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Abstract Despite the fact that when subjected to salinity
stress most plants accumulate high concentrations of sodium
(Na") and chloride (CI") ions in their tissues, major research
has however been focused on the toxic effects of Na'.
Consequently, CI toxicity mechanisms in annual plants, par-
ticularly in inducing oxidative stress, are poorly understood.
Here, the extent to which Na* and/or CI” ions contribute in
inducing oxidative stress and regulating the adaptive antioxi-
dant defense is shown in two Indica rice genotypes differing in
their salt tolerance. Equimolar (100 mM) concentrations of
Na®, CI', and NaCl (EC~10 dS m') generated free-radical
(0,7, "OH) and non-radical (H,O,) forms of reactive oxygen
species (ROS) and triggered cell death in leaves of 21-day-old
hydroponically grown rice seedlings as evident by spectro-
photometric quantifications and histochemical visualizations.
The magnitude of ROS-mediated oxidative damage was
higher in sensitive cultivar, whereas NaCl proved to be most
toxic among the treatments. Salt treatments significantly
increased activities of antioxidant enzymes and their iso-
zymes including superoxide dismutase, catalase, peroxidase,
ascorbate peroxidase, and glutathione reductase. Na* and
Cl" ions showed additive effects under NaCl in activating
the antioxidant enzyme machinery, and responses were
more pronounced in tolerant cultivar. The expression levels
of SodCc2, CatA, and OsPRX1 genes were largely consistent
with the activities of their corresponding enzymes. Salt treat-
ments caused an imbalance in non-enzymatic antioxidants
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ascorbic acid, «-tocopherol, and polyphenols, with greater
impacts under NaCl than Na" and CI~ separately. Results
revealed that though CI™ was relatively less toxic than its
counter-cation, its effects cannot be totally ignored.
Both the cultivars responded in the same manner, but
the tolerant cultivar maintained lower Na’/K" and ROS
levels coupled with better antioxidant defense under all
three salt treatments.
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Abbreviations

APX Ascorbate peroxidase

CAT Catalase

DAB Diaminobenzidine

EC Electrical conductivity

GAPDH Rice glyceraldehyde 3-phosphate dehydrogenase
GR Glutathione reductase

GSH Reduced glutathione

GSSG Oxidized glutathione

NBT Nitro blue tetrazolium

POX Peroxidase

ROS Reactive oxygen species

RT-PCR  Reverse transcriptase polymerase chain reaction
SOD Superoxide dismutase

Introduction

Salinity stress greatly limits the growth and yield of major
crops, and its high scale of impact coupled with wide distri-
bution makes it one of the most severe global environmental
threats for crop production. The problem has been aggravated
of late, owing to the climate changes, agricultural practices
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including irrigation with saline water, faulty water manage-
ment, excessive use of fertilizers, and rising water tables
(Munns et al. 2012; Huang et al. 2013). Global food require-
ments are estimated to increase by 70-110 %, and with
increasing land degradation, urban spread, and sea water
intrusion, gains in agricultural productivity are a must for the
saline lands (Tilman et al. 2011; Munns et al. 2012).
Production of salt-tolerant plants necessitates deciphering var-
ious complicated physiological and molecular mechanisms;
plants develop in response to and to counteract the deleterious
effects of salt stress.

The effects of salinity stress are generally threefold as
reduced plant growth and yield takes place through osmotic
stress, ion toxicities and imbalances, and oxidative stress
(Kumar et al. 2009). An unfortunate consequence of salinity
stress in plants is the excessive generation of reactive oxygen
species (ROS) due to decreased stomatal conductivity under
low water potential, over-reduction of electron transport in
cellular organelles, and accumulation of Na™ and/or Cl~ ions
(Turkan and Demiral 2009). These ROS are major causative
factors of oxidative damage to lipid membranes and other
essential macromolecules including pigments, proteins,
DNA, and RNA and ultimately provokes cell death (Qureshi
et al. 2013; Yildiztugay et al. 2014). However, they also have
the ability to work as signaling molecule and regulate re-
sponses of development as well as various aspects of stress
(Ismail et al. 2014).

Plants respond to salinity stress through a set of combating
mechanisms. Among them, selective accumulation, exclu-
sion, and/or compartmentalization of ions at the whole plant
and cellular levels, synthesis of compatible solutes, and in-
duction of enzymatic and non-enzymatic antioxidants for
ROS scavenging are considered crucial biochemical strategies
(Qureshi et al. 2013; Yildiztugay et al. 2014). Both enzymatic
and non-enzymatic processes participate in the detoxification
of ROS (Munns and Tester 2008).

Low molecular weight antioxidants, both hydrophilic, like
ascorbic acid (AsA), reduced glutathione (GSH), flavonoids,
and phenolic compounds, and lipophilic, including o-
tocopherol and carotenoids, can quench all types of ROS.
However, in spite of various roles these non-enzymatic anti-
oxidants play, relatively very few are well characterized and
have been attributed to enhanced plant salt tolerance.
Antioxidant enzymes, on the other hand, like superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX), and
glutathione reductase (GR), are well documented for detoxi-
fying ROS. These enzymes can be divided into two catego-
ries: one that reacts with ROS and keeps them at low levels
(POX, SOD, and CAT) and one that regenerates the oxidized
antioxidants (ascorbate peroxidase, APX, and glutathione re-
ductase, GR) to maintain redox balance (Kumar et al. 2009).
SOD decomposes O," to H,O,, which is further scavenged
by POX in extracellular space and cytosol and by CAT in
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peroxisomes. APX, an Asada—Halliwel enzyme, also decom-
poses H,O, in cellular compartments. These enzymatic and
non-enzymatic antioxidants contribute significantly in main-
taining the proper functioning of metabolic pathways and
integrity of cell structures via reacting directly or indirectly
with ROS (Gill and Tuteja 2010). The stimulation of
antioxidant defense is one of the major components of
tolerance mechanism against oxidative damage, and in
accordance, salt tolerance of various plants is often corre-
lated with their better antioxidant capacities (Sairam et al.
2005; Qureshi et al. 2013). However, in order to assess
the tolerance mechanisms and threshold of a particular
plant, the processes underlying the antioxidant responses
to oxidative stress need to be clearly understood.

The principal cations of total soluble salts in saline soils
comprise sodium (Na"), calcium (Ca*"), and magnesium
(Mg>"), whereas major anions are chloride (CI), sulfate
(SO4>"), and carbonates (including bicarbonates) (Tavakkoli
etal. 2011). However, NaCl is the most prevalent salt (making
50 to 80 % of the total soluble salts) where Na* dominates the
cations and CI” dominates the anions in majority of saline
soils (Munns and Tester 2008). It is well documented that
most plants accumulate high Na" and CI™ concentrations
under salinity stress and their high cytoplasmic concentrations
are metabolically toxic to plants (Teakle and Tyerman 2010;
Tavakkoli et al. 2011). Therefore, both these ions deserve
equal consideration; however, most research on salt stress
tolerance in cereals has been focused on Na’ (Kumar and
Khare 2014). Consequently, the role of high Cl™ concentra-
tions in salt stress and the tolerance mechanisms involved
therein are poorly understood as compared with that of Na".
Though CI" is an essential micronutrient which plays impor-
tant roles in regulating enzyme activities in cytoplasm, stoma-
tal closure, acts as a co-factor in photosynthesis, and is in-
volved in turgor and pH regulation (Xu et al. 2000; White and
Broadley 2001), it exerts toxic effects on plants at high con-
centrations (Moya et al. 2003). There is a recent argument
about the importance of Cl™ ions under salinity stress and its
recognition as a vital cause of damage (Teakle and Tyerman
2010), and in some cases, its concentration in soil has been
ascribed as more important to growth and yield reduction than
Na'" (Dang et al. 2008; Zhang et al. 2011). However, very few
attempts have been made so far to evaluate the extent to which
Na® and CI” contribute to ion toxicity besides their possible
additive effects under NaCl and whether salt-tolerant geno-
types have more differential mechanisms than their sensitive
counterparts in this regard.

The present investigation was undertaken with the follow-
ing objectives: first, to assess the extent to which Na" and CI”
contribute individually in the generation of ROS leading to
oxidative stress damages and cell death besides their possible
additive effects on two rice cultivars with contrasting salt
tolerance; second, to study the detailed non-enzymatic and
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enzymatic antioxidant defense responses (including expres-
sion of genes associated with antioxidant defense) of rice
cultivars under Cl, Na*, and NaCl stress; and third, to
investigate whether tolerant genotypes have better abilities
to exclude Na" and CI” from their shoot tissues and
maintain relatively higher K* concentrations coupled with
better enzymatic and non-enzymatic antioxidant capacities

under salinity stress.

Materials and methods
Plant material, salt treatments, and growth conditions

Seeds of two rice (Oryza sativa L.) cultivars, Panvel-3 (salt
tolerant) and Sahyadri-3 (salt sensitive), were kindly provided
by the Saline Land Research Station, Panvel, India, and the
Regional Rice Research Station, Karjat, India, respectively.
The dehusked seeds were washed thoroughly with water
containing few drops of Tween-20 for 10 min and then rinsed
five times with distilled water. Seeds were surface-sterilized
with 0.1 % HgCl, for 5 min and rinsed several times before
placing them on wet filter paper for 2 days in dark condition
for germination. Equally grown seedlings were transferred to a
hydroponic culture system. Yoshida’s nutrient solution (YNS)
for rice was used as a background to evaluate individual and
additive effects of Na" and Cl ions on rice cultivars. The
experiment compared the effect of 100 mM each of Na*
(applied as a range of sulfate, nitrate, and phosphate salts),
CI (applied as a range of calcium, magnesium, and potassium
salts), and 100 mM NaCl at similar electrical conductivity
(EC) (9.6%0.5) and pH (6.0) as described by Tavakkoli et al.
(2010). Four treatments were compared which consisted of
control (YNS medium, no amendment), Na“-dominant salts
(YNS plus 15 mM Na,SO,4, 15 mM Na,HPO,4, 40 mM
NaNO3), Cl -dominant salts (YNS plus 15 mM CaCl,,
15 mM MgCl,, 40 mM KCl), and NaCl (YNS plus 100 mM
NaCl). Milli-Q water was used to dissolve the salts and for
preparation of culture medium. Seedlings were kept at 25+
2 °C and 80-85 % relative humidity. Samples (first leaves)
were collected for different experiments on the 2 1st day after
treatments. Data obtained are from three replicates under
identical conditions.

Determination of ion content

Leaves were analyzed for mineral nutrients by modified Anil
et al. (2005) method; briefly, tissues were washed with dis-
tilled water to remove any surface contaminants followed by
drying at 70 °C for 48 h. The dried tissues were ground into
powder in liquid nitrogen, which was acid digested overnight
in 5 ml of concentrated nitric acid. Five milliliters of a 10:4
diacid mixture of nitrate and perchlorate was added to the

partially digested tissue powder and allowed to completely
digest for 2 h on a sand bath. Na" and K" were measured by
atomic absorption spectrophotometer (AA201; Chemito,
India), while Cl was estimated by potentiometric method
(Chapman and Pratt 1961).

In-leaf estimation and histochemical visualization of ROS

Cellular generation of O, (Chaitanya and Naithani, 1994),
H,0, (Loreto and Velikova 2001), and "OH (Halliwell et al.
1987) were measured using UV-visible spectrophotometer
(UV-1800; Shimadzu Corp., Japan) and visualized histo-
chemically in leaf (Romeo-Puertas et al. 2004). For mea-
suring O,", 100 mg fresh tissues was homogenized in cold
phosphate buffer (0.2 M, pH 7.2) containing 1 mM sodium
diethyl dithiocarbamate and centrifuged at 10,000xg at
4 °C for 10 min. The reaction mixture containing 250 uL
extract, 100 pL of 2.25 mM NBT, 50 uL of 1.5 M
Na,COs, 100 uL of 3 mM EDTA, 200 pL 200 mM L-
methionine, and 2.3 mL distilled water was allowed to
incubate at 30 °C for 30 min. The O, content is expressed
as AAszomin ' g ' fresh weight (FW).

For in-leaf visualization of O, ", 21-day-old leaves of equal
size were immersed in a 6-mL reaction mixture containing
50 mM Tris—HCI buffer (pH 6.4), 0.2 mM nitro blue tetrazo-
lium (NBT), 0.2 mM NADH, and 250 mM sucrose, vacuum-
infiltrated for 15 min and illuminated at 200 uM m 2 s~ for
24 h to develop color, characteristic of blue monoformazan
precipitation. Stained leaves were bleached in 95 % ethanol at
90 °C for 15-20 min to localize cellular O," generation and
were macro-photographed against white fluorescent light
background.

For measurement of H,O,, 100 mg leaves was homoge-
nized in 1 mL trichloroacetic acid (TCA, 0.2 %) at 4 °C. The
homogenate was centrifuged at 12,000xg for 15 min and
0.5 mL of supernatant was mixed with 1 mL of 10 mM
sodium phosphate buffer (pH 7) and 2 mL of 1 M KI. The
H,0, content was measured by comparing its absorbance at
390 nm with a standard calibration curve.

For histochemical visualization of H,O,, leaves of equal
size were immersed in 1 % solution of 3,3’-diaminobenzidine
(DAB) (pH 3.8), vacuum infiltrated for 10—15 min, and then
incubated at room temperature for 8 h in absence of direct
light. Leaves were then illuminated until the appearance of
brown color, characteristic of polymerization reaction between
DAB and H,O,. Following the bleaching, the leaves were
macro-photographed against white fluorescent light.

For estimating "OH content, 100 mg leaves was homoge-
nized in 1 mL of 10 mM phosphate buffer (pH 7.4) containing
15 mM 2-deoxy-D-ribose and centrifuged at 12,000xg for
15 min. The supernatants were incubated at 37 °C for 2 h.
Aliquots of 0.2 mL of the supernatant were added to the
reaction mixture containing 3 mL of 0.5 % (w/v) thiobarbituric

@ Springer



1152

T. Khare et al.

acid (TBA, 1 % stock solution made in 5 mM NaOH) and
1 mL glacial acetic acid, heated at 100 °C in water bath for
30 min. The mixture was cooled to 4 °C. The absorbance
of malondialdehyde (MDA) was measured at 532 nm and
concentration was calculated using extinction coefficient
(=155 mM ' cm™') and expressed in nanomoles per
gram FW.

In-leaf estimation and histochemical visualization of cell
death

Cell death was visualized in leaf tissues histochemically as
well as quantified by Evan’s blue staining method (Romeo-
Puertas et al. 2004). Freshly excised leaves were immersed
and vacuum infiltrated in 0.25 % (w/v) aqueous solution of
Evan’s blue for 6 h and left overnight in the same solution.
The leaves were then bleached in boiling 95 % ethanol to
remove chlorophyll. Cell death was visualized as blue patches
on the leaf surface and were macro-photographed against
white fluorescent light. For quantification of cell death, five
stained leaves weighing about 100 mg from each treatment
were immersed in dye-extraction solution consisting of 50 %
ethanol in 1 % SDS (sodium dodecyl sulfate) for 1 h at 50 °C.
The absorbance of Evan’s blue released into solution was
recorded at 600 nm.

Antioxidant enzyme extraction and assays

For enzyme extraction, freshly harvested leaves (500 mg)
were ground to fine powder in liquid nitrogen using mortar
and pestle, and then homogenized with 100 mM phosphate
buffer (pH 7.5) containing 0.5 mM EDTA. The homogenate
was centrifuged at 15,000xg for 20 min at 4 °C. Supernatant
was collected as a crude enzyme extract for further
enzyme measurements. All the steps were carried out
at 0—4 °C. The absorbance for all the enzymes was
taken on a UV-VIS spectrophotometer (UV-1800; Shimadzu
Corp., Tokyo, Japan).

SOD (EC 1.15.1.1) activity was estimated by recording the
decrease in absorbance of formazan produced by superoxide—
nitro blue tetrazolium (NBT) complex by the enzyme as
described by Dhindsa et al. (1981). The three-milliliter reac-
tion mixture contained 0.1 mL of 1.5 M sodium carbonate,
0.2 mL of 200 mM methionine, 0.1 mL of 3 mM EDTA,
0.1 mL of 2.25 mM NBT, 1.5 mL of 100 mM phosphate
buffer, 0.9 mL distilled water, and 0.1 mL enzyme taken in the
test tubes in duplicate from each enzyme sample. Reaction
was started by adding 0.1 mL riboflavin (60 mM) and placing
the tubes under two 15-W florescent lamps for 15 min. The
reaction was stopped by switching off the light and covering
the tubes with black cloth. The tube without enzyme devel-
oped maximal color (control) while the non-irradiated tube did
not develop any color and served as blank. Absorbance was
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recorded at 560 nm and 1 U of enzyme activity was taken as
the quantity of enzyme which reduced the absorbance reading
of samples by 50 % in comparison with tubes lacking
enzymes.

CAT (EC 1.11.1.6) activity was determined according to
Aebi (1984) by measuring the rate of decrease in absorbance
of H,O, at 240 nm. The reaction mixture consists of 50 mM
phosphate buffer, 12.5 mM H,0,, and 50 pL enzyme.

POX (EC 1.11.1.7) activity was measured in terms of
increase in absorbance at 470 nm due to the oxidation of
guaiacol to tetra-guaiacol (Castillo et al. 1984). The reaction
mixture contained 50 mM phosphate buffer (pH 6.1), 16 mM
guaiacol, 2 mM H,0,, and 0.1 mL enzyme extract.

GR (EC 1.6.4.2) activity was assayed by following Smith
et al. (1988) by recording the increase in the presence of
oxidized glutathione and DTNB (5,5'-dithiobis-2-nitrobenzoic
acid). The three-milliliter reaction mixture contained 1 mL of
0.2 M potassium phosphate buffer (pH 7.5) containing 0.1 mM
EDTA, 0.5 mL of 3 mM DTNB in 10 mM potassium phos-
phate buffer (pH 7.5), 0.1 mL of 2 mM NADPH, 0.1 mL
enzyme extract, and 0.3 mL distilled water. The increase in
absorbance at 412 nm was recorded over a period of 5 min.

APX (EC 1.11.1.11) was assayed by recording the decrease
in absorbance due to ascorbic acid at 290 nm (Nakano and
Asada 1981) in a 3-mL reaction mixture which contained
phosphate buffer (50 mM, pH 7.0), ascorbic acid (0.5 mM),
0.1 mM EDTA, 0.1 mM H,0,, and 100 uL enzyme extract.
Reaction was initiated by addition of H,O, and decrease in
absorbance was recorded at 30-s time interval.

Gel electrophoresis and identification of isozymes

Isozymes were separated on non-denaturing (native) poly-
acrylamide gels at 4 °C using a PROTEAN-II xi-Cell
Electrophoresis Unit (BIO-RAD, USA). Estimation of pro-
teins was carried out prior to loading by Bradford (1976)
method.

A protein concentration of 50 pg from leaves under non-
saline and saline conditions was applied into each well and
then electrophoresed at 30 mA for 2 h. SOD activity staining
was performed using modified Beauchamp and Fridovich
(1971) method and inhibitor studies to distinguish various
SOD isoforms as standardized in the authors’ laboratory
(Kumar et al. 2009). The gel was soaked in 50 mL of
100 mM potassium phosphate buffer, pH 7.5 containing
1.23 mM NBT, 0.02 mM riboflavin, and 28 mM TEMED
for 20 min in the dark and then illuminated under light source
to initiate the photochemical reaction.

CAT isoenzymes were separated on 10 % non-denaturing
acrylamide gel run at 30 mA for 24 h at 4 °C and were
visualized by following Woodbury et al. (1971). Gels were
rinsed in double distilled water (DDW) followed by incuba-
tion in 0.01 % H,0, for 5 min, washed twice with DDW, and
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then stained in a solution of 0.5 % potassium ferricyanide and
0.5 % ferric chloride. The reaction was terminated with 1 %
HCI after development of bands.

POX isozymes separation and staining was carried out as
per Anderson et al. (1995). POX isozymes were separated on
8 % non-denaturing polyacrylamide gel and the electrophore-
sis was done at 30 mA for 150 min at 4 °C. Isoforms of POX
were visualized by staining the gel in a 50-mL solution con-
taining 100 mM potassium phosphate buffer (pH 6.4), 20 mM
guaiacol, and 5.55 mM H,0,.

GR isoenzymes were separated on non-denaturing 8 % gel
at 50 mA for 3 h at 4 °C and gels were stained in 50 mL of
250 mM Tris—HCI buffer (pH 7.5) containing 10 mg MTT,
3 mL of 3.4 mM DCPIP, 18.6 mg NADPH, and 52 mg
oxidized glutathione (Anderson et al. 1990).

APX isozymes were visualized in-gel following Mittler
and Zilinskas (1993). Resolving gel (8 %) containing 10 %
glycerol was used for separation of isozymes. Electrophoresis
was carried out at 50 mA for 2 h at 4 °C. Gels were stained in
phosphate buffer (100 mM, pH 7.0) with 4 mM ascorbic acid
and 2 mM H,O, until desired contrast was achieved.

RNA extraction and gene expression of antioxidant enzymes

Freshly harvested leaf samples from hydroponically cultivated
plants were ground in mortar and pestle containing liquid
nitrogen, and total RNA was isolated using silica-based
spin columns following the manufacturer’s instructions
(GeneiPure™ Total RNA isolation Kit—Plants; Genei ™,
Bangalore, India). The purified total RNAs were quantified
spectrophotometrically at 260 nm and the purity was
checked by means of the A,gy/Azgo ratio. The integrity
and quality of the total RNA were verified by running the
samples on 1 % denaturing agarose gel containing 2 M
formaldehyde. Semi-quantitative RT-PCR was performed
using One Step M-MuLV RT-PCR Kit (Genei' ™, Bangalore,
India) according to the manufacturer’s instructions. First
strand of cDNA was synthesized using 2 pg of total RNA
by incubating the reaction mixture at 50 °C for 30 min. PCR
reaction was performed using a thermal cycler (Mastercycler®
personal, Eppendorf). Twenty-five microliters of reaction
mixture contained 10 pmol of specific primers for the genes
SodCc2, CatA, OsPRXI, and GAPDH (rice glyceraldehyde 3-
phosphate dehydrogenase) as internal control (Table 1). PCR
amplification reaction were initially incubated at 95 °C for
5 min, followed by 35 cycles at 94 °C for 30 s, 57-59 °C
(depending upon the melting temperature of each gene-
specific primer) for 30 s, and 72 °C for 45 s. Final extension
was performed at 72 °C for 10 min. Amplified products were
loaded and separated on 1 % agarose gel spiked with ethidium
bromide. The gel was visualized under UV light and
photographed using Gel Doc XR documentation system
(BIO-RAD, USA).

Estimation of non-enzymatic antioxidants

Ascorbic acid was determined according to Mukharjee and
Choudhari (1983). Fresh leaf sample (500 mg) was extracted
in 10 mL of 6 % TCA. The homogenate was centrifuged at 10,
000xg at 4 °C for 10 min and 4 mL of supernatant was mixed
with 2 mL of 2 % dinitrophenylhydrazine (in acidic medium)
followed by addition of one drop of 10 % thiourea prepared in
70 % ethanol. Reaction mixture is heated in boiling water for
15 min, and after cooling to room temperature, 5 mL of 80 %
sulfuric acid was added to the mixture at 0 °C. The absorbance
was recorded at 530 nm and concentration was calculated
from standard curve plotted with known concentrations of
ascorbic acid.

The «-tocopherol levels in the plant samples were estimat-
ed spectrophotometrically (Rosenberg 1992). Plant samples
(2.5 g) were homogenized in 5 mL of 0.1 N sulfuric acid and
volume was finally made up to 50 mL by adding 0.1 N
sulfuric acid without shaking, and the content was allowed
to stand overnight. Next day, the contents in flask were shaken
vigorously and filtered through Whatman No. 1 filter paper.
Aliquots of filtrate were used for estimation of o-tocopherol.
To 1.5 mL of aliquot, 1.5 mL each of absolute ethanol and
xylene were added, stoppered, mixed well, and centrifuged.
After centrifugation, 1 mL of xylene layer was transferred into
another tube carefully followed by addition of I mL of 2,2'-
dipyridyl reagent (1.2 % in 1-propanol). Absorbance of mix-
ture was read against blank at 460 nm. Then, in turn, begin-
ning with the blank, 0.33 mL of ferric chloride solution (1.2 %
in ethanol) was added, mixed well, and absorbance read at
520 nm after 15 min. Tocopherol levels were calculated using
D, L-o-tocopherol acetate as standard.

The levels of reduced glutathione (GSH) were estimated by
the method of Moron et al. (1979). Plant tissue (0.5 g) was
homogenized in 2.5 mL of 5 % TCA. The homogenate was
immediately acidified by adding 125 pL of 25 % TCA to
prevent aerial oxidation of glutathione. Precipitated protein
was centrifuged at 10,000xg for 10 min. Homogenate was
cooled and 0.1 mL of supernatant was used for estimation by
diluting it up to 1 mL with 0.2 M sodium phosphate buffer
(pH 8.0). Two milliliters of freshly prepared DTNB solution
was added to the tubes and intensity of the yellow color was
read at 412 nm after 10 min. Standard curve was plotted using
GSH and values were expressed as nanomoles of GSH per
gram of tissue.

Total phenols were estimated according to Malick and
Singh (1980). The tissue homogenate was prepared in 80 %
ethanol and centrifuged at 10,000xg for 20 min. The residue
was re-extracted with 80 % ethanol, and supernatants were
pooled and evaporated to dryness. The residue was dissolved
in known volume of distilled water. Aliquots were diluted to
3 mL followed by addition of Folin—Ciocalteu reagent. After
5 min, 2 mL of 20 % Na,CO; was added to each tube. After
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Table 1 Primer sequences for ]
amplification of antioxidant genes Gene Accession  Forward (5-3") Reverse (5'-3")
in RT-PCR number
SodCc2  L19434 ATGGTGAAGGCTGTTGCTG CTAACCCTGGAGTCCGATGAT
Catd EF371902  ATGGATCCTTGCAAGTTCCG TCACATGCTTGGCTTCACG
POXI U95217 GTTGAGCAATGGCGTCCAAG AAGGATTTCAAGGCGACGGG
GAPDH  AK064960 AAGCCAGCATCCTATGATCAGATT CGTAACCCAGAATACCCTTGAGTTT

thorough mixing, tubes were kept in boiling water bath for
1 min and allowed to cool. The absorbance was recorded at
650 nm. Total phenols were calculated using catechol as
standard.

Flavonoids were estimated by the method of Cameron et al.
(1943). Plant samples were extracted first with methanol/
water mixture (2:1) and secondly with the same mixture in a
ratio of 1:1. Extracts were mixed well and allowed to stand
overnight; supernatants were pooled and volume was noted.
An aliquot of the above extract was pipetted out and evapo-
rated to dryness. Four milliliters of vanillin reagent was added
and tubes were heated for 15 min in boiling water. Absorbance
was read at 340 nm and total flavonoids were calculated using
standard catechin.

Statistical analyses

The experiment was designed as factorial to study the indi-
vidual and/or additive effects of CI” and Na" ions on two rice
cultivars. The results are presented as means=+standard error,
and means were compared using Duncan’s multiple range test
(DMRT) at P <0.05 using MSTAT-C statistical software. The
graphs were plotted using Microcal Origin 6.0 software.

Results and discussion

Effects of C1, Na", and NaCl on dry matter and ion
accumulation

Since NaCl is the most abundant soluble salt of saline
soils, its constituent ions Na™ and CI” have understandably
become two most important toxic components of ionic
stress. However, plant’s integral tolerance to these ions
differs, and the relative value often varies among the plant
species (Zhang et al. 2011). In order to assess the relative
impact of NaCl and its individual constituents (C1~ and Na"),
two rice cultivars with contrasting salt tolerance abilities were
subjected to 100 mM solutions of each salt with similar EC.
Four treatments consisting of control (YNS, no amendment),
Na'-dominant salts (YNS plus 15 mM Na,SO,, 15 mM
Na,HPO,4, 40 mM NaNOs), CI -dominant salts (YNS plus
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15 mM CaCl,, 15 mM MgCl,, 40 mM KCl), and NaCl (YNS
plus 100 mM NaCl) were used to initiate the desired condi-
tions. Since Na" and CI” are combined with their counter-
anions/counter-cations in natural soils, getting them solely is
difficult (Luo et al. 2005). Therefore, to stimulate the ion states
of Na" and CI', their different salt combinations were applied
for maintaining their equimolar concentrations and to avoid
the increase of particular counter-anions/counter-cations,
besides maintaining the EC as suggested by Tavakkoli
et al. (2011). However, despite the usefulness of this
approach, unlike control and Na'- and NaCl-stressed
plants, the possibility of enrichment of CI -stressed plants
with some nutrient ions such as potassium, magnesium,
and calcium cannot be ruled out, owing to the use of their
respective salts. However, Yoshida’s nutrient solution (YNS)
was used instead of water as a background for all the treat-
ments to keep this disparity under check as well as to avoid
other nutritional deficiencies or toxicities in plants other than
those targeted by the salts.

Though both CI” and Na" caused significant reductions in
dry matter production (Table 2), the degree of DW reduction
did not vary significantly (at P<0.05) between the individual
ions. In contrast, NaCl induced a sharp decrease in DW.
Genotypic differences were observed in salinity-induced
growth reductions, with 28 % DW reduction in Panvel-3
against 48 % in Sahyadri-3 at 100 mM NaCl stress than their
respective controls. Decrease in dry matter under the influence
of ionic stress is a well-documented phenomenon (Kamyab-
Talesh et al. 2014). The results revealed that ionic stresses
significantly diminished the biomass production, indicated by
reduced DW in the following manner: NaCl>Na">CI", sug-
gesting possible additive effects of individual CI” and Na"
ions on rice seedlings. The use of nutrient medium with
similar EC and molar concentrations but different combina-
tions of Na" and CI” dominant salts may be attributed to the
comparative effects of these ions on dry matter accumulation.
These trends are in confirmation of earlier findings where
greater reduction in biomass occurred in rice (Lin and Kao
2001), faba bean (Tavakkoli et al. 2010), and barley
(Tavakkoli et al. 2011) treated with NaCl than its constituent
individual ions.

The endogenous levels of CI” and Na" ions increased under
individual and combined ionic stresses, but rice cultivars
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Table 2 Effect of CI”, Na', and NaCl stress on weight (mg) and ion contents (mmol kg ' DW) of 21-day-old rice seedlings
ght (mg g y g

Cultivar Treatment Dry weight Na* Cl K* Na'/K*

Panvel-3 Control 9.14 103+3.5% 24242 6% 1383+13B 0.07+0.01%4
CI -dominant 7.6°B 103+4.0%4 652+3.5%4 1376+158 0.07+0.01%4
Na'-dominant 7.5%8 489+5.9%4 249+2.0°4 757+9.8%B 0.65+0.11°4
NaCl 6.9°8 598+8.1°4 701+6.84 763+10°B 0.78+0.12°4

Sahyadri-3 Control 9.04 107+2.5% 351+3.0°8 1268+16°* 0.08+0.01°*
CI -dominant 6.9°A 113+3.3% 1142+12%8 1252+18%4 0.09+0.01%4
Na'*-dominant 6.7 767+8.7°8 343+8.5%8 474+8.5°A 1.62+0.09®
NaCl 5.2 810+9.5°B 1356+13°8 396+7.8%4 2.20+0.14°B

Values for ions represent mean+standard error (n=3). The DMRT at P<0.05 was applied. Treatments followed by the same lowercase letter for a
particular genotype do not differ statistically. Genotypes followed by the same uppercase letter in a particular treatment do not differ statistically

showed considerable genotypic variations (Table 2). Application
of Na'-dominant salts resulted into a 4.75-fold more Na" content
in Panvel-3 against 7.17 times higher Na" in Shaydri-3 seedlings
as compared to their respective controls. Similar trends were
evidenced with CI™ treatments where Panvel-3 and Sahyadri-
3 seedlings accumulated 2.69 and 3.25 times higher CI
content than their non-saline counterparts, respectively. This
indicates the inability of sensitive cultivar to restrict the
entry of ions into its leaf tissues under salinity stress.
Among three salt treatments, the highest magnitude of ion
accumulation occurred upon exposure of each cultivar to
NaCl, suggesting combined effects of the constituent ions.
Panvel-3 showed its ability to maintain Na/K ratio below
1.0 (under Na as well as NaCl stress), which is considered
as critical to maintain metabolic activities (Tavakkoli et al.
2011). In contrast, Sahyadri-3 failed to maintain higher K"
levels under applied stresses and showed higher Na'/K"
ratio both under Na* (1.62) and NaCl (2.20) stresses.
Better growth performance by tolerant plants usually gets
correlated with their ability to maintain low Na® concentra-
tions in their tissues (Munns et al. 2012). Similarly, acqui-
sition of K" ions in order to maintain a low Na/K ratio has
always been a key feature of salt-tolerant crop plants (Khan
et al. 2009). Lower K concentrations under Na* and NaCl
stresses in both the cultivars might be attributed to the
leakage of K by the outward rectifying channels.

Effect of CI”, Na', and NaCl stress on ROS generation
and cell death

Though there are numerous reports on NaCl-induced ROS
generation and concurrent antioxidative defense machinery
employed by the plants to cope with the deleterious effects
of NaCl, however, to our knowledge, this is the first report
assessing the individual and combined effects of Na" and CI”
ions on the relative induction of oxidative stress, cell death,
and responsive antioxidant defense in the leaf tissues of two
rice cultivars with contrasting salinity tolerance abilities.

It is a well-established fact now that plant cells maintain a
delicate balance between ROS generation and their scaveng-
ing, largely via enzymatic and non-enzymatic antioxidant
machinery. At lower levels, they do not exert toxic effects
on plant cells and tissues and even work as signaling mole-
cules. However, this balance gets perturbed under stressful
conditions including salinity, and this disturbed equilibrium
leads to sudden upsurge in intracellular ROS levels, which
ultimately causes significant damages to cell structures
besides compromising their functional abilities (Gill and
Tuteja 2010). One of the major objectives of this work
was to establish a missing link between the roles played
by Na" and CI ions (individually and in combination) in
ROS generation (and resultant oxidative damage), besides
elucidating whether tolerant cultivars behave differently
than their sensitive counterparts in this regard.

Levels of ROS generation, a measure of oxidative eruption
under adverse conditions, were monitored by spectrophoto-
metric analyses along with their histochemical visualization in
the first leaf tissues of 21-day-old rice seedlings grown under
salinity treatments. Histochemical localization of O, as in-
dicated by the formation of blue-colored formazan complex
(reduced NBT), well supported by the data obtained via
spectrophotometric analysis, showed that all three types of
equimolar salt treatments stimulated superoxide anion produc-
tion in rice leaves. However, much higher O,” accumulation
occurred in leaves under NaCl stress as compared to its
constituent CI” and Na" ions in both cultivars (Fig. 1).

H,0, is considered as the major ROS involved in inducing
oxidative burst in plants, owing to its longevity and ability to
cross plant cell membranes and thereby acts as a diffusible and
relatively lasting signal (Huseynova et al. 2014). All three
ionic stresses induced a significant increase in leaf H,O,
content over their non-saline counterparts, however, with
much higher magnitude in Sahyadri-3 than in Panvel-3
(Fig. 2). H,O, content did not vary significantly among the
Cl - and Na-stressed leaves; however, NaCl treatment caused
a sharp increase in leaf H,O, concentration, particularly in
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Fig. 1 CI", Na", and NaCl induced O,"~ generation in the leaves of 21-
day-old hydroponically grown two rice cultivars: spectrophotometric
estimation (a) and histochemical visualization (b). P Panvel-3, §
Sahyadri-3. The DMRT at P<0.05 was applied (a). Treatments

Sahyadri-3, as revealed by spectrophotometric estimation and
histological visualization. The univalent reduction of O,™ pro-
duces H,O,. Therefore, elevated H,O, production is consid-
ered to be driven by an increase in the concentrations of O, in
plant tissues as evidenced in the present work. H,O, was
histochemically localized in the leaf tissues of rice cultivars
subjected to CI', Na', and NaCl stress using DAB staining.
DAB polymerizes to produce a brown precipitate due to
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Fig.2 CI",Na", and NaCl induced H,0, generation in the leaves of 21-
day-old hydroponically grown two rice cultivars: spectrophotometric
estimation (a) and histochemical visualization (b). P Panvel-3, S
Sahyadri-3. The DMRT at P<0.05 was applied (a). Treatments
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contact with H,O, in the presence of peroxidase and thus
provides a useful marker of peroxide accumulation.

No significant difference was observed between two culti-
vars in terms of "OH generation in their leaves under non-
stressed conditions; however, all salt treatments caused a
marked increase in leaf "OH concentration (estimated in terms
of MDA content), with highest magnitude under combined
stress of Na" and C1°, the NaCl (Fig. 3). Once again, Panvel-3
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followed by the same lowercase letter for a particular genotype do
not differ statistically. Genotypes followed by the same uppercase letter
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standard error
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Fig. 3 Generation of ‘OH by CI”, Na", and NaCl stress in the leaves of
21-day-old hydroponically grown two rice cultivars. The DMRT at
P<0.05 was applied. Treatments followed by the same lowercase
letter for a particular genotype do not differ statistically. Genotypes
followed by the same uppercase letter in a particular treatment do
not differ statistically. Bar represents standard error

displayed its ability to keep a check on the ionic stress-induced
‘OH generation as its leaves accumulated significantly lesser
amount of "OH than Sahyadri-3.

Hydroxyl radicals are considered as one of the highest
reactive ROS, which can be produced from O, and H,0,
in the presence of suitable transitional metals via O, -driven
Fenton reaction. These radicals are thought to be largely
responsible for mediating oxygen toxicity (Gill and Tuteja
2010) and can potentially react with all biological molecules
and cellular constituents. Excess production of ‘OH may
ultimately lead to cell death (Vranova et al. 2002) as evi-
denced in the present investigation. The frequency of cell
death varied considerably between salt types, and NaCl pro-
voked maximum cell death events followed by Na* and CI™,
respectively, with higher deleterious effects on Sahyadri-3, as
revealed by spectrophotometric and histochemical visualiza-
tion (Fig. 4). Evans blue staining was used to histochemically
visualize the cell death, which is based on the disintegration of
plasma membrane and is considered as a reliable parameter to
assess cell death (Achary et al. 2012). A strong correlation
may be established between the amounts of ROS generated
under the influence of Na” and CI ions (singly and as their
combined salt) and ROS-induced cell death in the leaf tissues
subjected to salt stress.

Effect of CI”, Na™, and NaCl stress on antioxidant
enzyme/isozyme activities

In order to protect themselves against toxic oxygen intermedi-
ates, plant cells and organelles deploy antioxidant defense sys-
tem consisting of non-enzymatic and enzymatic components. A

considerable amount of research has established that timely
induction of cellular antioxidant machinery is vital for plant
protection against various abiotic stresses via scavenging or
detoxifying the ROS generated therein. The enzymatic anti-
oxidants include one that reacts with ROS and keep them at
low levels (SOD, CAT, and POX) and another that regen-
erates the oxidized antioxidants (APX and GR) (Chawla
et al. 2013). Very often, increased salinity tolerance of
tolerant glycophytic crop plants is correlated with better
antioxidant capacities than their sensitive counterparts
(Kumar et al. 2009; Chawla et al. 2013).

Figure 5a reveals that Panvel-3 seedlings showed signifi-
cantly higher SOD activities than Sahyadri-3, both constitu-
tive as well as salinity-induced. No genotypic difference was
evidenced under Na* and CI” stress; however, NaCl-stressed
seedlings of Panvel-3 showed 1.56 times more activity of
SOD than Sahyadri-3. Spectrophotometric results were well
supported by isozymatic patterns (Fig. 5b). Four isoforms
were identified, one each of Mn-SOD and Cu/Zn-SOD be-
sides two Fe-SOD in Panvel-3, whereas Sahyadri-3 leaves
lacked one Fe-SOD isoform under stressed as well as non-
stressed conditions. De novo synthesis of Fe-SOD1 isoform
and an increase in the intensity of Fe-SOD2 in Panvel-3
suggested that specific activity of Fe-SOD seems to contribute
to increased activities under salt stress, although Cu/Zn-SOD
was the predominant form in both cultivars. SODs are
metallo-enzymes and form the foremost line of defense
against ROS by rapidly catalyzing the dismutation of O, in
the cell, where one O," gets reduced to H,O, and another
oxidized to O, (Mahanty et al. 2012). This in turn decreases
the risk of "OH formation via the metal catalyzed Haber—
Weiss type reaction. Thus, SOD seems to be playing a crucial
role in conferring the salt tolerance abilities of Panvel-3.

Unlike SOD, the constitutive levels of all other antioxidant
enzymes did not vary significantly (at P<0.05) among the two
genotypes examined in non-stressed tissues. However, all
three types of salinity stresses induced a marked increase
in antioxidant enzymes activities, though in a differential
salt- and genotype-dependent manner. CAT activities gradu-
ally increased in rice cultivars in an order control<Cl<Na<
NaCl, showing additive effects of the constituent ions
(Fig. 6a). However, the increase was relatively higher in
Panvel-3 than Sahyadri-3. Two isoforms of CAT were seen
in the gel, both likely contributing significantly to its activity
(Fig. 6b). The CAT activity obtained via spectrophotometric
analysis coincided with the in-gel assay. CATs are tetrameric
heme-containing enzymes, which effectively convert H,O,
into H,O and O, and are considered indispensable for
detoxification of elevated amounts of ROS generated under
stressed conditions. The present results are in accordance
with the previous reports indicating higher CAT activities in
salt-tolerant rice cultivars (El-Shabrawi et al. 2010; Turan
and Tripathy 2013).
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Fig. 4 Induction of cell death by CI, Na', and NaCl stress in the
leaves of 21-day-old hydroponically grown two rice cultivars:
spectrophotometric estimation (a) and histochemical visualization
(b). P Panvel-3, S Sahyadri-3. The DMRT at P<0.05 was applied

CI stress failed to induce any significant change in POX
activities of both the cultivars over their non-stressed counter-
parts, indicating that this ion is less toxic compared to Na™.
Na' and NaCl, on the other hand, increased the POX activities
sharply with more pronounced effects in Panvel-3 (Fig. 7a),
which was further confirmed by the band intensities of three
isoforms obtained via in-gel assay (Fig. 7b). Overall, NaCl
showed synergistic effects on modulation of POX activities
against its constituent ions.
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APX utilizes ascorbate as an electron donor to scavenge the
toxic H,O, in water-water and ascorbate-GSH cycles. It is
thought to be the most essential antioxidant enzyme, owing to
its higher affinity for H,O, than CAT and POX and a presum-
ably more crucial role in the management of ROS during
environmental stresses. APX activities constantly increased
in two rice cultivars under the influence of individual ions, and
NaCl showed high stimulus and induced 2-fold increase in
Sahyadri-3 against 2.5-fold in Panvel-3 (Fig. 8a). APX exists

MnSOD

eSOD1
eSOD2

Cu/Zn SOD

Cl Na

NaCl C Cl Na NaCl

Treatment

Fig. 5 Effects of CI”, Na", and NaCl stress separately on induction of
SOD activities in the leaves of 2 1-day-old hydroponically grown two rice
cultivars assessed by spectrophotometric estimation (a) and in-gel
visualization (b). The DMRT at P<0.05 was applied (a). Treatments
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in several isoforms, as seen in the present investigation with a
total of five APX isoforms, where APX-IV seems not only the
major contributor to overall enzyme activity in both the culti-
vars but also showed visible differential expression among the
tolerant and sensitive genotype (Fig. 8b). The present results
reaffirm the hypotheses that tolerant cultivars activate APX
enzyme to detoxify the ROS generated under stress conditions
(Turan and Tripathy 2013).

GR levels did not vary significantly among the non-
stressed leaves of rice cultivars; however, the genotypes ex-
hibited contrasting behavior under salinity stress. Individual
ions did not show momentous effects on GR activities in
Sahyadri-3; on the contrary though, both Na" and CI ions
increased the enzyme activities markedly over their corre-
sponding controls (Fig. 9a). The two genotypes showed no
significant (at P<0.05) differences in GR activities under Na"

14 E— Sahyadri3

400 — abA

POX activity (UM tetraguaicol formed /mg protein/min)

Sahyadri-3 Panvel-3

followed by the same lowercase letter for a particular genotype do
not differ statistically. Genotypes followed by the same uppercase letter
in a particular treatment do not differ statistically. Bar represents
standard error

or CI” ions but recorded noticeable changes among them
under NaCl (Fig. 9a), and Sahyadri-3 proved relatively infe-
rior on this count. The isozymatic analysis of GR in leaves as
given in Fig. 9b clearly supports these findings. GR belongs to
the family of NADPH-dependent oxidoreductase and com-
prises the last enzyme of AsA-GSH cycle. It holds great
significance in the regulation of cytosolic redox environment,
which is considered vital for cell endurance. GR plays a
central role in cellular defense against the reactive oxygen
metabolites by catalyzing the reduction of GSSG to GSH with
the accompanying oxidation of NADPH and thus by main-
taining the reduced-GSH pool under adverse conditions,
which is considered crucial for active functioning of cells
(Anjum et al. 2012; Trivedi et al. 2013). Therefore, salt
tolerance character of genotypes is often linked to stimulated
GR activity (Sairam et al. 2005).

E ¥ ~ POXII
0 . . s
Control Cl-dominant  Na-dominant NacCl C Cl Na NaCl C Cl Na__ NaCl
Treatment Sahyadri-3 Panvel-3

Fig. 7 Effects of CI”, Na", and NaCl stress separately on induction of
POX activities in the leaves of 21-day-old hydroponically grown two rice
cultivars assessed by spectrophotometric estimation (a) and in-gel
visualization (b). The DMRT at P<0.05 was applied (a). Treatments

followed by the same lowercase letter for a particular genotype do
not differ statistically. Genotypes followed by the same uppercase letter
in a particular treatment do not differ statistically. Bar represents
standard error
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Differential antioxidant gene expression under CI , Na',
and NaCl stress

Though there are few reports on physiological disturbances
produced by CI” and Na“, very little is known about the
relation of this ion accumulation to induction of antioxidant
system. To probe the effects of individual Na" and CI™ ions
and their combined salt on antioxidant enzymes at the
transcriptional level, the expression levels of certain genes
involved in antioxidant activities were investigated. All
three selected genes corresponding to SOD, CAT, and
POX besides one housekeeping gene (rice-GAPDH) were
analyzed by semi-quantitative RT-PCR using gene-specific
primers (Table 2). The transcriptional expression level of
GAPDH was investigated as housekeeping mRNA, which
has been well established as normalization for relative

0.20

0.18 a

0.16 4

E—= Sahyadri3

Panvel3

0.14 4

0.12 4

0.10 4

0.08

0.06

GR activity (dA412/mg protein/min)

Cl-dominant

Control

Na-dominant NaCl Cl

Panvel-3

Sahyadri-3

followed by the same lowercase letter for a particular genotype do not
differ statistically. Genotypes followed by the same uppercase letter in a
particular treatment do not differ statistically. Bar represents standard
error

gene(s) expression patterns in rice. As shown in Fig. 10,
in consonance with the enzyme activities, the SODCc2
transcripts were up-regulated in plants of both cultivars,
subjected to all three types of stress, though with higher
expression levels in Panvel-3 over its sensitive counterpart.
Among the multiple forms of SODs, the Cu/Zn-SODs are
most abundantly prevalent isozymes in plants (Mahanty
et al. 2012). The expression level of SodCc2 gene
encoding Cu/Zn-SOD was monitored under NaCl and its
constituent ions, which was higher in Panvel-3 under
controlled as well as all three salt treatments. In the same
vein, Turan and Tripathy (2013) reported an increase in
rice Cu/Zn-SOD transcripts in response to salinity stress
and suggested that increase in the antioxidative enzyme
activity may include its respective isoform whose tran-
script abundance increases under stress conditions. Along

GRI1
GR II

GR 111

Na NaCl C Cl Na

NaCl

Treatment

Fig. 9 Effects of CI", Na", and NaCl stress separately on induction of GR
activities in the leaves of 21-day-old hydroponically grown two rice
cultivars assessed by spectrophotometric estimation (a) and in-gel
visualization (b). The DMRT at P<0.05 was applied (a). Treatments
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Fig. 10 Effects of CI”, Na*, and
NaCl stress separately on gene
expressions as visualized on
agarose gel electrophoresis.
Expression levels of SOD, CAT,
POX, and control (GAPDH) are
observed after RT-PCR
amplification using respective
specific primers in the leaves of
21-day-old hydroponically grown
two rice cultivars
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with SODs, CATs constitute a front-line defense against ROS,
converting H,O, into water. In Panvel-3 seedlings, a slight
and gradual up-regulation of Cat4 was noticed in Cl -, Na'-,
and NaCl-treated plants, respectively. On the contrary, CatA
levels decreased in Sahyadri-3 submitted to CI' and NaCl
stresses, while a sharp increase in transcript levels was evi-
denced under Na" stress. Identical induction of CAT gene
has been reported by Menezes-Benavente et al. (2004) in rice
and halotolerant Chenopodium album (Yao et al. 2010).
However, any of the salts failed to induce significant changes
in the OsPRX1 expression levels in Panvel-3 leaves, whereas
its expression was significantly reduced in Sahyadr-3 leaves
under Na* and CI” stress but increased again under NaCl
stress. This disagreement between enzyme activities and ex-
pression levels of their pathway genes may be explained by
the fact that the gene expression was analyzed only for one of
the isoforms of selected antioxidants, while enzyme activity of
an enzyme is a cumulative effect of the expression of different
isoforms in cellular compartments (Turan and Tripathy 2013).
On the other hand, constitutive as well as salinity-induced
expression of GAPDH did not vary substantially in any of
the cultivars. To sum up, NaCl treatment resulted in the up-
regulation of CAT transcript levels followed by Na“ and CI,
respectively, which is falling in line of total enzyme activities
obtained, with more pronounced effects on Panvel-3. It ap-
pears, therefore, that the tolerant lines have the ability to up-
regulate the genes that encode antioxidant enzymes and failure
of sensitive plants in doing so under salinity stress conditions.
This is probably the first comprehensive attempt to investigate
the effects of equimolar concentrations of NaCl and its con-
stituent ions on induction of antioxidant enzymes including
the expression levels of their pathway genes.

Effect of CI', Na', and NaCl stress on non-enzymatic
antioxidants

To detoxify and eliminate the excessive levels of ROS, plants
deploy an antioxidant defense armory consisting of two com-
ponents, enzymatic and non-enzymatic ROS detoxifiers such

Sahyadrbs

Panvel-3

as AsA, GSH, flavonoids, and tocopherols. Both these com-
ponents work in tandem in providing metabolic acclimation
and consequential improved salinity tolerance to plants. The
SOD catalyzes the dismutation of O,™ to 30, and H,0,, CAT,
and POX then remove H,O, (Yao et al., 2010), and in parallel,
the non-enzymatic antioxidants such as AsA, GSH, and ca-
rotenoids can effectively prevent the 'O, formation and scav-
enge the ROS (Mittler 2002). Despite a credible number of
reports on NaCl-induced ROS generation and concomitant
modulation of enzymatic antioxidants, relatively much lesser
efforts have been made to decipher the roles of non-enzymatic
antioxidants. Moreover, there is a serious dearth of investiga-
tions focused at dissecting the individual roles and relative
importance of Na" and CI™ ions in ROS generation and in
inducing responsive antioxidant machinery, and to our knowl-
edge, this the first such report.

Panvel-3 leaves with or without salinity exposure accumu-
lated relatively higher amounts of total phenols, AsA, o-
tocopherols, and GSH than Sahyadri-3 (Fig. 11). Each of the
three treatments induced different non-enzymatic antioxidant
responses in rice, which were largely in accord with the trends
obtained with their enzymatic counterparts. Leaf non-
enzymatic antioxidant levels were largely unaffected by Cl
treatment. Na” and NaCl, on the other hand, exerted sharp
changes in the non-enzymatic antioxidant levels. Total phe-
nols did not vary significantly among the cultivars grown
under Na and Cl treatments; however, Panvel-3 accumulated
189 % higher phenol levels in its leaves as compared with
143 % in Sahyadri-3 under NaCl stress over their respective
controls (Fig. 11).

Similarly, concentrations of AsA, GSH, and total flavo-
noids increased under Na" and NaCl but not in CI” stress
(Fig. 11). There was a sharp change in total flavonoid content
in two rice cultivars when subjected to Na* or NaCl stress, and
once again NaCl exerted sharper increase in flavonoids con-
centration, while CI” failed to induce any notable amendment
as compared with controls. Flavonoids are considered as
important constituents of plant phenolics, and their accumu-
lation is crucial for their role in scavenging ROS. Total AsA
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content was markedly increased after exposure to Na”
(1.73-fold) and NaCl (1.93-fold) in Panvel-3, whereas the
increase was relatively lesser (1.59-fold under Na' and
1.63-fold under NaCl) in Sahyadri-3. Though out of many
functions ascribed to AsA only a few are well characterized,
however, it is quite clear that it is a major antioxidant which
directly reacts with hydroxyl radicals, superoxide and singlet
oxygen, and have a role in preserving the enzymes that con-
tain prosthetic transition metal ions.

A shift from non-saline to saline environment caused a
steady decrease in «-tocopherol concentration, and again the
constituent ions showed additive effects with the addition of
NaCl. Significantly lesser antagonistic effects were recorded
in Panvel-3 than Sahyadri-3, with 32 and 65 % reductions
over their controls, respectively. The increased GSH content
in NaCl-stressed leaves of Panvel-3 (Fig. 11) might probably
be reflecting its increased demand as a substrate for the
enzymes participating in the detoxification of ROS and their
end-products. GSH is known to facilitate AsA regeneration, as
evident in this study. It is a major regulator of protein thiol-
disulfide exchange reaction and seemingly works as an im-
portant signal molecule by forming a link between environ-
mental stress and the key adaptive responses (Qureshi et al.
2013). The GSH content and GR activity are considered to be
intricately linked and are differentially modulated by the
stressors. Even though there are a number of reports signifying
the roles of GR and GSH in plant stress protection, there are a
few investigations on the cross-talking of these two enigmatic
components of plant defense machinery (Huseynova et al.
2014). The present results indicated that AsA, GR, and GSH
perform together the scavenging of ROS and their reaction
products, and play important roles in conferring tolerance to
stress-exposed rice seedlings.

Conclusion

The results comprehensively suggested that equimolar treat-
ments of C1", Na®, and NaCl applied using hydroponic sys-
tems induced ionic imbalance, excess ROS generation, and
oxidative damage in leaves of 21-day-old rice seedlings,
though with a disparity of magnitude between two rice culti-
vars. Of the three salts, NaCl proved most detrimental than its
constituent ions, followed by Na* and CI°, respectively. Na"
and CI" ions showed additive effects under NaCl in terms of
generation of ROS, resultant oxidative damage, and cell death
events with a higher magnitude in the sensitive cultivar.
Though CI” proved relatively less toxic than Na" or NaCl,
its effect, however, cannot be totally ignored on the induction
of oxidative stress and responsive antioxidant defense in rice.
The salt-tolerant nature of Panvel-3 against individual as well
as combined salt of Na™ and CI” ions may be attributed to its

stronger ability to maintain significantly lower Na"/K " ratio.
Also, the tolerant line was able to combat the oxidative stress
by up-regulating the gene expressions and their encoded en-
zyme activities coupled with the accumulation of important
non-enzymatic antioxidants in its leaves.
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