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Abstract Water deficit is an important constraint to rice

(Oryza sativa L.) productivity. The present study was under-

taken to investigate whether the level of oxidative stress,

carbonylation of proteins, proteolysis and status of antioxi-

dative defense could serve as a model to distinguish water

deficit tolerant and sensitive rice cultivars. When 10-day-

grown seedlings of two rice cultivars, Malviya-36 (drought-

sensitive) and Brown Gora (drought-tolerant) were subjected

to -1.0 and -2.1 MPa water deficit treatments for 24–72 h

with polyethylene glycol 6000 in the medium, a greater

decline in the growth of the seedlings and levels of leaf water

potential, relative water content, Chl a, Chl b, carotenoids and

greater increase in leaf water loss were observed in the sen-

sitive cultivar than the tolerant. Under similar level of water

deficit seedlings of sensitive cultivar showed higher level of

superoxide anion generation, H2O2, lipid peroxidation and

proteolysis in roots as well as shoots compared to the tolerant.

Drought-tolerant cultivar had higher constitutive level of

antioxidative enzymes superoxide dismutase and catalase and

the activities of these two enzymes alongwith of guaiacol

peroxidase showed greater increase in this cultivar under

water deficit compared to the sensitive. A significant decline

in the level of protein thiol and a higher increase in protein

carbonyls content, also confirmed by protein gel blot analysis

with an antibody against 2,4-dinitrophenylhydrazine was

observed in the seedlings of drought sensitive cv. Malviya-36

compared to the tolerant cv. Brown Gora when subjected to

similar level of water deficit. Seedlings of drought sensitive

cultivar, under water deficit, showed higher proteolytic

activity, higher number of in-gel activity stained proteolytic

bands and higher expression of oxidized proteins in roots

compared to the tolerant cultivar. Results suggest that poor

capacity of antioxidative enzymes could be, at least partly,

correlated with water deficit sensitivity of sensitive cultivar

and that higher activity of antioxidative enzymes superoxide

dismutase, catalase, guaiacol peroxidase, low proteolytic

activity, lower level of protein carbonyls and protein thiola-

tion could serve as a model to depict water deficit tolerance in

Indica rice seedlings.
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Introduction

Rice (Oryza sativa L.) serves as an important food crop for

the majority of world population. In arid and semiarid

regions of the world, rice grown on arable soils with low

moisture retention capacity is totally dependent for its

growth on the availability of water. Drought or water deficit

in the soil environment is one of the most important abiotic

stresses that limit growth, development and productivity of

the crops. Water deficit affects morphological, physiologi-

cal, biochemical and molecular processes in plants resulting

in growth inhibition, stomatal closure with consecutive

reduction of transpiration, decrease in chlorophyll content,

inhibition of photosynthesis and important protein modifi-

cations (Lawlor and Cornic 2002; Sikuku et al. 2010). Plants

exposed to abiotic stresses often undergo oxidative damage

due to overproduction of reactive oxygen species (ROS) such

as superoxide radicals (O2
.-), singlet oxygen (1O2), hydroxyl

radicals (.OH), hydrogen peroxide (H2O2), etc. (Sharma and

Dubey 2005; Sharma et al. 2012). Increased concentrations
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of lipid peroxidation end products as well as protein oxida-

tion have been regarded as indicators of ROS derived oxi-

dative damage in plants (Tuanhui et al. 2010). It has been

shown that involvement of oxidative stress is an important

component in expression of water deficit induced metabolic

alterations in rice plants (Sharma and Dubey 2005).

In nature, plant systems have adapted protection from the

cytotoxic effects of the ROS with antioxidants comprising of

the antioxidative enzymes such as superoxide dismutase

(SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), peroxidase

(POD, EC 1.11.1.9) as well as the non-enzymic antioxidants

like glutathione, ascorbic acid, tocopherol, carotenoids, etc.

(Sharma et al. 2012). These enzymic as well as non-enzymic

antioxidants play crucial role in defense against overproduced

ROS under abiotic stresses (Simova-Stoilova et al. 2008). The

SOD scavenges O2
.- to produce H2O2 and water. The enzyme

POD reduces H2O2 to water using various substrates as elec-

tron donors, whereas CAT dismutates H2O2 to water and

oxygen. The antioxidant protection system in plant cells is

complex and highly compartmentalized: SODs represent a

family of enzymes localized in organelles and in the cytosol,

whereas CATs and PODs with broad specifities are located in

vacuoles, cell walls, peroxisomes, mitochondria and cytosol

(Simova-Stoilova et al. 2008; Gill and Tuteja 2010).

Formation of thiol components, glyoxidation adducts,

nitration of tyrosine residues and carbonylation of specific

amino acids can cause oxidative modification of proteins

(Davies 2005). Protein thiolation involves the participation

of sulfur containing amino acids which is a reversible process

whereas most of the other protein oxidation processes are

irreversible (Ghezzi and Bonetto 2003). Carbonylation is an

irreversible oxidative process and can be determined by

derivatization with 2,4-dinitrophenylhydrazine (DNPH). It

is a good index of oxidative stress and the subsequent

immunodetection of the resulting carbonylated hydrazone

products can be done using monoclonal or polyclonal anti-

bodies (Levine et al. 1994; Moller et al. 2007). Protein oxi-

dation may result in modification of enzymes and their

binding properties. Protein modification due to formation of

protein bound carbonyl groups is selectively targeted and the

sites and nature of oxidative modifications are still largely

unknown (Job et al. 2005). Oxidized proteins undergo

diverse structure and functional changes including change in

their hydrophobicity which makes the proteins more sus-

ceptible to proteolysis (Pacifici and Davies 1990). Intracel-

lular proteolysis may have an important role in the

reorganization of plant metabolism under stress, as some

experimental evidences suggest that drought sensitive spe-

cies when subjected to stress have higher proteolytic activity

as compared to the tolerant ones (Juszczuk et al. 2008).

Comparative analyses of the modulation of antioxidative

defense system among sensitive and tolerant varieties of

many plant species such as wheat (Triticum aestivum L.),

maize (Zea mays L.), foxtail millet (Setaria italica) have

been reported earlier under water stress (Simova-Stoilova

et al. 2008; Moussa and Abdel-Aziz 2008; Abedi and

Pakniyat 2010). It has been observed that a higher status of

antioxidative defense system, especially higher activity

levels of the antioxidative enzymes can be correlated with

plant stress tolerance to abiotic stresses such as drought and

salinity in certain crop species (Demiral and Turkan 2005;

Wang et al. 2009; Hameed et al. 2011). In order to deduce a

possible relationship of water deficit tolerance with anti-

oxidant capacity in rice, the present study was aimed to

examine the response of establishing Indica rice seedlings

differing in water-deficit tolerance to progressive levels of

polyethylene glycol (PEG-6000) induced water deficit on

differential changes in generation of ROS, lipid peroxida-

tion, carbonylation of proteins, proteolysis and status of

antioxidative enzymes.

Materials and methods

Plant material and stress conditions

Seeds of two Indica rice (Oryza sativa L.) cvs. Malviya-36

(drought-sensitive) and Brown Gora (drought-tolerant),

commonly grown in India were used in this study. Water-

deficit tolerance and sensitivity of these two cultivars during

seedling stage was ascertained based on morphological

parameters using sand culture experiments. Seeds were

surface sterilized with 0.1 % sodium hypochlorite solution

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

in water. Seedlings were then raised for 10 days in plastic

pots containing purified quartz sea sand saturated with

Yoshida nutrient solution (Yoshida et al. 1976). The pots

were kept in a green house at 28 ± 1 �C under 80 % relative

humidity and 12 h light/dark cycle with 190–200 lmol

m-2 s-1 irradiance. Ten day grown seedlings were uprooted

and subjected to water deficit treatments for 24, 48, and 72 h in

fresh sand cultures using Yoshida nutrient solution supple-

mented with 15 and 30 % strengths of PEG-6000 to achieve

osmotic potentials of -1.0 and -2.1 MPa (Michel and

Kaufmann 1973) respectively. Yoshida nutrient solution

served as control. All experimental studies were performed on

the control and water deficit stressed seedlings in triplicate.

Measurement of seedling vigour, chlorophyll content

and water status

At different hours of water deficit treatment, the length of root

and shoot of the seedlings was determined based on 10 random

samplings in triplicate. To determine chlorophylls and

carotenoids, shoot tissues weighing 50 mg were homogenized

in 5 mL of 5 % ethanol. After centrifugation at 16,0009g for
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10 min, contents of chlorophyll a, chlorophyll b and total

carotenoids were determined in the supernatant by recording

absorbance at 664, 648 and 470 nm using spectrophotometer

(Model SL 177, Elico Ltd. India) (Lichtenthaler 1987). Rel-

ative water content (RWC) was measured in roots and shoots

according to the method of Weatherley (1950). RWC was

calculated using the formula: RWC = (FW - DW)/(TW

- DW) 9 100 where FW = Fresh weight, DW = Dry

weight and TW = Turgid weight. Leaf water potential (LWP)

was measured using the dye methylene blue according to

Knipling (1967) and leaf water loss (LWL) according to Xing

et al. (2004).

Measurement of O2
.- and H2O2

The rate of production of O2
.- was measured in roots and shoots

of control and water deficit stressed seedlings following the

method of Mishra and Fridovich (1972). Small segments of root

and shoot samples (2–5 mm), weighing 50 mg were placed in

2 mL reaction mixture consisting of 100 lM disodium EDTA,

20 lM NADH and 20 lM sodium phosphate buffer (pH 7.8).

The reaction was initiated by adding 1.2 mM epinephrine.

Increase in absorbance due to oxidation of epinephrine to

adrenochrome was recorded at 1 min interval up to 10 min at

480 nm using a spectrophotometer (Model SL 177, ELICO

Ltd., India). The rate of formation of O2
.- was expressed as DA

480 min-1 g-1 tissue fresh weight. The level of H2O2 in root and

shoot samples was measured spectrophotometrically using

titanium sulphate according to the method of Jana and Cho-

udhuri (1981).The intensity of yellow colour developed was

measured at 410 nm using spectrophotometer. The amount of

H2O2 was calculated using extinction coefficient of 0.28 lM-1

cm-1 and was expressed as nmol g-1 tissue fresh weight.

Determination of lipid peroxides

The method of Heath and Packer (1968) was followed for the

measurement of lipid peroxidation products in terms of thio-

barbituric acid reactive substances (TBARS). About 200 mg

of root and shoot samples were ground in 5 mL of 10 % TCA

containing 0.25 % thiobarbutiric acid and centrifuged at

10,0009g for 20 min. The supernatant was heated at 958C for

25 min. It was then cooled in ice bath and centrifuged at

3,0009g for 15 min. The absorbance was then recorded at 532

and 600 nm (to correct unspecific turbidity by subtracting the

absorbance). The concentration of lipid peroxides was

expressed as nmol TBARS g-1 fresh weight of the tissues

using an extinction coefficient of 155 mM-1 cm-1.

Determination of antioxidative enzyme activities

The activity of SOD was assayed following the method of

Beauchamp and Fridovich (1971) based on the inhibition of

p-nitro blue tetrazolium chloride (NBT) reduction by O2
.-

under light. Root and shoot samples weighing 200 mg 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). After centrifugation at 22,0009g for

10 min at 4 �C, supernatants were dialyzed in cellophane

membrane tubings for 4 h against the extraction buffer in

cold with 3–4 changes of the buffer. One unit of SOD activity

is expressed as the amount of enzyme required to cause 50 %

inhibition of the rate of NBT reduction measured at 560 nm.

The extraction medium for CAT was similar to SOD except

that 50 mM Tris–HCl buffer (pH 8.0) was used. The

homogenate was centrifuged at 22,0009g for 10 min at

4 �C. In the supernatant, after dialysis CAT activity was

assayed following the method of Beers and Sizer (1952).

Reaction mixture in 1.5 mL volume contained 1,000 lL

100 mM K-phosphate buffer (pH 7.0), 400 lL 200 mM

H2O2 and 100 lL enzyme. The decomposition of H2O2 was

followed at 240 nm (extinction coefficient of 0.036 mM-1

cm-1) by observing decrease in absorbance using a UV–VIS

spectrophotometer (Perkin Elmer, LAMBDA EZ 201,

USA). Enzyme specific activity is expressed as lmol H2O2

oxidized mg-1 protein min-1. For extraction of GPX, root

and shoot samples weighing 200 mg were homogenized

using chilled mortar and pestle in 5 mL of 50 mM Na-

phosphate buffer (pH 7.0). The homogenate was centrifuged

at 22,0009g for 10 min at 4 �C and the supernatant after

dialysis was used for enzyme assay according to Egley et al.

(1983). Assay mixture in 5 mL volume contained 40 mM

Na-phosphate buffer (pH 6.1), 2 mM H2O2, 9 mM guaiacol

and 50 lL enzyme. 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 spectrophotometer (Bausch and Lomb, Spectronic 20,

USA). Enzyme specific activity is expressed as lmol H2O2

reduced mg-1 protein min-1.

Determination of protein thiol and non protein thiol

Protein thiol content was determined in roots and shoots

following the method of de Kok and Kuiper (1986). Samples

weighing 150 mg were homogenized in 5 mL of 0.15 % (w/

v) sodium ascorbate solution and the homogenate was cen-

trifuged at 22,0009g for 10 min at 4 �C. To measure total

thiol (–SH) content 0.5 mL supernatant was mixed with

1 mL of 0.2 M Tris–HCl (pH 8.0), 0.5 mL 8 % (w/v) SDS

and 0.1 mL 10 mM DTNB (freshly prepared in 0.02 M

potassium phosphate buffer, pH 7.0). After 15 min of incu-

bation at 30 �C, yellow colour developed was measured at

415 nm and the correction was made for absorbance of the

incubation mixture in the absence of DTNB (replaced with

distilled water) and in absence of supernatant extract
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(replaced with 0.15 % sodium ascorbate). To measure the

non-protein thiol the homogenate was deproteinized by

incubating it in a water bath at 100 �C for 4 min, followed by

centrifugation at 22,0009g for 10 min. In 0.5 mL aliquot

containing deproteinized extract -SH content was deter-

mined as earlier. The content of protein thiol was calculated

by subtracting the content of non-protein thiol from total

thiols and expressed in terms of nmol g-1 fresh weight of

tissues using extinction coefficient of 13, 600 M-1 cm-1.

Determination of protein bound carbonyls

The content of protein bound carbonyls was determined fol-

lowing the method of Levine et al. (1994). Root and shoot

samples weighing 1 g were homogenized in 2.0 mL of

10 mM sodium phosphate buffer (pH 7.4) containing 1 mM

EDTA, 2 mM dithiothreitol, 0.2 % (v/v) Triton x-100 and

1 mM phenylmethane sulphonyl fluoride (PMSF). The

homogenate was centrifuged at 25,0009g for 30 min at 4 �C.

Supernatants containing 500 lg protein were mixed with 1 %

(w/v) streptomycin sulphate for 20 min to remove the nucleic

acids. After centrifugation at 2,0009g, supernatants in 200 lL

volumes were mixed with 300lL of 10 mM 2,4-dinitrophenyl

hydrazine (DNPH) (freshly prepared) in 2 M HCl. Individual

blank samples were incubated in 2 M HCl. After 1 h incu-

bation at room temperature (25 �C), proteins were precipi-

tated with pre-cooled 10 % (w/v) trichloroacetic acid (TCA)

and the pellets were washed three times with 500 lL of eth-

anol:ethylacetate (1:1). The pellets were then dissolved in 6 M

guanidine hydrochloride in 20 mM potassium phosphate

buffer (pH 2.3) and the absorbance was measured at 370 nm

using UV–Vis spectrophotometer. Carbonyl content was

calculated using a molar absorption coefficient for aliphatic

hydrazones as 22,000 M-1 cm-1 and expressed in terms of

nmol carbonyl mg-1 protein.

Protein gel-blot analysis of carbonyls

Protein carbonyls were immunochemically detected fol-

lowing the method of Romero-Puertas et al. (2002). Protein

samples (0.5 mg) in 0.5 mL volumes were mixed with 200

lL of 10 mM DNPH (freshly prepared in 2 M HCl) and

incubated at room temperature (25 �C) for 1 h. Samples

were precipitated with pre cooled 10 % (w/v) TCA. After

centrifugation at 5,0009g for 5 min, pellets were washed

with ethanol:ethylacetate (1:1) three times. The pellets

were re-suspended in 0.5 mL of 10 mM sodium phosphate

buffer (pH 7.0). Proteins were separated by sodium dodecyl

sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

using Mini-Protean II slab cell (Bangalore Genei, India).

Two gels were run simultaneously, one for protein staining

with Coomassie Brilliant Blue R-250 and the other for

immunochemical detection. The separated proteins were

transferred onto polyvinylidene fluoride (PVDF) mem-

branes using a Bangalore—Genei (India) Semi Dry

Transfer Cell following the method of Corpas et al. (1998).

Oxidized proteins were detected with antibodies against

DNPH from Sigma-Aldrich Co. (St. Louis, MO, USA)

(1:40,000 dilution) and using goat anti-rabbit IgG horse-

radish peroxidase as conjugate and 3,30-diaminobenzidine

(DAB) as substrate.

Determination of proteolytic activity

Proteolytic activity was measured in enzyme extracts pre-

pared from root and shoot samples as described by Polge

et al. (2009) with certain modifications. Tissues weighing

300 mg were homogenized using chilled mortar and pestle

in 2 mL of 50 mM Tris–HCl buffer (pH 7.5) and centri-

fuged at 15,0009g for 15 min at 4 �C and supernatants

were dialyzed in cellophane membrane tubings in cold

against the extraction buffer with 3–4 changes of the buf-

fer. Proteolytic activity was assayed in dialyzed enzyme

(0.25 mL) by reaction with 0.25 mL of 2 % azocasein

prepared in 0.1 M Tris–HCl (pH 8.4). After 6 h of incu-

bation at 288C the reaction was stopped by adding 1.2 mL

of 10 % TCA. After placing on ice for 10 min, the contents

were centrifuged at 3,0009g for 20 min. Then 1.0 mL of

the resulting supernatant was mixed with 1.0 mL of 1.0 M

NaOH. After 30 min, absorbance was recorded at 440 nm

using spectrophotometer. The extinction coefficient of

azocasein e1% in 1 M NaOH was taken as 37 L cm-1 g-1 to

calculate the proteolytic activity. One unit of proteolytic

activity is expressed as mg of azocasein degraded min-1

mg-1 protein.

In-gel staining of proteolytic activity

Proteolytic activities in enzyme preparations were resolved

on 10 % SDS–gelatin polyacrylamide gels containing

0.10 % gelatin as substrate (Hellmich and Schauz 1988).

Enzyme samples (50 lg protein) were mixed with equal

volumes of non-reducing sample buffer (0.1 M Tris–HCl,

pH 6.8; 2 % (w/v) SDS, 10 % (v/v) glycerol, 0.01 % bro-

mophenol blue) and incubated at 37 �C for 30 min. After

electrophoresis at room temperature the proteases were

renatured by rinsing the gels in 50 mM Tris–HCl (pH 7.5)

containing 2.5 % Triton X-100, 10 mM EDTA for 30 min

with shaking. Gels were then incubated in a medium con-

sisting of 10 mM Ca2? and 10 mM Mg2? in 50 mM Tris–

HCl, pH 7.5 at 37 �C for 12–16 h in an incubator cum shaker.

The gels were then stained with Coomassie Brilliant Blue

R-250 (0.1 % CBB in 50 % methanol and10 % glacial acetic

acid) and destained in a solution containing 50 % methanol

and 10 % glacial acetic acid. Clear bands with proteolytic
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activity were visible on a blue background representing the

sites of proteolytic activity.

Protein determination

In all preparations protein concentration was determined

following the method of Bradford (1976) using bovine

serum albumin (BSA, Sigma) as standard.

Statistical analysis

All experiments were performed in triplicate. Values

indicate mean ± S.D. based on three independent deter-

minations. Differences among control and treatments were

analyzed by one factorial ANOVA followed by Tukey’s

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

nificance of the difference between control and water-

deficit stress treatments as *p B 0.05 and **p B 0.01.

Results

Effect of water deficit on growth and relative water

content in the seedlings

When seedlings of the rice cultivars, Malviya-36 (drought-

sensitive) and Brown Gora (drought-tolerant) grown for

10 days in control conditions were subjected to progressive

levels of water-deficit stress treatment of -0.1 MPa (mild

stress) and -2.1 MPa (higher stress) for 24–72 h, an

inhibition in growth and reduction in RWC of seedlings

were observed. The data related to 48 h of water deficit

stress treatment have been presented in Fig. 1.

As it is evident from the figure, water deficit treatment of

48 h caused a significant (p B 0.05) decline in length of

roots and shoots and RWC in the seedlings of drought sen-

sitive cv. Malviya-36 compared to controls, whereas in the

seedlings of drought tolerant cv. Brown Gora, the decline

was not significant. Seedlings of drought sensitive cv. Mal-

viya-36 subjected to -1.0 and -2.1 MPa water deficit

treatment for 48 h showed nearly 24–28 % decline in the

length of roots and 13–26 % decline in the length of shoots

compared to controls, whereas in the seedlings of drought

tolerant rice cv. Brown Gora under similar level and duration

of water deficit nearly 3–12 % decline in length of roots and

10–12 % decline in length of shoots was observed compared

to controls. Similar to decline in length, 48 h water deficit

treatment caused nearly 22–48 % (up to p B 0.01) decline in

RWC in roots and 17–85 % (up to p B 0.01) decline in RWC

of shoots in the seedlings of drought sensitive cv. Malviya-

36, whereas in drought tolerant cv. Brown Gora under similar

levels of water deficit an insignificant decline in RWC of

15–19 % was observed in roots and 3–24 % in shoots.

Effect of water deficit on leaf water loss, leaf water

potential and chlorophyll content

Corresponding to RWC, the water status in shoots of the

seedlings of both the rice cultivars was further investigated by

observing the LWL and LWP after 48 h of water deficit

treatment. It was observed that the drought sensitive cv.

Malviya-36 had significantly higher LWL of nearly 41–50 %

(p B 0.05) compared to the tolerant cv. Brown Gora where a

relatively lower LWL level of 35–39 % was observed under

progressive level of -1.0 to 2.1 MPa of water deficit treat-

ment (Table 1). Similarly, a more decline in LWP level of

-1.20 and -1.40 MPa was noticed under -1.0 and -2.1

MPa of water deficit treatment levels respectively in seedlings

of drought sensitive cv. Malviya-36 compared to the tolerant

cv. Brown Gora where under similar level of water deficit

treatment -0.98 and -1.02 MPa LWP level was observed.

The level of Chl a, Chl b and carotenoids declined in the shoots

of the seedlings of both the rice cultivars with increase in the

level of water-deficit treatment and the decline was greater in

the sensitive cultivar than the tolerant (Table 1). With impo-

sition of water-deficit levels of -1.0 and -2.1 MPa for 48 h,

seedlings of sensitive cultivar showed respectively 31.03 and

62.06 % (p B 0.01) decline in the level of Chl a, 20 %

(p B 0.05) and 60 % (p B 0.01) decline in the level of Chl b

and 50 and 75 % (p B 0.01) decline in the level of carotenoids

in the leaves. Whereas with -2.0 MPa water deficit treatment

level for 48 h in seedlings of tolerant cultivar the decline in the

levels of Chl a, b and carotenoids was 28.8 % (p B 0.05), 20

and 30 % (p B 0.01) respectively compared to the controls.

Effects of water deficit on the levels of O2
.- and H2O2

With increase in the level (-1.0 to -2.1 MPa) as well as

duration (24–72 h) of water deficit treatment a consistent

increase in the levels of O2
.- and H2O2 was observed in roots

and shoots of the seedlings of both sensitive as well as tolerant

rice cultivars (Fig. 2). The extent of generation of both the

ROS—O2
.- and H2O2 on imposition of water deficit, was

greater in the seedlings of drought sensitive cv. Malviya-36

compared to the tolerant cv. Brown Gora. Seedlings of drought

sensitive cv. Malviya-36 subjected to water deficit treatment

of -2.1 MPa for 72 h showed nearly 77 % (p B 0.01)

increased O2
.- level in roots and 283 % (p B 0.01) increased

level in shoots, whereas under similar treatment conditions in

drought tolerant cv. Brown Gora 50 % (p B 0.01) increased

O2
.- level was observed in roots and 200 % (p B 0.01)

increased level in shoots compared to respective controls.

Similarly, seedlings of sensitive cv. Malviya-36 subjected to

-2.1 MPa water deficit treatment for 72 h showed 86 %

(p B 0.01) increased H2O2 level in roots and 99 % (p B 0.01)

increased level in shoots, whereas similarly stressed seedlings

of tolerant cv. Brown Gora showed 48 % (p B 0.01) increased
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H2O2 level in roots and 46 % (p B 0.01) increased level in

shoots compared to respective controls. Seedlings of drought

sensitive cultivar always maintained higher level of O2
.- and

H2O2 compared to the seedlings of drought tolerant cultivar

under both control and water deficit conditions.

Effect of water deficit on lipid peroxidation

and SOD activity

Lipid peroxidation was measured in the seedlings in terms of

TBARS production. With increase in the level and duration of

water deficit treatment, content of TBARS increased in the

seedlings with greater increase in the sensitive cultivar than

the tolerant (Fig. 3). Seedlings of drought sensitive cultivar

subjected to -2.1 MPa water deficit treatment for 72 h

showed 150 % (p B 0.01) increased TBARS level in roots

and 194 % (p B 0.01) increased level in shoots compared to

the seedlings of tolerant cultivar which showed 100 %

(p B 0.01) increased TBARS level in roots and 73 %

(p B 0.01) increased level in shoots under similar level of

water deficit. The activity of enzyme SOD increased signifi-

cantly (p B 0.01) in roots as well as in shoots of the seedlings
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Fig. 1 Effect of increasing

concentration of PEG-6000 in

the growth medium on the

length and relative water

content of roots and shoots of

10-day-grown seedlings of rice

cvs. Malviya-36 (drought-

sensitive) and Brown Gora

(drought-tolerant) after 48 h of

water deficit treatment. 15 and

30 % concentrations of

Polyethylene Glycol (PEG-

6000) correspond to water

deficit treatment levels of -1.0

and -2.1 MPa respectively.

Values are mean ± SD based
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standard deviations. * and
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p B 0.05 and p B 0.01,

respectively, according to

Tukey’s multiple range test
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of both set of rice cultivars with increase in level and duration

of water deficit treatment, however, the water deficit induced

increase in SOD activity was greater in the roots, but not in the

shoots of the drought-sensitive genotype compared to the

tolerant one. A water deficit level of -2.1 MPa imposed for

72 h led to 75 % (p B 0.01) increase in SOD activity in roots

and 30 % (p B 0.05) increased activity in shoots of seedlings

of drought sensitive cv. Malviya-36, whereas in the tolerant

cultivar at similar level and duration of stress treatment 42 %

(p B 0.01) increased SOD activity was observed in roots and

85 % (p B 0.01) increased activity in shoots. It was pertinent

to note that constitutive as well as water deficit inducible SOD

activity level was always higher in drought tolerant seedlings

compared to the sensitives.

Effect of water deficit on CAT and GPX activity

When rice seedlings were subjected to water deficit treat-

ment of -1.0 and -2.1 MPa for 24–72 h, in sensitive

cultivar CAT activity increased in roots with increase in the

level as well as duration of water deficit treatment (Fig. 4).

However, in the shoots the activity increased compared to

controls at water deficit treatment level of -1.0 MPa but it

declined when the seedlings were subjected to a higher

water deficit level of -2.1 MPa for 72 h. In seedlings of

drought tolerant cv. Brown Gora, a consistent increase in

CAT activity was observed in both roots and shoots with

increase in the level and duration of water deficit treatment.

Both constitutive as well as water deficit inducible CAT

activity levels were higher in the seedlings of tolerant

cultivar compared to the sensitive. The activity of GPX

increased in both sensitive and tolerant rice seedlings under

water deficit and the extent of increase was greater in the

tolerant seedlings than the sensitives (Fig. 4). Seedlings of

sensitive cultivar subjected to -2.1 MPa water deficit

treatment for 72 h showed 13 % (p B 0.05) increased GPX

activity in roots and 77 % (p B 0.01) increased activity in

shoots, whereas similarly stressed seedlings of tolerant

cultivar showed 34 % (p B 0.01) increased enzyme activ-

ity in roots and 97 % (p B 0.01) increased activity in

shoots compared to respective controls.

Effect of water deficit on protein and non-protein thiol

content

When level of protein thiol was determined in rice seedlings

undergoing water deficit treatment, an insignificant decline

in the level of protein thiol was observed in the seedlings of

tolerant cv. Brown Gora due to water deficit compared to

unstressed controls (Fig. 5). In seedlings of drought sensitive

cv. Malviya-36, however, with -2.1 MPa water deficit

treatment for 48–72 h a significant (p B 0.05–0.01) decline

in protein thiol level was observed in roots whereas in shoots

the decline was not significant. Seedlings of sensitive culti-

var subjected -2.1 MPa water-deficit for 72 h showed 21 %

(p B 0.01) decline in protein thiol level in roots compared to

controls. No definite pattern of alteration in the level of non-

protein thiol could be observed in the seedlings with water

deficit, except in the seedlings of tolerant cultivar with 24 h

water deficit treatment, where a significant decline in non-

protein thiol level was observed. Seedlings of tolerant cv.

Brown Gora, when water deficit stressed with -2.1 MPa for

24 h showed 31.03 % (p B 0.05) decline in non-protein

thiol level in roots and 38.4 % (p B 0.01) decline in the level

in shoots compared to respective controls.

Effect of water deficit on protein bound carbonyls

and proteolytic activity

With increase in the level and duration of water deficit, the

content of protein bound carbonyls increased in the seed-

lings of both sensitive and tolerant rice cultivars, with

Table 1 Effect of PEG-6000 on water parameters and photosynthetic pigments in rice seedlings

Rice cultivars PEG treatment

(%)

LWP (MPa) LWL (%) Chlorophyll a

(mg g-1 fr wt)

Chlorophyll b

(mg g-1 fr wt)

Total carotenoids

(mg g-1 fr wt)

Malviya-36 (S) 0 -0.50 ± 0.035 36.20 ± 3.26 0.29 ± 0.026 0.05 ± 0.004 0.08 ± 0.006

15 -1.20 ± 0.132* 41.90 ± 3.71* 0.20 ± 0.018** 0.04 ± 0.003* 0.04 ± 0.002**

30 -1.40 ± 0.154* 50.34 ± 5.35* 0.11 ± 0.008** 0.02 ± 0.001** 0.02 ± 0.001**

Brown Gora (T) 0 -0.40 ± 0.033 32.10 ± 1.97 0.45 ± 0.049 0.10 ± 0.007 0.10 ± 0.007

15 -0.98 ± 0.088* 35.80 ± 3.22* 0.35 ± 0.040 0.09 ± 0.010 0.08 ± 0.007*

30 -1.02 ± 0.092* 39.80 ± 3.58* 0.32 ± 0.035* 0.08 ± 0.010 0.07 ± 0.006**

Effect of increasing concentration of PEG-6000 in the growth medium on the leaf water potential (LWP), leaf water loss (LWL) and contents of

chlorophylls and carotenoids in shoots of 48 h water deficit stressed seedlings of rice cvs. Malviya-36 (drought-sensitive) and Brown Gora

(drought-tolerant). 15 and 30 % concentrations of PEG-6000 correspond to water deficit treatment levels of -1.0 and -2.1 MPa respectively.

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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greater increase in the sensitive than the tolerant (Fig. 6).

Seedlings of drought sensitive cv. Malviya-36 stressed with

-2.1 MPa water deficit for 72 h showed 43 % (p B 0.01)

increase in protein carbonyls in roots and 78 % (p B 0.01)

increase in shoots compared to respective controls. Simi-

larly, stressed seedlings of tolerant cultivar showed 7 %

increased protein carbonyl level in roots and 14 %

increased level in shoots.

Similar to increase in the content of protein bound

carbonyls, the proteolytic activity increased in the seed-

lings of both set of rice cultivars with increase in the level

and duration of water deficit treatment (Fig. 6). However,

the extent of proteolysis under water deficit was greater in

the seedlings of sensitive cultivar than the tolerant. Seed-

lings of drought sensitive cv. Malviya-36 subjected to

water deficit of -2.1 MPa for 72 h showed 200 %

(p B 0.01) increased proteolytic activity in roots and 85 %

(p B 0.01) increased activity in shoots. Whereas under

similar level and duration of water deficit, seedlings of

drought tolerant cv. Brown Gora showed 38 % (p B 0.05)

increased proteolytic activity in roots and 40 % (p B 0.05)

increased activity in shoots.

Effect of water deficit on in-gel proteolytic activity

and protein gel blot analysis of carbonylated proteins

When enzyme extracts prepared from root and shoot samples

of control and water deficit stressed seedlings of both sensitive

and tolerant cultivar were electrophoresed on gelatin-poly-

acrylamide gels and proteolytic activities were resolved in gels

with CBB staining, it was observed that due to water deficit the

intensities of enzymic bands corresponding to proteolytic
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of water deficit treatment. S and

T in parentheses indicate

drought sensitive and tolerant

rice cultivars whereas 15 and

30 % concentrations of PEG-
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activity increased in the both set of seedlings (Fig. 7). Eight

proteolytic activity bands ranging between molecular weight

24–225 kDa were observed in roots of control grown seedlings

of drought sensitive cv. Malviya-36 and the intensities of most

of these bands increased further under water deficit. In shoots

of this cultivar, however, only 4 bands were observed in con-

trols and their intensities further increased due to water deficit.

In control grown seedlings of drought tolerant cultivar only 5

bands corresponding to proteolytic activity were observed in

roots, the intensities of which increased due to water deficit

whereas in shoots, only 2 bands were observed in controls and

their intensities also increased under water deficit. Seedlings of

drought sensitive cultivar were characterized by possession of

high number of proteolytic activity bands in roots compared to

the tolerant cultivar.

To determine whether water deficit caused selective

modification of proteins in rice seedlings, carbonylated

proteins from the two sets of rice seedlings were detected

by immunochemical methods using antibody against

DNPH. As it is evident, in homogenates prepared from

control and water deficit treated seedlings of both the rice

cultivars, carbonylated proteins appeared in the molecular

mass range of 12–80 kDa (Fig. 8). With increase in the

level of water deficit treatment, the intensity of cross

reacting bands increased in homogenates from both roots

and shoots, however, the intensity of bands of oxidized

proteins was much higher in homogenates from seedlings

of drought sensitive cv. Malviya-36 compared to the tol-

erant cv. Brown Gora. A higher expression of oxidized

proteins was observed in roots compared to the shoots.
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Fig. 3 Effect of increasing

concentration of PEG-6000 in

the growth medium on the root

and shoot contents of

thiobarbituric acid reactive

substances (TBARS) and

activity of superoxide dismutase

(SOD) in rice seedlings after 24,

48 and 72 h of water deficit

treatment. S and T in

parentheses indicate drought

sensitive and tolerant rice

cultivars whereas 15 and 30 %

concentrations of PEG-6000

correspond to water deficit

levels of -1.0 and -2.1 MPa

respectively. 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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Discussion

An important requirement for understanding stress toler-

ance in plants is a proper comparison of biochemical

parameters among the varieties differing in stress tolerance,

when subjected to similar levels of water deficit (Simova-

Stoilova et al. 2008). Drought tolerance or sensitivity of a

plant has often been correlated with its antioxidant

response, as the activities of antioxidative enzymes often

get modulated when plants are exposed to drought (Wang

et al. 2009). Many studies conducted by various groups of

investigators have shown that plant species tolerant to

drought or salinity possess better antioxidant capacity to

protect themselves from oxidative damage caused due to

stressful conditions compared to sensitive plants and show

enhanced activity of antioxidative enzymes when subjected

to stresses (Sekmen et al. 2007; Mishra et al. 2012). In the

present study we conducted the experiments on seedlings

of two rice cultivars differing in drought tolerance i.e.,

Malviya-36 (drought-sensitive) and Brown Gora (drought-

tolerant) to investigate the correlations of ROS production,

lipid peroxidation, oxidative modifications of proteins,

extent of proteolysis and the antioxidant capacity of the

plants with their ability to withstand water deficit stress.

Water deficit stress was imposed in sand culture experi-

ments by PEG-6000 in the growth medium which is an

inert, water binding polymer, with non-ionic impermeable

long chain that accurately mimics water deficit stress in the

fields (Couper and Eley 1984). We observed varying level

of ROS production, lipid peroxidation and different pattern

of response of antioxidative enzyme activities in the

seedlings of sensitive and tolerant rice cultivars when
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concentration of PEG-6000 in

the growth medium on the root

and shoot activities of catalase
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48 and 72 h of water deficit

treatment. S and T in
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subjected to increasing duration and intensity of water

deficit.

In our studies, cv. Malviya-36 appeared to be water

deficit sensitive due to a more decline in length, RWC,

LWP and increase in LWL in the seedlings of this cultivar

compared to cv. Brown Gora when exposed to increasing

levels of water deficit. The cv. Brown Gora was regarded as

water deficit tolerant due to an insignificant decline in

length, RWC and lesser decline in LWP and lesser increase

in LWL compared to similarly stressed seedlings of cv.

Malviya-36. These observations suggest an enhanced

capacity in the seedlings of cv. Brown Gora for with-

standing the damage caused due to water deficit. Root and

shoot growth have been widely used as a physiological trait

to evaluate sensitivity to drought or acclimation to water

deficit. Decrease in the RWC of leaves of rice and tomato

has been observed earlier with imposition of water stress

(Hsu et al. 2003; Zgallai et al. 2005).

All abiotic stressful conditions of the environment

including water deficit, cause oxidative damage to the tis-

sues of growing plants due to overproduction of ROS.

A greater decline in the level of chlorophylls and carote-

noids due to water deficit in drought-sensitive cv. Malviya-

36 as compared to cv. Brown Gora (drought-tolerant),

could be possibly due to a direct or indirect effect of

increasingly produced ROS in the sensitive cultivar leading

to increased lipid peroxidation and consequently increased

destruction of chlorophylls and carotenoids in this cultivar
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the growth medium on the root

and shoot contents of protein
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rice seedlings after 24, 48 and

72 h of water deficit treatment.

S and T in parentheses indicate
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rice cultivars whereas 15 and
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are mean ± SD based on three

independent determinations and

bars indicate standard

deviations. * and **indicate

values that differ significantly
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range test

Plant Growth Regul (2013) 69:149–165 159

123



(Ravi et al. 2011). Water deficit or drought stress is inev-

itably associated with oxidative stress in the tissues due to

enhanced accumulation of ROS particularly O2
.- and H2O2

in chloroplasts, mitochondria and peroxisomes (Foyer and

Noctor 2003). Enhanced oxidative injury, indicated by

increased lipid peroxidation is common in plant cells

exposed to water deficit (Sharma and Dubey 2005). In our

studies lower levels of O2
.-, H2O2 and lipid peroxidation

were observed in both roots and shoots of seedlings of

drought tolerant cv. Brown Gora compared to sensitive cv.

Malviya-36 when subjected to similar levels of water

deficit. This suggests that drought tolerance in rice
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Fig. 6 Effect of increasing concentration of PEG-6000 in the growth

medium on the root and shoot protein carbonyls and proteolytic

activity in rice seedlings after 24, 48 and 72 h of water deficit

treatment. S and T in parentheses indicate drought sensitive and

drought tolerant rice cultivars whereas 15 and 30 % concentrations of

PEG-6000 correspond to water deficit treatment levels of -1.0 and
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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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seedlings is associated with lower level of ROS production

and oxidative stress as compared to sensitive seedlings,

when subjected to similar levels of water deficit. Similar

findings were reported earlier in Medicago sativa, Medi-

cago truncatula and rice plants tolerant to the abiotic

stresses such as drought, salinity and heavy metals (Naya

et al. 2007; Zhou et al. 2007; Mishra et al. 2012).

Protein modifications due to overproduced ROS may

occur as a result of direct oxidation of an amino acid side

chain leading to formation of carbonyl groups or oxidation

of protein thiol groups (Hameed et al. 2011). Protein oxi-

dation has often been considered as a significant marker of

oxidative damage under stressful conditions (Moller et al.

2007) since carbonyl groups formation requires stringent

conditions than the reversible oxidation of protein thiols

(Moller and Kristensen 2004). Our results showed a sig-

nificant decline in the level of root protein thiol and a

higher increase in carbonyl content in the seedlings of

drought sensitive cv. Malviya-36 compared to cv. Brown

Gora when subjected to similar level of water deficit.

A higher level of carbonyl content in water deficit stressed

seedlings of sensitive cv. Malviya-36 compared to the

tolerant cv. Brown Gora was also confirmed by gel blot

analysis of proteins from stressed seedlings of the two rice

cultivars. Oxidative modification of proteins characterized

by production of carbonyl groups is a common feature

associated with oxidative stress. These groups can be

derivatized with DNPH and their immunochemical
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detection can be done with an antibody against DNPH

(Romero-Puertas et al. 2002). By using this measurement

as an index of water deficit induced oxidative injury in rice

tissues, it can be concluded that water deficit promotes

protein carbonylation in rice and that drought tolerant

seedlings are characterized by a lesser degree of carbon-

ylation compared to the sensitive under similar level of

water deficit. Increased carbonylation of proteins has been

Malviya-36 (S)
Root

Malviya-36 (S)
Shoot

Brown Gora (T)
Root

Brown Gora (T)
Shoot

Mol.Wt.

0 15 30 0  15 30

0   15 30 0  15 30

Concentration of PEG-6000 (%)

Fig. 8 Gel-blot analysis of protein-bound carbonyls in proteins

extracted from roots and shoots of the rice seedlings after 48 h of

water deficit treatment. S and T in parentheses indicate drought

sensitive and drought tolerant rice cultivars whereas 15 and 30 %

concentrations of PEG-6000 were used to create water deficit

treatment levels of -1.0 and -2.1 MPa respectively. Arrows
represent bands corresponding to protein-bound carbonyls
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shown under water stress and oxidative stress in wheat and

under Cd toxicity in pea plants (Romero-Puertas et al.

2002; Bartoli et al. 2004). In chloroplasts isolated from

water-stressed wheat leaves increased carbonylation was

detected using anti-DNPH antibody and the carbonylation

was more evident in 41–68 kDa region (Tambussi et al.

2000). In our studies carbonylation under water deficit was

more pronounced for the proteins in mol. wt. region of

17–52 kDa.

Our results of proteolytic activity measurements as well

as in-gel activity staining revealed a higher degree of

proteolysis in water deficit stressed seedlings of drought

sensitive cv. Malviya-36, compared to the tolerant cv.

Brown Gora. In drought sensitive genotype a direct cor-

relation appears to exist between increase in the level of

water deficit treatment and carbonylation of proteins as

well as proteolytic activity. The increased carbonylation

together with a higher proteolysis in water deficit stressed

seedlings of sensitive cv. Malviya-36, unlike cv. Brown

Gora, suggests that in the sensitive cultivar increasingly

produced ROS under water deficit cause enhanced oxida-

tive damage to proteins making the proteins more suscep-

tible to proteolysis. It has been shown that carbonylated

proteins when accumulate in the cells become toxic and

also become more susceptible to proteolysis due to

unfolding of target protein domains (Polge et al. 2009). In

Cd exposed pea and Arabidopsis plants oxidized proteins

were more efficiently degraded due to enhanced proteolytic

activity (Romero-Puertas et al. 2002).

When rice seedlings were exposed to -2.1 MPa water

deficit for 48–72 h a significant decline in the level of

protein thiol was observed in roots of the seedlings of

sensitive cv. Malviya-36, but not in the tolerant cv. Brown

Gora. This suggests that prolonged water deficit causes

oxidation of –SH groups of proteins in the roots of sensi-

tive rice seedlings but not in the tolerant. Earlier studies

have shown decline in protein thiol level due to oxidation

of –SH groups in sensitive varieties of Indica rice seedlings

exposed to Mn toxicity or salt stress (Srivastava and Dubey

2011; Mishra et al. 2012). Thiol groups of amino acid side

chains are major target of attack due to ROS under

stressful conditions (Dat et al. 2000). In drought tolerant

cv. Brown Gora especially at early hours (24 h) of water

deficit non protein thiol level declined but it increased

further under prolonged water deficit. In rice, the pool of

non protein thiol comprises of cysteine, c-glutamyl cys-

teine, glutathione, etc. Among these, glutathione serves as

an important component of antioxidative defense system

and is involved in acclimation and tolerance of the plants

against environmental stresses (Tausz et al. 2004; Sri-

vastava and Dubey 2011). Rice seedlings differing in

salinity tolerance, when exposed to prolonged salinity

stress, however, did not show any definite pattern of

alteration in the level of non-protein thiol (Mishra et al.

2012).

An important determinant of tolerance of plants towards

stressful conditions could be its high ROS scavenging

capacity due to efficient antioxidant defense system that

includes the activity levels of antioxidative enzymes SOD,

CAT and GPX. Our observations showed constitutive higher

activity levels of all these enzymes examined, in the seed-

lings of drought tolerant cv. Brown Gora and a further greater

increase in activity under prolonged water deficit compared

to the seedlings of sensitive cv. Malviya-36. This suggests

that tolerant rice seedlings possess a better O2
.- and H2O2

scavenging capacity compared to sensitive seedlings. This

agrees with other reports showing increased SOD activity in

salt-tolerant cultivars of pea (Hernandez et al. 2001), rice

(Mishra et al. 2012), tomato (Koca et al. 2006) and drought-

tolerant cultivars of maize (Jagtap and Bhargava 1995) and

common bean plants (Turkan et al. 2005) compared to

activity levels in sensitive plants when subjected to respec-

tive stresses. SOD catalyzes the conversion of O2
.- to H2O2

and O2. Accumulation of H2O2 is toxic for the tissues and

therefore it needs to be eliminated from the cell in reactions

catalyzed by the enzymes CAT and GPX. A constitutive

higher level of CAT activity and GPX and its further

enhancement under water deficit in drought-tolerant cv.

Brown Gora seedlings provides higher capacity to this cul-

tivar for the decomposition of H2O2, compared to the sen-

sitive cultivar, thus warding off the irreversible damaging

effects caused due to H2O2 at the cellular and subcellular

levels. Our studies showed a decline in CAT activity in

shoots of seedlings of drought sensitive cv. Malviya-36 after

prolonged duration (72 h) of -2.1 MPa water deficit. This

suggest that in drought sensitive cultivar, the H2O2 scav-

enging mechanism by CAT is less effective under prolonged

water deficit compared to the tolerant cultivar. This is sup-

ported by a much higher level of H2O2 observed in water

deficit stressed seedlings of sensitive cultivar compared to

tolerant. A decline in CAT activity in sensitive cultivar under

prolonged water deficit could be attributed either due to

inactivation of enzyme with its direct interaction with ROS

(Dat et al. 2000), its decreased synthesis or impaired protein

assembly (Ushimaru et al. 1999). A marked decline in CAT

activity has been observed earlier in drought sensitive rice

(Sharma and Dubey 2005) and wheat plants (Simova-Stoil-

ova et al. 2010) subjected to water deficit.

Our findings thus suggest that coordinated activity of

antioxidative enzymes SOD, CAT and GPX play important

role in scavenging ROS and mitigating oxidative stress

under water deficit in rice seedlings and that a constitutive

higher status of the enzymes SOD, CAT and GPX and their

further enhancement under water deficit, low level of

proteolysis and reduced level of protein carbonyls in water

deficit stressed plant parts can be regarded as a model for
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depicting water deficit tolerance in Indica rice seedlings.

The two genotypes of rice seedlings with different drought

tolerance could be distinguished by the investigated phys-

iological and biochemical parameters, however, experi-

ments with more number of genotypes need to be

conducted to generalize this conclusion.
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