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Abstract Effect of salinity on Hyacinth bean, Lablab

purpureus (HA-4 cultivar) was evaluated in 10-day old

seedlings with 100–500 mM NaCl over 72 h of exposure.

The stress reduced dry and fresh weight, leaf surface area,

root and shoot length, total chlorophyll, and RWC. Oxi-

dative stress markers, H2O2, glutathione, TBARS, proline,

ascorbic acid, total phenols, and total soluble sugar con-

tents were significantly elevated. Salinity enhanced anti-

oxidant enzymes, POX, and GR activities and reduced that

of CAT in concentration and time dependent manner in

leaves. Antioxidant enzymes in roots showed inverse

relationship with concentration and time of exposure.

Metabolic enzyme b-amylase activity increased in both

leaves and roots. Acid phosphatase decreased in leaves and

elevated in roots. Intensity of constitutive isozymes cor-

related with in vitro levels under stress, but the protein

band patterns differed from controls. Lablab showed rea-

sonable tolerance up to 300 mM NaCl, but leaves and roots

differed in their response.
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Abbreviations

ASC Ascorbate

APX Ascorbate peroxidase

CAT Catalase

EDTA Ethylenediaminetetraacetic acid

GR Glutathione reductase

GSH Reduced glutathione

MDA Malondialdehyde

POX Peroxidase

PPO Polyphenoloxidase

PVP Polyvinylpyrrolidone

ROS Reactive oxygen species

RWC Relative water content

SOD Superoxide dismutase

TBARS Thiobarbituric acid reactive substances

TCA Trichloroacetic acid

Introduction

Salinity is one of the major abiotic factors that limit the

plant productivity. According to the FAO (2005), the total

global area of salt-affected soils, including saline and sodic

soils was 831 million ha (6% of world’s total land area).

Apart from natural sodicity, 1,500 million ha of land

farmed by dry-land agriculture, 32 million ha (2%) are

affected by secondary salinity to varying degrees. Most

crop plants are susceptible to salinity even below 30 mM

(Chinnusamy et al. 2005). Salinity affects the plant growth

by causing cytotoxicity and osmotic stress (Munns 2002).

At higher salinity, the predominant cause of crop suscep-

tibility may be due to ionic cytotoxicity via replacement of

K? with Na? and non-covalent interaction of Na? and Cl-

with amino acids of proteins. The metabolic imbalances

due to ionic toxicity, osmotic stress, and nutritional defi-

ciency may lead to oxidative stress. Salt stress affects all

major processes including photosynthesis, protein synthe-

sis, lipid and energy metabolism (Parida and Das 2005).

The ROS production, enhanced under saline conditions
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causes damage to cellular components, including mem-

brane lipids (Mittova et al. 2004). Reaction of ROS with

unsaturated fatty acids in membranes causes peroxidation

leading to rapid desiccation and cell death. Damages to

organelle membrane can result in loss of respiratory

capacity in mitochondria and carbon fixing ability in

chloroplasts (Zhu and Scandalios 1993).

Plants have evolved mechanisms to protect cellular and

subcellular systems against the effect of ROS by employ-

ing enzymatic and non-enzymatic components. Enzymes

such as POX, CAT, SOD, and GR form the antioxidant

enzymatic component, while the non-enzymatic compo-

nents include ascorbic acid, GSH, sugars, phenols etc.

Apart from antioxidants and enzymes, ion transporters and

osmolytes are also employed to resist salt stress. The

degree of resistance of plants to salinity is often related to

quantitative and qualitative changes in antioxidant systems.

The role of non-enzymatic antioxidants such as carote-

noids, ascorbate (ASC), glutathione (GSH), tocopherols,

and proline is evident from a number of plants systems

(Manchanda and Garg 2008). Similarly, increased SOD,

APX, POX, CAT, and GR (Agarwal and Shaheen 2007)

have been correlated to salinity tolerance. A number of

salt-tolerant transgenic plants expressing antioxidant

enzymes have been reported (Kolodyazhnaya et al. 2009).

Lablab purpureus (Hyacinth bean) is an important

pulse crop in South East Asia and Eastern Africa. It is an

excellent nitrogen fixer, and is grown as a cover crop or

for livestock fodder. It is also used as an intercrop in

India and Australia as a weed suppressor and soil erosion

retardant (Maass et al. 2005). The plant is tolerant to mild

salinity and is relatively drought tolerant. Except for the

general information about its mild tolerance to salt and

drought, there are no reports indicating biochemical and

physiological bases of its response to salinity and other

abiotic stresses. The objective of the present study was to

evaluate the effect of salinity on antioxidants, antioxidant

enzymes, and other markers of abiotic stress in Hyacinth

bean.

Materials and methods

Plant material and chemicals

The seeds of Lablab purpureus (cv. HA-4) were procured

from National Seed Project, University of Agricultural

Science, GKVK, Bangalore, India. Fine chemicals and

reagents were purchased from Sigma–Aldrich chemicals,

Bangalore, India. All other chemicals were of analytical

grade.

Growth conditions

Seeds of Lablab purpureus cultivar HA-4 were surface

sterilized with 0.1% (w/v) mercuric chloride for 1 min,

rinsed immediately with large volume of distilled water,

and imbibed overnight in distilled water. The overnight-

soaked seeds were sown in trays containing vermiculite

and acid-washed sand (1:1 w/w) and irrigated daily with

distilled water. The germination was carried out under

natural greenhouse conditions; day/night temperature and

relative humidity were 30/25�C, and 75/70%, respec-

tively. The average photoperiod was 12 h light/12 h

dark.

Salt stress treatment and experimental design

Salt stress was induced by transferring 10-day-old seed-

lings of uniform size to a hydroponic system of half-

strength Hoagland medium (Allen 1968) containing dif-

ferent concentrations of NaCl along with CaCl2 corre-

sponding to half the strength of NaCl. Leaf and root

samples were collected at 24, 48, and 72 h and frozen until

further analysis. Plants grown on half-strength Hoagland

media without NaCl served as control. Samples used for

determination of RWC, fresh and dry weights were used

immediately after collection.

The experimental design used was carried out at random

factorial scheme, with 6 media regimes (control, 100, 200,

300, 400, 500 mM NaCl stress) and 3 evaluation points

(24, 48, 72 h). Each experiment was composed of 36

experimental units (leaf ? root samples) and done in

triplicate.

Determination of growth parameters

Random selection of ten replicates from each treatment

was done. The growth criteria measured were Leaf, shoot,

and root lengths; fresh and dry weights of the whole plant.

Determination of relative water content (RWC)

The relative water content was estimated according to the

method of Turner and Kramer (1980) using the equation:

RWC = (FW - DW) 9 100/(TW - DW). Leaf disks of

10 mm diameter were weighed to determine the fresh

weight (FW), soaked in distilled water at 25�C for 4 h to

determine the turgid weight (TW), then oven-dried at 80�C

for 24 h to determine the dry weight (DW). Similarly,

entire shoot and root was taken for analysis and RWC was

computed as before.
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Determination of Hydrogen peroxide and antioxidants

Hydrogen peroxide content in control and stressed seed-

lings were determined according to Velikova et al. (2000).

Leaf and root tissues (500 mg) were homogenized in an ice

bath with 5 ml of 0.1% (w/v) trichloroacetic acid. The

homogenate was centrifuged at 10,0009g for 15 min and

0.5 ml of the supernatant was added to 0.5 ml of 10 mM

potassium phosphate buffer (pH 7.0) and 1 ml of 1 M KI.

The absorbance of the supernatant was measured at

390 nm.

GSH was estimated according to Beutler et al. (1963).

The tissue was homogenized with 3% metaphosphoric acid.

DTNB [5,50-dithiobis(2-nitrobenzoic acid)] was added to

supernatants cleared by centrifugation. The formation of

5-thio-2-nitrobenzoic acid, which is proportional to total

glutathione concentration, was monitored at 412 nm at

25�C against reagent controls. Ascorbic acid estimation was

carried out according to the procedure of Sadasivam and

Manickam (1997). The tissue was homogenized in 4%

oxalic acid and centrifuged at 10,0009g for 10 min. The

assay mixture consisted of 0.1 ml of brominated sample

extract made up to 3.0 ml with distilled water, 1.0 ml of 2%

DNPH reagent, and 1–2 drops of thiourea. After incubation

at 37�C for 3 h, the orange-red osazone crystals formed

were dissolved by the addition of 7.0 ml of 80% sulfuric

acid and absorbance was read at 540 nm. Total phenols

were estimated by the method of Slinkard and Singleton

(1977) using catechol as an authentic standard.

Determination of stress response factors

Proline content was estimated using ninhydrin reagent

according to Bates et al. (1973). The amount of total sol-

uble sugars was estimated colorimetrically at 540 nm using

anthrone reagent according to Roe (1955). Chlorophyll

content was determined according to Mackinney (1941)

using acetone (80%) extracts. The concentrations of total

chlorophyll, chlorophyll-a, and -b were calculated by the

formula of Arnon (1949). The extent of lipid peroxidation

was determined according to Heath and Packer (1968) with

suitable modification. Briefly, 0.5 g of fresh tissue was

ground in 5.0 ml of 0.1% TCA containing 0.5% butylated

hydroxytoluene containing 1.0% PVP. The homogenate

was centrifuged at 12,0009g for 30 min. 4.0 ml of the

supernatant was mixed with 4.0 ml of the substrate (0.5%

thiobarbituric acid and 20% TCA). The mixture was boiled

for 30 min, chilled on ice, and centrifuged at 12,0009g for

10 min. The absorbance of supernatant at 532 nm was

measured and the nonspecific absorbance at 600 nm was

subtracted. The MDA content was calculated from the

extinction coefficient of 155 mM-1 cm-1.

Extraction of enzymes

The frozen samples were homogenized with pre-chilled

50 mM sodium phosphate buffer (pH 7.0) containing

5 mM b-mercaptoethanol and 1 mM EDTA using pestle

and mortar. L-ascorbate was raised to a final concentration

of 2 mM for extraction of APX. The homogenate was

centrifuged at 12,0009g for 15 min at 4�C. The superna-

tant was used as a source of enzymes. Soluble protein

content was determined according to the method of Lowry

et al. (1951) using BSA as the standard.

Assay of antioxidant enzymes

Guaiacol peroxidase (POX, E.C. 1.11.1.7)

Guaiacol peroxidase activity was measured in a reaction

mixture of 3.0 ml consisting of 50 mM phosphate buffer

(pH 7.0) containing 20 mM guaiacol, 10 mM H2O2, and

100 ll enzyme extract (Chance and Maehly 1955). The

formation of tetraguaiacol was followed by an increase in

A470 nm (e = 26.6 mM-1 cm-1). One unit of peroxidase is

defined as the amount of enzyme needed to convert 1 lmol

of H2O2 min-1 at 25�C. In-gel assay was performed by

incubating the gels with o-dianisidine followed by 10 mM

H2O2 until the appearance of bands.

Ascorbate peroxidase (APX, E.C. 1.11.1.11)

The activity of APX was determined spectrophotometri-

cally as described by Webb and Allen (1995). The assay

mixture contained 50 mM HEPES buffer (pH 7.0), 1 mM

EDTA, 1 mM H2O2, 0.5 mM sodium ascorbate, and 50 ll

of enzyme extract in a total volume of 2.0 ml. The reaction

was initiated by addition of H2O2. The oxidation of

ascorbate was followed by a decrease in the A290

(e = 2.8 mM-1 cm-1). One unit of ascorbate peroxidase is

defined as the amount of enzyme necessary to oxidize

1 lmol of ascorbate per min at 25�C.

Catalase (CAT, E.C. 1.11.1.6)

Catalase activity was assayed by following the decline in

absorbance of H2O2 at 240 nm (e = 39.4 M-1 cm-1)

according to the method of Aebi (1984). The reaction

mixture consisted of 50 ll of enzyme extract in 50 mM

sodium phosphate buffer (pH 7.0). The reaction was started

by addition of H2O2 to a final concentration of 10 mM, and

its consumption was measured for 2 min. One unit of

activity is defined as the amount of enzyme that catalyzes

the oxidation of 1 lmol of H2O2 per min under the assay

conditions. In-gel assay for CAT isozymes was performed

by soaking the gels in 10 mM H2O2, and sequentially
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staining with 2% potassium ferricyanide followed by 2%

ferric chloride to visualize the bands.

Glutathione reductase (GR, E.C. 1.6.4.2)

GR activity was determined by monitoring the oxidation of

NADPH at 340 nm (e = 6220 M-1 cm-1) according to the

method of Carlberg and Mannervik (1985). The reaction

mixture contained 50 mM Tris–HCl buffer (pH 7.5), 3 mM

MgCl2, 0.5 mM GSSG, 0.2 mM NADPH, and 250 ll of

enzyme extract in a total volume of 1.5 ml. One unit of

activity is defined as the amount of enzyme that catalyzes

the oxidation of 1 lmol of NADPH per min under the

assay conditions. GR isozymes were separated on non-

denaturing gels soaked in 50 mM Tris–HCl buffer (pH 7.5)

containing 1 mg/ml MTT, 1 mg/ml 2,6-dichlorophenol

indophenol, 3.4 nM GSSG, and 0.4 mM NADPH until the

appearance of bands.

Polyphenol oxidase (PPO, E.C. 1.14.18.1)

PPO was assayed spectrophotometrically at 400 nm using

tertiary butyl catechol as substrate according to Kanade

et al. (2006). The assay mixture consisted of 0.9 ml sodium

acetate buffer (pH 5.0), 0.1 ml t-butyl catechol and 0.1 ml

enzyme extract. The quinone formed was measured at

400 nm (e = 1150 M-1 cm-1). One unit of enzyme

activity is defined as the amount of enzyme that produces

1 lmol of t-butylquinone per minute under the assay

conditions.

Assay of hydrolytic enzymes

b-Amylase (AMY, E.C. 3.2.1.1)

Activity of b-amylase was measured using the DNS

method (Bernfeld 1955). The reaction mixture consisted

0.5 ml of 2% starch solution in 50 mM phosphate buffer

(pH 7.0) and 0.5 ml of enzyme extract. b-amylase iso-

zymes were visualized by soaking the gels in substrate (2%

soluble starch) followed by incubation in 0.025% acidified

iodine solution.

Acid phosphatase (AP, E.C. 3.1.3.2)

AP activity against p-nitrophenyl phosphate was deter-

mined by monitoring the release of p-nitrophenol at

410 nm according to Hoerling and Svensmark (1976).

Each unit of activity is defined as the number of lmoles of

p-nitro phenol released per minute. In-gel assay was carried

out using a-naphthyl phosphate as substrate and fast blue-

RR as coupling dye.

Invertase (INV, E.C. 3.2.1.26)

Invertase activity was determined by the method of Sridhar

and Ou (1972). 4.0 ml reaction mixture containing

0.025 M sodium acetate buffer (pH 5.0), 0.625% sucrose,

and appropriate volume of enzyme extract was incubated at

37�C for 24 h. The reaction was arrested by adding equal

volume of DNS reagent. The reducing sugars present were

estimated using the method of Miller (1959).

Electrophoretic analysis

Non-denaturing, discontinuous slab gel electrophoresis was

carried out essentially according to the method of Davis

(1964). SDS–PAGE was carried out according to Laemmli

(1970), employing 10% resolving gel and 5% stacking gel.

Statistical analysis

The experiment was performed using a randomized design.

All data are expressed as means of triplicate experiments

unless mentioned otherwise. Comparisons of means were

performed using PrismGraph version 3.02. Data were

subjected to a one-way analysis of variance (ANOVA), and

the mean differences were compared by lowest standard

deviations (LSD) test. Comparisons with P B 0.05 were

considered significantly different.

Results

Growth parameters

Salinity stress in Lablab purpureus caused significant

reduction in the growth in concentration and time-depen-

dent manner. NaCl at 500 mM caused drastic reduction in

fresh and dry weights of the plant (Table 1). The plant did

not show greater alteration in dry weight relative to control,

while fresh weight decreased with increasing time of

salinity (Table 1). The plant showed reduction in number

and surface area of leaves as well as curling on exposure to

salinity. Other physical features such as length of shoot,

root, and leaves exhibited reduction in time and concen-

tration dependent manner (Table 1). The effect was more

pronounced in roots. RWC of leaf, shoot, and root also

showed a similar relationship with concentration of NaCl

and time of exposure (Table 1). The RWC of leaves

showed steep decline at all the times of exposure up to

300 mM and reached a plateau at 400 and 500 mM. RWC

of shoots exhibited a moderate drop and that of roots

showed greater decline beyond 300 mM at all time points

(Table 1).
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Stress markers

The salt stress resulted in increased production of H2O2 in

time- and concentration-dependent manner. Lablab pur-

pureus exposed to NaCl at 300 and 400 mM for 48 and

72 h showed greater increase in H2O2 (Table 2). In gen-

eral, the H2O2 levels were significantly elevated at 48 h of

exposure under all concentrations. The H2O2 level in roots

showed significant elevation beyond 200 mM NaCl at 48 h

of exposure. However, the exposure for 72 h showed a

steep decline in H2O2 levels beyond 300 mM NaCl

(Table 2).

Reduced glutathione levels in leaves showed a signifi-

cant elevation between 300–500 mM at 48 h of exposure

(Table 3). On the contrary, roots showed a reduction in

GSH levels proportionate to both concentrations of NaCl

and time of exposure (Table 3).

The antioxidant ascorbic acid levels in leaves showed an

exponential increase with concentration at 48 h of expo-

sure (Table 3). This relationship was not seen during 24

and 72 h of exposure (Table 2). In roots, the ascorbate

levels increased in a concentration-dependent manner at all

the time points, and the gradation was clearer at 24 and

72 h of exposure (Table 3).

The osmolyte proline levels in leaves were elevated

under salt stress. The effect was moderate up to 300 mM

during the entire period of exposure. However, 400 mM

NaCl showed a twofold increase in proline at 48 h while

500 mM exhibited a 2.5-fold rise at 72 h of exposure

(Table 2). The proline levels in roots did not show any

significant rise (Table 2).

MDA content of salt-stressed leaves of Lablab purpu-

reus exhibited time- and concentration-dependent elevation

up to 300 mM. However, this relationship did not hold well

for 400 and 500 mM NaCl, although the levels doubled at

72 h of exposure (Table 2). The MDA level in roots

showed a marginal rise in time- and concentration-depen-

dent manner. Beyond 200 mM NaCl, a threefold increase

in MDA levels was observed for 72 h of exposure

(Table 2).

Total soluble sugar content of the salt-stressed plant

leaves did not show significant alteration throughout the

duration of exposure up to 200 mM NaCl. However,

beyond 300 mM, the levels showed considerable elevation

at 24 h of exposure, and declined after 48 and 72 h

(Table 2). The levels in roots did not show much alteration,

except for a marginal increase under 300 and 400 mM

NaCl at 24 and 48 h of exposure (Table 2).

The total phenol content of the salt-stressed leaves

exhibited a concentration-dependent increase from 100–

400 mM NaCl during the first 24 h of exposure. However,

the levels showed a marginal rise under all concentrations

employed during 48 and 72 h (Table 3). Contrary to

leaves, the total phenols in roots showed a decline in

Table 1 Effect of salinity on morphological and physical parameters in Hyacinth bean (Lablab purpureus)

NaCl (mM) Time (h) RWC (%) Length (cm) Weight (g)

Leaf Stem Root Leaf Stem Root Fresh Dry

Control 24 87.6 ± 0.5 87.7 ± 1.6 89.9 ± 0.0 3.3 ± 0.8 6.2 ± 0.5 0.8 ± 0.3 0.73 ± 0.07 0.09 ± 0.01

48 85.9 ± 1.7 86.5 ± 0.9 89.0 ± 0.5 3.7 ± 0.5 6.9 ± 0.8 1.6 ± 0.9 1.04 ± 0.04 0.10 ± 0.02

72 78.3 ± 2.4 85.3 ± 1.5 88.8 ± 0.8 4.6 ± 0.2 7.2 ± 0.4 2.7 ± 0.9 1.27 ± 0.10 0.11 ± 0.01

100 mM 24 75.9 ± 2.1 84.3 ± 2.2 85.6 ± 4.0 2.6 ± 0.9 5.8 ± 0.2 0.9 ± 0.5 0.87 ± 0.08 0.12 ± 0.06

48 73.3 ± 1.6 76.9 ± 3.0 86.4 ± 0.9 3.2 ± 0.3 6.0 ± 0.1 0.9 ± 0.4 1.08 ± 0.10 0.09 ± 0.00

72 61.9 ± 1.6 74.9 ± 0.8 87.0 ± 0.6 4.1 ± 0.7 6.3 ± 1.3 1.0 ± 0.5 1.27 ± 0.14 0.08 ± 0.03

200 mM 24 66.2 ± 5.7 82.4 ± 1.7 83.3 ± 2.3 2.3 ± 0.6 5.7 ± 1.2 0.7 ± 0.3 0.91 ± 0.08 0.12 ± 0.02

48 60.9 ± 4.4 74.8 ± 1.6 81.4 ± 3.4 2.6 ± 0.5 6.0 ± 0.6 0.7 ± 0.4 1.02 ± 0.06 0.09 ± 0.02

72 51.5 ± 2.5 68.9 ± 2.0 80.8 ± 4.3 2.7 ± 0.5 6.2 ± 1.1 0.8 ± 0.2 1.10 ± 0.08 0.08 ± 0.07

300 mM 24 56.6 ± 2.2 81.0 ± 3.0 81.4 ± 4.5 2.4 ± 0.5 5.1 ± 0.7 0.8 ± 0.3 0.80 ± 0.06 0.11 ± 0.01

48 51.8 ± 4.8 74.3 ± 2.7 77.1 ± 4.2 2.4 ± 0.8 5.3 ± 1.0 0.8 ± 0.2 0.81 ± 0.06 0.09 ± 0.08

72 45.9 ± 4.5 67.5 ± 3.7 70.2 ± 3.1 2.7 ± 0.6 5.3 ± 0.8 0.9 ± 0.6 0.82 ± 0.07 0.08 ± 0.07

400 mM 24 54.5 ± 5.2 76.9 ± 2.3 74.5 ± 4.7 2.3 ± 0.4 4.7 ± 0.8 0.7 ± 0.1 0.72 ± 0.06 0.11 ± 0.01

48 50.4 ± 2.7 69.3 ± 2.0 68.2 ± 1.1 2.4 ± 0.5 4.7 ± 0.9 0.7 ± 0.4 0.74 ± 0.05 0.08 ± 0.06

72 44.6 ± 0.8 64.6 ± 5.2 57.1 ± 4.2 2.4 ± 0.5 4.7 ± 1.0 0.7 ± 0.0 0.76 ± 0.05 0.07 ± 0.05

500 mM 24 53.0 ± 2.7 70.1 ± 2.3 70.0 ± 1.2 2.3 ± 0.7 4.1 ± 0.2 0.6 ± 1.0 0.52 ± 0.06 0.10 ± 0.02

48 51.2 ± 4.4 65.4 ± 1.8 63.4 ± 5.3 2.3 ± 0.4 4.1 ± 0.4 0.6 ± 1.0 0.53 ± 0.06 0.07 ± 0.06

72 43.5 ± 7.5 56.7 ± 4.6 52.1 ± 0.2 2.3 ± 0.3 4.1 ± 0.2 0.6 ± 0.8 0.54 ± 0.07 0.06 ± 0.02

Seedlings of Dolichos were salt-stressed for 24–72 h with NaCl (100–500 mM) and individual seedlings were analyzed for determination of

length, RWC, and weight. Five seedlings from each treatment were analyzed. Values are ± SE
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concentration and time-dependent manner. However, the

gradation and decrement were not steep (Table 3). Total

chlorophyll content in leaves exhibited a time- and con-

centration-dependent decline (Table 2).

Enzyme activities

Levels of antioxidant enzyme POX in salt-stressed leaves

exhibited time- and concentration-dependent elevation up

to 300 mM NaCl. However, the levels were not commen-

surate with concentration at 400 and 500 mM NaCl

(Fig. 1a). The intensity of the POX isozymes during the

exposure also matched the activity profile of enzymes

(Fig. 1a). Salinity stress did not affect in vitro levels and

isozyme intensities of POX in root, except at 100 mM

NaCl during 24 h of exposure (Fig. 1b). APX too showed a

time- and concentration-dependent increase in leaves but

decreased slightly in roots at concentrations above

300 mM (Fig. 6).

CAT activity in salt-stressed Lablab purpureus leaves

showed a 75% decline during the entire period of stress.

The decline was more severe at higher concentrations of

NaCl reaching almost 5% of control at 500 mM NaCl. The

isozyme pattern and band intensity also correlated with the

in vitro levels (Fig. 2a, b).

GR activity showed a concentration-dependent increase

up to 400 mM in leaves. However, the rise was not in

linear relationship with time. The enzyme levels reached

highest values at 300 and 400 mM NaCl, albeit the levels

being slightly higher than controls at 500 mM. This in vitro

pattern also correlated with band intensity of the enzymes

in in-gel assay (Fig. 3a). The GR levels in roots exhibited a

Table 2 Levels of typical stress markers in leaves and roots of salinity-stressed Hyacinth bean (Lablab purpureus)

Tissue Time Stress marker Concentration of NaCl

Control 100 mM 200 mM 300 mM 400 mM 500 mM

Leaf 24 h H2O2
a 3.60 ± 1.4 8.32 ± 0.6 11.8 ± 0.4 16.2 ± 0.5 17.4 ± 1.4 22.1 ± 1.7

Prolineb 0.59 ± 0.2 0.77 ± 0.3 0.94 ± 0.5 0.84 ± 0.1 0.78 ± 0.3 0.86 ± 0.3

MDAc 4.85 ± 0.12 5.81 ± 0.47 7.82 ± 0.25 8.03 ± 0.69 7.43 ± 0.64 7.24 ± 0.22

Total Chlorophyllb 14.49 ± 1.4 12.51 ± 1.3 9.99 ± 1.2 9.13 ± 1.1 7.79 ± 1.1 7.46 ± 0.9

Total Soluble Sugarsb 19.72 ± 1.5 21.83 ± 0.3 24.91 ± 0.6 27.37 ± 1.5 30.57 ± 2.3 31.43 ± 1.1

48 h H2O2
a 9.50 ± 0.4 14.2 ± 2.2 15.9 ± 1.0 29.8 ± 2.8 44.4 ± 1.7 31.0 ± 0.9

Prolineb 0.81 ± 0.4 1.18 ± 0.1 1.14 ± 0.4 1.23 ± 0.5 1.60 ± 0.12 1.28 ± 0.9

MDAc 5.46 ± 0.3 7.94 ± 0.9 11.62 ± 1.3 11.16 ± 1.2 9.15 ± 1.4 7.83 ± 0.6

Total Chlorophyllb 13.07 ± 1.3 10.71 ± 0.7 10.43 ± 0.7 8.82 ± 0.7 7.88 ± 0.9 6.62 ± 0.6

Total Soluble Sugarsb 20.28 ± 1.3 25.17 ± 0.9 23.39 ± 1.4 21.67 ± 1.7 21.42 ± 1.8 19.45 ± 0.5

72 h H2O2
a 8.61 ± 0.4 7.51 ± 0.6 22.5 ± 1.2 32.9 ± 1.7 23.5 ± 1.4 22.7 ± 1.0

Prolineb 0.71 ± 0.1 1.17 ± 0.4 1.20 ± 0.7 1.21 ± 0.08 1.30 ± 0.16 1.71 ± 0.2

MDAc 7.88 ± 0.8 13.47 ± 0.7 17.51 ± 0.8 16.10 ± 0.8 13.23 ± 0.6 13.20 ± 1.3

Total Chlorophyllb 11.53 ± 0.4 8.68 ± 0.4 8.47 ± 0.4 7.71 ± 0.1 7.51 ± 0.4 5.65 ± 0.9

Total Soluble Sugarsb 20.77 ± 1.4 24.41 ± 0.7 21.30 ± 0.6 19.67 ± 0.7 17.71 ± 1.4 15.01 ± 1.3

Root 24 h H2O2
a 26.0 ± 1.2 25.0 ± 3.1 41.0 ± 0.4 44.0 ± 2.4 38.0 ± 2.0 38.0 ± 2.3

Prolineb 0.52 ± 0.1 0.60 ± 0.07 0.60 ± 0.2 0.70 ± 0.2 0.62 ± 0.1 0.56 ± 0.3

MDAc 2.26 ± 0.2 3.29 ± 0.3 3.22 ± 0.4 3.34 ± 0.3 3.95 ± 0.5 4.09 ± 0.3

Total Soluble Sugarsb 25.90 ± 0.7 27.73 ± 2.3 29.76 ± 0.03 37.81 ± 2.1 35.58 ± 1.8 29.42 ± 0.4

48 h H2O2
a 26.0 ± 2.7 27.0 ± 3.0 45.0 ± 2.8 57.0 ± 0.8 53.0 ± 1.1 57.0 ± 2.1

Prolineb 0.56 ± 0.3 0.71 ± 0.1 0.74 ± 0.2 0.75 ± 0.1 0.70 ± 0.05 0.64 ± 0.2

MDAc 2.89 ± 0.3 3.62 ± 0.3 3.67 ± 0.6 3.33 ± 0.3 4.71 ± 0.5 4.71 ± 0.6

Total Soluble Sugarsb 27.19 ± 0.7 27.60 ± 2.2 29.83 ± 0.9 35.09 ± 0.8 32.19 ± 1.6 29.50 ± 2.3

72 h H2O2
a 19.0 ± 1.8 18.0 ± 3.8 63.0 ± 2.4 8.00 ± 0.8 3.00 ± 0.6 1.00 ± 0.3

Prolineb 0.48 ± 0.1 0.59 ± 0.3 0.66 ± 0.2 0.67 ± 0.2 0.64 ± 0.2 0.58 ± 0.3

MDAc 3.21 ± 0.1 5.26 ± 0.3 8.34 ± 0.3 7.51 ± 0.4 8.44 ± 0.6 8.57 ± 0.6

Total Soluble Sugarsb 28.08 ± 1.5 30.72 ± 1.8 34.13 ± 0.8 35.53 ± 0.7 30.78 ± 0.7 27.58 ± 1.5

a lg/g fresh weight tissue
b mg/g fresh weight tissue
c m moles/g fresh weight tissue
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general inverse relationship with increasing concentration

of NaCl and time of exposure, as ascertained by in vitro

and in-gel assays (Fig. 3b).

Hydrolytic enzyme b-amylase in stressed Lablab leaves

showed a pronounced increase in activity up to 300 mM

NaCl, followed by a gradual decline with increasing con-

centration (Fig. 4a). Roots exhibited a decrease at all

concentrations, except at initial 100 mM NaCl in a time-

independent manner (Fig. 4b).

Acid phosphatase activity in leaves exhibited a signifi-

cant and gradual decrease during the entire duration of

stress and concentration regimes (Fig. 5a). On the contrary,

the enzyme levels in roots showed a positive correlation up

to 300 mM NaCl and disappeared beyond 300 mM

(Fig. 5b).

Invertase activity in both leaves and roots showed a

clear decrease in response to increasing concentration of

NaCl. The enzyme levels and time of exposure in leaves

Table 3 Levels of non-enzymatic antioxidants in leaves and roots of salinity-stressed Hyacinth bean (Lablab purpureus)

Sample Time Antioxidants Concentration of NaCl

Control 100 mM 200 mM 300 mM 400 mM 500 mM

Leaf 24 h GSHa 19.0 ± 3.1 49.4 ± 2.0 90.3 ± 9.4 155.3 ± 13.6 132.5 ± 3.6 115.9 ± 3.6

Ascorbateb 96.7 ± 8.9 100.4 ± 10.7 106.0 ± 12.3 110.1 ± 14.1 113.5 ± 14.0 119.8 ± 14.7

Total Phenolsb 2.21 ± 0.1 2.62 ± 0.2 2.94 ± 0.2 3.42 ± 0.3 3.81 ± 0.09 2.92 ± 0.4

48 h GSHa 20.2 ± 4.0 81.9 ± 5.3 105.3 ± 7.6 187.3 ± 7.5 196.6 ± 1.8 177.1 ± 3.5

Ascorbateb 103.7 ± 4.2 136.7 ± 10.3 169.8 ± 7.5 192.8 ± 6.1 219.3 ± 9.5 250.2 ± 3.9

Total Phenolsb 2.31 ± 0.2 2.54 ± 0.2 2.60 ± 0.1 2.77 ± 0.1 3.04 ± 0.05 3.43 ± 0.2

72 h GSHa 26.1 ± 4.8 125.6 ± 5.8 129.0 ± 14.4 150.9 ± 9.3 170.8 ± 5.1 90.3 ± 9.6

Ascorbateb 121.4 ± 7.7 232.4 ± 10.5 288.5 ± 13.0 278.0 ± 14.6 291.7 ± 5.7 290.6 ± 5.9

Total Phenolsb 2.12 ± 0.06 2.20 ± 0.06 2.51 ± 0.08 2.63 ± 0.01 3.15 ± 0.07 3.25 ± 0.04

Root 24 h GSHa 13.2 ± 1.0 41.8 ± 2.2 41.0 ± 0.8 58.7 ± 1.9 43.1 ± 2.7 28.1 ± 2.6

Ascorbateb 35.9 ± 3.6 39.3 ± 2.0 48.5 ± 3.6 57.4 ± 2.5 68.4 ± 5.5 73.0 ± 4.9

Total Phenolsb 0.41 ± 0.01 0.47 ± 0.05 0.41 ± 0.01 0.34 ± 0.02 0.27 ± 0.008 0.24 ± 0.07

48 h GSHa 12.5 ± 0.5 47.7 ± 3.3 49.7 ± 2.1 30.3 ± 0.8 22.1 ± 1.6 18.0 ± 2.9

Ascorbateb 60.8 ± 10.0 70.8 ± 10.0 95.1 ± 3.7 108.0 ± 6.1 112.3 ± 6.9 122.4 ± 5.0

Total Phenolsb 0.48 ± 0.02 0.46 ± 0.02 0.40 ± 0.01 0.36 ± 0.02 0.33 ± 0.01 0.29 ± 0.01

72 h GSHa 12.3 ± 1.5 34.1 ± 1.9 17.4 ± 0.5 16.4 ± 0.4 13.2 ± 1.2 6.2 ± 3.1

Ascorbateb 63.2 ± 8.0 113.2 ± 3.0 125.4 ± 3.6 158.5 ± 5.1 165.7 ± 8.3 175.0 ± 2.5

Total Phenolsb 0.47 ± 0.01 0.45 ± 0.01 0.38 ± 0.02 0.34 ± 0.02 0.25 ± 0.02 0.21 ± 0.04

a lg/g fresh weight tissue
b mg/g fresh weight tissue

Fig. 1 Levels of guaiacol

peroxidase in leaf (a) and root

(b) of Lablab purpureus during

salt stress. Results are

mean ± SE (P \ 0.05),

obtained from three replicates

Lower panel Zymogram of POX

during salt stress; 100 lg

protein of each sample (48 h

control and treated) was

separated on non-denaturing

PAGE (12%) and stained for

enzymes as described in

‘‘Materials and methods’’
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and roots did not show any relationship (Fig. 6). PPO

activity in leaves and roots too increased up to 200 mM

NaCl and decreased beyond 200 mM (Fig. 6).

SDS–PAGE patterns of the leaves exposed to different

concentration of NaCl showed no remarkable alterations in

protein band pattern with time of exposure or concentration

Fig. 2 Levels of catalase in leaf

(a) and root (b) of Lablab
purpureus during salt stress.

Results are mean ± SE

(P \ 0.05), obtained from three

replicates Lower panel
Zymogram of CAT during salt

stress; 100 lg protein of each

sample (48 h control and

treated) was separated on non-

denaturing PAGE (12%) and

stained for enzymes as

described in ‘‘Materials and

methods’’

Fig. 3 Levels of glutathione

reductase in leaf (a) and root (b)

of Lablab purpureus during salt

stress. Results are mean ± SE

(P \ 0.05), obtained from three

replicates Lower panel
Zymogram of GR during salt

stress; 100 lg protein of each

sample (48 h control and

treated) was separated on non-

denaturing PAGE (12%) and

stained for enzymes as

described in ‘‘Materials and

methods’’

Fig. 4 Levels of amylase

activity in leaf (a) and root (b)

of Lablab purpureus during salt

stress. Results are mean ± SE

(P \ 0.05), obtained from three

replicates Lower panel
Zymogram of AMY during salt

stress; 100 lg protein of each

sample (24 h control and

treated) was separated on non-

denaturing PAGE (12%) and

stained for enzymes as

described in ‘‘Materials and

methods’’
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Fig. 5 Levels of acid

phosphatase activity levels in

leaf (a) and root (b) of Lablab
purpureus during salt stress.

Results are mean ± SE

(P \ 0.05), obtained from three

replicates Lower panel
Zymogram of AP during salt

stress; 100 lg protein of each

sample (48 h control and

treated) was separated on non-

denaturing PAGE (10%) and

stained for enzymes as

described under ‘‘Materials and

methods’’

Fig. 6 Levels of ascorbate

peroxidase, invertase, and

polyphenol oxidase in leaf and

roots of Lablab purpureus
during salt stress. Results are

mean ± SE (P \ 0.05),

obtained from three replicates
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of NaCl employed. Nevertheless, two bands, a very high

molecular weight band and another of intermediate size

decreased in their intensity under all the employed NaCl

concentration. Another high molecular weight band

exhibited intensification under salt stress (Fig. 7).

Discussion

Agronomic characteristics, such as survival, yield, growth

rate, RWC, and biomass are common criteria for measuring

salt tolerance. However, biochemical and physiological

parameters such as antioxidants, antioxidant enzymes and

metabolite- mediated enzymes, osmolytes, lipid peroxida-

tion, and chlorophyll destruction offer highly relevant cri-

teria to evaluate the extent of tolerance.

Salinity stress affects the development and underlying

mechanisms such as seed germination, seedling growth and

vigor, vegetative growth, flowering, and fruit set. A general

decline in physical parameters in Lablab during salt stress

in time- and concentration-dependent manner indicated

that the salt stress above 100 mM significantly affects the

growth potential. The decrease in growth can be attributed

to the reduced cell elongation resulting from decreased

turgor, cell volume, and cell growth, as has been observed

by Boyer (1988). Contrary to salinity-stressed soybean

(Murat et al. 2008) and chickpea (Welfare et al. 2002),

Lablab seedlings showed a moderate reduction in fresh and

dry weights up to 300 mM. Observed changes in shoot and

root lengths of Lablab were similar to those of salt-tolerant

Lucerne (Rogers et al. 2003), and salt- and temperature-

stressed French bean (Nagesh and Devaraj 2008). Never-

theless, salinity influenced Lablab shoot growth more

negatively than root, similar to Medicago citrina (Sibole

et al. 2005), indicating the moderate tolerance of the plant.

Reduced effect on the root growth could be due to

expenditure of more photosynthetic energy on root growth

in search of water and/or reducing water loss, thus main-

taining higher water relations.

Stress-induced decrease in mean area and number of

leaves of Lablab seedlings also contributed for the reduced

fresh mass and growth rate. A similar observation has been

made in a few trees (Gurumurthy et al. 2007). Such alter-

ations have been correlated with increased ABA and

decreased IAA in the salt-stressed plants. The RWC values

of root, leaves, and shoot of Lablab also suggested such an

arrangement.

The production of ROS has been shown to be a conse-

quence of photooxidative processes occurring during abi-

otic stress conditions such as; chilling, drought, salt, and

ozone stress (Foyer and Mullineaux 1994). During abiotic

stress, PSII becomes progressively reduced and ultimately

produces H2O2. ROS generation occurs via electron

transport reactions in mitochondria and chloroplasts. The

Mehler reaction in chloroplasts generates superoxide that is

converted to H2O2. The progressive increase in the levels

of H2O2 in leaves and roots with increasing concentration

of salt indicated the prevalence of greater stress in Lablab

up to 48 h of exposure. The Lablab plant does not seem to

be tolerant to salt beyond 300 mM and 48 h of exposure.

The elevated levels of H2O2 in stressed leaves could be due

to an increase in activity of SOD (Brou et al. 2007) and a

decrease in activity of CAT (Willekens et al. 1997). Our

results are in conformity with chill-stressed cucumber (Lee

and Lee 2000) and acid rain-treated French bean (Velikova

et al. 2000). Apart from removing acyl peroxides derived

from lipid peroxidation, and reduction of disulphide bonds

formed by ROS action on proteins, the GSH also acts as a

reductant for regeneration of ASC from dehydroascorbic

acid. Parallel increase in H2O2 and GSH in Lablab is also

in accordance with the observed induction of GSH syn-

thesis by H2O2 (May and Leaver 1993).

The strength of the oxidative stress relies on the inter-

action of several factors that determine the antioxidant

status of the plant. Ascorbate, the key antioxidant for the

elimination of ROS in the leaves and roots of stressed

seedlings increased progressively with exposure time and

concentration (Table 3), indicating effective scavenging of

ROS in Lablab. As powerful reducing agent, ASC main-

tains chloroplastic a-tocopherol and metalloenzyme activ-

ity and acts as reductant in enzymatic reactions and free

radical scavenging of superoxide and H2O2 radicals non-

enzymatically. ASC appears to have significant role in

Lablab. The increase of GSH in both leaf and root tissues is

considered to be responsible for generating ascorbate via

the ascorbate-GSH cycle. Parallel increase in ascorbate and

GSH at extended exposure and very high concentration of

Fig. 7 SDS-PAGE pattern of salt stressed seedlings of Lablab
purpureus. 100 lg soluble protein extracted from control (lane 1)

and stressed seedlings (lane 2–6, 100–500 mM, respectively) were

resolved on a 10% gel and stained with Coomassie Brilliant Blue R-

250
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salt in Lablab suggests efficient working of ascorbate–

glutathione cycle.

Phenols protect the cells from potential oxidative dam-

age and increase stability of cell membrane (Burguieres

et al. 2006). Antioxidative properties of phenols arise from

their high reactivity as hydrogen and electron donors, the

ability of polyphenol-derived free radical to stabilize the

unpaired electron (chain breaking function), and their

ability to chelate transition metal ions thereby terminating

the Fenton reaction (Rice-Evans et al. 1997). They can also

alter peroxidation kinetics by reducing the fluidity of the

membrane and preventing the diffusion of free radicals

(Arora et al. 2000). A marginal enhancement of total

phenols in leaves under higher concentration of NaCl

suggested that signals for these secondary metabolite-

mediated response is elicited under extreme dehydration

stress in Hyacinth bean. Levels of total phenol in roots,

however, showed a decline with time and concentration of

NaCl, suggesting no remarkable role in roots.

The accumulation of proline in the cytosol of certain

species has been shown to contribute to osmotic adjustments

and suggested to play a role as stress-related signal molecule

(Hare and Cress 1997). Parre et al. (2007) have demonstrated

that phospholipase-C mediates the accumulation of proline

in response to osmotic effect of NaCl. Gradual increase in

proline in leaves of hyacinth bean reflected the fact that

increasing concentration of NaCl has caused considerable

osmotic effect, and the plant employs proline as an osmo-

protectant. Such responses have been observed in variety of

leguminous plants, including pea (Bandeoglu et al. 2004)

and chickpea (Eyidogan and Oz 2007) under salt stress.

Proline biosynthesis and accumulation bears a direct corre-

lation with carbohydrate levels and is related to acquisition

of salt tolerance in plants (Hare and Cress 1997). In addition

to their role in osmoprotection, soluble sugars play an

important role in biosynthetic processes, energy production,

stabilization of cellular membranes, maintenance of turgor,

and signaling (Nayer and Reza 2008). Elevated levels of

soluble sugars in concentration-dependent manner during

the first 24 h of exposure suggested probability of sugar-

mediated proline biosynthesis in Lablab purpureus. How-

ever, inverse relationship between proline and soluble sug-

ars during prolonged exposure indicated no significant role

for carbohydrates and/or carbohydrate metabolic enzymes

in osmotic regulation.

ROS causes chlorophyll degradation and membrane

lipid peroxidation. Decrease in chlorophyll and carotenoid

contents of leaves in response to salt stress is a general

phenomenon (Parida and Das 2005). However, there are

exceptions showing increased pigment content (Wang and

Nil 2000). Decreased chlorophyll content in Lablab pur-

pureus indicated susceptibility to prolonged exposure and

high salt concentration. Such decrease in chlorophyll

contents have been reported from salt-sensitive cotton

(Meloni et al. 2003) and Phaseolus vulgaris (Yasar 2007).

In addition to oxidative damage, increased chlorophylase

activity has been implicated in chlorophyll degradation

during stress conditions (Singh and Jain 1981). Thus, the

observed reduction in chlorophyll content could be a result

of both decreased synthesis and increased degradation

under salt stress.

The increase in sugar concentration may be a result of

starch degradation, inhibition of starch synthesis (Chaves

1991), sequestration of photosynthates, and inhibition of

invertase. A marginal increase in total sugar during first

24 h, a decline during further exposures in leaves, and a

measurable increase during all the time points of exposure

up to 0.3 M NaCl in roots of Lablab indicated that osmotic

homeostasis differs in leaves and roots. The decreased

activity of invertase in both leaves and roots of Lablab also

supports these results. The results also indicated that sugar-

mediated osmotic regulation in leaves holds good only for

short-term exposures.

The accumulation of free radicals in stressed plants

cause oxidation of polyunsaturated fatty acids in the

plasma membrane resulting in the formation of malondi-

aldehyde or TBARS (Hernandez et al. 2000). Elevated

levels of TBARS are thus a measure of lipid peroxidation

and membrane damage. Correlation of TBARS with con-

centration and duration of salinity suggested a greater lipid

peroxidation in roots. Such increase in root TBARS content

was observed in number of plants, viz. O. sativa (Khan and

Panda 2008) and C. angustifolia (Agarwal and Pandey

2004). Absence of significant increment in peroxidation in

Lablab bean beyond 300 mM NaCl could be a result of

inhibition of peroxidation by ROS at higher concentrations

of NaCl. This inhibition is due to decrease in water

potential from the very beginning of stress, which might

limit diffusion of H2O2 from its sight of generation. Similar

observation has been reported for tomato roots (Gapinska

et al. 2008).

Antioxidant enzymes, which play crucial role in miti-

gation of oxidative stress, have been shown to be elevated

under variety of stresses (Manchanda and Garg 2008). APX

and POX which reached highest levels beyond 200 mM

NaCl at 48 and 72 h of exposure coincided with increased

levels of H2O2, indicating their role in detoxification of

H2O2 in Lablab leaves under high salinity stress. Higher

levels of GSH, GR and ascorbic acid, which coincided with

enhanced levels of POX, further suggested that GR activity

provided the reductant (reduced ASC), necessary for POX

to reduce H2O2 under salinity stress of up to 400 mM. A

similar trend in POX and GR has been reported from

chickpea stressed with NaCl (Eyidogan and Oz 2007).

Only a marginal increase in POX up to 200 mM and steady

decline in GR indicated that the combination of the two
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enzymes do not contribute to reduction of H2O2 in roots,

which is 7–8 times higher than leaf. This apart, the isozyme

patterns of the POX and GR in roots and leaves differed,

indicating a different set of genes being involved in roots

and leaves of Lablab. Increased GR is associated with salt

tolerance; however, the reduced levels of GR in roots of

Lablab suggested that the root is not tolerant, especially

beyond 200 mM. From these observations, it can be opined

that the Lablab root system does not utilize GSH–ASC

cycle efficiently similar to chickpeas and French bean

(Nagesh Babu and Devaraj 2008).

Along with POX and GR, CAT is also involved in

detoxification of H2O2. A slight drop in root and a steep

decline in leaf CAT activity in Lablab suggested no role for

CAT in leaves. Nevertheless, levels of CAT and isozyme

pattern in roots indicated a probable role for the enzyme in

detoxification of ROS. This kind of increased POX and GR

associated with decreasing CAT in leaves has been repor-

ted from chickpea (Eyidogan and Oz 2007) and French

bean (Nagesh Babu and Devaraj 2008). Contrary to this,

elevated levels of POX in roots and enhanced levels of GR,

POX, and CAT observed in lentils suggested better pro-

tection of root system against salt.

PPO activity increases during the progression of stress

and is a possible tolerance mechanism as demonstrated in

peach seedlings subjected to freezing stress (Szalay et al.

2005) and salt-stressed C. angustifolia (Agarwal and Pan-

dey 2004). PPO levels in Lablab indicated a possible role

during early 24 h of exposure at lower concentration of salt

up to 300 mM, in both, leaf, and root tissues.

Apart from antioxidant enzymes, which have been

unequivocally implicated in stress response, there are also

scanty reports of induction of metabolite enzyme, b-

amylase under abiotic stress (Yang et al. 2007). Increased

levels of amylase, as observed by in vitro levels and in-gel

assays suggested induction of amylase in leaves of Lablab.

The induction of amylase could be due to NaCl-induced

osmotic signals, which in turn could be linked to increased

maltose content or total soluble sugars. Phosphatases are

known to act under salt and water stress by maintaining a

certain level of inorganic phosphate, which can be co-

transported with H? along a gradient of proton motive

force (Olmos and Hellin 1997). Lohrasebi et al. (2007) and

others have identified APs which are specifically expressed

under stress and phosphate starvation. The isozyme pat-

terns in root and leaves of Lablab indicated a similar

expression pattern. The decline of AP in leaf tissue sug-

gested that the salt stress represses these genes while

inducing those specific to root.

In conclusion, Lablab plant is tolerant to salt up to

200 mM, which is well above the general levels for

legumes. The antioxidant system in leaves involves the

non-enzymatic components GSH, Asc and proline, and

enzymatic components such as POX, GR and to a lesser

extent, PPO. The plant exhibited distinct salt-response

mechanisms in leaves and roots, and the root system is less

tolerant than the leaf system.
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