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of their metabolism in drought-sensitive and tolerant indica rice
(Oryza sativa L.) seedlings subjected to progressing levels
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Abstract Water deficit for rice is a worldwide concern, and to
produce drought-tolerant varieties, it is essential to elucidate
molecular mechanisms associated with water deficit tolerance.
In the present study, we investigated the differential responses
of nonenzymatic antioxidants ascorbate (AsA), glutathione
(GSH), and their redox pool as well as activity levels of
enzymes of ascorbate–glutathione cycle in seedlings of
drought-sensitive rice (Oryza sativa L.) cv. Malviya-36 and
drought-tolerant cv. Brown Gora subjected to water deficit
treatment of −1.0 and −2.1 MPa for 24–72 h using PEG-6000
in sand cultures. Water deficit caused increased production of
reactive oxygen species such as O2⋅−, H2O2, and HO⋅ in the
tissues, and the level of production was higher in the sensitive
than the tolerant cultivar. Water deficit caused reduction in
AsA and GSH and decline in their redox ratios (AsA/DHA
and GSH/GSSG) with lesser decline in tolerant than the
sensitive seedlings. With progressive level of water deficit,
the activities of monodehydroascorbate reductase, dehydroas-
corbate reductase, ascorbate peroxidase (APX), and glutathi-
one transferase increased in the seedlings of both rice
cultivars, but the increased activity levels were higher in the
seedlings of drought-tolerant cv. Brown Gora compared to the
sensitive cv. Malviya-36. Greater accumulation of proline was
observed in stressed seedlings of tolerant than the sensitive
cultivar. In-gel activity staining of APX revealed varying
numbers of their isoforms and their differential expression in
sensitive and tolerant seedlings under water deficit. Results
suggest that an enhanced oxidative stress tolerance by a well-

coordinated cellular redox state of ascorbate and glutathione
in reduced forms and induction of antioxidant defense system
by elevated activity levels of enzymes of ascorbate–glutathi-
one cycle is associated with water deficit tolerance in rice.
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Introduction

Water deficit is one of the major environmental stresses affect-
ing crop productivity in arid and semi-arid regions of the world.
Plants exposed to water deficit show altered growth and me-
tabolism. Oxidative stress, which results from overproduction
of reactive oxygen species (ROS), is regarded as an important
component in expression of water deficit-induced metabolic
alterations in plants (Sharma and Dubey 2005). In water-
stressed plants, higher leakage of electrons to O2 during the
process of photosynthesis and respiration causes enhanced gen-
eration of ROS in the tissues (Asada 1999). These ROS include
superoxide anion (O2⋅−), hydrogen peroxide (H2O2), and hy-
droxyl radical (HO⋅), which are produced in different cellular
compartments and cause oxidative damage to cell components
leading to peroxidation of lipids, protein oxidation, DNA frag-
mentation, enzyme inhibition, and activation of programmed
cell death pathway and ultimately may lead to death of the cells
(Sharma et al. 2010, 2012).

To scavenge overproduced ROS and to avoid their delete-
rious effects, plants possess an efficient antioxidative defense
system comprising of the nonenzymatic as well as enzymatic
antioxidants (Sharma et al. 2012). Ascorbate (AsA) and glu-
tathione (GSH) are potent nonenzymatic antioxidants within
plant cells. The enzymatic antioxidants include superoxide
dismutase (EC 1.15.1.1), which reacts with superoxide
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radicals and converts them to O2 and H2O2; catalase (EC
1.11.1.6) that detoxifies H2O2; and peroxidase which oxidizes
different substrates at the expense of H2O2⋅. In chloroplasts,
H2O2 is detoxified by the components of the ascorbate–glu-
tathione cycle which includes AsA, GSH, and the enzymes
dehydroascorbate reductase (DHAR, EC 1.8.5.1), monodehy-
droascorbate reductase (MDHAR, EC 1.6.5.4), and glutathi-
one reductase (GR, EC 1.6.4.2). AsA and GSH can directly
interact with and detoxify ROS and thus contribute signifi-
cantly to nonenzymatic ROS scavenging (Polle 2001).

AsA is considered as a powerful antioxidant because of its
ability to donate electrons in a number of enzymatic and non-
enzymatic reactions. It plays an important role in several phys-
iological processes in plants, including growth, differentiation,
and metabolism (Sharma et al. 2012). AsA is particularly
influential in setting threshold for apoplastic and cytoplasmic
signaling (Pourcel et al. 2007). GSH is a crucial low molecular
weight nonprotein thiol that plays an important role in intracel-
lular defense against ROS-induced oxidative damage (Sharma
et al. 2012). Though GSH has a multifaceted role in plant
metabolism, the GSH system has been recognized as a valuable
stress marker in ecophysiological studies. It is widely used as a
marker of oxidative stress to plants (Tausz et al. 2004). GSH is
also being regarded as a universal redox sensing and signaling
system at the cellular level (Noctor et al. 2002).

In addition, the enzymes glutathione-S-transferases (GSTs,
EC 2.5.1.18) are ubiquitous in plants and catalyze conjugation
of GSH to awide variety of compounds to form less or nontoxic
peptide derivatives (Frova 2003). As a detoxification process,
through glutathionation, various toxic and nontoxic metabolites
of the cell are rapidly transported to vacuoles (Haluskova et al.
2009). Various environmental stresses, through the elevated
levels of ROS, have been shown to induce GST activities in
plants (Haluskova et al. 2009). Some GST isoforms are specif-
ically activated under stresses (Smith et al. 2004).

Maintenance of a high antioxidant capacity to scavenge
ROS has been linked to increased tolerance of plants to a wide
range of environmental stresses (Mishra et al. 2012; Sharma et
al. 2012). Since antioxidative defense, redox reactions, detox-
ification processes, and synthesis of osmolytes play a crucial
role in combating stress-induced damage, the levels of AsA
and GSH, the activity levels of enzymes of their metabolism
as well as of enzyme GST and proline synthesizing capacity
may serve as possible markers to specify water deficit toler-
ance in plants. Rice is an important food crop for the majority
of the world population. Being a semihalophylic plant, it is
often subjected to water deficit stress in many areas of the
world. Rice plants exposed to water deficit show overproduc-
tion of ROS, oxidative stress in the tissues, and increased
activity levels of many antioxidative enzymes (Sharma and
Dubey 2005). Therefore, it is imperative to study the redox
status of the twin key nonenzymatic ROS scavengers AsA and
GSH and the activity of enzymes of their metabolism as well

as activity of GST and proline level in growing rice plants
differing in water stress tolerance, to deduce a relationship
between the level of these components and water deficit
tolerance in rice plants.

To test the hypothesis whether indica rice cultivars differ-
ing in water deficit tolerance possess differential levels of
constitutive or induced antioxidative defense capacity related
to the components of the AsA–GSH cycle and to identify the
specific components of this system which could be correlated
with water deficit tolerance in rice, the present study was
aimed to examine the differential response of cellular redox
status of AsA/DHA and GSH/GSSG as well as alterations in
activity behaviors of the enzymes of the AsA–GSH cycle,
activity of GST, and the level of proline in growing rice
seedlings differing in drought tolerance when subjected to
increasing levels of water deficit.

Materials and methods

Plant material and stress treatments

Seeds of two indica rice (Oryza sativa L.) cultivars differing in
water deficit tolerance,Malviya-36 (drought-sensitive) obtained
from the Institute of Agricultural Sciences, Banaras Hindu
University and Brown Gora (drought-tolerant) obtained from
Central Rainfed Upland Rice Research Station, Hazaribagh,
were used in this study. 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 greenhouse at 28±1 °C under
80 % relative humidity and 12-h light/dark cycle with 190–
200 μmol 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,
which served as control or nutrient solution supplemented with
15 and 30 % strengths of polyethylene glycol (PEG-6000) to
achieve osmotic potentials of −1.0 and −2.1 MPa, respectively,
to serve as treatment solutions (Michel and Kaufmann 1973).
All experiments were performed in triplicate on the control and
water deficit-stressed seedlings.

Histochemical localization of O2⋅− and H2O2

Localization of O2⋅− in situ was detected in the leaves of the
control and water deficit-stressed seedlings using nitroblue
tetrazolium (NBT) as substrate following the method of
Frahry and Schopfer (2001). Leaf discs (3–5 mm) were
immersed in 6 mM NBT (prepared in 10 mM Na-citrate
buffer, pH 6.0) at 25 °C for 8 h under light. NBT reacts with
superoxide anion and dark blue insoluble formazan spots
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appear in the leaves. The leaves were then immersed in
boiling ethanol (95 %) for 10 min to decolorize the leaves
except the dark blue insoluble formazan deposits produced by
the reaction of NBT with O2⋅. After cooling, leaf discs were
photographed. Histochemical detection of H2O2 in situ was
done according to Thordal-Christensen et al. (1997). Leaf discs,
3–5 mm, were incubated in a solution containing 1 mg ml−1

3,3-diaminobenzidine (DAB) prepared in HCl acidified
(pH 3.8) water. After 8 h of incubation at 25 °C, leaf discs were
kept in boiling 95% ethanol for 10min andwere then cleared in
saturated chloral hydrate. Leaf discs were then examined under
a light microscope. Reddish brown-colored spots appeared
characteristic of the reaction of DAB with H2O2.

Determination of HO⋅ production by 2-deoxyribose assay

To determine the production of HO⋅, a deoxyribose assay was
performed according to Halliwell and Gutteridge (1981).
Fresh root/shoot samples weighing 100 mg were homoge-
nized in 2 ml of 50 mM sodium phosphate buffer (pH 7.0)
and centrifuged at 22,000 × g for 10 min at 4 °C. A reaction
mixture containing 1 ml of supernatant, 0.8 ml of 2.5 mM 2-
deoxyribose, and 200 μl of 2 mM FeSO4 was incubated for
1 h in the dark. This was followed by the addition of 1 ml of
0.25% thiobarbituric acid prepared in 10% trichloroacetic acid
(TCA). The contents were then boiled for 20 min and cooled
immediately for 10 min in an ice bath. After centrifugation at
3,000 × g for 10 min, absorbance was read at 532 nm in a
Spectronic 20 spectrophotometer (Bausch and Lomb, USA).

Determination of proline

Proline content was determined in the control and water-
stressed seedlings according to the method of Bates et al.
(1973). Root/shoot samples weighing 300 mg were homoge-
nized in 5 ml of 3 % sulfosalicylic acid and centrifuged at
22,000 × g for 20 min. To 2 ml of the supernatant was added
2 ml of freshly prepared acid ninhydrin solution and 2 ml of
glacial acetic acid. Contents were boiled for 1 h at 100 °C in a
water bath. The reaction mixture was extracted with 5 ml of
toluene and vortexed for 15 s. The tubes were allowed to stand
for 10 min at room temperature to allow the separation of the
toluene and aqueous phases. The toluene phase was then care-
fully collected into test tubes and absorbance was measured at
520 nm in a spectrophotometer. L-Proline (Sigma) was used as
standard. The amount of proline in the samples was expressed
in terms of microgram (proline) per gram fresh weight.

Determination of ascorbate and glutathione pool

The contents of reduced AsA, oxidized ascorbate (dehy-
droascorbate, DHA), and total ascorbate (AsA + DHA) were
determined following the method of Law et al. (1983). Fresh

root/shoot samples weighing 200 mg were homogenized
using a chilled mortar and pestle in 5 ml of 5 % (w/v) m-
phosphoric acid and centrifuged at 22,000 × g for 10 min at
4 °C. For estimation of total ascorbate, 100 μl of the super-
natant was incubated with 110 mM KH2PO4, 3.6 mM
EDTA, and 1.5 mM dithiothreitol (DTT) in a total volume
of 700 μl to reduce all DHA to AsA. One hundred micro-
liters of 0.5 % N-ethylmaleimide (NEM) was added to
remove excess DTT. AsA was analyzed in a similar manner
except that 200 μl of deionized water was substituted for
DTT and NEM. After the addition of 400 μl of 10 % (w/v)
TCA, 400 μl 44 % O-phosphoric acid, 400 μl of 65 mM
α,α′-bipyridyl in 70 % ethanol, and 200 μl of 100 mM
FeCl3 were added. After incubation at 40 °C for 1 h in a
shaking water bath, color was developed. Absorbance was
measured at 525 nm. Standards for AsA and DHA were
prepared between 0 and 5 mM in 5 % (w/v) m-phosphoric
acid. For each sample, DHA was estimated from the differ-
ence between total ascorbate and AsA. Total glutathione
(GSH + GSSG), oxidized glutathione (GSSG), and reduced
glutathione (GSH) contents were determined following the
method of Griffith (1980). Samples weighing 200 mg were
homogenized in a cold temperature in 5 % (w/v) sulfosali-
cylic acid and centrifuged at 22,000 × g for 10 min at 4 °C.
Two solutions, namely, solution A (pH 7.2) consisting
of 100 mM Na2HPO4⋅7H2O, 40 mM NaH2PO4⋅H2O,
15 mM EDTA, 1.8 mM 5,5′-dithiobis-2-nitrobenzoic
acid, and 0.04 % bovine serum albumin (BSA,
Sigma), as well as solution B (pH 7.2) consisting of
1 mM EDTA, 50 mM imidazole, 0.2 % BSA, and 2 Uml−1

glutathione reductase, were prepared. Total glutathione was
measured in a reaction mixture consisting of 400 μl of solu-
tion A, 320 μl of solution B, 400 μl of a 1:5 dilution of
supernatant in 0.5 M KH2PO4 (pH 7.0), and 80 μl of
3.0 mM NADPH. The reaction rate was measured following
change in absorbance at 412 nm for 5 min. To estimate GSSG,
a similar method was followed except that 1 ml of 1:2 diluted
supernatant in 0.5 M KH2PO4 (pH 6.0) was prior incubated
with 20 μl of 2-vinylpyridine at 25 °C for 1 h to derivatize
GSH. GSH and GSSG standards were between 0 and 18 μM
in 5% w/v sulfosalicylic acid diluted appropriately with 0.5 M
KH2PO4 (pH 7.0). For each sample, GSH was estimated from
the difference between total glutathione and GSSG.

Determination of ascorbate–glutathione cycle enzyme activities

The activity of ascorbate peroxidase (APX) was assayed
according to Nakano and Asada (1981). Root/shoot samples
weighing 200 mg were homogenized in 3 ml of 50 mM K-
phosphate buffer (pH 7.8) containing 1 % (w/v) polyvinyl-
pyrrolidone (PVP), 1 mM AsA, and 1 mM PMSF and
centrifuged at 22,000 × g for 10 min at 4 °C. The superna-
tant was dialyzed in cellophane membrane tubing against
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extraction buffer in a cold temperature with three or four
changes of the buffer and used for enzyme assay. The reaction
mixture in 1 ml contained 50 mM K-phosphate buffer
(pH 7.0), 0.2 mM EDTA, 0.5 mM AsA, and 1 mM H2O2.
H2O2-dependent oxidation of AsA was followed by measur-
ing decrease in absorbance at 290 nm (extinction coefficient
of 2.8 mM−1 cm−1) using UV–VIS spectrophotometer (Perkin
Elmer, USA, LAMBDAEZ 201) at 30 s intervals up to 7 min.
Correction was made for the low nonenzymatic oxidation of
AsA by H2O2. Enzyme specific activity is expressed as mi-
cromole ascorbate oxidized per minute per milligram protein.
MDHAR activity was assayed following the method of

Hossain et al. (1984). Samples weighing 200 mg were ho-
mogenized using a chilled mortar and pestle in 3 ml of
extraction medium containing 100 mM K-phosphate buffer
(pH 7.5), 1 mMEDTA, 2% (w/v) PVP, and 1mMAsA (added
prior to use). Homogenate was centrifuged at 22,000 × g for
10 min at 4 °C and dialyzed. MDHAR was assayed in 1 ml
reaction medium containing 90 mM potassium phosphate
buffer (pH 7.5), 0.01 mM EDTA, 0.0125 % Triton X-100,
0.25 U ascorbate oxidase (units as described by Sigma
Chemicals Co., USA), 0.2 mM NADH, and enzyme extract.
The reaction was followed by measuring the decrease in
absorbance at 340 nm due to NADH oxidation. Enzyme
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reaction of DAB with H2O2⋅
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specific activity is expressed as nanomole NADH oxidized
per minute per milligram protein. The enzyme extract for

DHAR was prepared as described for MDHAR, and the
activity was determined according to Doulis et al. (1997) by

Malviya-36 (S)
       Root

   
   

  H
yd

ro
xy

l R
ad

ic
al

(A
bs

or
ba

nc
e 

at
 5

32
 n

m
 x

 1
03 )

0

100

200

300

400

500

600

700

24h

48h

72h

Brown Gora (T)
        Root

0

200

400

600

Malviya-36 (S)
     Shoot

0

100

200

300

400

500

600

700
Brown Gora (T)
      Shoot

200

400

600

Malviya-36 (S)
       Root

P
ro

lin
e 

(µ
g 

g-1
 fr

es
h 

w
t.

)

0

5

10

15

20

25

Malviya-36 (S)
      Shoot

0        15            30

Concentration of Polyethylene Glycol (%)    

0

50

100

150

200

Brown Gora (T)
      Root

0

5

10

15

20

25

Brown Gora (T)
       Shoot

   0         15             30
0

50

100

150

200

0

0

*

***

** **

*

** **

*

* ** **
**

** **
***

* * *

*

*

**

**
*

**

**
**

** ** **
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(PEG-6000) in the growth medium on the root and shoot contents of
hydroxyl radical and proline in rice seedlings at 24, 48, and 72 h of
water deficit treatment. S and T in parentheses indicate drought-
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levels of −1.0 and −2.1 MPa, respectively. Values are mean ± SD
based on three independent determinations and bars indicate standard
deviations. *p≤0.05 and **p≤0.01 indicate values that differ signifi-
cantly from controls according to Tukey’s multiple range test
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measuring reduction of DHA in the presence of GSH after
accounting for the nonenzymatic reduction of DHA by GSH.
The assay mixture in a volume of 1 ml contained 90 mM
potassium phosphate buffer (pH 7.0), 0.1 mMEDTA, 5.0 mM
GSH, and 100 μl enzyme. The reaction was initiated by the
addition of 0.2 mMDHA (freshly prepared) and the reduction
of DHAwas followed at 265 nm using UV–VIS spectropho-
tometer (Perkin Elmer, USA, LAMBDA EZ 201). Enzyme
specific activity is expressed as nanomole dehydroascorbate
reduced per minute per milligram protein. GR activity was
assayed according to Schaedle and Bassham (1977). Samples
weighing 200 mg were homogenized in a cold temperature in
5 ml of 50 mM Tris–HCl buffer (pH 7.6) containing 1.0 mM
EDTA, 0.1 mMTriton X-100, and 2 % PVP. The homogenate
was centrifuged at 22,000 × g for 30 min at 4 °C, and in the
supernatant, GR activity was assayed. The assay mixture in
1 ml contained 80 mM Tris–HCl buffer (pH 8.5), 1.5 mM
EDTA, 2.5 mM oxidized glutathione (GSSG), and 100 μl
enzyme extract. Reaction was initiated by the addition of
0.5 mM NADPH in 1 % NaHCO3 and was followed by
monitoring the oxidation of NADPH at 340 nm. Enzyme
specific activity is expressed as nanomole NADPH oxidized
per minute per milligram protein.

Activity of GST was assayed according to Li et al.
(1995). Fresh samples (200 mg) were homogenized using
a chilled mortar and pestle in 2 ml of 100 mM potassium
phosphate buffer (pH 7.8) containing 1 mM EDTA. The
homogenate was centrifuged at 22,000 × g for 30 min at
4 °C, and the supernatant after dialysis was used for enzyme
assay. The assay mixture in 3 ml contained 50 mM potassi-
um phosphate buffer (pH 7.5), 1 mM 1-chloro-2,4-dinitro-
benzene, and 100 μl enzyme. The reaction was initiated by
adding 2 mM GSH, and formation of S-(2,4-dinitrophenyl)
glutathione was monitored as an increase in absorbance at
334 nm. Enzyme specific activity is expressed as units (U)
per milligram protein.

Isoenzyme profile of APX

In-gel activity staining of APX isoforms was done accord-
ing to the method of De Gara et al. (1993). Native PAGE
was carried at 4 °C using 0.01 M Tris–glycine (pH 8.3) as
electrode buffer, 7.5 % running gel, and 3.5 % stacking gel.
Enzyme extracts prepared from the root/shoot samples con-
taining 100 μg protein were loaded on to the stacking gel,
and electrophoretic run was completed by applying a current
of 25 mA per slab. After electrophoresis, the gels were
incubated at room temperature for 15 min in 0.1 M sodium
phosphate buffer (pH 6.2) containing 4 mM AsA and 4 mM
H2O2. Gels were washed with distilled water and stained in
0.125 N HCl containing 0.1 % (w/v) ferric chloride and
0.1 % w/v potassium ferricyanide. Isoforms of APX
appeared as colorless bands on a blue background.

Protein determination

In all preparations, protein concentration was determined fol-
lowing the method of Bradford (1976) using BSA (Sigma) as
standard.

Statistical analysis

All experiments were performed in triplicate. Values indi-
cate mean ± SD based on three independent determinations.
Differences among control and treatments were analyzed by
one factorial ANOVA followed by Tukey’s test. Asterisks
(*) were used to identify the level of significance of the
difference between the control and water deficit stress treat-
ments as *p≤0.05 and **p≤0.01.

Results

Effect of water deficit on localization of O2⋅− and H2O2

When seedlings of the two rice cultivars were subjected to
water deficit treatment of −1.0 and −2.1 MPa for 48 h and
the leaves were examined for the localization of O2⋅−, it was
observed that in the leaves of both sets of rice cultivars,
NBT-stained dark blue formazan spots appeared showing
localization of O2⋅− in the leaf tissues of water deficit-
stressed seedlings (Fig. 1a). The intensity of spots increased
with the increase in the level of water deficit. Leaves of the
seedlings of drought-sensitive cv. Malviya-36 showed greater
localization of O2⋅− in the tissues compared to the similarly
stressed seedlings of the tolerant cv. BrownGora. Localization
of H2O2 was visualized in the leaves using DAB staining as
dark brown spots (Fig. 1b). Due to water deficit, the leaves of
cv. Malviya-36 showed greater accumulation of H2O2 which
spread throughout the whole leaf segment both under mild
(−1.0 MPa) and higher (−2.1 MPa) treatment levels, whereas
in the drought-tolerant cv. Brown Gora, localization of H2O2

was observed due to water deficit as dark brown scattered
patches on the leaves. Localization of H2O2 appeared to be
higher in the leaves of stressed seedlings of the sensitive than
the tolerant cultivar.

Fig. 3 Effect of increasing concentrations of polyethylene glycol
(PEG-6000) in the growth medium on the root and shoot contents of
reduced ascorbate (AsA), dehydroascorbate (DHA), and AsA/DHA 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 corre-
spond 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. *p≤0.05 and **p≤0.01 indicate
values that differ significantly from controls according to Tukey’s
multiple range test
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Effect of water deficit on HO⋅ production

The formation of HO⋅ was quantified in the seedlings using
2-deoxyribose oxidative degradation, after condensation of
the degradation product malonaldehyde with TBA. With the
increase in the intensity and duration of water deficit treat-
ment, the production of HO⋅ increased consistently in the
roots and shoots of the seedlings of both sets of the rice
cultivars; however, water deficit-induced production of HO⋅
was greater in the seedlings of drought-sensitive cv.
Malviya-36 compared to the tolerant cv. Brown Gora
(Fig. 2). Seedlings of drought-sensitive cv. Malviya-36
stressed with −2.1 MPa water deficit for 72 h showed
83 % (p≤0.01) increased HO⋅ generation in the roots and
94 % (p≤0.01) increased generation in the shoots compared
to the controls, whereas similarly stressed seedlings of
drought-tolerant cv. Brown Gora showed 66 % (p≤0.01)
increased HO⋅ production level in the roots and 54 %
(p≤0.01) increased level in the shoots compared to non-
stressed seedlings.

Effect of water deficit on the proline level in seedlings

Proline level increased consistently in the seedlings of both
sets of rice cultivars with an increase in intensity and dura-
tion of water deficit treatment (Fig. 2). However, water
deficit-induced increase in the proline level was greater in
drought-tolerant compared to the sensitive seedlings.
Seedlings of drought-tolerant cv. Brown Gora stressed with
−2.1 MPa water deficit for 72 h showed 38 % (p≤0.01)
increased proline level in the roots and 121 % (p≤0.01)
increased level in the shoots compared to the controls,
whereas with similar water deficit treatment in the seedlings
of drought-sensitive cv. Malviya-36, no definite alteration in
proline level could be observed in the roots, whereas 15 %
(p≤0.05) increased proline level was noticed in the shoots
compared to controls.

Effect of water deficit on ascorbate and glutathione pool

When the levels of reduced AsA, DHA, and total ascorbate
pool (AsA + DHA) were quantified in the seedlings at
increasing intensity and duration of water deficit treatment,
a consistent decline in AsA level was observed in both roots
and shoots of the seedlings of both rice cultivars with water
deficit treatment (Fig. 3).Water deficit caused a greater
decline in AsA level in the seedlings of drought-sensitive
cv. Malviya-36 compared to the tolerant cv. Brown Gora.
Seedlings of sensitive cv. Malviya-36, water deficit-stressed
at −2.1 MPa for 72 h, showed 57 % (p≤0.01) decline in AsA
level in the roots and 50 % (p≤0.01) decline in AsA level in
the shoots, whereas similarly stressed seedlings of tolerant
cv. Brown Gora showed 38 % (p≤0.01) decline in AsA level

in the roots and 23 % (p≤0.05) decline in AsA level in the
shoots compared to the controls. The level of the oxidized
form of ascorbate, DHA, also declined in the seedlings due
to water deficit (Fig. 3). However, in the seedlings of the
sensitive cultivar, water deficit caused greater decline in the
level of AsA than DHA. Specially in the roots, water deficit
caused a greater decline in DHA level in the tolerant cultivar
than the sensitive cultivar. In the seedlings of cv.
Malviya-36, the ratio of AsA/DHA increased at 24 h
of −1.0 MPa water deficit treatment, whereas with pro-
longed duration and intensity (−2.1 MPa) of water def-
icit, this ratio declined (Fig. 3). In drought-tolerant
seedlings, however, with −2.1 MPa water deficit for
72 h, a significant (p≤0.01) increase in AsA/DHA ratio
was observed in the roots. The level of GSH declined
consistently in the seedlings of sensitive cv. Malviya-36
with an increase in intensity and duration of water
deficit, whereas in the seedlings of drought-tolerant cv.
Brown Gora under our experimental conditions, almost
no alteration in GSH level could be detected with water
deficit in the roots, but in the shoots, −2.1 MPa water
deficit level imposed for 72 h caused a decline (p≤0.05)
in GSH level (Fig. 4). Water deficit of −2.1 MPa for
72 h led to 41 % (p≤0.01) decline in GSH level in the
roots and 61 % (p≤0.01) decline in GSH level in the
shoots of drought-sensitive seedlings, whereas similarly
stressed seedlings of tolerant cultivar showed 22 % (p≤0.05)
decline in GSH level in the shoots compared to the
controls. The level of GSSG increased consistently in
the seedlings of drought-sensitive cv. Malviya-36 with
an increase in the level and duration of water deficit,
whereas in the seedlings of drought-tolerant cv. Brown
Gora prolonged water deficit of 72 h caused a decline
in GSSG level (Fig. 4). The ratio of GSH/GSSG de-
clined consistently in drought-sensitive seedlings with
increasing level of water deficit, whereas in the seed-
lings of drought-tolerant cultivar with −2.1 MPa water
deficit treatment for 72 h, a significant (p≤0.01) in-
crease in GSH/GSSG ratio was observed compared to
untreated controls. Seedlings of drought-sensitive cv.
Malviya-36 stressed with −2.1 MPa water deficit for
72 h showed 49 % (p≤0.01) decline in GSH/GSSG

Fig. 4 Effect of increasing concentrations of polyethylene glycol
(PEG-6000) in the growth medium on the root and shoot contents of
reduced glutathione (GSH), oxidized glutathione (GSSG), and their
redox ratio (GSH/GSSG) 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 levels of
−1.0 and −2.1 MPa, respectively. Values are mean ± SD based on three
independent determinations and bars indicate standard deviations. *p≤
0.05 and **p≤0.01 indicate values that differ significantly from con-
trols according to Tukey’s multiple range test

b

S. Pyngrope et al.



M alviya-36 (S)
       R oot

R
E

D
U

C
E

D
 G

L
U

T
A

T
H

IO
N

E

   
   

(n
m

ol
 g

-1
 fr

es
h 

w
t)

0

200

400

600

800

1000

24h

48h

72h

Brow n G ora (T)
       R oot

200

400

600

800

1000

M alviya-36 (S)
      Shoot

200

400

600

Brow n G ora (T)
      Shoot

200

400

600

B row n G ora (T )
        R oot

50

100

150

200

250
M alviya-36 (S)
     R oot

50

100

150

200

250

Brow n G ora (T)
      Shoot

50

100

150

200

250
M alviya-36 (S)
      Shoot

0

50

100

150

200

250

M alviya-36 (S)
        R oot

G
SH

/G
SS

G

0

1

2

3

4

5

O
X

ID
IZ

E
D

 G
L

U
T

A
T

H
IO

N
E

   
   

(n
m

ol
 g

-1
 fr

es
h 

w
t)

B row n G ora (T)
       R oot

1

2

3

4

5

M alviya-36 (S)
      Shoot

 0                  15                    30

C oncentration of Polyethylene G lycol (% )

0

2

4

6

Brow n G ora (T)
       Shoot

0

2

4

6

     0                  15                  30

*
* **

**
**

**

*

* *
*

**
** ****

**
**** **

**

**

*

**

**

**

**

**

*

**
****

0 0

0 0

0 0

0

0

ROS, AsA–GSH pool, and enzymes in rice subjected to water deficit



ratio in the roots and 61 % (p≤0.01) decline in the ratio
in the shoots, whereas similarly stressed seedlings of
tolerant cv. Brown Gora showed 66 % (p≤0.01) in-
creased GSH/GSSG ratio in the roots and 53 % (p≤0.01)
increased ratio in the shoots.

Effect of water deficit on APX,MDHAR, andDHAR activities

When the activities of enzymes of the ascorbate-dependent
oxidative system APX, MDHAR, and DHAR were examined
in water deficit-stressed seedlings, it was observed that with
imposition of water deficit (−1.0 and −2.1MPa) for 24 to 72 h,
the activities of all the three enzymes increased in the seed-
lings of both sensitive as well as tolerant rice cultivars (Fig. 5).
However, under a prolonged (72 h) and higher water deficit
treatment level (−2.1 MPa), the extent of increase in enzyme
activities was greater in the tolerant seedlings than the sensi-
tive seedlings. Seedlings of drought-tolerant cv. Brown Gora
exposed to −2.1 MPa water deficit for 72 h showed much
higher activities of APX, MDHAR, and DHAR compared to
the similarly stressed seedlings of drought-sensitive cv.
Malviya-36. With −2.1 MPa water deficit stress treatment
for 72 h, seedlings of drought-sensitive cv. Malviya-36
showed 28 % (p≤0.05) increase in APX activity in the roots,
12 % increased activity in the shoots, 36 % (p≤0.01) increase
in MDHAR activity in the roots, and 45 % (p≤0.01)
increase in the shoots as well as 85 % (p≤0.01) increase
in DHAR activity in the roots, and 73 % (p≤0.05) in-
crease in the shoots compared to the respective controls.
Whereas under similar intensity and duration of water
deficit, the seedlings of tolerant cv. Brown Gora showed
56 % (p≤0.01) increase in APX activity in the roots and
68 % (p≤0.01) increase in the shoots, 95 % (p≤0.01)
increased MDHAR activity in the roots and 103 % (p≤0.01)
increase in the shoots as well as 33 % (p≤0.01) increased
DHAR activity in the roots and 51 % (p≤0.01) increased
activity in the shoots in comparison to controls.

Effect of water deficit on GR and GST activities

The activity of GR increased consistently in the roots of
both sensitive and tolerant rice seedlings with imposition of
water deficit (Fig. 6). However, in the shoots of drought-
tolerant cv. Brown Gora, GR activity increased with an
increase in water deficit level of −1.0 to −2.1 MPa, whereas
in the seedlings of drought-sensitive cv. Malviya-36, with
mild water deficit of −1.0 MPa, GR activity increased in the
shoots, while the activity declined with a higher water
deficit level of −2.1 MPa. With imposition of −2.1 MPa
water deficit for 72 h, seedlings of the sensitive cultivar
showed 20 % (p≤0.05) increase in GR activity in the roots,
while similarly stressed seedlings of the tolerant cultivar
showed 62 % (p≤0.01) increased enzyme activity in

the roots compared to their respective controls. It was
interesting to note that both constitutive as well as water
deficit inducible increase in GR levels was higher in the
seedlings of tolerant cv. Brown Gora compared to the
sensitive cv. Malviya-36. The activity of GST increased
in rice seedlings due to water deficit treatment in both
sets of rice cultivars, and under prolonged water deficit
(48–72 h), the activity level of GST was higher in the
seedlings of the tolerant cultivar compared to the sensi-
tive cultivar. Seedlings of drought-sensitive cv. Malviya-
36 subjected to −2.1 MPa water deficit for 72 h showed
64 % (p≤0.01) increased GST activity in the roots and
68 % (p≤0.01) increased enzyme activity in the shoots,
whereas similarly stressed seedlings of drought-tolerant
cv. Brown Gora showed 45 % (p≤0.01) increased GST
activity in the roots and 80 % (p≤0.01) increased ac-
tivity in the shoots compared to the activity in the
respective controls. Drought-tolerant seedlings were thus
characterized by a high level of GST activity compared
to the sensitive seedlings under prolonged duration
(72 h) of −2.1 MPa water deficit treatment.

Effect of water deficit on isoenzymatic profile of APX

In-gel activity staining of APX isoenzymes from the roots
and shoots of 48 h, control, and water deficit (−1.0 and
−2.1 MPa)-stressed seedlings of rice cv. Malviya-36
(drought-sensitive) and Brown Gora (drought-tolerant) has
been shown in Fig. 7. As it is evident, in enzyme preparation
from the roots of the drought-sensitive cultivar, two APX
activity bands (APX 1 and APX 2) were apparent and the
intensity of both bands increased with the increase in the
level of water deficit. Whereas in the root of the tolerant
cultivar, three APX activity bands (APX 1, APX 2, and
APX 3) were observed under the control as well as water
deficit seedlings and all these three bands were apparently
overexpressed under water deficit. Drought-tolerant seed-
lings were characterized by the presence of a unique APX
3 band in the roots under both the control and water deficit
conditions. In the shoots of drought-sensitive cv. Malviya-
36, four APX activity bands (APX 1 to APX 4) with very
low intensity were observed in the control, and the intensity
of all these bands intensified with water deficit. Band APX 5

Fig. 5 Effect of increasing concentrations of polyethylene glycol
(PEG-6000) in the growth medium on the root and shoot activities of
ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR), and dehydroascorbate reductase (DHAR) 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 −2.1 MPa, respectively. Values are mean ±
SD based on three independent determinations and bars indicate stan-
dard deviations. *p≤0.05 and **p≤0.01 indicate values that differ
significantly from controls according to Tukey’s multiple range test
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was overexpressed with an increase in the level of water
deficit. Unlike the shoots of the drought-sensitive cultivar,
in the shoots of tolerant cv. Brown Gora, only two APX

activity bands were observed in the control and water deficit
conditions and the intensities of both these bands increased
under water deficit.
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Fig. 6 Effect of increasing concentrations of polyethylene glycol
(PEG-6000) in the growth medium on the root and shoot activities of
glutathione reductase (GR) and glutathione transferase (GST) 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 culti-
vars, whereas 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. *p≤0.05 and **p≤0.01 indicate
values that differ significantly from controls according to Tukey’s
multiple range test
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Discussion

In the present study, we conducted experiments on seedlings
of two conventionally bred indica rice cultivars, cv. Malviya
(drought-sensitive) and Brown Gora (drought-tolerant). We
observed increased production of the ROS O2⋅−, H2O2 in
shoots, and HO⋅ in the roots and shoots of the seedlings of
the drought-sensitive cultivar compared to the tolerant cul-
tivar when subjected to similar progressive levels (−1.0 to
−2.1 MPa) and increased duration (24–72 h) of water defi-
cit. Based on our earlier studies (data not reported here), cv.
Brown Gora was regarded as water deficit tolerant due to
insignificant decline in length, relative water content, lesser
decline in leaf water potential, and leaf water loss compared
to cv. Malviya-36 subjected to water deficit treatment of
−2.1 MPa for 72 h. Water deficit limits CO2 availability,

decreases photosynthesis, and causes increased ROS
generation, which gives rise to an oxidative environment
in the cells (Wang et al. 2005). Generation of O2⋅− is
induced in drought-stressed plant cells due to impaired
electron transport in the chloroplasts (Price et al. 1989).
Superoxide further causes formation of HO⋅ that triggers
primary symptoms observed in water-stressed plants
(Wang et al. 2005). Transgenic rice plants showing
improved drought tolerance showed less oxidative dam-
age and a more favorable redox balance compared with
wild-type plants when subjected to water deficit (Phung
et al. 2011). A higher generation of ROS such as O2⋅−,
H2O2, and HO⋅ in the seedlings of the drought-sensitive
cultivar compared to the tolerant cultivar under similar
level of water deficit might be responsible for a greater
ROS-induced damage in the sensitive cultivar.

Malviya-36 (sensitive)
Root

Brown Gora (tolerant) 
Root

0    15    30 0    15    30
Malviya-36 (sensitive)

Shoot
Brown Gora (tolerant)

Shoot

0    15    30 0 15    30
Concentration of Polyethylene Glycol (%)

Fig. 7 In-gel activity staining
showing isoforms of ascorbate
peroxidase (APX) in enzyme
preparations from the roots and
shoots of control (0) and
48-h water deficit-stressed (15,
30) seedlings of rice cv.
Malviya-36 (drought-sensitive)
and Brown Gora
(drought-tolerant). Fifteen and
30 represent percent
concentrations of
PEG-6000 used in the medium
to create water deficit levels
of −1.0 and −2.1 MPa,
respectively. Arrows represent
APX isoforms
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An increase in the level of ROS in the cell induces
changes in cellular redox status due to oxidative damage
resulting in disruption of redox signaling and redox con-
trol (Noctor 2006). The cellular redox state maintains cell
homeostasis, and in particular, this enables the plants to
deal with redox events such as oxidative stress (Foyer
and Noctor 2005). Our results showed a more decline in
the ratio of both AsA/DHA and GSH/GSSG in the seed-
lings of cv. Malviya-36 (drought-sensitive) compared to
cv. Brown Gora (drought-tolerant) with imposition of
water deficit, showing a greater shift in their redox status
in the cell towards their oxidizing forms in the drought-
sensitive cultivar compared to the tolerant cultivar. A
lesser decline in the level of AsA and GSH content
and a significant decline in the level of DHA and
GSSG in the tolerant cv. Brown Gora than in the sensi-
tive cv. Malviya-36 under severe and prolonged water
deficit suggest that drought-tolerant seedlings possess the
capacity to maintain higher levels of reduced forms of
ascorbate and glutathione (AsA, GSH) in order to scav-
enge ROS and withstand the stressful condition. In our
studies, the ratios of AsA/DHA and GSH/GSSG appear
to be indicative of the involvement of redox couple as
part of the cellular mechanism by which plants respond
to drought-induced oxidative stress.

AsA is a potent ROS scavenger and it provides protection
to the cell organelles and biomolecules from oxidative dam-
age by directly scavenging O2⋅− and HO⋅ (Gill and Tuteja
2010; Sharma et al. 2012). Transgenic plants with higher
AsA contents showed improved tolerance to oxidative stress
(Wang et al. 2010). In our studies, a high level of AsA and a
higher AsA/DHA ratio in water deficit-stressed seedlings of
the tolerant cultivar compared to the sensitive cultivar sug-
gest that drought tolerance in rice is associated with main-
tenance of a higher level of reduced form of ascorbate in the
tissues. The reduced form of glutathione (GSH) is a key
scavenger of the ROS O2⋅−, H2O2, and HO⋅ and plays an
important role in antioxidative defense system by regenerat-
ing AsA via the AsA–GSH cycle (Gill and Tuteja 2010). As
a component of the AsA–GSH cycle, GSH takes part in the
removal of excess H2O2, in a reaction in which GSH is
oxidized (Szalai et al. 2009). Besides ROS detoxification,
GSH also protects cells against unfavorable effects of
stresses through the activation of various defense mecha-
nisms due to its involvement in redox signaling (Szalai et al.
2009). To avoid ROS-induced oxidative damage, GSH has
an important role in maintaining normal reduced state of the
cell (Sharma et al. 2012). To maintain cellular redox state, a
delicate balance between the GSH and GSSG is essential
(Sharma et al. 2012). Due to its crucial role in antioxidative
defense, GSH level has been used by certain workers as a
stress marker. GSH level varies in the cells under abiotic
stresses and an elevated GSH level is correlated with the

ability of plants to withstand metal and salinity-induced
oxidative stress (Gill and Tuteja 2010; Mishra et al. 2012).
Similar to our observations, other workers also observed a
decline in the GSH/GSSG ratio in drought- and salinity-
stressed plants (Szalai et al. 2009). Our results indicate that
similar to AsA, a high level of GSH and a higher GSH/
GSSG ratio under water deficit are associated with water
deficit tolerance in rice.

Among the enzymes of the ascorbate-dependent oxida-
tive system, the activities of MDHAR, DHAR as well as
APX increased under water deficit, and the activity levels of
these enzymes were higher in water deficit-stressed seed-
lings of drought-tolerant cv. Brown Gora compared to the
sensitive cv. Malviya-36. Increased activities of MDHAR,
DHAR, and APX have been reported in salinity, water-
stressed, and metal-exposed rice plants (Sharma and
Dubey 2005; Maheshwari and Dubey 2009; Mishra et al.
2012). Cd-exposed Pinus sylvestris showed enhanced
MDHAR activity (Schutzendübel et al. 2001). Salinity-
stressed rice plants showed enhanced MDHAR, DHAR, and
APX activities, and a higher enhancement in activities was
correlated with salinity tolerance (Mishra et al. 2012). In
tomato, MDHAR activity contributes towards chilling toler-
ance (Stevens et al. 2008) and overexpression of MDHAR in
transgenic tobacco increased the tolerance against salt and
osmotic stresses (Eltayeb et al. 2007). DHAR regenerates
AsA from its oxidized state (DHA) and regulates cellular
AsA redox state which is crucial for tolerance to various
abiotic stresses (Gill and Tuteja 2010). It has been observed
that overexpression of DHAR enhances plant tolerance against
abiotic stresses. Transgenic tobacco plants overexpressing
Arabidopsis thaliana cytosolic DHAR showed higher level
of AsA and increased tolerance to Al (Yin et al. 2010).

The enzyme APX plays an essential role in scavenging
H2O2 in the cells utilizing ASH as an electron donor, due to its
high affinity for H2O2 (Sharma and Dubey 2004). Similar to
our observations, other workers have also reported higher
activity of APX in salt-tolerant genotypes of maize and rice
plants than in the sensitive ones (Azevedo-Neto et al. 2006;
Moradi and Ismail 2007; Mishra et al. 2012). The increase in
the intensities of APX isoforms under water deficit, as ob-
served in our in-gel activity stainings, reflects increased activ-
ities of all the enzyme isoforms in both sensitive and tolerant
rice cultivars due to water deficit. It was interesting to note that
almost a similar increase in APX enzyme activity was ob-
served in the shoots of sensitive as well as tolerant rice
cultivars under 48 h of water deficit created by 30 % PAGE,
but the gel separation pattern of the isozymes appeared to be
quite different. Expression of new APX isoforms such as
APX2, APX3, and APX4 in the shoots of cv. Malviya-36
(drought-sensitive) could be due to differential responses of
various isoforms of APX to increasing intensity of water
deficit in this cultivar. These newly expressed APX isoforms
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under water deficit could have a potential role in scavenging
H2O2 overproduced in the sensitive cultivars.

In our studies, the activities of GR and GST increased with
water deficit in the seedlings, except that GR activity in-
creased under mild water deficit in sensitive seedlings but
the activity declined with a higher water deficit level
(−2.1 MPa). The de novo synthesis of MDHAR, DHAR,
and GR is a primary response to water deficit, mitigating
oxidative stress by increasing the regeneration of AsA and
GSH from their oxidized forms in order to maintain redox
cellular balance (Noctor et al. 2002). GR is a crucial enzyme
of the AsA–GSH cycle. It catalyzes the reduction of GSH
from GSSG and plays a vital role in defense of plants against
damage caused by ROS by maintaining sustained level of
GSH in the cells. GR activity has been shown to increase in
plants exposed to drought, salinity, high light, and metals
(Sharma and Dubey 2005; Gill and Tuteja 2010; Mishra et
al. 2012). Overexpression of GR in Nicotiana tabacum and
Populus plants leads to higher foliar AsA contents and im-
proved tolerance to oxidative stress (Sharma et al. 2012). A
higher GR activity and a higher GSH level observed in toler-
ant seedlings under water deficit compared to the sensitive
seedlings suggest a higher capacity of tolerant seedlings to
maintain sustained level of GSH to meet the challenge of
antioxidative defense under water deficit. The enzyme GST
has a role in removing cytotoxic and genotoxic compounds
from the cell which could otherwise damage DNA, RNA, and
proteins (Noctor et al. 2002). Similar to our studies, in
drought-tolerant sorghum varieties, higher activity of GST
was noted compared to drought-sensitive varieties subjected
to water stress (Jogeswar et al. 2006). Overexpression of GST
activity has also been found to enhance plant tolerance to
various abiotic stresses (Gill and Tuteja 2010).

Increased accumulation of proline has been correlated
with improved tolerance of plants to abiotic stresses, more
especially water deficit and salt stress. Our findings sug-
gested higher accumulation of proline in the seedlings of
rice cv. Brown Gora (drought-tolerant) than Malviya-36
(drought-sensitive) when subjected to water deficit. Earlier
studies have suggested that proline, besides acting as a
potent osmoprotectant under abiotic stresses, also serves as
a protein stabilizer, metal chelator, inhibitor of lipid perox-
idation as well as HO⋅ and O2⋅− scavenger (Ashraf and
Foolad 2007; Trovato et al. 2008). Differential accumulation
of proline has been observed in the leaves of rice cultivars
differing in salt tolerance (Demiral and Turkan 2005).
Enhanced synthesis of proline has been implicated as a
mechanism to maintain NADP+/NADPH at compatible val-
ues in order to maintain the level of GSH and ASH in the
reduced states (Hare and Cress 1997).

In conclusion, our studies suggest differential responses
in the contents of AsA and GSH, the ratios of AsA/DHA
and GSH/GSSG, and the activities of the enzymes of the

AsA–GSH cycle in the seedlings of rice cultivars of differ-
ing water deficit tolerance, when subjected to water deficit.
A higher level of AsA and GSH, higher ratios of AsA/DHA
and GSH/GSSG, higher activity levels of APX, MDHAR,
DHAR, GR, and GST, and greater accumulation of proline
under water deficit appear to be associated with water deficit
tolerance in rice cultivars. However, to generalize the con-
clusion, more studies need to be conducted using reasonably
large number of genotypes.
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