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ABSTRACT

Five varieties of wheat (Triticum aestivum L.) — KW, UP 2752, PBW 343, SO and LV — were subjected to water
stress and sampling was done on the 3, 6™ and 9" day of stress. RWC decline in KW, UP 2752 and PBW 343 (36.65,
42.34 and 40.75% respectively) was comparatively lesser than in LV and SO (52.93 and 52.67% respectively). In all
varieties tested, three antioxidant enzymes (POX, APOX and GR) showed an initial increase. The activity of POX and
GR increased with the increase in the duration of stress in KW, UP 2752 and PBW 343, while the activity of APOX
declined. However, CAT and SOD showed an initial increase in these varieties, whereas it declined in SO and LV with
increase in the period of stress. Accumulation of H,0, declined during prolonged water stress in KW, UP 2752 and
PBW 343, while it increased in LV and SO. The accumulation of MDA content was three times higher in susceptible
varieties than in tolerant varieties. The content of proline, phenol and ascorbate increased during water stress whereas
the accumulation of carotenoid showed a significant decrease after showing an initial increase in the tested varieties.
Higher values of total antioxidant and MSI were recorded in KW, UP 2752 and PBW 343 during stress while after
6 days MSI declined in LV and SO. During water stress there was a general decline in the total chlorophyll content.
Analyzing the data, the present work suggested that out of the five varieties, KW, UP 2752 and PBW 343 showed more
tolerance to water stress than SO and LV.

Keywords: antioxidants, carotenoids, drought, lipid peroxidation.

Abbreviations: APOX: ascorbate peroxidase (EC.1.11.1.11); CAT: catalase (EC.1.11.1.6); CMS: cell membrane
stability; DAB: diaminobenzidine; EC: electrical conductivity; GR: glutathione reductase (EC 1.6.4.2); H,0,: hydrogen
peroxide; KW: Kaweri; LV: local variety; MDA: malondialdehyde; MSI: membrane stability index; NBT: nitro blue
tetrazolium; PPO: polyphenol oxidase; POX: peroxidase (EC. 1.11.17); RH: relative humidity; ROS: reactive oxygen
species; RWC: relative water content; SO: Sonalika; SOD: superoxide dismutase (EC 1.15.1.1); TBA: thiobarbituric
acid; TCA: trichloroacetic acid.
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INTRODUCTION

Tas and Tas (2007) have defined drought as one of
the environmental stresses, which is the most significant
factor restricting plant growth and crop productivity in
the majority of agricultural fields of the world. In general,
drought is responsible for several metabolic processes of
plants, with photosynthetic apparatus being one of the most
important (Nayyar and Gupta, 2006). Besides changes in
photosynthesis, such adverse effects on metabolism lead
to growth inhibition, stomata closure with consecutive
reduction of transpiration, which are considered necessary
for coping with osmotic changes in their tissues (Lawlor
and Cornic, 2002; Yordanov et al., 2003; Zhu, 2002). Water
stress leads to the formation of ROS, which are extremely
harmful to the plants. Gratdo et al. (2005) suggested that to
prevent or alleviate injuries from ROS, plants have evolved
an antioxidant defense system that includes non-enzymatic
compounds, like ascorbate, glutathione, tocopherol,
carotenoids, flavonoids and enzymes such as SOD, CAT,
POX, APOX, GR and PPOQ. Similar views were also expressed
earlier by authors as Mittler (2002) and Gechev et al. (2002).
According to Imlay (2003), water-stress conditions may
trigger an increased formation of the superoxide radical and
H,0, which can inactive SH-containing enzymes and directly
attack membrane lipids. Gratdo et al. (2005) suggested that
in higher plants GR is involved in defense against oxidative
stress, being responsible for the reduction of oxidized
glutathione for the chain reactions of scavenging H,0, by
APX and GPX, that might be completed and continued. They
further postulated that SOD acts as the first line of defense
against ROS and that it is responsible for the dismutation
of 0, into H,0,. The H,0, liberated in the peroxisome is
metabolized by CAT following the conversion of glycolate
to glyoxylate during photorespiration into H,0 and O,
while NADPH-dependent reduction of oxidized GSSG to the
reduce form GSH is catalyzed by GR (Gratdo et al., 2005).
The utilization of multiple isoforms of enzymes is one of the
primary control mechanisms of cellular metabolism in
plants (Sang et al., 2005).

Generation of ROS also leads to lipid peroxidation
(Chen et al., 2000). Foyer and Noctor (2000) suggested
that the central factor in both biotic and abiotic stress,
which occurs during imbalance in any cell compartment
between the production of ROS and antioxidant defense
system is oxidative stress which leads to a varied degree
of physiological challenges. They further suggest that
since ROS have multiple functions therefore in spite
of being a harmful molecule, the cells have developed
mechanisms to control the concentrations of ROS and
they are not completely eliminated (Foyer and Noctor,
2000). Foyer and Noctor (2003) suggested that ROS can

Braz. J. Plant Physiol., 24(2): 117-130, 2012

be viewed as cellular indicators of stress and secondary
messengers involved in all aspects of plant biology from
gene expression and translation to enzyme chemistry.

H,0, is a non-radical ROS produced in a two-
electron reduction of molecular oxygen. Several sites have
been recognized as H,0, sources, including organelles
(mitochondria, peroxisomes and chloroplasts), the apoplastic
and the plasma membrane as well as cell-wall associated
enzymes (various NADPH oxidases and PERs). According to
Upadhyaya et al. (2007) environmental stresses are known
to induce H,0, and other toxic oxygen species production
in cellular compartments, resulting in acceleration of leaf
senescence through lipid peroxidation and other oxidative
damage. As H,0, is a strong oxidant, it can initiate localized
oxidative damage in leaf cells leading to disruption of
metabolic function and loss of cellular integrity, actions that
result in senescence promotion. The role of H,0, in stress-
induced damage has long been recognized, but it is now also
generally accepted that H,0, is an integral component of cell
signaling cascades (Mittler, 2002; Vranova et al., 2002) and
an indispensable second messenger in biotic and abiotic
stress situations (Pastori and Foyer, 2002).

The overproduction of H,0, has been observed in
plants exposed to a number of stress conditions and is
considered as one of the factors causing oxidative stress
(Snyrychova, 2009). According to Foyerand Noctor (2012),
out of the various forms of ROS, the central role in plant
signaling, regulating plant development and adaptation to
abiotic and biotic stresses, is played by H,0,. Increased
availability of H,0, is a commonly observed feature of
plant stress response signature. The physiological context
involves a continuous supply of environmental stimuli that
can trigger intracellular H,0, accumulation or modulate
the response to such accumulation.

With physiological parameters as CMS, differences
in the tolerance for compound stresses, such as salinity
and water deficiency, can be detected. Measurement
of CMS is one technique that has often been used for
screening against drought tolerance in various crops,
as rice (Tripathy et al., 2000), wheat and wild relatives
of wheat (Farooq and Azam, 2002), for example. Suzuki
et al. (2012) has studied the networks of ROS/redox
signaling in the chloroplast and mitochondria and
suggested that they play essential roles in the
acclimation of plants to abiotic stresses, these signals
contributing to a delicate balance of homeostasis within
each organelle, as well as to cross-talk between different
cellular components by regulating important biological
pathways such as gene expression, energy metabolism
and protein phosphorylation under stress condition.
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The present work was undertaken to evaluate the
oxidative stress and the antioxidant response system in
1-month-old wheat plant subjected sequentially to water
stress with a detailed study on the accumulation of H,0,
and its in situ detection in the leaf of the stressed and
control plants.

MATERIAL AND METHODS

Plantmaterial and experimental conditions: Seeds
of commercially relevant lines of five wheat (Triticum
aestivum L.) varieties (KW, LV, UP 2752, PBW 343 and
S0) were selected for experimental purposes. LV
and KW are popularly grown in the fields of this region.
UP 2752, PBW 343 and SO were obtained from the
research station of Uttar Banga Krishi Vishwavidyalaya
(UBKV). They were selected as all are locally grown
and a comparison of their responses could give a
better understanding of the susceptibility/tolerance
to the different varieties to drought. The seeds were
surface sterilized for 3 to 5 min with 0.1% (w/v) HgCl,
solution, washed twice with sterile double-distilled
water. The seeds were then transferred to petriplates
maintaining aseptic conditions to avoid contamination.
One-week-old seedlings were selected and transferred
to earthen pots with soil containing a suitable amount
of manure and the pots were labeled. The transferred
seedlings in the pots were then maintained in growth
chamber at a favorable temperature of 20 to 25°C, 65
to 70% of RH, standard photoperiod of 16 hours, and
400 pmol m?s™irradiance. To impart water stress,
watering of the plant was completely withheld for
the test period, when the plants were 1-month-old.
Drought stress was induced in 1-month-old plants
by withholding water completely for specific period.
Sampling of the plant was done on the 3, 6" and 9™
day to study the response of plants to varied days
of drought. After the 9" day, i.e. from 10™ day, the
leaves showed severe wilting symptoms in all varieties
so the sampling was done to till 9" day. In all estimations,
sampling was also done at zero day of drought, which
was considered as control. RWC, which is considered
one of the important test to assess the water content
during stress, was calculated by the formula as given by
Farooqui et al. (2000):

RWC (%) = ___fresh weight — dry weight _ x 100
fully turgid weight — dry weight

The biochemical assays of the plant were done as
given below.

Extraction and assays of antioxidant enzyme

Preparation of extracts: The extraction of enzymes
from the plant was done by homogenizing the leaves of
1-month-oldplantusingliquidnitrogeninanice-cold 50-mM
sodium phosphate buffer of pH 7.2 along with 1% (w/v)
polyvinylpolypyrrolidone by a pre-chilled mortarand pestle.
Centrifugation of the homogenized mixture was done at
6,708 g" for 20 min at 4°C. The supernatant was directly
used for various enzymatic assays as crude enzyme extract.
The quantification of soluble protein present in the
extract was done by Lowry’s method (Lowry et al., 1951)
utilizing bovine serum albumin (BSA) as standard.

Assay of antioxidant enzymes

POX (EC. 1.11.17): its activity was assayed
spectrophotometrically as described by Chakraborty
et al. (1993) with some modifications using 4802 UV
VIS spectrophotometer (Cole Parmer, USA). Specific
activity was expressed as mmol o-dianisidine oxidized mg
protein” min-.

APOX (EC.1.11.1.11): its assay was done by using the
method described by Asada and Takahashi (1987) with
some minor modification. Enzyme activity was expressed
as mmol ascorbate oxidized mg protein™ min-.

CAT (EC.1.11.1.6): its activity was measured by
estimating the breakdown of H,0,, which was determined at

240 nm as described by Beers and Sizer (1952). The enzyme
activity was expressed as umol H,0, mg protein™ min-'.

GR (G 1.6.4.2): the activity of GR was determined by using
the method described by Lee and Lee (2000) by measuring
the oxidation of NADPH at 340 nm. Enzyme activity was
expressed as pM NADPH oxidized mg protein™ min™.

SOD (EC 1.15.1.1): after some minor modification, the
method as proposed by Dhindsa et al. (1981) was used for
the assay of the activity of SOD, in which the inhibition
of the photochemical reduction of NBT was monitored.
One unit of activity was defined as the amount of enzyme
required to inhibit 50% of the NBT reduction rate in the
controls containing no enzymes.

H,0, quantification and its in siftu detection:
The H,0, in the leaf samples were quantified and
the estimation was done following the method
described by Jena and Choudhuri (1981). A specific
amount of the leaf samples were weighed and
homogenized in 50 mM potassium phosphate buffer
(pH 6.5), which was then centrifuged at 2,415 g" for 25

Braz. J. Plant Physiol., 24(2): 117-130, 2012



120 CHAKRABORTY U. AND PRADHAN B.

min, and the supernatant was used for H,0, determination.
All the extractions and estimations were done in minimal
light conditions (Chakraborty and Pradhan, 2011).

The reaction was completed as an intense yellow
color started developing. This was was monitored at
410 nm spectrophotometrically. The levels of H,0, in
the samples were determined by the use of extinction
coefficient 0.28 pmol? cm™ in the calculation. DAB
staining technique described by Thordal-Christensen
et al. (1997) was used with some minor modifications
(Chakraborty and Pradhan, 2011) to detect the in situ
levels of H,0, in the leaf samples. Vacuum infiltration of
the leaf discs (20 mm in diameter) was done with DAB
(pH 3.8) at a rate of 1 mg/mL. Incubation of the leaf was
done in dark for 24 hours at 30°C with a continuous
stirring of the leaf at 150 rpm followed by their transfer
to 90% ethanol at 70°C in water bath for the removal
of chlorophyll. The polymerization of DAB at the site
of activity of the enzyme POX was achieved locally and
instantly in the treated leaf samples. The development of
reddish-brown color was the result of polymerization
of DAB with H,0, at the site of their production.

Determination of lipid peroxidation: The accumulation
of MDA content, a measure of lipid peroxidation was
monitored by the TBA reaction. A sample of 0.25 g of the leaf
was homogenized in 0.1% (w/v) TCA. Centrifuge was done
for 10 min at 6,708 g" and 2 mL of 20% TCA containing
0.5% (w/v) TBA were added to 0.5 mL of the supernatant
obtained followed by heating of the mixture for 30 min
at 95°C followed by cooling it on ice. The absorbance of
the sample was determined at 600 and 532 nm. Using an
extinction coefficient of 155 mM-' cm™ (Heath and Packer,
1968) the concentration of MDA was calculated.

Extraction and estimation of non-enzymatic
antioxidants: Carotenoids were extracted in methanol and,
for the estimation, the method described by Lichtenthaler
(1987) was used. Extraction was done in methanol and
the extract was filtered. Absorbance of the filtrate was
noted at 480, 663 and 645 nm in a VIS spectrophotometer
(Systronics, India, Model 101) and the content of
carotenoid was determined by the formula as given below:

A (1144 X A, - 0.638 A

480 645)

For the extraction and estimation of ascorbic acid
(ascorbate) the method as given by Mukherjee and
Chaudhuri (1983) was used.

Total antioxidant activity or free radical scavenging
activity was measured by following the method of
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(Blois, 1958) and expressed as percent (%) inhibition
of DPPH absorbance, which was measured at 515 nm. The
percentage inhibition of the absorbance of the solution of
DPPH was determined by the formula as described by
Chakraborty and Pradhan (2011). Total antioxidant activity
was thus measured as free radical scavenging ability in
terms of inhibition of absorbance by DPPH.

MSI (Membrane stability index): Leaf MSI was
determined according to the method of Premchandra
et al. (1990), as modified by Sairam (1994). Leaf discs
(100 mg) were thoroughly washed in running tap water
followed by washing with double distilled water thereafter
the discs were heated in 10 mL of double distilled water
at 40°C for 30 min. Then EC (C1) was recorded by EC
meter. Subsequently the same samples were place in a
boiling water bath (100°C) for 10 min and their EC was
also recorded (C2) in a conductivity meter (Labindia)
with K=0.946, cell constant=1, solution condition=84 uS,
coefficient-1 at 25°C. The MSI was calculated as:

MSI=[1-(C1/C2)]x100

Extraction and estimation of biochemical
components: The sample leaf was extracted by the
method as given by Mahadevan and Sridhar (1982) and,
for the quantification, the method of Bray and Thorpe
(1954) was used. 3% sulphosalicylic acid was used for the
extraction of free proline in the leaf sample from the plants
and the estimation was done by using the method of Bates
et al. (1973). The extraction of chlorophyll was done in
80% acetone and, for the estimation of total chlorophyll,
chlorophyll a (chl a) and chlorophyll b (chl b), the method
given by Harborne (1973) was used.

RESULTS

Morphological responses and relative water
content of leaves: The plants of all the five varieties
under test showed less or no symptoms of wilting till the
6 to 7™ day of stress, however severe wilting occurred
in the plants after 9" days of stress more pronounced in
varieties LV and SO. RWC in the leaf of all the varieties
declined remarkably as the severity of stress in terms
of days was increased (Figure 1). Our data showed that
the decrease in RWGC was significantly lower in case of
PBW 343, UP 2752 and KW on the 9" day of stress when
compared to their respective controls (40.75, 42.34 and
36.65%, respectively) however the decline in RWC was
much more in LV and SO with respect to their controls
(52.93 and 52.67%, respectively).
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Antioxidative enzyme activities in wheat
after water stress: In the present study, activities
of APOX (Figure 2) and GR (Figure 3) showed a
significant increase in all the tested wheat varieties
during the initial 3 days of stress. As the severity
or the duration of stress was increased, the activity
of APOX declinedinallthefive varieties; howeveractivity of
GR continued to increase with the increase in the days
of stress in KW, UP 2752 and PBW 343 but declined in
case of SO and LV. In case of CAT (Figure 4) and SOD
(Figure 5), activities showed an increase in the initial
stages of stresses, i.e. during the 3" day of water stress
in three varieties. However, in case of LV and SO, the
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Figure 1. Relative water content of five varieties of wheat
subjected to water stress treatments. Results are expressed as
the mean of three replicates (ten plants each). Bars represent
standard error. Different letters indicate significant differences
with respect to control (p<0.01). C: control; 3, 6 and 9 D: days
after withholding water.
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Figure 2. Ascorbate peroxidase activities in five varieties of wheat
subjected to water stress treatments. Results are expressed as mean
of three replicates (ten plants each). Bars represent standard error.
Different letters indicate significant differences with respect to control
(p<0.01). C: control; 3, 6 and 9 D: days after withholding water.

activity of CAT and SOD showed a general decline with
increase in the severity of water stress, while in the other
three varieties the activity of these two enzymes declined
during the later period of water stress. It was noted that
the activity of POX enhanced greatly with increase in the
period of stress in KW, UP 2752 and PBW 343 whereas
in LV and SO, the activity declined (Figure 6).

H,0, accumulation and its in situ levels, and
change in MDA content in the leaf of wheat during water
stress: The accumulation of H,0,and lipid peroxidation
increased with increase in the days of stress. The
accumulation was higher in case of LV, SO following
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Figure 3. Glutathione reductase (GR) activities in five varieties
of wheat subjected to water stress treatments. Results are
expressed as mean of three replicates (ten plants each). Bars
represent standard error. Different letters indicate significant
differences with respect to control (p<0.01). C: control; 3, 6 and
9 D: days after withholding water.
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Figure 4. Catalase activities in five varieties of wheat subjected to
water stress treatments. Results are expressed as mean of three
replicates (ten plants each). Bars represent standard error. Different
letters indicate significant differences with respect to control
(p<0.01). C: control; 3, 6 and 9 D: days after withholding water.
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water stress and lower in case of KW, UP 2752 and PBW
343 (Figure 7A). Lipid peroxidation is measured in terms
of MDA content which during water stress was found to
be thrice in SO and LV than in KW, UP 2752 and PBW
343 (Figure 7B). It also showed a general increase with
the increase in the severity of water stress with respect
to their respective controls.

During microscopic studies of the leaf tissues in
DAB staining test, dark-brown spots were observed as
big and small patches at the site of DAB polymerization.
The leaf of SO and LV showed more darkly stained
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Figure 5. Superoxide dismutase activities in five varieties of wheat
subjected to water stress treatments. Results are expressed as mean
of three replicates (ten plants each). Bars represent standard error.
Different letters indicate significant differences with respect to control
(p<0.01). C: control; 3, 6 and 9 D: days after withholding water.
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Figure 6. Peroxidase activities in five varieties of wheat subjected
to water stress treatments. Results are expressed as mean of three
replicates (ten plants each). Bars represent standard error. Different
letters indicate significant differences with respect to control
(p<0.01). C: control; 3, 6 and 9 D: days after withholding water.
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DAB-sites in the tissues than in the leaves from the
other three varieties with respect to their control. With
increase in the duration of stress LV and SO showed
darker staining in the leaf tissues particularly during the
6" and 9" day of stress; however, the other varieties
also showed darker stained leaf tissues during the
9" day of water stress (Figure 8). Interestingly, DAB
polymerization site was largely localized at the tip of the
leaf, region surrounding the middle lamella and also the
stomata of the leaf in the varieties under stress when
compared to the leaf of the control set of GY (Figure 9).
The transverse section of the leaf at the stained site
showed that the DAB binding sites were localized
mostly in the peripheral region of the cell (Figure 9).

Changes in ascorbate, carotenoids, total antioxidants
and chlorophyll content of the leaf: Following water stress
there was a significant increase in the two antioxidants,
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Figure 7. Effect of water stress on accumulation of H,0, (A) and
lipid peroxidation (B) (expressed as MDA content) in five varieties
of wheat. Results are expressed as mean of three replicates (ten
plants each). Bars represent standard error. Different letters
indicate significant differences with respect to control (p<0.01).
C: control; 3, 6 and 9 D: days after withholding water.
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Figure 8. /n situ detection of H,0, in mid-portions of leaves of five varieties (KW, LV, UP 2,752, PBW 343 and SO) of wheat following water stress.
i control; ii: 3 days of water stress; iii: 6 days of water stress; iv: 9 days of water stress.
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Figure 9. Diaminobenzidine stained sites shown as dark brown spots in the GY variety of leaf. (A) full length leaves; (B-C)
10x view of group of cells in the stressed leaf of 6" day; (D-E) t.s. of control leaf and drought stressed leaf respectively; (F)
tip portion of leaf; (G-H) t.s. at the vascular bundle site of the leaf in control and stressed leaf respectively; () t.s. of leaf
showing diaminobenzidine stained region around bulliform cells; (J-K) stomatal sites in 10x; (L-M) stomatal sites showing
diaminobenzidine sites in 45x.

Braz. J. Plant Physiol., 24(2): 117-130, 2012
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Table 1. Content of proline, phenol and ascorbate in the leaves of four wheat varieties subjected to water stress.

125

Varieties Treatment (ml;rg!:ndem) (mzh:'??ilm) (gs;t;:b ::;)
KW C 2.0+0.022 29.9+0.05 11.02+0.02°
3d 2.9+0.02° 29.6+0.02° 12.19+0.02°
6d 8.1+0.03° 39.9+0.06° 13.44+0.04°
9d 10.8+0.02° 40.1+0.03° 14.78+0.09°
LV C 1.7+0.05 38.4+0.10% 9.98+0.06*
3d 1.6+0.06 39.6+0.10° 9.90+0.012
6d 5.0+0.10° 44.0+0.01° 10.10+0.03°
9d 5.1+0.02° 34.0+0.01° 11.30+0.06°
UP 2752 C 2.5+0.042 33.6+0.02 12.11+0.02°
3d 2.3+0.05? 31.0+0.05° 12.98+0.03°
6d 9.8+0.01° 46.8+0.02° 14.90+0.05°
9d 11.2+0.05° 30.1+0.04° 15.51+0.04°
PBW 343 C 1.7+0.06° 36.8+0.052 11.96+0.02
3d 2.3+0.05° 33.6+0.09° 13.15+0.01°
6d 7.5+0.06° 40.8+0.05° 13.51+0.02°
ad 11.9+0.10° 29.1+0.10° 15.81+0.03°
SO C 1.5+0.02 21.1=0.042 11.07+0.04
3d 2.6+0.05° 29.4+0.10° 12.14+0.05°
6d 4.9+0.01° 37.5+0.05° 13.89+0.01°
9d 6.1+0.08° 38.0+0.07° 14.65+0.03°

Means=standard error, n=10; Different superscripts in each column express significant difference with control at p=0.01, in Student’s t-test.

C: control; d: days.

ascorbate and carotenoids in all the five wheat varieties in
comparison to their respective control sets. According to
the data there was an enhancement in the ascorbic acid
accumulation in all the varieties under stress which continued
after the 9™ day of stress (Table 1); on the other hand, it was
observed that carotenoids showed an initial increase followed
by a general decline after 3 day in the varieties under study.
The highest decline was recorded in case of SO, LV and also
to some extent in case of PBW 343 (Table 2).

The total antioxidant value showed an enhancement
in its accumulation in the all varieties, but in the more
tolerant varieties KW, UP 2752 and PBW 343, with
the increase in the days of stress also this activity was
maintained whereas in LV and SO the total antioxidant
initially increased and then declined (Table 3).

There was a significant decrease in the total
chlorophyll content in the varieties taken for study,
the decline being much pronounced in case of the
susceptible varieties. However, in case of the tolerant
varieties, the decline was lesser. The ratio of chl a/b after
an initial enhancement declined in all the varieties with
the decrease being much more pronounced in case of
SO and LV (Table 2).

Effect on leaf Membrane stability index: Membrane
stability was expressed as % relative injury and results
revealed that water stress had significant effect on MSI
(Table 3). Linear decrease occurred in MSI with the increase
in the duration of stress. Higher MSI value was observed in
the cultivar KW, UP 2752 and PBW 343 during the 6™ and
9 day of stress. While after 6 and 9 days of water stress,
maximum decrease was recorded in LV and SO.

Accumulation of  water-stress  responsive
metabolites: Free proline content increased with the
increase in the days and severity of stress in general with
respect to the control (Table 1). The accumulation of free
proline in KW, UP 2752 and PBW 343 on the onset of 9"
day of water stress was twice than that of free proline
content found to be accumulated in LV and SO.

DISCUSSION

Results of the influence of water stress in water
relations of wheat varieties showed that decrease in the
RWC on the 9" day of stress with respect to zero day
(control) was lower in PBW 343, UP 2752 and KW (40.75,
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Table 2. Content of total chlorophyll, chlorophyll a/b ratio and carotenoids in the leaves of five wheat varieties subjected to water stress.

CHAKRABORTY U. AND PRADHAN B.

Total chlorophyll

Carotenoids

Varieties Treatment (mg g fm) Chlorophyll a/b ratio (mg g* fm)
KW C 0.90=+0.042 1.57 0.0440.0022
3d 0.77+0.02° 1.66 0.051+0.001°
6d 0.49+0.02° 1.54 0.0610.005°
ad 0.31+0.01° 1.78 0.055+0.002°
Lv C 1.22+0.05° 0.70 0.048+0.003*
3d 0.41+0.04° 1.44 0.0490.003*
6d 0.31+0.02° 1.55 0.038+0.001°
ad 0.29+0.01° 0.89 0.0290.002°
UpP 2752 C 2.30+0.072 1.47 0.050+0.0012
3d 0.75+0.06° 1.60 0.0620.003°
6d 0.63+0.01° 1.59 0.052+0.0022
ad 0.62+0.03° 1.66 0.038+0.001°
PBW 343 C 1.73+0.05° 119 0.047+0.003*
3d 0.86+0.03° 1.24 0.048+0.0012
6d 0.57+0.07° 1.97 0.042+0.0012
ad 0.39+0.11° 1.93 0.037+0.001°
SO C 0.96+0.09* 1.34 0.041+0.0022
3d 0.62+0.05° 1.43 0.0490.0012
6d 0.49+0.04° 1.38 0.042+0.005*
9d 0.31+0.01° 112 0.033+0.0022

Means=standard error, n=10; different superscripts in each column express significant difference with control at p=0.01, in Student’s t-test.

C: control; d: days.

Table 3. Effect of water stress on Cell membrane stability and
total antioxidant activity.

Relative injury Total antioxidant

Varieties Treatment (%)* activity**
KW C 69.49 8.92
3d 56.25 15.25
6d 46.49 11.63
9d 38.24 9.64
Lv C 61.32 5.21
3d 52.52 10.40
6d 45.33 7.89
ad 29.32 6.88
UpP 2752 C 86.29 6.88
3d 79.91 19.22
6d 59.66 21.43
ad 40.41 39.53
PBW 343 C 67.22 5.76
3d 81.23 11.50
6d 67.58 15.30
ad 32.39 22.24
SO C 69.44 712
3d 54.56 10.82
6d 49.64 9.88
ad 30.33 4.02

*CMS expressed as percent (%) relative injury; **free radical scavenging
activity (total antioxidant activity) expressed as percent (%) inhibition of
DPPH absorbance.
C: control; d: days.
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42.34 and 36.65% respectively) compared to SO and LV
(52.67 and 52.93%, respectively). Drought was found
to decrease the RWC of plant leaves (Sénchez-Blanco et
al., 2002). Previous studies have also confirmed that the
ability to maintain higher RWC is one of the mechanisms
of drought tolerance in plants (Farooqui et al., 2000;
Chakraborty et al., 2002; Igbal and Bano, 2009).

Water stress is inevitably associated with increased
oxidative stress due to enhanced accumulation of ROS,
particularly 0,~ and H,0, in chloroplasts, mitochondria,
and peroxisomes. As a result, the induction of
antioxidant enzyme activities is a general adaptation
strategy which plants use to overcome oxidative
stresses (Foyer and Noctor, 2003). The potential of
APOX to metabolize H,0, depends on the redox state
of such compounds. APOX and GR are believed to act in
conjunction for H,0, scavenging during environmental
stresses (Sairam and Saxena, 2000). It has been
suggested that the coordinated activity of the different
H,0,-scavenging enzymes play a part in the plant redox
homeostasis (Foyer and Noctor, 2005).

Results of the present study reveal that in case of KW,
PBW 343 and UP 2752 activities of POX and GR showed
an increase with the increase in the duration of water
stress whereas activities of CAT, SOD and APOX declined
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after an initial increase. When compared to these varieties
S0 and LV showed either a decrease in activities at all days
of water stress (CAT and SOD) or a lower increase in the
activity of these antioxidative enzymes, following water
stress and the severity of stress. These results indicate
that, among the five varieties, antioxidant mechanisms in
terms of antioxidative enzymes are enhanced in three of
the varieties which can be considered potentially tolerant.

H,0,, resulting from the action of SOD, is toxic to cells.
Therefore, itis important that H,0, be scavenged rapidly by
the antioxidative defense system to water and oxygen (Guo
et al., 2006). The over-expression of SOD, if accompanied
by enhanced H,0, scavenging mechanisms, like CAT
and POD enzyme activities, has been considered as an
important anti-drought mechanism to cope with oxidative
stress during water deficit conditions. SOD is the first
enzyme which is expressed in the antioxidant mechanism
and it increased initially in the more tolerant varieties and
was also involved in contribution to the initial accumulation
of H,0,. However, following increase in the severity or
days of water stress, SOD activity declined even in the
tolerant varieties and POX metabolized the H,0, produced,
thus, a synergic activity of various enzymes is required
for the attainment of tolerance (Chakraborty and Pradhan,
2011). It was observed in our study that though all
antioxidative enzymes increased initially, POX and GR
activities could be maintained at higher levels in the tolerant
varieties and hence contributed to the defense response.
This result is similar to the results as obtained by Abedi
and Pakniyat (2010) who reported enhanced activities
of SOD and decreased CAT activity. Enhancement of GR
activity in tolerant varieties indicated that tolerant plants
exhibit a more active ascorbate-glutathione cycle than
the less tolerant cultivars. This cycle has been implicated
in mitigating the effects of ROS (Molina et al., 2002;
Mandhania et al., 2006). In the present study, POX showed
a much pronounced or greater role in mechanism for
imparting tolerance compared to CAT following increase
in the degree of water stress. This was in accordance with
the results obtained by Chakraborty et al. (2002) in their
study on tea cultivars. However, in the study of Igbal and
Bano (2009) a greater increase in POD and CAT activities
in wheat accessions was reported in both tolerant and
susceptible plants following water stress.

Varieties which were less tolerant accumulated higher
amount of H,0, and the increase in the lipid peroxidation
were remarkably higher in case susceptible varieties than
the tolerant ones. Various previous workers reported
similar results (Chai et al., 2005; Zlatev et al., 2006) as
we obtained. The decline in CAT activity was in correlation

with the increase in the accumulation of H,0, following
water stress as well as increased lipid peroxidation in all
varieties. The enhanced H,0, levels under water deficit
would be alleviated through the combined action of CAT
and APX. Foyer and Noctor (2012) have suggested that
serious problems persist in our ability to actively extract,
assay and accurately quantify H,0, in tissues or extracts
which are fraught with ambiguities. Such problems,
according to him may be addressed by the development of
biochemically suitable staining techniques. In our studies
the detection of cellular levels of H,0, was done by DAB
staining method and our results shows a clear difference
in the degree of staining achieved in the control and the
stressed plant.

Lipid peroxidation in the cell membranes is said to
be one of the most challenging and detrimental effect of
water stress in the membranes of all the cells exposed
to varied degree of stress as quoted by Thankamani et
al. (2003) and the degree of lipid peroxidation measured
in terms of MDA content is one of the determinants
which indicates the severity of stress experienced by any
plant. Other workers like Tatar and Gevrek (2008) have
also reported increase in MDA content with increase in
the degree of stress in wheat. In addition, Tiirkan et al.
(2005) found that MDA content was lower in the leaves of
drought-tolerant Phaseolus acutifolius Gray. than that in
drought-sensitive P vulgaris L. Sairam and Srivastava
(2001) reported that the drought-tolerant genotypes of
wheat showed lower lipid peroxidation level and higher
MSI value than the susceptible ones which is in conformity
with the present findings.

Smallantioxidants such as ascorbate and carotenoids
also increased in tolerant varieties. According to Nair
et al. (2008) there was a decrease in ascorbate content in
susceptible varieties of cowpea when the degree of water
stress increased. Increased ascorbate accumulation
was reported by Jaleel (2009) in his study in Withania
somnifera following water stress. Enhancement in the
accumulation of ascorbic acid and increase in GR hints
to the occurrence of ascorbate-glutathione cycle as a
predominant mechanism of ROS detoxification. The
overall antioxidant activity of all varieties showed an
initial increase in all varieties, which was still high even
after 9 days of stress in the tolerant varieties but, in the
other two varieties, the total antioxidant activity declined
after 6 days.

Decrease in chlorophyll content and an increase in

proline accumulation was observed in the present study.
Several workers have reported higher proline levels in
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plants subjected to water stress conditions. Hsu et al.
(2003) studied the effect of PEG-induced water stress
at -1.5 MPa and observed accumulation of proline and
its precursor’s glutamic acid, ornithine and arginine
in rice leaves. The high correlation between proline
accumulation and drought-tolerance increase has also
been described; however, such accumulation can be only
a stress effect (Parida and Das, 2005). Several workers
like Vendruscolo et al. (2007), Tatar and Gevrek (2008)
have considered proline as an osmotolerant whose
accumulation in the cell system suggests its active
involvement the scavenging of free radicals thus by
reducing damage caused by various kinds of oxidative
stress. In our study it was determines that in KW, UP
2752 and PBW 343, phenol contents increased with
increase in the duration of the stress, though in the other
two varieties the accumulation of total phenol decline
or remained unchanged during the 9™ day. Leinhos
and Bergman (1995) had studied the plant defense
system against various types of stress with respect to
the involvement of polyphenols as a response to stress,
also other workers such as Chakraborty et al. (2002) had
studied and reported that the accumulation of phenols
was greater in case of tolerant cultivars of tea.

It was indicated by the results of our study that
water stress was responsible for the induction of
oxidative stress and thus related damage as shown
by RWC decrease, increase in the MDA content (i.e.,
lipid peroxidation), H,0, accumulation, degradation of
chlorophyll molecule, enhanced antioxidative responses
as evident in the differential or varied levels of antioxidative
enzyme activities, accumulation of different antioxidants
like carotenoids, ascorbate, phenols and osmolytes such
as soluble sugars. Out of the five varieties taken for the
study, KW, UP 2752 and PBW 343 showed a much more
pronounced antioxidative mechanisms after the induction
of water stress and hence, they seem to be protected from
the detrimental effects or damage caused by oxidative
stress as a result of water stress even at the longer duration
and increased severity of stress. CMS as well as difference
in the percent relative injury among the varieties served
as important criteria to study the effects of water stress
and also to determine the susceptible and tolerant variety.
Considering all the above data our study showed that
KW, Up 2752 and PBW 343 were more tolerant varieties,
whereas LV and SO were less tolerant or, in other words,
more susceptible to water stress.
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