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Response of six improved grass pea genotypes to prolonged salinity stress was investigated on seedlings grown in pot experiment
using 150mMNaCl up to 60 days of growth a
er commencement of treatment (DAC). NaCl exposure signi�cantly reduced growth
potential of varieties PUSA-90-2 andWBK-CB-14, but no such e�ect was observed in varieties B1, BioL-212 and in twomutant lines
LR3 and LR4. A time-bound measurement at 15, 30 and 60 DAC revealed signi�cant reduction in plant dry matter production,
orchestrated through abnormally low capacity of leaf photosynthesis accompanied by lowK+/Na+ ratio and onset of oxidative stress
in all six genotypes at 15 DAC and the extension of the phenomena in PUSA-90-2 and WBK-CB-14 to 60 DAC. High superoxide
dismutase (SOD) activity coupled with low ascorbate redox and declining ascorbate peroxidase (APX) and catalases (CAT) levels
led to abnormal rise in H2O2 content at reproductive stage (30 DAC) in the latter two genotypes, consequently, resulting in NaCl-
induced oxidative damage. H2O2 level in the rest of the four genotypes was modulated in a controlled way by balanced action
of SOD, APX and CAT, preventing oxidative damage even under prolonged NaCl-exposure. Enzyme isoforms were involved in
regulation of foliar H2O2-metabolism, which was critical in determining As tolerance of grass pea genotypes.

1. Introduction

Soil salinity is one of the most severe abiotic stresses a�ecting
production of the crops worldwide [1, 2]. �is problem is
more severe in arid and semiarid regions, and legume plants
already face a notable impact of salt stress in these regions [3,
4].�e legume family is the second only to the cereals in their
importance tomankind [3], but unfortunately, improvements
of this group of plants for their tolerance against soil salinity
stress have not kept pace with those of cereals and oil seeds.

Salinity induces oxidative stress through the genera-
tion of reactive oxygen species (ROS) within the plant
cells [5]. �e resultant damage is generally manifested by
di�erent alterations at cellular level including membrane
lipid peroxidation, electrolyte leakage, and sometimes over
accumulation of hydrogen peroxide (H2O2). H2O2 is a highly
di�usible ROS within plant cell and its dual roles as a
stress-inducer and at the same time as a signaling molecule
to upregulate primary antioxidant defense during oxidative
stress have been increasingly recognized in di�erent crops
including legumes [6–8]. Among the prominent enzymatic

system involved in ROS scavenging, SOD constitutes the
�rst line of defense, but it steadily generates H2O2 during
dismutation of superoxide radicals mainly by the action of
its membrane bound Cu/Zn isoforms [9, 10]. �is H2O2 is
readily scavenged by ascorbate peroxidase (APX) using AsA
as its exclusive cofactor within the AsA-GSH cycle and by
catalases (CAT) outside this cycle [11].�ese three prominent
H2O2 metabolizing enzymes hold the key in controlling
H2O2 level during the onset of salinity-induced oxidative
stress in plants [4, 11]. In addition, plants accumulate di�erent
osmo-regulatory substances under stress and, among them,
the role of proline is being debated most. Besides cytosolic
osmotic adjustment, compatible solutes possibly play vital
roles in stabilizing the structure and activities of enzymes
and protein complexes, scavenging ROS and maintaining the
integrity of membranes under dehydration stress conditions
[12, 13]. Another function of compatible solutes may be in
maintaining cytosolic K+ homeostasis by preventing NaCl-
induced K+ leakage from the cells [14].

Grass pea (Lathyrus sativus L.) is a hardy cool-season
legume crop, cultivated for both forage and grain in Indian
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Subcontinent, Australia, the Mediterranean regions, North
Africa, parts of North Europe, and in South America [14, 15].
�is crop is highly valued for its remarkable capacity to
grow in almost every agroclimatic condition with marginal
or o
en no input and is a promising source of seed protein,
minerals, and antioxidant compounds like �avonoids and
other polyphenolic compounds [16–19]. �e property of type
II diabetes-related enzyme inhibition capacity in this crop
has recently been revealed in raw and di�erent processed
forms of seeds [19, 20]. In recent times, genetic improvement
programs for desirable agronomic features particularly high
yield and low antinutritional factors including neurotoxin
(�-ODAP) have gained momentum in grass pea with devel-
opment of robust mutation genetic and cytogenetic stocks
[21–29]. However, like many other pulses, grass pea faces
diverse types of abiotic stresses such as drought, salin-
ity, metal, and weed-induced toxicity [30–33]. Exposure
to NaCl-signi�cantly modulated early seedling growth and
leaf biochemical parameters in grass pea genotypes under
salinity stress [34], and quite alarmingly, enhanced the seed
neurotoxin content in grass pea genotypes [34]. Vaz Patto et
al. [30] reported good adaptability to salinity stress in the
Mediterranean germplasm, while reduction of growth was
known in Iranian germplasms of grass pea [35]. Although
vast areas under grass pea cultivation are now salinity-
a�ected and increasing salinity is posing great danger for
broader introduction of promising genotypes (high yieldwith
low seed neurotoxin content), virtually nothing is known
about growth responses and primary antioxidant defense
mechanism of this crop. As salt tolerance mechanisms may
vary from species to species and at di�erent developmental
stages, understanding of speci�c physiological and intrin-
sic biochemical mechanism in relation to plant growth is
extremely necessary to develop screeningmarkers for genetic
improvement of salinity tolerance in crop plants [36]. Along
with growth parameters, the antioxidant defense responses
are o
en regarded as one of the important criteria for
determining tolerance level of plants to salinity stress [37].
Hence, the object of the present study was set to evaluate
the e�ects of salt stress on growth responses of di�erent
grass pea genotypes and to analyze the primary antioxidant
defense response in leaves of control and treated plants for
better understanding the mechanisms of salt tolerance in
grass pea.

2. Materials and Method

2.1. Plant Materials and Field Location. �e experimental
materials comprised six elite grass pea (Lathyrus sativus L.)
genotypes [34], namely, B1, BioL-212, PUSA-90-2, WBK-CB-
14, LR3, and LR4. Cultivars (var.) B1, BioL-212 and PUSA-90-
2 were selected in the present study for their high yield and
low seed toxin levels (<0.2%) and introduction of cultivation
in di�erent parts of India as improved pure line varieties
[38]. Cultivar WBK-CB-14 (Coochbehar Local) is a dwarf
genotype and has been cultivated as a locally-adapted geno-
type in sub-Himalayan foothills of Dooars region. �e LR3
and LR4 are two induced mutant lines, developed through

300 and 350Gy gamma radiation of seeds of var. PUSA-90-
2 and var. WBK-CB-14, respectively, and have been isolated
as NaCl-tolerant mutant lines in grass pea [39]. Fresh and
healthy seeds with uniform size and from last season harvest
(winter of 2011-2012) were collected from Pulses andOilseeds
Research Station, Berhampur (24.1∘N, 88.25∘E), West Bengal,
India. Fresh seeds from M2 generation harvest of LR3 and
LR4 mutant lines were collected separately and used in the
present study.

2.2. Treatment Protocol and Plant Growth. 20 dry, healthy,

and uniform-sized seeds genotype−1 treatment−1 were sur-
face sterilized in 70% ethanol for 2min, rinsed twice in
deionized water, and then placed on water-moistened �lter
papers in Petri dishes in an incubator at 25∘C with 12 h
light following the guidelines of ISTA [40]. Germinated seeds
were immediately transferred to twelve inches earthen pots
containing a mixture (total amount of 6.5 Kg) of this soil,
vermiculite, and farmyard manure (1 : 1 : 1). �e experimental
soil was clay loam in texture (clay 32.67%, silt 49.22%,
and sand 18.11%) and neutral (pH 7.0) in reaction and
contained 40.7mg kg−1 exchangeable Na and 7.39mg kg−1

water exchangeable Cl. Seedlings were thinned to two per
pot a
er emergence and watered evenly for their uniform
growth until 7 days a
er �rst emergence. �e pots were kept
under control condition (temperature 20∘C–27∘C, humidity

of 70–77%, neutral light intensity 330–400 �molm−2 s−1)
during October–December. Salt treatment commenced on
20-day-old seedlings. �e control plants from each of the six
genotypes were irrigated with distilled water, while others
were subjected to salinity stress by watering them with
150mMNaCl-supplemented distilled water (300mL water in
each pot), respectively, thrice a week. Five pots (two plants

pot−1) genotype−1 were arranged in a randomized complete
block design with �ve replications of each treatment. Salt
concentration of 150mMwas found critical in an earlier study
for determining tolerance level of grass pea genotypes to salt
stress [41] and, thus, was selected for the present study. Salt
concentration in pot soil was regularly checked bymeasuring
electrical conductivity with a conductivitimeter (Systronics
M-308, Kolkata, India), and evapotranspirational losses were
compensated daily with deionized water. Each of the six
control plants exhibited nonsigni�cant (� > 0.05) variations
for the traits studied, and therefore mean of all controls was
presented for comparison with treated genotypes.

2.3. Growth Measurements. Plants were harvested at 15, 30,
and 60 days a
er the commencement of salt treatments
(DAC) and separated into roots and shoots. Plant height (cm)
and number of primary brancheswere recorded at harvest. To
determine dry weights, plants were separated into roots and
shoots. Roots were washed in tap water to remove soil and
rinsed in de-ionised water. Plant materials were oven-dried
at 65∘C for 48 h and weighed. Fully expanded leaf samples
from primary branches of plants were used for analysis of leaf
biochemical parameters and antioxidant defense response.
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2.4. Measurement of Chlorophyll and Carotenoids Contents
and Rates of Photosynthesis. Leaf chlorophyll and carotenoid
contents were determined by the method of Lichtenthaler
[42]. Leaf tissue (50mg) was homogenized in 10mL chilled
acetone (80%). �e homogenate was centrifuged at 4,000×g
for 12min. Absorbance of the supernatant was recorded at
663, 647 and 470 nm for chlorophyll �, chlorophyll � and
carotenoids, respectively. �e contents were expressed as mg

chlorophyll or carotenoids g−1 FW. �e chlorophyll stability
indices (CSI%) were measured using the following formula:
(Total chlorophyll content in stressed leaves/total chlorophyll
content in control leaves) × 100. Leaf photosynthetic rate was
assayed following the methods of Coombs et al. [43] using a
portable photosynthesis system (LI-6400XT, LI-COR, USA).

2.5. Estimation of Na+ and K+ Contents. Fully expanded
leaves of control and salt-treated plants were analysed for
total Na+ and K+ contents following the method of Kumar
and Sharma [44]. �e oven-dried leaf (0.2 g) was ground
to �ne powder and transferred to a digestion �ask (50mL)
containing acid mixture (3mL) of concentrated H2SO4 and
HClO4 in the ratio of 9 : 1 (v/v). �e �ask was heated gently
over a hot plate for 10 to 12min until the solution became
colorless. �e cooled digest was then diluted by adding
double distilled water and volume was made up as required.
�e estimation of Na+ and K+ contents in acid extracts was
carried out using an atomic absorption spectrophotometer
(Perkin Elmer, AA-100).

2.6. Determination of Leaf Proline Level. Leaf proline content
was estimated according to the method of Bates et al. [45]
from fully expanded leaf samples collected from �rst formed
primary branches on respective harvest dates (20, 40, and 60
DAS).

2.7. Analysis of H2O2 Content. Fresh tissue of 0.1 g was
powdered and blended with 3mL acetone for 30min at 4∘C.
�en the sample was �ltered through eight layers of gauze
cloth. A
er addition of 0.15 g active carbon, the sample was
centrifuged twice at 3,000×g for 20min at 4∘C and then
0.2mL 20% TiCl4 in HCl and 0.2mL ammonia was added
to 1mL of the supernatant. A
er reaction, the compound
was centrifuged at 3,000×g for 10min, the supernatant was
discarded, and the pellet was dissolved in 3mL of 1M H2SO4
and absorbance was measured at 410 nm. H2O2 content was
measured from the absorbance at 410 nm using a standard
curve, following the methods of Wang et al. [46].

2.8. Estimation of Lipid Peroxidation. Lipid peroxidation
rates were determined by measuring the malondialdehyde
(MDA) equivalents following the method of Hodges et al.
[47]. About 0.5 g of fresh tissue was homogenized in a
mortar with 80% ethanol.�e homogenate was centrifuged at
3,000×g for 12min at 4∘C.�e pellet was extracted twice with
the same solvent. �e supernatants were pooled and 1mL of
this sample was added to a test tube with an equal volume
of either the solution comprised of 20% TCA and 0.01%
butylated hydroxy toluene (BHT) or solution of 20% TCA,

0.01% BHT, and 0.65% TBA. Samples were heated at 95∘C
for 25min and cooled to room temperature. Absorbance was
measured at 450, 532, and 600 nm. Level of lipid peroxides
was calculated following Hodges et al. [47] and expressed as

nmol MDA g−1 FW.

2.9. Assay of Electrolyte Leakage. Electrolyte leakage (EL)
was assayed by measuring the ions leaching from tissue into
deionised water [39]. Fresh samples (100mg) were cut into
small pieces (about 5mm segments) and placed in test tubes
containing 10mL deionised water. Tubes were kept in a water
bath at 32∘C for 2 h. A
er incubation, electrical conductivity
(EC1) of the bathing solution was recorded with an electrical
conductivity meter (Systronics M-308, Kolkata, India). �e
samples were then autoclaved at 121∘C for 20min to com-
pletely kill the tissues and release all electrolytes. Samples
were then cooled to 25∘C and �nal electrical conductivity
(EC2) was determined.�e EL was expressed as a percentage
by the formula (EL%) = (EC1)/(EC2) × 100.

2.10. Estimation of Foliar Ascorbic Acid. Reduced AsA and
oxidized ascorbate (DHA) contents were determined by the
method of Law et al. [48]. AsA redox was calculated as
AsA/(AsA + DHA).

2.11. Antioxidant Enzyme Assays. Fresh leaf tissue of 250mg
was homogenized in 1mL of 50mM potassium phosphate
bu�er (pH 7.8) containing 1mM EDTA, 1mM dithiotreitol,
and 2% (w/v) polyvinylpyrrolidone (PVP) using a chilled
mortar and pestle kept in an ice bath. �e homogenate was
centrifuged at 15,000×g at 4∘C for 20min. Clear supernatant
was used for enzyme assays. For measuring APX (EC 1.11.1.11)
activity, the tissue was separately ground in homogenizing
medium containing 2.0mM AsA in addition to the other
ingredients. All assays were done at 25∘C. Soluble protein
content was determined according to Bradford [49] using
BSA as a standard.

SOD (EC 1.15.1.1) activity was determined by nitro blue
tetrazolium (NBT) photochemical assay following Beyer and
Fridovich [50]. In this method, 1mL of solution containing
50mM potassium phosphate bu�er (pH 7.8), 9.9mM L-
methionine, 57�M NBT, and 0.025% triton-X-100 were
added into small glass tubes followed by 20 �L of enzyme
extract. Reaction was started by adding 10 �L of ribo�avin

solution (0.044mgmL−1) and placing the tubes in an alu-
minium foil-lined box having two 20W �uorescent lamps
for 7min. A parallel control was run where bu�er was
used instead of sample. A
er illumination, the absorbance
of solution was measured at 560 nm. A nonirradiated com-
plete reaction mixture served as a blank. SOD activity was

expressed as U (unit) min−1mg−1 protein. One unit of SOD
was equal to that amount which causes a 50% decrease of
SOD-inhibited NBT reduction. SOD isozymes were individ-
ualized by native PAGE on 10% acrylamide gel and were
localized by a photochemical method [50]. Activity staining
gels were incubated for 30min in 50mMK-phosphate bu�er,
pH 7.5, containing 2mM KCN or 5mM H2O2. Cu/Zn-SOD
is inhibited by both KCN andH2O2; Fe SOD is inactivated by
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H2O2 but resistant to KCN, and Mn SOD is resistant to both
inhibitors.

APX activity was assayed following methods adopted
by Nakano and Asada [51]. �ree milliliters of the reaction
mixture contained 50mM K-phosphate bu�er (pH 7.0),
0.5mM AsA, 0.1mM EDTA, 0.1mM H2O2, and 0.1mL
enzyme extract. �e H2O2-dependent oxidation of AsA was
followed by a decrease in the absorbance at 290 nm (� =
2.8mM−1 cm−1). APX activity was expressed as nmol AsA

oxidized min−1mg−1 protein. Native PAGE of APX isozymes
was performed in 4% gel and stained following Mittler and
Zilinskas [52] based on the inhibition of NBT reduction by
AsA.

CAT (EC 1.11.1.6) activity was measured according to
Chance andMaehly [53]with slightmodi�cations. Enzymatic
activity was initiated by adding 50�L of enzyme extract into
the reaction mixture containing 500 �L of K-l (0.1M, pH
6.5), 250�L of distilled water, and 200�L of 75mM H2O2.
CAT activity was monitored at 240 nm for 2min at 25∘C
a
er initiation of the reaction and was measured against a
blank reaction mixture containing no enzyme extract. CAT

speci�c activity (nmol H2O2 degraded min−1mg−1 protein)
was calculated using the molar absorptivity of 43.6M−1 cm−1

for H2O2 at 240 nm. CAT isozyme pro�ling was done on 6%
acrylamide gel, following Woodbury et al. [54].

2.12. Statistical Analyses. �e results presented here are the
mean values ± standard error (SE) of at least �ve replicates.
Means were compared by ANOVA using the SPSS v. 10 (SPS
Inc, USA) and evaluated using Duncan’s Multiple Range Test
at � ≤ 0.05.

3. Results

3.1. E�ect of Salt Stress on Growth. Six grass pea genotypes
subjected to NaCl-treatment (150mM) exhibited signi�cant
(� < 0.05) variations among themselves for growth param-
eters. While 15 DAC represented early vegetative growth,
30 DAC denoted �owering stage and 60 DAC re�ected
pod-bearing stage. Plant height, length of internodes, pri-
mary branches/plant, and shoot and root dry weight were
decreased signi�cantly compared to those of control in all six
genotypes with signi�cantly di�erent magnitudes at 15 DAC
(Figures 1(a)–1(e)) and were further reduced in var. PUSA-
90-2 and WBK-CB-14 at 30 DAC. Shoot dry weight in saline
versus control plants was reduced by about 2-3-fold at 15
DAC with higher magnitude in PUSA-90-2 and WBK-CB-
14 than B1 (2.7-fold), BioL-212 (2.5-fold), LR3 (2.2-fold) and
LR4 (2-fold). Similar trend was noticed in case of root dry
weight. Nearly 4-fold reduction in biomass production (total
dry weight) was measured in PUSA-90-2 andWBK-CB-14 at
30 DAC. Growth traits plummeted to lowest level in PUSA-
90-2 and WBK-CB-14 at 60 DAC with 5–5.5 reduction in
relation to control. By contrast, nearly normal plant height,
primary branches and biomass production were noticed in
the rest four genotypes at 60 DAC (Figures 1(a)–1(e)).

3.2. Photosynthetic Apparatus, CSI%, and Photosynthesis.
Signi�cant variation was observed among six genotypes
regarding pigment composition during progression of NaCl-
treatment. Within photosynthetic apparatus, chl � con-
tent was changed signi�cantly (Figure 1(f)) but carotenoid

content varied nonsigni�cantly between 1.49mg g−1 FW
and 1.61mg g−1 FW among the six genotypes under NaCl-
treatment (data not shown). Compared to control plants, chl
� content was measured markedly lower at 15 DAC across the
genotypes but was further reduced only in PUSA-90-2 and
WBK-CB-14 by 2-fold at 30 DAC and by another 2-fold at 60
DAC (Figure 1(f)). Chl � content was increased substantially
and became quite normal in B1, BioL-212, LR3, and LR4 at
60 DAC. Chl �/� ratio was also changed, accordingly. �is
value was signi�cantly lower in all genotypes at 15 DAC but
was dropped to <1 in PUSA-90-2 and WBK-CB-14 at 30
DAC and was further reduced in these two varieties at 60
DAC (Figure 2(a)). CSI% was 100% in control plants but was
reduced substantially across the six genotypes at 15 DAC
with severest e�ect on PUSA-90-2 (24.78%) and WBK-CB-
14 (25.03%). It became normal in the rest four genotypes,
varying 98–100% at 60 DAC. Compared to control, leaf
photosynthetic rate was decreased by about 2-fold in LR3 and
LR4, 3-fold in B1, 3.3-fold in BioL-212, and nearly 4-fold in
PUSA-90-2 andWBK-CB-14 till 30DAC. Photosynthetic rate
was signi�cantly low in PUSA-90-2 and WBK-CB-14 at 60
DAC also, but it was quite normal in B1, BioL-212, LR3, and
LR4 at 60 DAC (Figure 2(b)).

3.3. Salt Stress E�ect on Leaf Proline Content. Compared to

control (3.05–3.17 �g g−1 fresh weight) no signi�cant change
in leaf proline content was observed in six genotypes at 15
DAC. �e content, however, was increased by about 2-fold
in B1 and BioL-212 and about 3-fold in the two mutant lines
at 30 DAC. Proline level remained normal in PUSA-90-2 and
WBK-CB-14 and it continued till 60 DAC (data not shown).

3.4. E�ect on Leaf Na+ and K+ Ions. Changes in leaf Na+

and K+ content were signi�cant (� < 0.05) across six
genotypes (Figures 3(a) and 3(b)). �is was due to signi�cant
accumulation of Na+ and reduction of K+ concentration in
all six genotypes at 15 DAC and in PUSA-90-2 and WBK-
CB-14 at 30 DAC and 60 DAC. Compared to control, Na+

concentration was markedly decreased while K+ was con-
siderably enhanced in B1, BioL-212, LR3, and LR4 genotypes
at 30 DAC, pushing K+/Na+ ratio signi�cantly higher than
control in B1 and BioL-212 and close to normal level in both
mutant lines at 30 DAC. It was nonsigni�cantly changed at 60
DAC (Figure 3(c)).

3.5. As-Induced H2O2 Accumulation, Lipid Peroxidation, and
Electrolyte Leakage (EL%). Compared to control, accumula-
tion of H2O2 and MDA was signi�cantly higher in B1, BioL-
212, LR 3, and LR4 at 15 DAC but was signi�cantly di�erent
in di�erent genotypes (Figures 4(a)–4(c)). �e increase of
H2O2 was 3.5-4.5-fold while MDA level was increased by
about 3-fold across the four genotypes at 15 DAC. Statistically
signi�cant rise was also observed for EL% (Figure 4(c)). By
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Figure 1: Changes in (a) plant height, (b) primary branches/plant, (c) internode length, (d) shoot dry weight (g), (e) root dry weight (g),
and (f) chlorophyll � content in B1, BioL-212, PUSA-90-2, WBK-CB-14, LR3, and LR4 along with mean control value of grass pea (Lathyrus
sativus L.) at 15, 30, and 60 days a
er salt (150mMNaCl) treatment. Data are means ± SE of four replicates. Means of respective genotypes
with di�erent small letters are signi�cantly di�erent at � ≤ 0.05 by ANOVA followed by Duncan’s Multiple Range Test. �e control of each
of the six genotypes being without any signi�cant di�erences (� > 0.05) among themselves; mean value of all controls was presented.

contrast, H2O2 content was markedly low but MDA content
and EL%was quite high in PUSA-90-2 andWBK-CB-14 at 15
DAC. At 30 DAC, H2O2-level was decreased by about 2–2.2-
fold in B1, BioL-212, LR3, and LR4 from the level recorded at
15DAC, but the content was still signi�cantly higher than that
in control (Figure 4(a)). MDA content and EL%, however,

were normal in these four genotypes at 30 DAC and also,
at 60 DAC. Both H2O2 and MDA content were considerably
enhanced over control in PUSA-90-2 and WBK-CB-14 at 30
DAC, and remained unchanged at 60DAC. EL% followed the
same trend of change in MDA level in all genotypes (Figures
4(b) and 4(c)).
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Figure 2: E�ects of salt treatment (150mMNaCl) on leaf (a) chlorophyll (chl) �/� ratio and (b) photosynthesis in six grass pea genotypes
along with mean control value at 15, 30, and 60 days a
er treatment. Data are means ± SE of four replicates. Means of respective genotypes
with di�erent small letters are signi�cantly di�erent at � ≤ 0.05 by ANOVA followed by Duncan’s Multiple Range Test. �e control of each
of the six genotypes being without any signi�cant di�erences (� > 0.05) among themselves; mean value of all controls was presented.

3.6. Antioxidant Defense Responses to NaCL-Treatment.
Reduced ascorbate (AsA) content as well as AsA-redox was
signi�cantly lower in all six genotypes at 15 DAC (Table 1).
At 30 DAC, AsA content was increased considerably from its
15 DAC level in B1, BioL-212, LR3, and LR 4 genotypes and
became normal (Table 1). Further increase in AsA level was
measured in these four genotypes at 60 DAC. AsA level and
its redox state were the highest in LR4, followed by BioL-212,
LR3 and then by B1 at 60 DAC (Table 1). AsA content and
AsA-redox was signi�cantly lower in PUSA-90-2 and WBK-
CB-14 cultivars during 30 and 60 DAC (Table 1).

Among theH2O2-metabolizing enzymes, statistically sig-
ni�cant higher SOD activity over the control was observed
in B1, BioL-212, LR3, and LR4 seedlings since 15 DAC and
the trend was continued till 60 DAC (Table 1). Compared to
control, SOD activity was quite low in PUSA-90-2 (3-fold)
and WBK-CB-14 (3.5-fold) at 15 DAC, but bounced back at
30 DAC registering an increase of 4-fold in PUSA-90-2 and
of 6-fold in WBK-CB-14 and the level was maintained at 60
DAC (Table 1). APX activity was increased in LR3 and LR4
by about 2–2.5-fold but was quite low in B1 and BioL-212
at 15 DAC. At the same period, APX activity was normal in
PUSA-90-2 and WBK-CB-14. Completely reverse situation
was encountered at 30 DAC and 60 DAC. APX activity was
signi�cantly declined in LR3, LR4, PUSA-90-2 and WBK-
CB-14 but was enhanced by about 2-fold in B1 and BioL-
212 at 30 DAC, and nonsigni�cant (� > 0.05) changes of
respective values occurred at 60 DAC (Table 1). CAT activity
was markedly higher in B1 and BioL-212 and normal in
PUSA-90-2 and WBK-CB-14 but was reduced substantially
in LR3 and LR4mutant lines at 15 DAC (Table 1). At 30 DAC,
CAT activity was decreased signi�cantly in B1, BioL-212, LR3,

and LR4 but was increased in two mutant lines by about 2-
3-fold (Table 1). Similar trend was noticed at 60 DAC, also
(Table 1).

3.7. In-Gel Activity of Antioxidant Enzymes Under As-
Exposure. Altogether �ve activity bands were resolved for
SOD on the basis of their increasing mobility and sensitivity
to H2O2 and KCN and zymograms obtained at 60 DAC were
presented (Figures 5(a) and 5(b)). Two Cu/Zn isoforms (I
and II) were consistently resolved by native PAGE in the leaf
extract of control plants (Figure 5(a)). At 15 DAC, Cu/Zn-
SOD I and II were visualized in leaves of all the six genotypes
but with much higher intensity in B1, BioL-212, LR3, and
LR4 (�gure not shown). At 60 DAC, in addition to Cu/Zn
I and II, two Mn -SOD isoforms (Mn SOD I and II) was
distinctly visualized in PUSA-90-2 and WBK-CB-14. At the
same period, one Mn SOD (Mn SOD I) in LR3 and one Fe
SOD inLR4mutant line appeared in addition toCu/Zn SOD I
and II (Figures 5(a) and 5(b)). Similar patternwasmaintained
at 30 DAC in all the genotypes (Figures not presented).

For APX, a total of three isoforms (APX 1, APX 2, and
APX 3) were clearly resolved in the leaf extract at 60 DAC
in control and treated genotypes but at di�erent intensity
(Figure 6(a)). At 15 DAC, APX 1 was resolved as faint band
in B1 and BioL-212 but along with APX 2 and APX 3 it was
quite normal in the rest of the genotypes (Figure not shown).
All the three isoforms were visualized as strong bands in B1
and BioL-212 at 30 DAC and 60 DAC but were diminished as
faint bands in the rest of the genotypes (Figure 6(a)).

CAT activity was uniformly resolved as a single zone
across the genotypes (Figure 6(b)). Band intensity was much
stronger in LR3 and LR4 but was considerably lower in the
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Figure 3: Changes in leaf (a) K+, (b) Na+ content, and (c) K+/Na+ ratio in six grass pea genotypes along with mean control value at 15, 30,
and 60 days a
er 150mMNaCl-treatment. Data are means ± SE of four replicates. Means of respective genotypes with di�erent small letters
are signi�cantly di�erent at � ≤ 0.05 by ANOVA followed by Duncan’s multiple range test. �e control of each of the six genotypes being
without any signi�cant di�erences (� > 0.05) among themselves mean value of all controls was presented.

rest of the genotypes with faintest appearance was resolved
in case of PUSA-90-2 and WBK-CB-14 genotypes at 30 and
60 DAC (Figure 6(b)). Low to moderate in-gel activity was
noticed at 15 DAC (Figure not shown).

4. Discussion

Dry weight of plants has been considered as one of the inte-
grative criteria in determining salt responses in plants [36]. In
the present study, distinctly di�erent response was obtained
in six genotypes during progression of salt treatment. Sig-
ni�cant reduction in plant height and primary branches
might be due to marked reduction in internodes length and
attributed to lower shoot dry weight in all six genotypes at
15 DAC, indicating e�ect of salt-treatment at early vegetative
growth stages. �is situation got signi�cant twist at later
stages of growth. Biomass production as measured by dry
weight of shoots and roots was further reduced in var.
PUSA-90-2 and WBK-CB-14 due to signi�cantly low plant

height and branches/plant at 30 DAC and 60 DAC. However,
despite increase in treatment duration, growth retardation
was checked in the rest four genotypes at 30 DAC, and
remarkably enough, growth traits bounced back to normal in
these four genotypes at 60 DAC. Results illustrated that the
greatest reduction in plant growth occurred during the �rst
period of salt treatment (vegetative growth stage) in cases of
B1, BioL-212, LR3, and LR4 but it was extended to its severest
inhibitory e�ect on growth of PUSA-90-2 and WBK-CB-14
at later stages (reproductive) of growth. �e normal (control
like) dry matter production in four genotypes at �owering
stage (30 DAC) and its maintenance up to pod-bearing
stage (60 DAC) despite initial blow at 15 DAC was unique
in grass pea and strongly suggested e�ective prevention of
early NaCl-stress at reproductive period to maintain salinity-
tolerance in the present experimental conditions. A good
positive correlation between plant height (	 = 0.95, 
 =
10) as well as primary branches/plant (	 = 0.78, 
 = 10)
and shoot dry weight was indicative that salt tolerance was
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Figure 4: Changes in foliar (a) accumulation of H2O2, (b) malondialdehyde (MDA) content, and (c) electrolyte leakage % in six grass pea
genotypes along with mean control value at 15, 30, and 60 days a
er 150mMNaCl-treatment. Data are means ± SE of four replicates. Means
of respective genotypes with di�erent small letters are signi�cantly di�erent at � ≤ 0.05 by ANOVA followed by Duncan’s multiple range test.
�e control of each of the six genotypes being without any signi�cant di�erences (� > 0.05) among themselves, mean value of all controls
was presented.

positively associatedwith normal plant dryweight, whichwas
increased by positive contribution from other components,
least a�ected by salt induced injury in tolerant lines. In grass
pea, high tolerance of dwf1 and dwf2 dwarf mutant lines
to 170mMNaCl-treatment was indicated by their normal
(control like) plant dry weight, while low plant biomass
accumulation in the third dwarf line, dwf3, was associated
with symptoms of increased salt sensitivity [55]. Reduction
in plant dry weight under high salt treatment was reported
in pea, grass pea, Phaseolus and lentil [1, 35, 41, 56, 57] while
increasing dry weight over control was reported in grass pea
mutant lines showing high tolerance to salinity stress [39].

�e toxic e�ect of salt inside the plant triggers the “phase
II” response of growth, and the most a�ected organ is leaf
[36]. Changes in plant biomass productionunder salinitymay
be due tomany reasons such as lack ofmaintenance of turgor,

sodium/chloride ion toxicity and disturbances in metabolic
pathways. Since these factors disturb the functioning of
gas exchange attributes they ultimately lead to a decline in
activity of photosynthetic apparatus [5, 57]. In the present
study, reduction in chl � content was mainly responsible
for decrease in chl �/� ratio, suggesting NaCl-induced dis-
ruption in photosynthetic apparatus of all six genotypes at
early stages of growth. �e magnitude of this disruption
was also manifested by markedly low chlorophyll stability
index, consequently resulting in low rate of photosynthesis
in salt-a�ected genotypes. �is situation were signi�cantly
improved at later stages of growth in B1, BioL-212, LR3,
and LR4 with normal chl �/� ratio, chlorophyll stability
and normal (control like) rate of photosynthesis, as the
marks of salt-tolerance. Contrastingly, signi�cant reduction
in all these parameters in PUSA-90-2 and WBK-CB-14 at 30
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Figure 5: (a) Activity gel of superoxide dismutase (SOD) in native PAGE on 10% acrylamide gels of leaf extracts of six grass pea (Lathyrus
sativus L.) genotypes at 60 days a
er commencement of 150mMNaCl-treatment; Lane 1—control plants (Cu/Zn SOD I and II), lane 2—
variety B1 (Cu/Zn SOD I and II), lane 3—variety BioL-212 (Cu/Zn SOD I and II), lane 4—PUSA-90-2 (Mn SOD I and II, Cu/Zn SOD I and
II), lane 5—WBK-CB-14 (Mn SOD I and II, Cu/Zn SOD I and II), lane 6—LR3 mutant (Mn SOD I, Cu/Zn SOD I and II), and lane 7—LR4
mutant (Fe SOD, Cu/Zn SOD I and II), and (b) inhibitor studies with H2O2 and KCN and visualization of SOD isoforms in native PAGE of
leaf extracts of grass pea (Lathyrus sativus L.) variety PUSA-90-2 (lanes 1 and 2), WBK-CB-14 (lanes 3 and 4), LR3 mutant (lanes 5 and 6),
and LR 4 mutant (lanes 7 and 8) at 60 days a
er commencement of salt treatment. �e control plants, variety B1 and BioL-212 containing
only Cu/Zn SOD I and II showed no bands in inhibitor study and thus not presented.
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Figure 6: E�ects of 150mMNaCl-treatments on isozymes banding of (a) APX activity in native PAGE on 4% acrylamide gels of leaf extracts
of grass pea (Lathyrus sativus L.) genotypes at 60 days a
er commencement of treatment: lanes 1 and 2—control plant, lane 3—variety B1,
lane 4—BioL-212, lane 5—PUSA-90-2, lane 6—WBK-CB-14, lane 7—LR3 mutant and lane 8—LR4 mutant: (b) CAT activity in native PAGE
on 6% acrylamide gels of leaf extracts of grass pea (Lathyrus sativus L.) genotypes at 60 days a
er commencement of treatment; lanes 1 and
2—control plants, lane 3—variety B1, lane 4—BioL-212, lane 5—PUSA-90-2, lane 6—WBK-CB-14, lane 7—LR3, and lane 8—LR4 mutant.

DAC and at 60 DAC severely impeded plant photosynthesis
at reproductive stage which might be instrumental in low
biomass production in these two genotypes. �is is despite
the fact that chl � and carotenoids were quite normal (control
like) throughout the treatment period. Carotenoid has been
regarded as a primary nonenzymatic antioxidant defense
components protecting plants from adverse e�ect of ROS
generated under NaCl-induced oxidative stress in plants
including legumes [5]. Increase in chl � and � and carotenoid
content, however, was observed in grass pea genotypes and
mutant lines exhibiting tolerance to salt treatment [39, 41].
Presumably, chl � content played more vital role than chl
� and carotenoids in maintaining normal photosynthesis in
the present genotypes under prolonged salt treatment. �e
reduction in chlorophyll contents could have been due to

the displacement of Mg2+ by toxic Na+ ions, which caused
the degradation of green pigments through the disruption
of ultrastructure of pigment-protein-lipid complex by ion
toxicity, as explained in salt-stressed cotton plants [58].
Disruption of chlorophyll and carotenoid contents under
salinity stress was also reported in Lens culinaris [56], Pisum
sativum [57] and Vigna radiata [59].

Con�icting reports are available regarding speci�c role
of proline in salt-tolerant genotypes. A positive correlation
between proline over accumulation and increasing salin-
ity/drought tolerance has been found in di�erent crop plants
including transgenics that were engineered for overproduc-
tion of proline [12]. Increase in proline content under NaCl-
stress was manifested as one of the mechanisms of salt
tolerance in Lathyrus sativus [39, 41], Pisum sativum [37,
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Table 1: E�ects ofNaCl-treatments (150mM)on reduced ascorbate (AsA,�mol g−1 FW), redox state of ascorbate (AsA/AsA+DHA), activities
of superoxide dismutase (SOD, Umin−1 mg−1 protein), ascorbate peroxidase (APX, nmol AsA oxidized min−1mg−1 protein), and catalases
(CAT, nmol H2O2 degraded min−1 mg−1 protein) in leaves of control and six treated genotypes [varieies B1, BioL-212, PUSA-90-2, WBK-CB-
14, and two mutant lines, namely, Lathyrus resistant mutant 3 (LR3) and Lathyrus resistant mutant 4 (LR4)] at control (0) and 15, 30, and 60
days a
er commencement of treatment (DAC) of Lathyrus sativus L.

Traits DAC B1 BioL-212 PUSA-90-2 WBK-CB-14 LR3 LR4 Mean control

AsA

0 1.81 ± 1.0ab� 1.75 ± 1.0ab� 1.89 ± 0.97aa� 1.79 ± 0.89aa� 1.87 ± 0.87aa� 1.82 ± 0.88ab� 1.83 ± 0.9aa�

15 1.09 ± 0.9cc� 1.08 ± 0.8cc� 0.98 ± 0.3cb� 1.01 ± 0.8cb� 1.12 ± 0.3bb� 1.03 ± 0.8cc� 1.89 ± 0.9aa�

30 1.80 ± 0.3ab� 1.78 ± 0.8ab� 0.57 ± 0.4bc� 0.73 ± 0.2bc� 1.82 ± 0.8aa� 1.79 ± 0.8ab� 1.75 ± 0.9aa�

60 1.91 ± 7.9ba� 2.28 ± 10.0aa� 0.43 ± 7.9dd� 0.61 ± 8.1cd� 2.14 ± 10.8aa� 2.42 ± 9.9aa� 1.81 ± 0.9ba�

AsA
redox

0 0.887 ± 0.09aa� 0.893 ± 0.09aa� 0.911 ± 0.08aa� 0.915 ± 0.10aa� 0.905 ± 0.1aa� 0.90 ± 0.1aa� 0.891 ± 0.09aa�

15 0.632 ± 0.11ab� 0.643 ± 0.10ab� 0.557 ± 0.12bb� 0.619 ± 0.09ab� 0.645 ± 0.1ab� 0.647 ± 0.1ac� 0.860 ± 0.09ba�

30 0.842 ± 0.08ba� 0.901 ± 0.09aa� 0.468 ± 0.09bc� 0.497 ± 0.11bc� 0.970 ± 0.11aa� 0.891 ± 0.1ab� 0.855 ± 0.09ba�

60 0.861 ± 0.09ca� 0.958 ± 0.11aa� 0.305 ± 0.09dd� 0.315 ± 0.12dd� 0.930 ± 0.11ba� 0.977 ± 0.1aa� 0.859 ± 0.09ca�

SOD

0 111.5 ± 5.1ac� 118.9 ± 4.9ac� 113.3 ± 4.7ab� 111.5 ± 5.5ab� 123.9 ± 4.9ac� 118.7 ± 4.9ac� 116.5 ± 4.9ad�

15 130.9 ± 5.8bb� 147.8 ± 4.8ab� 46.7 ± 5.1cc� 37.6 ± 7.7dc� 143.9 ± 4.8ab� 147.2 ± 4.8ab� 136.5 ± 4.9bc�

30 158.8 ± 4.8ca� 191.8 ± 10.5aa� 192.6 ± 9.8aa� 179.8 ± 8.5ba� 189.8 ± 10.5aa� 194.8 ± 10.5aa� 176.5 ± 4.9bb�

60 161.6 ± 11.6ab� 190.6 ± 9.8aa� 195.1 ± 6.9aa� 187.5 ± 10.2aa� 191.89 ± 10.5aa� 199.8 ± 10.5aa� 200.5 ± 4.9aa�

APX

0 175.8 ± 7.8ab� 179.9 ± 8.1ab� 179.5 ± 8.9aa� 181.7 ± 10.0aa� 175.9 ± 8.1ab� 182.9 ± 8.1ab� 181.3 ± 8.1aa�

15 94.7 ± 8.6cc� 87.7 ± 12.6cc� 178.3 ± 4.3ba� 183.73 ± 4.5ba� 338.8 ± 10aa� 375.1 ± 10.0aa� 181.0 ± 9.2ba�

30 350.9 ± 4.9aa� 329.6 ± 9.3aa� 100.4 ± 18.5cb� 98.8 ± 13.2cb� 97.9 ± 11.2cd� 108.8 ± 10.8cc� 176.3 ± 6.6ba�

60 358.7 ± 6.1aa� 311.3 ± 5.5aa� 111.5 ± 11.3bb� 107.1 ± 10.9bb� 101.9 ± 11.6bc� 107.9 ± 11.8bc� 161.6 ± 7.1ab�

CAT

0 39.1 ± 4.7ab� 40.1 ± 6.7ab� 37.7 ± 5.1aa� 39.8 ± 5.6aa� 44.8 ± 5.3ab� 49.8 ± 5.9ab� 42.1 ± 4.9aa�

15 60.5 ± 3.8aa� 68.8 ± 6.4aa� 38.6 ± 4.9ba� 40.9 ± 5.7ba� 20.8 ± 5.9cc� 24.9 ± 4.8cc� 42.8 ± 5.2ba�

30 18.5 ± 4.1cc� 20.3 ± 4.7cc� 11.7 ± 5.3cb� 13.3 ± 6.0cb� 133.3 ± 7.9aa� 151.3 ± 8.8aa� 49.1 ± 4.9ba�

60 16.7 ± 5.0cc� 18.9 ± 5.1cc� 8.6 ± 6.1db� 10.7 ± 5.9db� 137.5 ± 8.9aa� 163.5 ± 10.9aa� 50.1 ± 4.9ba�

Data were presented as means ± SE of four replicates. Di�erent small letters in each row indicate signi�cant di�erences among genotypes and letters with
prime in each column indicate signi�cant di�erences among treatments (for a particular trait) at � ≤ 0.05 by ANOVA followed by Duncan’s multiple range
test. Controls of each genotype exhibited nonsigni�cant (� > 0.05) di�erences and thus mean of all controls is presented here.

57] and Phaseolus aureus [60]. Present result is in partial
agreement with these results. Increase in proline level was
observed in B1, BioL-212, LR3, and LR4 from 30 DAC and
it was maintained till 60 DAC. However, it is noteworthy that
seedlings from all genotypes faced severe growth inhibition
at 15 DAC even when proline level was close to control
value. Signi�cantly enough, proline level was control like in
both PUSA-90-2 and WBK-CB-14 throughout the growth
period although the genotypes continuously su�ered growth
inhibition. Proline accumulation in plants was regarded as
a symptom of stress in less-salinity-tolerant species, and its
contribution to osmotic adjustment was found negligible as
compared with K+ [2]. Certainly, this is not the situation
in the present case. Higher accumulation of proline in four
genotypes showing good biomass accumulation at 30 DAC
and at 60 DAC suggested its responsiveness during repro-
ductive development of plant conferring protection against
salt-induced osmotic disruption in tolerant genotypes. Its
usual level during salt-induced growth inhibition, however,
requires further study.

Equilibrium of cellular Na+ and K+ content is absolutely
essential in imparting salinity tolerance in plants [36, 41].
Excessive accumulation of Na+ in leaves has been considered
highly harmful for normal metabolism of plant, and tolerant

genotype has the capacity of successful salt exclusion [13, 36].
Salt stress also impairs K+ uptake of plants, and it has been
suggested that K+ de�ciencymight be a contributing factor to
salt-induced growth inhibition through induction of oxida-
tive stress and related cell damage [57, 61, 62]. �e K+ : Na+

ratio has been used as a discriminating factor between
tolerant and sensitive genotypes with greater capacity of
former to block or reduce the uptake or exclude the excess
amount of Na+ and associated increase in K+ content [36].
In the present material, reduction in K uptake and transport
to aerial part of plants under salinity in competition with
higher Na absorption resulted in decrease in K+ : Na+ ratio
and low plant biomass production in all the six genotypes at
15 DAC, and in PUSA-90-2 and WBK-CB-14 at 30 DAC and
also, at 60 DAC. Growing evidences indicate that abnormal
accumulation of Na+ and/or K+ de�ciency severely dis-
rupts photosynthetic capability and impeded translocation
of photosynthates from leaves into sink organs [36, 57, 63],
and might be one of the prime reasons for reduction in
photosynthetic capacity during salt-sensitivity of the present
genotypes. In salt-sensitive Phaseolus species, K+ de�ciency
combined with salt stress induced a reduction in CO2 photo
assimilation and stomata closure [62]. Similar situation was
encountered in salt-sensitive genotypes and mutant lines of
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grass pea experiencing di�erent NaCl-treatment regimes [39,
41, 55]. By contrast, higher level of K+ content than Na+

pushedK+ : Na+ ratio to quite normal level and ensured better
plant growth in B1, BioL-212, LR3, and LR4 genotypes at
later stages of growth despite prolonged NaCl-treatment.�e
result indicated that early surge in Na+ accumulation and low
K+ : Na+ ratio may be detrimental to vegetative growth but its
normal (control like) level is crucial in reproductive stages to
maintain �owering and subsequent grain-�lling stage under
salt-exposure. Normal (control like) concentration of K+ and
K+ : Na+ ratio at 30 DAC and also at 60 DAC in these four
genotypes might be orchestrated through a compensation
over time, presumably through translocation of K+ from
roots and stems to leaves [61], a sustained acquisition despite
appreciable overall Na+ uptake [1, 62], a high K+ selectivity
and/or K+/Na+ exchange across the plasmalemma of the
root epidermis [34, 39, 57]. �e maintenance of higher leaf
K+ concentrations and K+ : Na+ ratio in the present grass
pea genotypes showing good growth under salinity strongly
indicated their ability to withdraw Na+ and to retranslocate
K+ during reproductive stages which seems to be highly
crucial for superior salt tolerance [61], as explained in salt-
stressed grass pea [39], beans [62] and barley seedlings [61].

Perhaps, one of the most intriguing questions in the
present investigation is the remarkable capacity of four grass
pea genotypes to restore their normal growth at �owering
stage (30 DAC) and its maintenance through early pod-
bearing stages (60 DAC) despite them experiencing pro-
longed salt exposure. In order to ascertain this apparent
con�icting situation, response of four primary defense com-
ponents involved in H2O2-metabolism and concomitant
oxidative stress response were studied. �ese four compo-
nents play vital roles in primary defense mechanism of plants
during ROS-detoxi�cation [11]. H2O2 is a highly di�usible
ROS across cellularmembranes and in�icts oxidative damage
to thiol-containing enzymes[6–8, 11, 64]. On the other hand,
it can induce antioxidant defense to be upregulated against
oxidative stress as a signaling molecule [6, 7, 10]. �erefore,
regulation of its concentration at a particular level within
cellular environment is the most vital during plant growth
and development [8, 10, 64]. In the present study, a time-
bound measurements at 15, 30 and 60 DAC revealed huge
increase of H2O2 level in leaves of B1, BioL-212, LR3, and
LR4 but a signi�cant decline in PUSA-90-2 andWBK-CB-14
at 15 DAC, followed by a remarkable rise in PUSA-90-2 and
WBK-CB-14 and decrease in the rest of the four genotypes
at 30 DAC and 60 DAC. Interestingly enough, the level of
H2O2 in B1, BioL-212, LR3, and LR4 at 30 DAC was still
higher than that in control and this level was maintained at
60 DAC. �is situation can be better explained if enzymatic
regulation of H2O2-metabolism is taken into account. High
SOD activity strongly suggested NaCl-induced generation of
excess superoxide radicals and thus, formed huge H2O2 in
B1, BioL-212, LR3, and LR4 genotypes at 15 DAC, and in
the rest of the genotypes up to 60 DAC. In many studies,
up-regulation of SOD, APX and CAT activities was cited
as prime reason for salt-tolerance while their decreased
level was associated with onset of salt-induced oxidative
stress in sensitive genotypes [39, 57, 65]. However, the

intrinsic relationship among these three prominent H2O2-
metabolizing enzymes is not straightforward in the present
case. Both APX and CAT activities were quite normal in
PUSA-90-2 and WBK-CB-14 genotypes at 15 DAC but it
reduced signi�cantly at 30 DAC and 60 DAC. Completely
reverse response, however, was noticed between activity of
APX and CAT in the rest of the four genotypes throughout
the treatment period. Declining APX level in B1 and BioL-
212 was accompanied by high CAT activity at 15 DAC which
went just reverse during later stages of growth. Similarly, high
APX activity in the two mutant lines was associated with
abrupt fall inCAT level at 15DAC, followed by decline inAPX
activity and concomitant increase inCAT level at 30DACand
60 DAC. �e results clearly indicated that low SOD activity
coupled with normal level of both APX and CAT might be
responsible for signi�cant fall in H2O2 generation in PUSA-
90-2 and WBK-CB-14 during early stages of treatment. At
the same period, low APX level accompanied with high SOD
activity might have attributed to over-accumulation of H2O2
in B1 and BioL-212, indicating failure of H2O2-scavenging
machinery within AsA-GSH cycle, and CAT alone could not
cope up with rising level of H2O2 at early growth stages. By
contrast, rise in H2O2 level in LR3 and LR4 mutant lines
was presumably due to abnormal fall in CAT activity and
despite highAPX level, H2O2 was generated in excess amount
due to high SOD activity. �is situation got remarkable twist
once the treated plants entered �owering and subsequent
pod-bearing stage. High APX activity coupled with low CAT
level in B1 and BioL-212 and low APX combined with high
CAT activity in LR3 and LR4 mutant lines in the backdrop
of enhanced SOD activity led to decrease in H2O2 level in
a particular concentration. �is level was still higher than
control but was not toxic to plant growth and development at
reproductive period under NaCl-exposure. Presumably, leaf
H2O2 concentration in these four genotypes was regulated
in controlled way by opposite mechanisms of prominent
H2O2-metabolizing enzymes, balancing it to a particular level
during later stages of growth. �is critical balance, however,
was lost when APX activity coupled with CAT began to
decline and SOD activity was enhanced in PUSA-90-2 and
WBK-CB-14 during 30 DAC and 60 DAC, resulting in un-
regulated generation and accumulation of H2O2 in treated
genotypes. Obviously, a well-integrated catalase-peroxidase
system along with SOD was instrumental in regulation of
H2O2-metabolism in stressed plants in di�erent manners,
and this is distinctly functional at reproductive stages of
growth. Declining level of APX might be due to signi�cant
reduction in AsA level and its redox state. Besides serving
as cofactor of APX, AsA itself can detoxify ROS through
nonenzymatic mechanism [64, 66] and its availability and
redox state plays key roles in signaling network through
controlledmetabolism ofH2O2 duringNaCl-stress [66]. Pro-
longed NaCl-exposure, presumably, led to crippling of AsA-
mediated antioxidant defense in PUSA-90-2 and WBK-CB-
14, resulting in signi�cant rise of H2O2 content under NaCl-
treatment. �e decline in CAT activity at 30 and 60 DAC
further aggravated the situation. H2O2 has a longer half-life
than superoxides [7], and therefore its initial surge in leaves
of four tolerant genotypes indicated early “oxidative burst”
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in the photosynthetic organs which might trigger enhanced
defense response against excess ROS at later stages of growth.
Rise in either APX activity powered by high AsA content
or AsA-redox and increasing CAT level at 30 DAC and 60
DAC in B1, BioL-212, LR3, and LR4 was the strong enough
to stimulate antioxidant response, andmight be instrumental
to maintain H2O2 at a particular level. Presumably, H2O2
played dual roles in stress perception of NaCl-treated grass
pea genotypes plants in a concentration-dependent manner;
it promoted plant growth in B1, BioL-212, LR3, and LR4
at 30 DAC and 60 DAC in a concentration higher than
control but induced toxicity in these four genotypes at the
far higher level during 15 DAC. Certainly, the status of
cellular H2O2 informed the plant cell about the severity
of the oxidative stress and hence the appropriate level of
antioxidant enzyme activities through induction [6, 8, 10].
Present results indicates that the H2O2 level is highly critical
in stress perception, which can be regulated/adjusted in favor
of plant growth and yield performances during prolonged
exposure to high NaCl.

Obviously, extremely low H2O2 level in PUSA-90-2 and
WBK-CB-14 at 15 DAC was not enough to upregulate antiox-
idant defense against NaCl-induced oxidative stress. On the
other hand, its huge surge was associated with signi�cant
accumulation of MDA content in B1, BioL-212, LR3, and LR4
at 15 DAC and in PUSA-90-2 andWBK-CB-14 at 30DAC and
60 DAC. MDA along with high H2O2 level was commonly
used as cellular markers of salinity-induced oxidative stress
in sensitive genotypes [5, 37, 39, 57, 59]. However, the
relationship betweenH2O2 content and oxidative stress is not
straightforward in the present case. �e absence of oxidative
stress symptom in shoots of B1, BioL-212, LR3, and LR4 lines
at 60 DAC despite the high H2O2 content might be due to
the signi�cantly low level of membrane lipid peroxidation
and electrolyte leakage. Similarly, low H2O2 level in PUSA-
90-2 and WBK-CB-14 at 15 DAC did not guarantee low
oxidative damage, as MDA as well as EL% was quite high in
these two genotypes at this stage. Rising MDA content and
EL% in treated genotypes might be instrumental in lowering
of photosynthesis by damaging the photosynthetic pigment
composition and stability along with low K+ content is
probably responsible for lower pigment levels inNaCl-treated
B1, BioL-212, LR3, and LR4 at 15 DAC and in PUSA-90-2
and WBK-CB-14 varieties throughout the treatment period.
Similar situation was also observed in salt-a�ected cereals,
legumes and other vegetable crops [34, 39, 57, 61, 67]. Sig-
ni�cant increase in MDA content and loss in photosynthetic
apparatus have been recognized as the marks of oxidative
stress in plants [5, 6, 10, 39, 57, 64, 68, 69] and may be one of
the prime reasons for NaCl-induced growth inhibition in the
presentmaterial. It is also clear that oxidative damage at initial
growth stages was e�ectively prevented in four genotypes
by mitigating membrane damage at reproductive stage, but
it was quite impossible for the PUSA-90-2 and WBK-CB-
14 varieties to recover from NaCl-induced oxidative damage
due to complete failure of antioxidant defense throughout the
treatment period.

Changes in antioxidant enzyme activities coincided with
a variable increase or decrease of their individual isoformex-
pression. Analysis of isoforms and inhibitor studies revealed
that the increase in SOD activity in B1, BioL-212, LR3, and
LR4 lines over control was purely due to over-activity of
both Cu/Zn I and II isoforms, as suggested by high staining
intensity. On the other hand, signi�cant enhancement in
SOD activity at 30 DAC was mainly due to origin of a
new Mn SOD I isoform in LR3, one Fe SOD isoform in
LR4 line and two new Mn SOD isoforms (I and II), in
addition to existing Cu/Zn isoforms. No new isoforms were
observed at 60 DAC. �us, further increase in activity of
SOD might be attributed to enhanced expression of existing
isoforms, visualized as stronger intensity. �e supply of
NaCl reportedly enhanced the activity of Cu/Zn-SOD II in
wheat seedlings [70]. �e present result revealed origin of
three novel isoforms namely two Mn SODs (I and II) and
one Fe SOD at 30 DAC and it was observed at 60 DAC,
also. It seems likely that increased activity of SOD at 15
DAC was mainly mediated through existing isoforms but as
the treatment progressed induction of SOD expression was
required in di�erent cellular compartments to combat the
elevated generation of superoxide radicals due to prolonged
NaCl-exposure. While Cu/Zn isoforms are predominantly
present in chloroplast and cytosol, Mn SODs are located
in peroxisomes and mitochondria and Fe SODs are mainly
chloroplastidic [9], suggesting participation of SOD isoforms
in di�erent cellular compartments to combat NaCl-induced
generation of free radicals in the present material. For APX,
the increased activity wasmainly due to enhanced expression
of APX 1, APX 2 and APX 3 isozymes, as was evidenced by
strongly intense bands in zymograms. On the other hand,
the decreased activity of APX was manifested by diminishing
intensity of di�erent APX bands. Leaf APX isoforms are
rapidly deactivated by over-accumulating H2O2 at low AsA
pool [71], and this was, perhaps, one of the prime reasons
for reduced APX level in treated genotypes at di�erent
growth stages. CAT activity was uniformly visualized as a
single zone across the treatments. However, the increasing
staining intensity con�rmed the enhanced level of CAT
expression in treated genotypes. Induction of new SOD
isoforms at 30 DAC and their retaining till 60 DAC, however,
is interesting and has immense signi�cance as the plants
were then at �owering and pod-bearing stages and major
changes (increase or decrease) in H2O2 level occurred in this
period. Present results clearly indicated criticality of bloom-
ing stage in determining regulation of H2O2-metabolism
through NaCl-induced enzyme expression. �e variations in
the isozyme pattern and their correspondence to total assayed
activity suggested that the three H2O2-metabolizing enzymes
responded strongly to NaCl-induced oxidative stress in grass
pea genotypes.

5. Conclusions

For the �rst time, e�ect of prolonged NaCl-treatment
was studied in six promising grass pea genotypes. Results
revealed signi�cant genotypic di�erences in response to
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150mMNaCl-treatment and even di�erences between
growth stages of a particular genotype. NaCl-treatment
signi�cantly reduced dry matter production in all six
genotypes at early vegetative stage by inhibiting photosyn-
thetic capacity probably orchestrated through diminishing
level of K+, low K+/Na+ ratio and onset of severe oxidative
stress. �e negative impact of NaCl-stress was ameliorated
in B1, BioL-212, LR3, and LR4 at later stages of growth
through modulation of H2O2-metabolism in �ne tune by
balanced action of SOD, APX and CAT. �is along with
healthy ionic balance in favor of K+ helped these four
genotypes to maintain normal growth through restoration of
normal photosynthetic capacity. �is balance, however, was
completely lost in PUSA-90-2 and WBK-CB-14 genotypes
at the most crucial stages of reproductive growth, leading to
un-regulated accumulation of H2O2 and high rate of lipid
peroxidation as the marks of oxidative stress. Present result
also suggested di�erential response of CAT/APX system
during scavenging of H2O2 in four tolerant genotypes.
Isozyme analysis revealed origin of unique isoforms of
SOD in response to As treatment and increase in activity
of existing isoforms of SOD, APX, and CAT, conferring
enhanced activity of the enzymes. Considering the overall
response of growth and leaf antioxidant metabolism of six
grass pea genotypes, it can be �nally concluded that var.
B1 and BioL-212 along with LR3 and LR 4 mutant lines are
tolerant to NaCl-stress while var. PUSA-90-2 and WBK-
CB-14 are highly salt sensitive. H2O2-metabolism holds
the key in determining sensitivity of grass pea genotypes
to prolonged exposure of NaCl-induced oxidative stress.
Understanding the intrinsic modulation of physiological and
antioxidant metabolism by H2O2 through di�erent growth
stages would be an important step in formulating e�ective
breeding strategies for improving NaCl-tolerance in crop
plants.
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