM

Ni declined by 28–30% (P B 0.01) compared to controls,

whereas the levels of their corresponding disulphides

increased by 75–100% compared to controls (P \ 0.01).

The redox ratio (ratio of these thiols to their corresponding

disulphides) exhibited a significant (P B 0.01) decline both

in roots and shoots with increasing concentration of Ni

treatment.

Both AsA and DHA levels were higher in Ni treated

seedlings compared to controls (Fig. 3). The levels of AsA

were always lower in roots than in shoots in controls as

well as in response to Ni treatments. Ascorbic acid levels in

20 day-old seedlings treated with 400 lM Ni increased by

40% in roots and 30% in shoots compared to the controls

Fig. 1 Effect of increasing Ni

concentration in the growth

medium on the length, fresh

weight and Ni content of roots

and shoots of rice seedlings at

5–20 days of growth. Values are

mean ± SD based on three

independent determinations and

bars indicate standard

deviations. * and ** indicate

values that differ significantly

from controls at P B 0.05 and

P B 0.01, respectively

according to Tukey’s multiple

range test
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whereas root and shoot DHA levels for the same treatment

increased by 136 and 170% (P B 0.01), respectively. The

ratio AsA/DHA declined with increase in the concentration

of Ni treatment.

Effect of Ni on antioxidant enzymes

Activities of all SOD isoforms such as Cu-Zn SOD

(inhibited by KCN), Mn SOD (resistant to both KCN and

H2O2) and Fe SOD (resistant to KCN but inhibited by

H2O2) were higher in Ni-treated seedlings compared to

controls (Fig. 4). The activity of SODs consistently

increased with an increase in the concentration of Ni in the

growth medium. Fe SOD activity values were much lower

in both roots and shoots compared to Cu-Zn SOD and Mn

SOD activity values in both control and Ni-treated seed-

lings. The 400 lM Ni treatment in 20 day-old seedlings

caused about 106% increased Cu-Zn SOD activity in roots

and 147% increased activity in shoots (P B 0.01) com-

pared to controls. The same treatment caused about 90%

increased root and 72% increased (P B 0.01) shoot Mn

SOD activity. The activity of Fe SOD also increased by

48% in roots and 150% in shoots in response to similar Ni

treatment.

Fig. 2 Effect of increasing Ni

concentration in the growth

medium on the root and shoot

contents of superoxide anion,

hydrogen peroxide,

thiobarbituric acid reactive

substances (TBARS), protein

thiol and nonprotein thiol in rice

seedlings at 5–20 days of

growth. Values are mean ± SD

based on three independent

determinations and bars
indicate standard deviations.

* and ** indicate values that

differ significantly from

controls at P B 0.05 and

P B 0.01, respectively

according to Tukey’s multiple

range test
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Ni treatment, regardless of the dose used and time of

exposure, did not significantly influence CAT activity in

rice seedlings (Fig. 4). The constitutive level of GPX

activity was 0.7–3.4 times higher in roots than in shoots

(Fig. 4). The activity of this enzyme increased sharply in

the seedlings with 200 and 400 lM Ni treatment. In roots

and shoots of the seedlings exposed to 400 lM Ni for

20 days, the activity of GPX increased by 118 and 75%

(P B 0.01), respectively, compared to the activity in con-

trols (Fig. 4). The activity of APX increased markedly in

both roots and shoots with increasing concentration of Ni

treatment. APX activity was higher in roots than in shoots.

Similar to GPX, the constitutive activity of APX was

almost 0.9–1.3 times higher in roots than in shoots (Fig. 5).

Seedlings treated with 400 lM Ni for 20 days showed

about 53% increased APX activity in roots and 85%

increased activity in shoots over controls.

Root and shoot MDHAR activity increased with Ni

treatments (Fig. 5). The increase in the activity due to Ni

treatment was greater in roots than in shoots. In 20 day-old

seedlings treated with 400 lM Ni MDHAR activity

increased by 112% in roots and 28% (P B 0.01) in shoots

compared to the activity in controls. The activity of DHAR

also increased in the seedlings with increase in the con-

centration of Ni (Fig. 5). Seedlings exposed to 400 lM Ni

for 20 days showed 140% increased DHAR activity in

roots and 72% (P B 0.01) increased activity in shoots

compared to controls. The constitutive level of GR activity

Fig. 3 Effect of increasing Ni

concentration in the growth

medium on the root and shoot

level of low-molecular-weight

thiols, disulphide derivatives of

these low-molecular-weight

thiols, the ratio of low-

molecular-weight thiols and

their corresponding disulphides

(redox ratio), level of ascorbic

acid (AsA), dehydroascorbic

acid (DHA) and their ratio

(redox ratio, AsA/DHA) in rice

seedlings at 5–20 days of

growth. Values are mean ± SD

based on three independent

determinations and bars
indicate standard deviations.

* and ** indicate values that

differ significantly from

controls at P B 0.05 and

P B 0.01, respectively

according to Tukey’s multiple

range test
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was about 0.5–1.9 times higher in roots than shoots during

5–20 days growth period (Fig. 5). The activity of GR

increased in the seedlings with increase in the concentra-

tion of Ni. Twenty day-old seedlings treated with 200 and

400 lM Ni showed about 32 and 65% increased enzyme

activity, respectively, in roots and 79 and 126% increased

activity in shoots compared to controls (P B 0.01).

Discussion

Nickel is toxic at high plant-available concentrations and

can have detrimental effects on plant growth and metabo-

lism (Parida et al. 2003; Seregin and Kozhevnikova 2006;

Gajewska and Skłodowska 2008). Our results show that Ni

toxicity in rice seedlings is strongly correlated with

increased production of O2
•2 and H2O2. These ROS induce

oxidative stress, resulting in lipid peroxidation and oxida-

tion of protein thiol groups. Additionally, Ni toxicity

stimulates the production of the antioxidative metabolite,

AsA and decreases the production of LMW thiols. The

activities of SOD isoforms, GPX, APX, MDHAR, DHAR

and GR, however, are stimulated by Ni toxicity.

In the present study we experimented with a Ni sensitive

rice cv. Pant-12. Our earlier studies have shown a signifi-

cant inhibition of seed germination and impaired seedling

growth as well as inhibition of the activities of the

hydrolytic enzymes RNases and proteases in this cultivar in

Fig. 4 Effect of increasing Ni

concentration in the growth

medium on the root and shoot

activities of superoxide

dismutases (Cu-Zn SOD, Mn

SOD and Fe SOD), catalase

(CAT) and guaiacol peroxidase

(GPX) in rice seedlings at

5–20 days of growth. Values are

mean ± SD based on three

independent determinations and

bars indicate standard

deviations. * and ** indicate

values that differ significantly

from controls at P B 0.05 and

P B 0.01, respectively

according to Tukey’s multiple

range test
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response to 200 and 400 lM Ni treatment (Maheshwari

and Dubey 2007, 2008). The vigour of rice seedlings

decreased in the present experiments when the seedlings

were raised in sand cultures containing 200 and 400 lM Ni

in the medium. Uptake of Ni increased with increasing Ni

concentration in the growth medium as revealed by the root

and shoot Ni content. Roots contained a significantly

higher Ni concentration than shoots. Toxic metals are

typically sequestered in roots with limited translocation of

such metals to shoots (Rao and Sresty 2000; Shah et al.

2001; Verma and Dubey 2003; Parida et al. 2003; Sharma

and Dubey 2007). The prominent sequestration of Ni in

roots like many other heavy metals, suggests that certain

mechanisms exist in roots that immobilize and sequester Ni

thereby preventing its translocation to shoots. Root organic

acids including citrate and malate, are proposed to be

involved in sequestration of Ni in roots in ryegrass and

maize plants (Yang et al. 1997). High root Ni concentra-

tions observed in our study appear to be associated with

higher oxidative damage in roots, as demonstrated by

elevated lipid peroxidation and protein oxidation levels,

coupled with decreased AsA and LMW thiol levels in

roots, as compared to shoots. Additionally, the elevated

GPX and APX activities in roots treated with high Ni

concentration may be a defence response to Ni toxicity.

This finding is consistent with reports on elevated root

GPX and APX activities in several plant species grown

under toxic levels of metals (Radotic et al. 2000; Rao and

Sresty 2000; Verma and Dubey 2003; Sharma and Dubey

2007).

Several metals including Pb, Cd, Cu and Al have been

shown to stimulate ROS production either directly or indi-

rectly in plants (Dat et al. 2000; Shah et al. 2001; Tamás et al.

2004; Hsu and Kao 2004; Sharma and Dubey 2007).

Although excessive production of ROS is toxic to cells,

some ROS like of H2O2 and O2
•2 have important roles in

stress signalling, induce stress-related genes and are

involved in reinforcing cell walls (Apel and Hirt 2004;

Hernández et al. 2004). Importantly, the steady-state level of

ROS in cells needs to be tightly regulated. In Arabidopsis,

Fig. 5 Effect of increasing Ni

concentration in the growth

medium on the root and shoot

activities of ascorbate

peroxidase (APX),

monodehydroascorbate

reductase (MDHAR),

dehydroascorbate reductase

(DHAR) and glutathione

reductase (GR) in rice seedlings

at 5–20 days of growth. Values

are mean ± SD based on three

independent determinations and

bars indicate standard

deviations. * and ** indicate

values that differ significantly

from controls at P B 0.05 and

P B 0.01, respectively

according to Tukey’s multiple

range test
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a network of at least 152 genes is involved in ROS control

that encodes ROS-scavenging and ROS-producing proteins

(Mittler et al.2004). Our results showed that generation of

O2
•2 and H2O2 increases as a function of time and concen-

tration of Ni in rice seedlings. Excessive production of these

ROS has been shown to cause lipid peroxidation, enzyme

inactivation, and oxidation of protein thiol groups and

nucleic acids (Dat et al. 2000). Lipid peroxidation is an

effective indicator of cellular oxidative damage (Verma and

Dubey 2003). The increase in lipid peroxide content with

increasing Ni levels suggests that Ni induces oxidative stress

in growing rice plants. Increased lipid peroxidation and

elevated ROS levels have been documented in many plant

species exposed to toxic levels of Cu, Pb, Zn, Cd and Ni

(Prasad et al. 1999; Rao and Sresty 2000; Verma and Dubey

2003; Gajewska and Skłodowska 2008). Several heavy

metals including Cd, Pb and Hg have been shown to cause

the depletion of protein bound thiol groups (Stohs and

Bagchi 1995). The oxidation of thiol groups of amino acid

residues (a major target of attack of ROS) reduces the pro-

tein thiol content in Ni-treated rice seedlings (Dat et al.

2000).

The pool of non-protein thiol in rice comprises of

cysteine, c-glutamyl cysteine, GSH (c-Glu-Cys-Gly),

hydroxyl-methyl GSH (hm-GSH, c-Glu-Cys-Serine), phy-

tochelatins [PCs, c-(Glu-Cys)n-Gly] and hydroxyl-methyl

phytochelatins (hm-PCs) (De Vos et al. 1992; Klapheck

et al. 1994). The occurrence of hm-GSH is common in

members of the Poaceae family including rice. Glutathione

and its homologue hm-GSH are well-known antioxidants

and are precursors for the synthesis of PCs and hm-PCs,

respectively (Cobbett and Goldsbrough 2002; Klapheck

et al. 1994). Rice plants exposed to high Cd concentrations

showed a decline in the content of the GSH and an increased

content of hm-GSH accompanied by production of c-Glu-

Cys peptides with higher chain length and an increased ratio

of PCs to hm-PCs in both roots and shoots (Klapheck et al.

1994). In our studies levels of non-protein thiols were ele-

vated and levels of LMW thiols declined in rice seedlings

due to Ni treatment. Metal-induced depletion of LMW

thiols may be due to increased synthesis of PCs and hm-PCs

which in turn may increase the susceptibility of plants

towards oxidative stress (Galli et al. 1996). Phytochelatins

and hm-PCs are metal-sensitive peptides, bind toxic metal

ions and confer tolerance against heavy metal toxicity

(Galli et al. 1996). Similar to the results of our studies, an

increase in non-protein thiol content was documented in

Cu-treated barley seedlings (Demirevska-Kepova et al.

2004). This suggests that elevated levels of non-protein

thiol and reduced levels of LMW thiols confer protection

against tissue damage from heavy metal toxicity. Enhanced

synthesis of phytochelatins has been reported in certain

plant species grown under toxic levels of Ni (Gawel et al.

2001).

It has been shown that toxic levels of metals including

Cu, Cd, Ni, Al induce oxidation of glutathione in plants

(Rao and Sresty 2000; Sharma and Dubey 2007). The

depletion of LMW thiols in Ni-stressed rice seedlings as

observed in our studies, may be due to its enhanced rate of

utilization or decreased rate of its synthesis. Elevated levels

of LMW thiols have been correlated with increased plant

resistance to Ni-induced oxidative damage (Freeman et al.

2004) and a high ratio of LMW thiols to their corre-

sponding disulphides is required for the efficient removal

of ROS generated under abiotic stress (Kocsy et al. 2004).

Our results showed a concomitant decline in ratio of LMW

thiols to their corresponding disulphides in rice seedlings

with increasing levels of Ni in the growth medium. Hence,

it appears that the decline in LMW thiols and their altered

redox state in Ni-treated rice seedlings is related to metal-

induced oxidative damage. Ascorbic acid is another well-

known antioxidant that scavenges ROS (Smirnoff et al.

2001). In this study, the level of AsA increased in

Ni-treated rice seedlings, indicating the induction of a

protection mechanism. Increased levels of AsA have also

been reported in other plant species in response to Mn, Cu

and Cd toxicity (Fecht-Christoffers et al. 2003; Demi-

revska-Kepova et al. 2004). A high AsA/DHA ratio can

prevent oxidative injury in plants (Fecht-Christoffers et al.

2003). In our study, the level of DHA increased in seed-

lings with increasing Ni toxicity and was always higher

than AsA. This resulted in a decline of the AsA/DHA ratio

and a shift in the redox state of cells towards the oxidized

form, thus causing decreased antioxidant capacity.

Enzymatic scavenging of ROS can be efficiently

accomplished through a complex, but elaborate coordina-

tion of antioxidant enzymes (Apel and Hirt 2004). Super-

oxide dismutases are the first line of defence against toxic

O2
•2. SODs belong to the family of metalloenzymes and

include the isoforms Cu-Zn SOD, Mn SOD and Fe SOD. In

this study, constitutive activity of Cu-Zn SOD was greatest

in rice seedlings, followed by Mn SOD and Fe SOD. These

results are similar to those obtained for lentil plants

(Bandeoğlu et al. 2004). Very low Fe SOD activity in roots

observed in our study suggests that this isoform may be

localized in chloroplasts. In pigeon pea seedlings SOD

activity increased in response to Ni treatment (Rao and

Sresty 2000), whereas in wheat and pea plants, inhibition

of SOD was observed on Ni exposure (Gajewska and

Sklodowska 2005, 2008). Our results showed enhanced

activity of all three SOD isoforms in rice plants exposed to

elevated levels of Ni suggesting that SOD in Ni-stressed

plants may confer protection from oxidative damage

caused by O2
•2.
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No definite trend of alteration in CAT activity could be

observed in rice seedlings with increasing levels of Ni

treatment. Catalase and peroxidase are involved in the

enzymatic decomposition of H2O2 produced in the cells as

a result of higher SOD activity (Apel and Hirt 2004). Our

results suggest that upregulation of CATs does not seem to

be a requirement for the removal of H2O2 in Ni-stressed

plants. Enhancement of CAT activity has been reported in

plants subject to salinity and toxicity of certain heavy

metals thus allowing active scavenging of H2O2 (Hsu and

Kao 2004; Kim et al. 2005). Conversely, some workers

have reported a decline in CAT activity due to Pb, Cd, Cu,

Ni and Al toxicity (Gonnelli et al. 2001; Verma and Dubey

2003; Sharma and Dubey 2007; Gajewska and Skłodowska

2008). This decline in CAT activity may result from

enzyme deactivation, either from direct interaction with

metal ions or ROS (Dat et al. 2000), or it may be due to

decreased CAT synthesis or impaired protein assembly

(Ushimaru et al. 1999). Such a contradiction between CAT

enhancement or its suppression in the presence of heavy

metals may depend on the element, its concentration, the

plant species, and plant tissue type (Gratão et al. 2005).

Guaiacol peroxidases are major H2O2 scavenging

enzymes in plants and have been used as potential bio-

markers for assessing sublethal, metal-induced injury

(Radotic et al. 2000). Our results showed increased GPX

activity in response to 200 or 400 lM Ni treatment. Ni has

also been reported to induce GPX activity in Silene

paradoxa (Gonnelli et al. 2001), indicating a potential

defensive role of GPX against Ni-induced oxidative stress.

Increased GPX activity has been observed in plants

exposed to salt (Kim et al. 2005), and Pb, Cd, Mn and Al

(Verma and Dubey 2003; Fecht-Christoffers et al. 2003;

Sharma and Dubey 2007).

The activity of APX increased with increasing Ni con-

centration and treatment length in our studies. Several

studies have reported elevated APX activity in plants

exposed to toxic levels of heavy metals including Cd (Shah

et al. 2001), Pb (Verma and Dubey 2003) and Ni (Gajewska

and Skłodowska 2008). Under abiotic stress, H2O2 acts as a

systemic intracellular signal for the induction of APX

(Hernández et al. 2004).

Further, enzymes of the Halliwell-Foyer-Asada cycle

such as MDHAR, DHAR and GR participate in the

regeneration of AsA and GSH and maintain cellular redox

balance (Noctor and Foyer 1998; Smirnoff et al. 2001).

Increased MDHAR and DHAR activity in Ni-treated rice

seedlings suggests that Ni activates the AsA regenerating

system in order to maintain an elevated level of AsA.

Increased activity of enzymes involved in the ascorbate-

glutathione cycle has also been reported in several different

plant species subjected to Zn, Mn, Cd and Al (Prasad et al.

1999; Fecht-Christoffers et al. 2003; Sharma and Dubey

2007). Despite increased DHAR activity, high DHA levels

in Ni-treated rice seedlings may be due to increased oxida-

tion of AsA or due to diminished levels of LMW thiols. An

increase in GR activity was observed in Ni-treated rice

seedlings. However, the increase in GR activity was not

sufficient for substantial reduction of LMW disulphides to

their corresponding thiols because increased disulphides

levels and a decline in the level of LMW thiols were

observed in Ni-treated rice seedlings compared to controls.

Increased GR activity due to Ni toxicity has been reported in

Phaseolous vulgaris (Rao and Sresty 2000) and Silene pa-

radoxa (Gonnelli et al. 2001). Our findings suggest that

enhanced GPX and APX activities in Ni-stressed rice seed-

lings are available for H2O2 scavenging, but the enhanced

activity of these enzymes is appearently not sufficient to

maintain a cellular redox balance under Ni toxicity.

In conclusion, our results suggest that Ni toxicity induces

oxidative stress in rice plants resulting in increased genera-

tion of O2
•2 and H2O2, increased lipid peroxidation and

protein oxidation, and a decline in the redox ratio of

(hm)GSH and AsA. Among the antioxidant enzymes, Cu-Zn

SOD, GPX and APX appear to play key roles in scavenging

O2
•2 and H2O2.
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