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Abstract The present investigation was conducted to evaluate salt tolerance in ten geno-
types of soybean (Glycine max L.). Twelve-day-old seedlings, grown hydroponically, were
treated with 0, 25, 50, 75, 100, 125 and 150 mM NaCl for 10 days. Growth, lipid
peroxidation and antioxidant enzyme activities were evaluated. Growth, measured in terms
of length, fresh weight and dry weight of plants, was drastically reduced in Pusa-24 while
there was little effect of NaCl treatment on Pusa-37 genotype of soybean. High level of lipid
peroxidation was observed in Pusa-24 as indicated by increased level of malondialdehyde.
Activities of superoxide dismutase, catalase, ascorbate peroxidase and glutathione reductase
were maximum in Pusa-37 where 9-, 1-, 5- and 6-fold increase over control were observed,
respectively. The results suggested that Pusa-24 and Pusa-37 are salt-sensitive and salt-
tolerant genotype of soybean, respectively, and antioxidant defence system is involved in
conferring the sensitiveness and tolerance in these genotypes. Salt-tolerant genotype Pusa-37,
was further analysed by 2-dimensional gel electrophoresis to analyse the differential expression
of proteins at high salt stress. In the present study, 173 protein spots were identified. Of these, 40
proteins were responsive to salinity in that they were either up- or downregulated. This study
could help us in identifying the possible regulatory switches (gene/s) controlling novel proteins
of the salt-tolerant genotype of the crop plants and their possible role in defence mechanism.
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Abbreviations

APX Ascorbate peroxidase

BSA Bovine serum albumin

CAT Catalase

DW Dry weight

EDTA Ethylenediaminetetraacetic

FW Fresh weight

GR Glutathione reductase

GSH Reduced glutathione

GSSG Oxidised glutathione

MDA Malondialdehyde

NBT Nitroblue tetrazolium

ROS Reactive oxygen species

SOD Superoxide dismutase

TBA Thiobarbituric acid

TCA Trichloroacetic acid

MALDI-TOF-MS  Matrix-assisted laser desorption ionisation time-of-flight mass
spectrometry

Introduction

Over 800 million ha of land throughout the world are salt affected, either by salinity (397
million ha) or the associated condition of sodicity (434 million ha) [1]. This is over 6 % of the
world’s total land area. However, a significant proportion of recently cultivated agricultural land
has become saline because of land clearing or irrigation. Of the 1,500 million ha of land farmed
by dry land agriculture, 32 million (2 %) are affected by secondary salinity to varying degrees.
Of the current 230 million ha of irrigated land, 45 million ha are salt affected (20 %) [1]. Soil
salinity continues to be one of the world’s most serious environmental problems in agriculture.
It limits agricultural production throughout the world. Salt stress induces various biochemical
and physiological responses in plants and affects almost all plant processes [2]. Salt stress can
affect plant survival, biomass, plant height and plant form, where such changes in morphology
affect the capacity of a plant to collect light, water and nutrients [3].

Genetic variability within a species offers a valuable tool for studying mechanisms of salt
tolerance. Soybean (Glycine max (L.) Merr.) is the first largest oil seed crop in India and
played a major role in upliftment of socio-economic status of Indian farmers. Indian soybean
has to be globally competitive in the present era of opening up world trade and liberalised
economy. India produced 5.60 mt of soybean in an area of 6.0 mha during 2001-2002 with
an average of 0.93 t/ha and contributed 3.17 % of total global production [4]. Soybean-
producing regions in India range from the lower Himalayan Hills and Northern Plain in the
north to the Deccan plateau. The soybean varieties cultivated in these areas were developed
through separate breeding programmes. Identification of diverse genotypes is the prerequi-
site for improvement of any trait in the crop plants. Over the past few years, much attention
has been concentrated on resolving the identity of salt-stress proteins, in order to identify and
understand the role of proteins in soybean salt tolerance. However, at present much of their
functions are still unclear. Studying differential responses of genotypes in terms of
antioxidant defence system and proteins alteration, with contrasting stress tolerance will
help to dissect the underlying salt-stress tolerance mechanisms. In the present study, a
concerted effort was made firstly to study the physiological response of soybean geno-
types under salt stress by analysing antioxidative defence mechanism and secondly, to
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analyse differential protein expression of salt-tolerant genotype by using 2-dimensional
gel electrophoresis.

Materials and Methods

Seeds of soybean genotypes (Pusa-20, Pusa-40, Pusa-37, Pusa-16, Pusa-24, Pusa-22,
BRAGG, PK-416, PK-1042 and DS-9712) were obtained from the Indian Agricultural
Research Institute, New Delhi, India. These genotypes were surface sterilised and sown in
soilrite (Soilrite Mix, Keltech Energies Limited, Bangalore). After 3 days of proper germi-
nation, the seedlings were transferred to Hoagland’s solution [5] with the following com-
position of macro- and micronutrients (in mM), 2.4 Ca (NOs),, 1.0 KH,PO4, 3.0 KNO;, 1.0
MgSO, and 0.5 NaCl and (in pM) 23.1 H3BOs3, 4.6 MnCl,, 0.38 ZnSQOy, 0.16 CuSOy, 0.052
H,;Mo00, and 44.8 FeSOy, (as ferric sodium-ethylenediaminetetraacetic (EDTA) complex) in
hydroponic culture system. The growth chamber was maintained at a photosynthetic photon
flux density of 430 umolm >s ™', 14 h of light, 10 h of dark and a relative humidity of 60 %.
The nutrient solution was bubbled with sterile air and changed on alternate days. Ten-day-
old seedlings were given seven levels of salt in the form of NaCl viz., TI=0 mM NaCl, T2=
25 mM NaCl, T3=50 mM NaCl, T4=75 mM NaCl, T5=100 mM NaCl, T6=125 mM NaCl
and T7=150 mM NaCl. Growth performance, anti-oxidant defence mechanism and pro-
teome expression were studied after 12 days of salt treatment.

Determination of Fresh Weight, Dry Weight and Length of Plant

Fresh weights (FW) of shoots and roots were weighed on an electronic top pan balance
(Model BL-210-S, Sartorius, Germany). For dry weight (DW), determination samples were
oven dried at 65+2 °C for 72 h and then weighed independently. FW and DW were
expressed in grammes per plant. Length of the plant was measured by using a metric scale
and expressed in centimetre.

Lipid Peroxidation

The level of lipid peroxidation in the leaves was determined as malondialdehyde (MDA)
content by the method of Heath and Packer [6]. Fresh tissue was ground in 0.1 % trichloroacetic
acid (TCA) with a mortar and pestle and centrifuged at 10,000 rpm for 5 min; 1.0 ml of
supernatant was taken in a separate test tube, to which 4.0 ml of 0.5 % thiobarbituric acid (TBA;
w/v) was added. The mixture was heated at 95 °C for 30 min. It was then quickly cooled in an
ice bath and re-centrifuged at 5,000 rpm for 5 min to suspend the turbidity. The absorbance of
the supernatant was read at 532 and 600 nm, corrected for unspecific turbidity by subtracting
the value at 600 nm. TBA reagent was used as blank. The concentration of MDA was calculated
using an extinction (¢) of 155 mM 'ecm ™' and expressed as nanomoles per gramme of FW.

Estimation of Proline Content

To determine free proline level, 0.5 g of leaf samples from each group were homogenised in
3 % (w/v) sulphosalycilic acid and then homogenate filtered through filter paper [7]. Mixture
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was heated at 100 °C for 1 h in water bath after addition of 2 ml of 1 % ninhydrin and 2 ml of
75 % glacial acetic acid. Reaction was then stopped by ice bath. The mixture was extracted
with toluene and the absorbance of fraction with toluene aspired from liquid phase was read
at 520 nm. Proline concentration was determined using calibration curve and expressed as
micromoles proline per gramme of FW.

Enzyme Assays

Leaves were ground with a mortar and pestle in liquid nitrogen and homogenised with ice-
cold 50-mM sodium phosphate buffer (pH 6.8) containing 1 mM EDTA and 2 % (w/v)
polyvinylpolypyrrolidone. The whole extraction procedure was carried out at 4 °C. The
homogenate was centrifuged at 13,000xg for 40 min at 4 °C and supernatant used for assays
of the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase
(CAT) and glutathione reductase (GR). In vitro assay of SOD activity was determined by
monitoring its ability to inhibit photochemical reduction of nitroblue tetrazolium (NBT) at
560 nm [8]. The assay mixture consists of 1 ml of reaction buffer, 1 M sodium bicarbonate,
200 mM methionine, 3 mM EDTA, 60 uM riboflavin and 100 pl of enzyme extract in a test
tube. Test tubes were shaken and placed 30 cm from light bank consisting of six 15 W
fluorescent lamps. The reaction was allowed to run for 10 min and stopped by switching the
light off. The reduction in NBT was followed by reading absorbance at 560 nm. Blanks and
controls were run the same way but without illumination and enzyme, respectively. One unit
of SOD was defined as amount of enzyme which produced a 50 % inhibition of NBT
reduction under the assay conditions [9]. The activity was expressed in enzyme unit (EU) per
milligramme protein per hour.

In vitro assay of APX activity was estimated by the method used by Nakano and Asada
[10]. To assay enzyme activity, the rate of H,O,-dependent oxidation of ascorbic acid was
determined. Reaction mixture contained 1.5 ml of the reaction buffer, 0.1 ml of 0.3 % H,O,
(v/v), 0.1 ml of the reaction buffer, 0.1 ml of 0.3 % H,0,, 0.1 ml of 0.5 mM ascorbate, 3 mM
of 0.1 m of EDTA and 100 ul of the enzyme extract. APX activity was determined
spectrophotometrically by monitoring the decrease in ascorbate at 4290 (¢=2.8 mM '
em ') as described by Nakano and Asada [10]. One EU determines the amount of enzyme
necessary to decompose 1 pmol ascorbatemg ' of proteinmin ' at 25 °C and expressed as
EU per milligrammes of protein.

In vitro activity of CAT was determined by the method of Aebi [11]. The activity was
determined by monitoring the disappearance of H,O, measuring a decrease in the absor-
bance at 240 nm. The reaction was carried in a reaction mixture containing 1.0 ml of the
reaction buffer, 0.1 ml of EDTA, 0.1 ml of the enzyme extract, 0.1 ml of H,O, and allowed
to run for 3 min. The enzyme activity was calculated using the extinction coefficient
0.036 mM 'cm™'. One EU determines the amount of enzyme necessary to decompose
1 pmol of H,O,mg ' proteinmin ' at 25 °C and expressed as EU milligrammes protein.

In vitro assay of GR activity was determined by the method of Foyer and Halliwell [12].
The GR activity was determined by stoichometric conversion of nicotinamide adenine
dinucleotide phosphate (NADPH) at the baseline level of NADPH absorbance at 340 nm.
The reaction mixture contained 1 ml reaction buffer (0.2 mM NADPH and 0.5 mM oxidised
glutathione (GSSG)) and 0.1 ml of the enzyme extract. The activity was calculated by using
extinction coefficient of 6.2 mM 'em ' and expressed as EU per milligramme of protein.

Protein concentration was determined according to Bradford [13], using bovine serum
albumin (BSA) as a standard.
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Proteome Analysis

Protein Extraction The 12-day-old seedlings of Pusa-37 (salt tolerant) genotype of soybean
were treated with six different NaCl treatments (0, 25, 50, 75, 100, 125 and 150 mM NaCl
for 10 days). Proteins were extracted using the method of Damerval et al. [14]. The leaf
tissue (5 g) was frozen in liquid N, and ground to a fine powder using a ceramic mortar and
pestle; 1.0 g of the resulting powder was suspended in 5 ml of chilled (4 °C) extraction
buffer containing 175 mmoll™" tris(hydroxymethyl) aminomethane hydrochloride (pH 8.8),
50 gl™! sodium dodecyl sulphate (SDS), 150 mll™" glycerol, 0.70 mlI™' 2-mercaptoethanol
and 10 mll™' plant protease inhibitor mix, and grinding was maintained for an additional
30 s. Homogenised cell debris was removed by filtering the homogenate through two layers
of Miracloth and centrifuged at low speed (500%g) at 4 °C for 15 min. The supernatant was
collected and mixed by vortexing with 20 ml of cold acetone containing 100 gI”' TCA and
0.70 mll™" 2-mercaptoethanol and was kept at —20 °C for at least 1 h to allow protein
precipitation. Precipitated proteins were centrifuged at 15,000xg at 4 °C for 45 min, and the
pellet obtained was washed three times with a cold water/acetone solution (20:80, v/v)
containing 0.70 mll™" 2-mercaptoethanol and between rinses was centrifuged at 15,000xg
for 15 min. Successively, the supernatant was removed and the pellet was slowly dried under
nitrogen and resuspended in the isoelectric focusing (IEF) extraction solution consisting of
9 moll " urea, 20 gl 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulphonate,
30 gl™! dithiothreitol (DTT) and 20 mll™" at pH 4—7 ampholytes. In order to obtain a
complete protein solubilisation, the sample was incubated for 2 h at 33 °C. Finally, the
sample was centrifuged at 15,000xg at 4 °C for 30 min, and the supernatant was subjected to
IEF. The protein was quantified using 2D Bradford kit (Bio-Rad Laboratories, Hercules,
CA) with BSA as the standard.

Two-Dimensional Electrophoresis Two-dimensional electrophoresis (2-DE) of proteins was
performed in accordance with the method of O’Farrel [15] with some modifications. Briefly,
450 pl of solution containing 500 pg of proteins was applied in the strip holder and
immobilised pH gradient strips (7 cm, pH 4-7) were placed and covered with mineral oil.
IEF was carried out by using an IEF system (Protean IEF Cell, Bio-Rad), applying the
following conditions. For the rehydration step, the voltage was maintained for 12 h at 30 V,
then the proteins were focused for 1 h at 500 V, 1 h at 1,000 Vand 8 h and 20 min at 8,000 V.
The temperature was maintained at 20 °C and the current was 50 @A per strip. After IEF, the
strips were equilibrated in DTT solution (Bio-Rad) followed by iodoacetamide solution
(Bio-Rad) as described by Chivasa et al. [16] and then stored at —20 °C. The second-
dimension separation of proteins was performed according to the method of Laemmli [17]
on a 12.5 % SDS polyacrylamide gel using Mini Protean tetra cell electrophoresis unit
(Bio-Rad). The electrophoresis was carried out at 25 °C and 2.5 W/gel for 30 min and
then 17 W/gel for 5 h and 40 min until the bromophenol blue dye front arrived at the
bottom of the gels. Following SDS polyacrylamide gel electrophoresis (PAGE), gels were
stained with Coomassie R 250 in accordance with the manufacture’s manual (Bio-Rad).
Molecular weights of the proteins were compared with reference to broad-range protein
marker (Bio-Rad) of known molecular weights used.

Gel Image and Data Analysis Two-dimensional (2D) wet gels were scanned by a Bio-Rad
GS 710 Calibrated Imaging Densitometer and the comparison of protein patterns was done
automatically using the ImageMaster™ PDQuest software (version 8.0) of Bio-Rad. The
optimised parameters were as follows: saliency, 2.0; partial threshold, 4; and minimum area,
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50. The intensity of the spots was normalised to that of landmark proteins used for internal
standardisation. Spots were quantified on the basis of their relative volume, which was
determined by the ratio of the volume of a single spot to the whole set of spots.

Scoring Methods and Statistical Analyses Spots were detected and quantified by the Gauss-
ian method. The groups were defined after aligning and matching. PDQuest automatically
computes the quantification values in per cent of volume (%volume). For each matched spot,
the %volume was calculated as its volume divided by the total volume of matched spots
(referred to hereafter by intensity). To compare the intensity of each polypeptide, the
following model was run using the PROC GLM of SAS Statistical Package (1990),

Yix = Vil Nj 1 VNj 1 B 1 NBy 1 Eij,

where V; is the variety effect, j is the N level effect, VNj; is the interaction between variety
and N level, By is the repetition or block effect, NBjy is the interaction between treatment and
block and Ejj is the residual effect. All the effects were tested against the residual (Ejj)
except the treatment effect, which was tested against NBjy in order to take into account the
split-plot structure.

Only those with significant (quantitative changes more than 2-fold in abundance) and
reproducible changes in three replicates were used for further analysis.

Mass Spectroscopy Analysis

(a) In-gel digestion

The excised gel spots were destained by 100 pl of destain solution (30 mM
potassium ferricyanide (Sigma) in 100 mM sodium thiosulfate (Merck)) with shaking
for 5 min. After the solution was removed, the gel spots were incubated with 200 mM
ammonium bicarbonate (Sigma) for 20 min. The gel pieces were dried in a speed
vacuum concentrator for 5 min and then rehydrated with 20 pl of 50 mM ammonium
bicarbonate containing 0.2-pg modified trypsin (Sigma) for 45 min on ice. After
removal of solution, 30 ul of 50-mM ammonium bicarbonate was added and the
digestion was performed overnight at 37 °C.

(b) LC-MS/MS analysis

For analyses by MS/MS, 15 ul of the peptide solutions from the digestion super-
natant was diluted with 30 pl in 5 % formic acid, loaded onto the column and washed
with 30 ul of 5 % formic acid. Peptides were eluted with 2.0 ul methanol/water/formic
acid (50/49/1, v/v/v) directly into a pre-coated borosilicate nanoelectrospray needles
(EconoTipTM, New Objective). MS/MS of peptides generated by in-gel digestion was
performed by nano-ESI on a Q-TOF2 mass spectrometer (Micromass, Manchester,
UK). The source temperature was 80 °C. A potential of 1 kV was applied to the pre-
coated boron silicate nano-ESI needles in the ion source combined with a nitrogen
back-pressure of 0-5 psi to produce a stable flow rate (10-30 nl/min). The mass
spectrometer operated in an automatic data dependent MS/MS to collect ion signals
from the eluted peptides. In this mode, the most abundant peptide ion peak with doubly
or triply charged ion in a full-scan mass spectrum (m/z 400—1,500) was selected as the
precursor ion. Finally, an MS/MS spectrum was recorded to confirm the sequence of
the precursor ion using collision-induced dissociation with a relative collision energy
dependant on molecular weight. The cone voltage was 40 V. The quadrupole analyser
was used to select precursor ions for fragmentation in the hexapole collision cell. The
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collision gas was Ar at a pressure of 6—7* 105 mbar, and the collision energy was 20—
30 V. Product ions were analysed using an orthogonal TOF analyser, fitted with a reflector,
a microchannel plate detector and a time-to-digital converter. The data were processed
using a Mass Lynx Windows NT PC system. To identify the protein, peptide masses from
matrix-assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-
TOF-MS) were matched with the theoretical molecular weight of peptides for proteins in
the NCBI database using MASCOT software. Also, all MS/MS spectra recorded on
tryptic peptides derived from spot were searched against protein sequences from NCBInr
and EST databases using the MASCOT search program (www.matrixscience.com).

Statistical Analysis

All analyses were done on a completely randomised design. All data obtained were subjected to
one-way analyses of variance, and the mean differences were compared by lowest standard
deviations test. Each data point was the mean of six replicates (n=6) and comparisons with p
values of <0.05 were considered significantly different (Table 1). In all the figures, the spread of
values is shown as error bars representing standard errors (SE) of the means

Results
Growth Parameters

Growth of soybean genotypes was measured in terms of plant shoot length and root length,
plant FW and DW on day 12 of salt treatment. Enormous variability in the growth of soybean
genotypes was observed under various levels of salt treatments. The growth of Pusa-24, PK-416
and Pusa-20 was significantly reduced at all the NaCl treatments. The reduction in the plant
length (shoot and root), FW and DW of Pusa-24 was 23—67, 3273, 22-36 and 20-85 %. PK-
416 was 1941, 12-31, 21-80 and 46-95 %, respectively, and that of Pusa-20 was 12-20, 11—
19, 5-68 and 24-77 %, respectively. There was no significant effect of any NaCl treatment on
the growth of Pusa-37. The growth of BRAGG and PK-1042 was only affected significantly at
150 mM NaCl treatment (T6). Pusa-16, Pusa-22, Pusa-40 and DS-9712 were able to tolerate
NaCl treatment up to the level of 75 mM (T3) as observed in terms of growth (Tables 1 and 2).

Proline Accumulation

Proline accumulation in the soybean genotypes increased significantly with increasing levels
of NaCl treatments, except Pusa-24. Genotype PK-416 and Pusa-20 showed significant
increase only at T1 (25 mM NaCl). The percent increase in the proline accumulation was
94-188 in Pusa-37 followed by BRAGG 64-178 and PK-1042 26-79 %, respectively by
NaCl treatments when compared with control. Maximum increase was observed at T6
(150 mM NaCl) treatment (Fig. 1).

Lipid Peroxidation
In order to evaluate the level of lipid peroxidation caused by oxidative stress generated by

saline conditions, MDA level was determined in soybean genotypes subjected to different
level of NaCl for 12 days. Maximum amount of the MDA (2.5-fold) was reported in Pusa-24
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proline content (nmol g-1 FW)
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Fig. 1 Proline accumulation (in nanomoles per gramme of FW) in the soybean genotypes at different NaCl
concentrations

followed by PK-416 and Pusa-20, which is significant at all levels of NaCl treatments, compared
with control. The MDA level in Pusa-37, BRAGG and PK-1042 were 10, 20 and 25 %,
respectively higher over control. The percent increase of MDA in Pusa-16, Pusa-22, Pusa-40
and DS-9712 was 62, 75, 61 and 57 %, respectively when compared with control (Fig. 2).

Antioxidant Enzymes

Activity of SOD showed large variation in soybean genotypes at various levels of NaCl
treatments. There was up to 9-fold increase in the activity of SOD in Pusa-37, BRAGG and
PK-1042 by NaCl treatments over control. No significant effect of NaCl treatment was
reported in SOD activity of Pusa-24, PK-416 and Pusa-20, when compared with control. The
SOD activity increased significantly in Pusa-16 (29 %), Pusa-22 (21 %), Pusa-40 (22 %) and
DS-9712 (19 %) with all level of NaCl treatment when compared with control. However,
maximum SOD activity was reported at T3 (75 mM NaCl) (Fig. 3).

Salt (NaCl) treatment induced the CAT activity differently in soybean genotypes. Max-
imum induction (18-337 %) was observed in Pusa-37 by NaCl treatments. There was no

MDA content
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Fig. 2 MDA Content (in nanomoles per gramme of FW) in the soybean genotypes at different NaCl
concentrations
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SOD activity (EU) mg-1 protein
270 (0mM) 8T1 (25mM) S T2 (50mM) BT3 (75mM) @ T4 (100mM) GT5 (125mM) BT6 (150mM)

250+

200 A

B T e

150 4

100

504}

SERSEARSSAARRAARLASRCARR ARG 7

AN T 1

RIS LIS LIE S
e e E
L ILIILILEISID Y

OO |

CRRREITTEIEENR -
LA .

wrrrrress

LTS
fre

OROURONRINCE

o 4 i NE 4 i 3
Pusa-37Pusa-16Pusa-22Pusa-40059712 BRAGG PK1042 PK416 Pusa-20Pusa-24

] Ed i i = i

Fig. 3 SOD activity (EU; in milligrammes of protein) in the soybean genotypes at different NaCl
concentrations

significant effect of NaCl treatments on the CAT activity in Pusa-24, PK-416 and Pusa-20,
when compared with control. The activity of CAT was increased by 19-36, 21-35, 18-79
and 19-55 % in Pusa-16, Pusa-22, Pusa-40 and DS-9712, respectively with the increase in
the level of NaCl up to 75 mM (T3). The highest CAT activity was observed under (100—
150 mM) NaCl stress in these genotypes (Fig. 4).

APX activity showed large variation in soybean genotypes following NaCl treatments.
Maximum APX activity was induced in Pusa-37 (3-fold) followed by BRAGG (1.7-fold)
and PK-1042 (1.3-fold) with the increasing levels of NaCl treatments. PK-416 and Pusa-20
did not show any significant change in APX activity by NaCl treatments when compared
with control. The APX activity increased significantly in Pusa-16 (19 %), Pusa-22 (15 %),
Pusa-40 (14 %) and DS-9712 (17 %) with all levels of NaCl treatments. The maximum
activity was observed with T3 treatment (Fig. 5).

There was a significant increase in GR activity by NaCl treatments in all genotypes
except PK-416 and Pusa-20. Maximum increase in GR activity was observed in Pusa-37 (6-
fold), followed by BRAGG (5-fold) and PK-1042 (3.1-fold) by NaCl treatments. The GR
activity in Pusa-16, Pusa-22, Pusa-40 and DS-9712 was in the range of 22-58, 2669, 26—
86, 23-58 %, respectively by NaCl treatments, when compared with control (Fig. 6).
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Fig. 4 CAT activity (EU; in milligrammes of protein) in the soybean genotypes at different NaCl
concentrations
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Fig. 5 APX activity (EU; in milligrammes of protein) in the soybean genotypes at different NaCl concentrations

Proteome Analysis

To investigate the response of Pusa-37 (salt tolerant) genotype of soybean to salt stress, 12-
day-old untreated and 150-mM NaCl-treated seedlings were used for proteome analysis.
Proteins were extracted from the leaves of the seedlings, separated by 2D PAGE and stained
with Coomassie brilliant blue. Digital image analysis revealed 173 protein spots (Fig. 7). Of
these, 40 proteins were responsive to salinity in that they were either up- or downregulated.
Nineteen protein spots (3, 4, 7, 14, 15, 17, 19, 25, 27, 28, 31, 32, 33, 34, 35, 36, 37, 39 and
40) consistently showed significant and reproducible changes in their levels (2- to 7-fold),
six protein spots (2, 8, 11, 10, 22 and 23) were downregulated and 14 protein spots (1, 5, 6,
9, 12, 13, 16, 18, 21, 24, 26, 29, 30 and 38) showed no significant changes in their
expression level under high salt treatment in each replicate experiment (Fig. 8).

Identification of Differentially Expressed Proteins
Twenty protein spots with significant changes in their expression profile were excised

manually from 2D gels for tryptic digest and subjected to mass spectrometry. To identify
the protein, peptide masses from MALDI-TOF-MS were matched with the theoretical

GR activity mg-1 protein
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Fig. 6 GR activity (EU) (mg'protein) in the soybean genotypes at different NaCl concentrations
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Fig. 7 Representative 2-DE  p
maps of soybean leaf proteins; Mkd)
20 days old soybean seedlings

were treated with 150 mM NaCl

for 24 h. Total leaf proteins were 97
extracted and separated by 2-DE.

In IEF, 150 pg of proteins were 66
loaded onto pH 4-7 IPG strips

(7 cm, linear). SDS-PAGE was

performed with 12.5 % gels. The 43

PH

spots were visualised by Comas- 2
sie brilliant blue staining. Differ-
entially expressed protein spots 20

are indicated by arrows in map of |,
control sample (a). Nineteen
upregulated spots are indicated in 3
the map by upward arrows in
NaCl-treated sample (b), six

down regulated spots are indicat- B
ed on the map by downward ar- M(kd) E 4 5 6 7
row NaCl-treated sample (b). The
protein spots that are not affected
significantly are encircled in
NaCl-treated sample (b) 97

66

43

29

20

14

molecular weight of peptides for proteins in the NCBI database using MASCOT software
(www.matrixscience.com) (Table 3).

Discussion

Soil salinity is the major factor limiting crop yield and productivity in the world over. Also in
India intensive agronomic practices, poor water management, irrigation without sufficient
drainage systems, long periods of hot and dry seasons and high levels of evaporation lead to
the salinisation of almost 2.8 million ha of agricultural land [18]. Shoot and root growth
inhibition is a common response to salinity, and plant growth is one of the most important
agricultural indices of salt-stress tolerance as indicated by different studies [19, 20]. Our
results showed that there was large variability in the response of soybean genotypes to salt
treatments in terms of their length, DW and FW. The genotypes, PK-416 and Pusa-20
appeared to be the most salt-sensitive genotypes as inferred from their significantly reduced
length, FW and DW in response to the exposure to NaCl. Increased in reductions of these
parameters were observed with increased levels of NaCl treatments. Pusa-37 appeared to be
the most tolerant soybean genotype since no significant effect of NaCl treatment on growth
was found. The growth of BRAGG and PK-1042 was reduced significantly only by the
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Fig. 8 Expression changes of
some soybean leaf proteins after
exposure to the 150 mM NaCl
stress. Histograms represented
leaf spot volumes of control and
treated samples. Data were pre-
sented as means of relative spot
volumes+SE
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Table 3 Differentially expressed salt-responsive proteins and their identification by MS

Spot  Protein name Exp. MW Cal. MW  Mascot Accession Query Functional

No. kDa (PI) kDa (PI)  score No. matched category

3 Cysteine proteinase 14.4/42  11.4/498 101 P09229 6 Sulphur metabolism
inhibitor-I

4 Elongation factor 27/4.3 23.6/4.86 101 P29545 1 Protein Synthesis

8 ATPase beta-subunit 48.3/5.2  45.26/526 178 BAC85045.1 15 Energy metabolism

10  UDP-glucose 44.1/5.5  51/5.8 27 BAB69069 10 Glucose synthesis
pyrophosphate

12 Riblose large subunit 30.7/5.45 52.8/6.09 83 Q37335 16 Photosynthesis

14 Catalase 66/6.9 56.58/6.8 85 TC139229 1 Redox reduction

17 Triosephosphate 22.8/5.3  27/5.38 139 QI9FS79 14 Carbohydrate
isomerise metabolism

26  Putative nuclear RNA 40.48/6.2 40.42/6.37 101 35 16328 4 Protein synthesis
binding protein

27  Ferrodoxin-like protein ~ 35/6.3 22.1/445 144 Q8RVZ9 22 Oxidoreductase

activity

28  Putative 29.28/5.1 27.8/5.65 73 TC132873 5 Redox regulation
monodehydroascorbate
reductase

30 Riblose-5-phosphate 20.33/5.2  19.7/4.69 134 gi|167096 23 Photosynthesis
isomerase

33 Photosystem II oxygen  22.8/6.3 19.8/4.81 73 T02066 7 Photosynthesis
involving enhancer
protein

34 Fructokinase 43.16/5.3 35.5/5.02 93 TC147014 3 Stress-induced

protein

35  Peroxidase 32.52/6.0 36.55/591 27 AAC49818 7 Antioxidant enzyme

39  Lipooxygenase 94.12/5.1 96.39/5.73 64 TC146955 2 Antioxidant enzyme

40  Glycine dehydrogenase  20.7/6.2 11.12/6.34 397 T46636 49 Energy metabolism

150 mM NaCl treatment (T6). Pusa-16, Pusa-22, Pusa-40 and DS-9712 showed their
tolerance behaviour of up to 75 mM NaCl. Biomass differences among plant species under
saline conditions are important in determining tolerance. Similar to our findings, growth was
less affected in salt-tolerant sugar beet and moderately salt-tolerant cotton [21]. To work out
the physiological mechanism of this variability in soybean genotypes in response to various
levels of salt treatments, we have investigated the level of lipid peroxidation and possibility of
the role antioxidant defence system in conferring the salt sensitiveness and salt tolerance in
these genotypes. Lipid peroxidation, measured as the amount of MDA, is produced when
polyunsaturated fatty acids in the membrane undergo oxidation by the accumulation of free
oxygen radicals. As lipid peroxidation is the symptom mostly ascribed to oxidative damage, it is
often used as an indicator of increased damage [22, 23]. The results reported here showed that
the level of MDA was maximum in PK-416 and Pusa-20, moderate in Pusa-16, Pusa-22, Pusa-
40 and DS-9712 and minimum in Pusa-37, BRAGG and PK-1042. There are reports of higher
increase in the amount of MDA with the increase in salt stress in the salt-sensitive cultivar as
compared with tolerant cultivar of rice and in roots of Lemna minor [24-28]. Reactive oxygen
species (ROS) disrupt permeability of plasma membrane through peroxidation of lipid in plant
tissues [22-24, 26, 29]. There are evidences showing that membrane injury under salt stress is
related to increased production of highly toxic ROS [22, 23, 30]. Growth inhibition under salt
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stress in the most-sensitive soybean genotypes is in good correlation with increased peroxida-
tion levels. Low MDA content was remarkable in the most-tolerant soybean genotypes, Pusa-
37. Parallel to our results, low MDA content is important in terms of salt tolerance as
represented in different studies. Sairam et al. [31]

There are reports showing that the variability in level of lipid peroxidation is due to the
difference in the efficiency of plants to scavenge ROS through efficient antioxidant defence
system. Sairam et al. [31]. Here, we have reported that the antioxidant defence system was
induced by salinity stress in soybean genotypes; however, there was distinct variability in the
induction of antioxidant enzymes. Superoxide ion is scavenged by SOD to produce H,O,,
which is subsequently eliminated mainly by APX and CAT. SOD catalyses the conversion of
the superoxide anion (O, ) to hydrogen peroxide (H,O,), which is very damaging to the
chloroplasts, nucleic acids and proteins. All the NaCl treatments in our study increased the
activity of SOD. There was an up to 9-fold enhancement in the SOD activity of salt-tolerant
soybean genotype (Pusa-37). While there was no significant change in the SOD activity of
salt-sensitive genotypes (PK-416 and Pusa-20) during NaCl stress, the SOD activity in Pusa-
16, Pusa-22, Pusa-40 and DS-9712 increased with increasing levels of NaCl up to 75 mM
(T3) when compared with control. These results showed that these genotypes are
moderately tolerant to NaCl stress. Earlier studies suggested that the increased SOD
activity enables the plant to resist the potential oxidative damage caused by NaCl salinity
exposure [23, 25, 27].

CAT is the main scavenger of H,O, in peroxisomes, converting it to water and molecular
oxygen [32]. Under salt stress, a significant dose-dependent increase in CAT activity was
observed in salt-tolerant Pusa-37. Interestingly, CAT activity was not affected significant by
any levels of NaCl treatments in BRAGG, PK-1042, PK-416 and Pusa-20 soybean geno-
types. CAT activity of Pusa-16, Pusa-22, Pusa-40 and DS-9712 was increased in the range of
19-36, 21-35, 1879 and 18-55 %, respectively by NaCl treatments. Increased CAT activity
of Pusa-37 genotype, and no significant increase in the CAT activity of its contemporary
genotypes (BRAGG and PK-1042) in response to NaCl treatments grant additional salt
tolerance in the former genotype. Neto et al. [33] also found higher CAT activity in two
maize cultivars differing in salt tolerance. A number of other reports are available on
the effect of salt stress on CAT activity in several plant species. CAT activity has been
found to increase under salt stress in soybean [34], tobacco [35], cucumber [36] and
mulberry [37].

The first enzyme of the ascorbate—glutathione cycle, APX, catalyses the reduction of
H,0, to water and has high specificity and affinity for ascorbate as reductant [38]. It has
been reported that APX activity may have an important role in the mechanism of salt
tolerance in plants. The APX activity was significantly higher in Pusa-37 (~5-fold), followed
by BRAGG and PK-1042 at 150 mM NaCl treatment. Gueta-Dahan et al. [39] indicated that
acquisition of salt tolerance might also be a consequence of improving resistance to salt
stress, via increased APX activity. Increased activity of APX in salt-adapted cells seems to
be more important for their salt tolerance. Bor et al. [40] found induced APX activity in salt-
tolerant wild beet. Mittova et al. [41] also reported same relation between APX and salt
tolerance in tomato. There was no significant change in the APX activities in PK-416 and
Pusa-20 by NaCl treatments, compared with control. APX activity had a key role in response
to salt stress in the comparison of the activities of antioxidant enzymes in salt-sensitive and
salt-tolerant citrus cells [39].

GR is the last enzyme of ascorbate—glutathione cycle and catalyses the NADPH-
dependant reduction of GSSG. APX reduces H,O, into water using ascorbate as an electron
donor, resulting in the formation of dehydroascorbate. It is recycled back to ascorbate using
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reduced glutathione (GSH) as an electron donor, and the GSSG is converted back to GSH by
NADPH-dependent GR [42]. Therefore, GR is one of the three enzymes, which catalyse
reaction that maintain large pool of GSH and ascorbate in the H,O, scavenging pathway in
chloroplasts. The role of GR in antioxidative defence mechanism under NaCl stress is
observed in present study. Enhancement in GR activity due to increasing salinity seemed
to be a common response in all the soybean genotypes. However, with the highest level of
NacCl stress Pusa-37 showed the maximum GR activity while PK-416 showed the minimum.
The increased GR activity is in correlation with the increase in APX activity. Hence, the
growth of this genotype was less influenced by salinity. There are reports showing that
GR activity increased in NaCl-tolerant pea variety as compared with NaCl-sensitive pea
[23].

Proline accumulation is one of the most frequently reported modifications induced by
salt stress in plants and is often considered to be involved in stress resistance mecha-
nisms. Cytoplasmic accumulation of this amino acid is thought to be involved in osmotic
adjustment of stressed tissues [43, 44]. Proline is also considered to be involved in the
protection of enzymes [45] and cellular structures [46] and to act as a free radical
scavenger [47]. Finally, its biosynthesis could be associated with the regulation of
cytosolic pH [48] or with the production of NADP for the stimulation of the pentose
phosphate pathway [49]. Sharp increases in proline levels were reported under the effect
of salinity. Proline accumulation in Pusa-16, Pusa-22, Pusa-40 and DS-9712 found
highest at 75 mM NaCl, while significant change in this osmoprotectant was observed
over 25 mM NaCl in PK-416 and Pusa-20. In our study, we observed increase in proline
content of Pusa-37 (1.8-fold) with increased NaCl dose, followed by BRAGG and PK-
1042. Changes in the proline content due to NaCl stress suggest that permeability of
membranes might be affected as it was observed earlier [50]. In salt-tolerant plants, Beta
vulgaris [51], Brassica juncea [29] and alfalafa [52], sharp increases in proline levels
were reported under the effect of salinity.

In the present study, proteomic analysis in salt-tolerant genotype (Pusa-37) led to the
detection of proteins involved in a variety of biological processes, such as protein synthesis
(12 %), redox regulation (19 %), primary and secondary metabolism (25 %), or disease- and
defence-related processes (32 %) (Fig. 9). Similar observations were observed by Witzel et

Fig. 9 Assignment of the identi- Protein functions
fied proteins to functional cate-

gories using the classification
described by Bevan et al. [53]. A oxidoredlotase
total of 40 spots representing 16
different proteins were classified.
If a spot contained two proteins, it
was counted twice

activity
19%

proteinsynthesis
12%
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al. [54] in the root proteome of barley genotypes. A total of 173 protein spots were detected;
more than 40 proteins were differentially expressed by salt stress, and 16 of these were
structurally analysed. The relative intensity of four proteins increased by 2- to 7-fold and that
of three proteins decreased by 4- to 6-fold in salt-stressed plants as compared with the
untreated control. Glycine dehydrogenase (decarboxylating, 40) was found to be lightly
upregulated in response to salinity. It is the enzyme which is involved in the C-2 glycolate
pathway in higher plants that can decarboxylate glycine to form serine, which can generate
ethanolamine after decarboxylation again. Moreover, ethanolamine can undergo a series of
methylations to form choline and then glycine betaine is formed as a result of the oxidation
of choline. We found that photosystem II oxygen-evolving enhancer protein (spot 33)
precursor was upregulated in response to salt stress. This is in conformity with the obser-
vations of Abbasi and Komatsu [55], which showed that this protein was upregulated in rice
leaf sheath under salt stress. Riblose large subunit and riblose-5-phosphate isomerase (spots
12 and 30) are the key enzyme of the Calvin cycle. It was noted that the abundance of riblose
large subunit decreased in response to salinity. Spot No. 10 was identified as UDP-glucose
pyrophosphate. UGPase is responsible for the synthesis and pyrophosphorolysis of UDP-
glucose, the key precursor of sucrose and cell wall components (e.g. cellulose and glucans).
In Arabidopsis, it was strongly induced by sucrose, light, cold stress and phosphate
deficiency but reduced by drought and flooding [6, 23]. Our observation confirms the results
of Yan et al. [56] that the UGPase protein gets markedly reduced by salt stress. Putative
monodehydroascorbate reductase antioxidant protein (spot 28) was the first peroxiredoxin to
be identified. The peroxiredoxins are a family of multiple isozymes that catalyse the reduction
of H,O, and protect the cells against oxidative damage in plants. The upregulation of the thiol-
specific antioxidant protein, identified in this study, indicates that it might play an important
role in ROS scavenging under salt stress. Ferrodoxin-like protein (spots 27) is a flavoenzyme
that catalyses the reversible electron transfer between NADPH and (2Fe-2S) ferredoxins or
flavodoxins [52]. In plants ferredoxin, NADP+ oxidoreductase is implicated in photosynthesis
and nitrogen fixation in plastids; recently, a new role was proposed for it in cell protection
against ROS, but at present, the mechanism by which ferredoxin NADP+ oxidoreductase
protects cells against the presence of ROS in plants remains unknown [20]. In wheat, salt stress
induced an upregulation of ferredoxin NADP+ oxidoreductase. CAT (spot No. 14) was found
to be over-expressed under salinity stress. It is the main scavenger of H,O, in peroxisomes,
converting it to water and molecular oxygen [32]. Among the identified spots, the proteins
whose level of expression is higher include MDAR, two spots of different molecular weight
identified as L-APX, and lactoylglutathione lyase, which was identified in a second spot with a
higher molecular weight as compared with the protein spot in the first group. The induction of
APX by salt-stress treatment was not unexpected since it catalyses the reduction of H,O, to
water with the concomitant generation of monodehydroascorbate and is therefore a key
component in the scavenging pathway of ROS produced by various stress factors [57]. The
accumulation of APX upon salinity treatment is in agreement with the literature [57-60].

Conclusions

In conclusion, the soybean plants in our study responded to salt stress by changing their protein
expression pattern. This study gives new insights into the salt-stress response in soybean and
demonstrates the power of the proteomic approach in plant biology studies which could finally
help us in identifying the possible regulatory switches (gene/s) controlling novel proteins of the
salt-tolerant genotype of the crop plants and their possible role in defence mechanism.
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