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Abstract The drought tolerance of Salicornia brachiata

seedlings was assessed by monitoring growth, nutrient

uptake, electrolyte leakage, lipid peroxidation, and bio-

chemical responses under drought conditions simulated

with 0, 10, 20, and 30 % polyethylene glycol (PEG 6000).

After 7 days of drought induction, plants were harvested

for measurement of various parameters. The biomass

decreased and the plant height remained unchanged with

PEG treatment. The total plant water content (TWC%)

decreased by 11 % at the highest concentration of PEG

(30 %). The electrolyte leakage and lipid peroxidation of

shoots increased by 17 and 5 %, respectively, in 30 %

PEG-treated plants. K? and Ca2? contents of shoots

increased in a dose-dependent manner. However, in roots

K? content decreased and Ca2? content remained unaf-

fected by PEG treatment. Mg2? content increased at high

concentrations of PEG (20–30 %) in shoots and decreased

at the highest concentration of PEG (30 %) in roots. Total

free amino acids, proline, and polyphenol contents

increased progressively with increase in severity of the

drought stress. Total sugar content and reducing sugar

content increased in 10 and 20 % PEG-treated plants and

decreased in 30 % PEG-treated plants. Our results suggest

that proline and other free amino acids, sugars, and poly-

phenols are the main compatible solutes in S. brachiata for

maintenance of osmotic balance, protection of cellular

macromolecules, detoxification of the cells, and scaveng-

ing of free radicals under drought stress. A greater

accumulation of compatible solutes also facilitates the

maintenance of nutrient uptake and adequate tissue water

status and protection of membranes under drought condi-

tions in S. brachiata. The results from the present study

suggest that S. brachiata can be used for restoration of arid

and semiarid lands of coastal ecosystems.
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Introduction

Drought or water deficit stress is the major environmental

factor that severely affects plant productivity in various

regions of the world. It has been reported that less than

10 % of the world’s arable lands may be free of major

environmental stresses, with drought and salinity stresses

being the most widespread (Ashraf and Foolad 2007).

Drought stress induces cellular hyperosmolarity and ion

disequilibrium in plants. To cope with drought stress,

several physiological and biochemical alterations take

place in plants. These changes are aimed at countering

water loss within the plant cell by reducing stomatal

opening and maintenance of photosynthesis. When plants

experience drought or salt stress, overproduction of low-

molecular-weight compatible solutes takes place in plant

cells (Hasegawa and others 2000; Serraj and Sinclair 2002;

Ashraf and Foolad 2007). These solutes include proline,

sugars, polyols, trehalose, and quaternary ammonium

compounds (QACs) such as glycine betaine, alanine beta-

ine, proline betaine, choline O-sulfate, hydroxyproline

betaine, and pipecolate betaine (Rhodes and Hanson 1993;

Hare and others 1998; Ashraf and Foolad 2007). The
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compatible solutes are low-molecular-weight, highly sol-

uble compounds that are usually nontoxic at high cellular

concentrations (Hasegawa and others 2000; Parida and Das

2005; Ashraf and Foolad 2007). The accumulation of these

solutes is proportional to the change in external osmolarity

and within species-specific limits (Hasegawa and others

2000). The usual functions of compatible solutes are pro-

tection of cellular structures and osmotic balance support-

ing continued water influx or reduced efflux (Hasegawa

and others 2000; Parida and Das 2005). Some of these

compatible solutes also protect cellular components from

dehydration injury and they are commonly referred to as

osmoprotectants (Ashraf and Foolad 2007).

In addition to the synthesis of these osmolytic com-

pounds, specific proteins and translatable mRNA are

induced and upregulated by drought and salinity stresses

(Wang and others 2009; Balsemão-Pires and others 2011).

In addition to the low-molecular-weight organic osmolytes,

some inorganic osmolytes also have vital functions in

growth, metabolism, and water homeostasis of plants under

water-deficit conditions (Loutfy and others 2012). It has

been reported that K? has several functions such as regu-

lation of stomatal opening, osmotic balance, charge bal-

ance, protein biosynthesis, maintenance of turgor pressure,

and reduction of transpiration under drought stress (Mars-

chner 1995; Loutfy and others 2012). Calcium also affects

growth and metabolism of plants under stress conditions by

controlling several physiological processes of plants such

as absorption and translocation of water and solute, sto-

matal control, respiration, transpiration, cell division, and

cell wall synthesis (McLaughlin and Wimmer 1999; Loutfy

and others 2012). Besides K? and Ca2?, other important

elements transported by roots are utilized directly as inor-

ganic osmolytes for reducing water loss in plants under

drought stress or to indirectly control the biosynthesis of

potential organic osmolytes (Loutfy and others 2012).

Salicornia brachiata Roxb. is a stem-succulent halo-

phytic plant that belongs to the family Chenopodiaceae and

grows in salt marshes. In saline environments, halophytes

frequently experience salt and drought stresses. The salt

tolerance of Salicornia has been studied previously (Wang

and others 2009; Parida and Jha 2010). In our previous

study, S. brachiata grew optimally at a salinity level of

200 mM NaCl under hydroponic culture, and at higher

salinity levels up to 600 mM, plant growth was signifi-

cantly decreased but without any visible symptoms of

wilting (Parida and Jha 2010). Salicornia brachiata coun-

teracts the ionic stress resulting from high concentrations

of potentially toxic salt ions within plant cells by elevated

levels of some antioxidative enzymes (Parida and Jha

2010). Salicornia grows in an environment that is physio-

logically dry as a result of limited water absorption caused

by salt-induced osmotic stress. Therefore, understanding

the drought tolerance capacity of S. brachiata is impera-

tive. The drought tolerance mechanism of this plant species

has not yet been studied. To address the drought tolerance

strategies in S. brachiata, seedlings were grown under

hydroponic culture and the effects of PEG-mediated

drought stress on growth, shoot and root mineral contents,

electrolyte leakage, lipid peroxidation, photosynthetic

pigments, and accumulation of organic-compatible solutes

were evaluated. To our knowledge, this is the first report

on the physiological and biochemical responses to

PEG-mediated drought stress in the extreme halophyte

S. brachiata.

Materials and Methods

Plant Materials, Growth Conditions, and Stress

Treatment

Seeds of S. brachiata Roxb. collected from salt marshes in

Bhavnagar, Gujarat, India (latitude 21�350N and longitude

72�160E) were sown in plastic pots filled with soil:sand:-

peat (2:1:1). Seedlings were raised in the experimental

greenhouse under nonsaline conditions as described in our

previous study (Parida and Jha 2010). One-month-old

healthy seedlings of uniform size were selected for

hydroponic culture in Hoagland’s nutrient medium con-

taining 200 mM NaCl supplemented with PEG 6000 (0, 10,

20, and 30 % w/v). The hydroponic cultures were main-

tained in a plant growth chamber (Model-1000 TLH, JEIO

Tech Co. Ltd., Seoul, South Korea) under a photoperiod of

14 h at light intensities of 500 lmol m-2 s-1 and at

25 ± 2 �C room temperature and 60 % relative humidity.

The cultures were continuously aerated with an air bubbler.

The nutrient solution was replaced with freshly prepared

solution at 3 day intervals. The shoot and root samples

were harvested after 7 days of treatment for measurement

of various parameters.

Measurement of Growth Parameters

Plant height and fresh and dry weights of shoots and roots

of eight seedlings from each treatment were measured after

7 days of treatment. For measurement of fresh and dry

weights, shoots and roots from control and PEG-treated

plants were excised and the fresh weight was recorded

immediately. Afterward, these plant parts were wrapped in

preweighed aluminum sheets, kept in an incubator at 70 �C

for 48 h, and cooled in a desiccator before the dry weight

was recorded. Total plant water content (TWC) was cal-

culated as follows: TWC% = [(FW - DW)/FW] 9 100,

where FW is the fresh weight of shoot and root and DW is

dry weight of shoot and root.
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Electrolyte Leakage

Shoot samples from control and PEG-treated plants were

excised into 1 cm-long pieces (1 g of fresh weight in total

for each treatment), washed in sterile water, and introduced

into falcon tubes containing 10 ml of deionized water.

After gently shaking in a rotary shaker (1209g) at room

temperature for 4 h, the electrical conductivity of the

bathing solution (EC1) was measured with a conductivity

meter (Seven Easy, Mettler Toledo, Switzerland). Then,

the solution containing shoot samples was boiled at 99 �C

for 20 min until the destruction of membrane integrity,

leading to leakage of the entire electrolyte from cells. After

cooling to room temperature, the electrical conductivity of

the bathing solution was measured (EC2). Electrolyte

leakage was calculated as follows: Electrolyte leakage

(%) = (EC1/EC2) 9 100.

Lipid Peroxidation

The extent of lipid peroxidation was estimated by deter-

mining the concentration of malondialdehyde (MDA)

produced by the thiobarbituric acid (TBA) reaction fol-

lowing the method of Draper and Hardley (1990). Shoot

material (0.5 g) was homogenized in 2 ml of 0.1 % (w/v)

TCA solution. The homogenate was centrifuged at

15,0009g for 10 min, and 1 ml of the supernatant was

added to 4 ml of 0.5 % (w/v) TBA in 20 % (w/v) TCA.

The mixture was incubated at 90 �C for 30 min; the reac-

tion was stopped by placing the reaction tubes in an ice

water bath. Samples were centrifuged at 10,0009g for

5 min and the absorbance of the supernatant was read at

532 nm. The value for nonspecific absorption at 600 nm

was subtracted. The concentration of MDA was calculated

from the extinction coefficient of 155 mM-1 cm-1.

Estimation of Ion Contents

The shoot and root samples were dried in an oven at 70 �C

for 48 h for analysis of ions. After drying, preweighed

shoot and root samples were homogenized and placed in a

100 ml volumetric flask. The flasks containing samples

were placed on a hot plate after adding a 10 ml mixture of

HNO3 and HClO4 (9:4) in a digestion chamber and

digested until the production of red NO2 fumes ceased. The

contents were further evaporated until the volume was

reduced to 3–5 ml. Completion of digestion was confirmed

when the liquid became colorless. After cooling the volu-

metric flask, 20 ml of deionized water was added, the

volume was made up to 100 ml, and the solution was fil-

tered through Whatman No. 1 filter paper. Aliquots of this

solution were used for the determination of Na?, K?, Ca2?,

Mg2?, Mn2?, Zn2?, Cu2?, and Fe2? content of shoots and

roots by inductively coupled plasma atomic absorption

spectrometry (Optima 2000DV, PerkinElmer, Waltham,

MA, USA).

Estimation of Photosynthetic Pigments

Fresh shoots (0.2 g) were thoroughly homogenized in

chilled 100 % N,N-dimethylformamide (DMF) with a

mortar and pestle in the dark at 4 �C; then the homogenate

was centrifuged at 10,0009g for 10 min. The supernatants

were collected, and absorptions at 664.5, 647, and 461 nm

were recorded using a UV–Visible spectrophotometer

(SpectramaxPlus 384, Molecular Devices, Sunnyvale, CA,

USA). Chlorophyll a (Chl a), chlorophyll b (Chl b), and

total chlorophyll were estimated using the equations of

Inskeep and Bloom (1985). Carotenoids were estimated

using the equation of Chamovitz and others (1993).

Estimation of Total Free Amino Acids

Total free amino acids were extracted and determined

following the methods described earlier by Parida and

others (2007). The shoot (0.5 g) was homogenized in 80 %

ethanol with a pestle and mortar. The homogenate was

centrifuged at 5,0009g for 10 min and the supernatant was

taken. The extraction was repeated four to five times and

the supernatants were combined. An appropriate volume

(5–10 ml) of this ethanolic extract was evaporated to dry-

ness on a boiling water bath and the residue was dissolved

in 5 ml of 0.2 M citrate buffer (pH 5.0). The above sample

(2 ml) was placed in a test tube and 1 ml of ninhydrin

reagent (4 % ninhydrin in methyl cellosolve and 0.2 M

acetate buffer in the ratio of 1:1) was added to it. The

samples were boiled for 20 min and cooled; the volume

was made up to 10 ml with distilled water. Absorbance was

recorded at 570 nm. Total free amino acids were calculated

from a standard curve prepared against glycine (0–100 lg).

Estimation of Proline

After 7 days of PEG treatment, shoot samples were har-

vested for extraction and estimation of proline. The proline

was extracted using 3 % sulfosalicylic acid and estimated

following the method of Ringel and others (2003) using

ninhydrin reagent. The absorbance was measured at

520 nm.

Extraction and Estimation of Total Soluble Sugar,

Reducing Sugar, and Starch

Total soluble sugar, reducing sugar, and starch content

were extracted and estimated according to the procedures

described by Parida and others (2007). For extraction of
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total soluble sugar and reducing sugar as well as starch, 1 g

of shoot tissue was homogenized in 80 % ethanol, refluxed

for 15 min in a water bath at 70 �C, and centrifuged at

5,0009g for 10 min. The pellet was re-extracted twice with

80 % ethanol and the supernatants were pooled. The

supernatant was used for estimation of total soluble sugar

and reducing sugar. The pellet left after extraction of the

soluble sugar was solubilized in 52 % perchloric acid for

determination of starch. Total soluble sugar and starch

were estimated by the anthrone-sulfuric acid method using

0.2 % anthrone in concentrated H2SO4 as reagent. Spec-

trophotometric readings were taken at 630 nm. A standard

curve was plotted with 0–100 mg of glucose. The starch

concentration was determined by multiplying the obtained

value by 0.9 for conversion of the glucose value to starch.

Reducing sugar was estimated following the alkaline

copper method as described by Parida and others (2007)

using arsenomolybdate reagent. Absorbance was recorded

at 510 nm and reducing sugar content was determined from

a standard curve prepared against pure glucose (0–50 lg).

Estimation of Total Polyphenol

Total polyphenol was determined according to the procedures

of Chandler and Dodds (1983). Fresh shoots (0.5 g) were

homogenized in 5 ml of 80 % ethanol using a chilled pestle

and mortar with subsequent centrifugation at 10,0009g for

20 min. The supernatant was preserved and residue re-

extracted with 2.5 ml of 80 % ethanol and centrifuged, and

the supernatants were pooled and evaporated to dryness. The

residue was dissolved in 5 ml of distilled water. In a test tube,

3 ml aliquots were taken to which 0.5 ml of Folin–Ciocal-

teau’s reagent (1 N) was added and kept for 3 min. Then, 2 ml

of 20 % freshly prepared Na2CO3 solution was added to each

tube and mixed thoroughly. The solution was boiled in a water

bath for exactly 1 min, cooled, and then the absorbance was

measured at 650 nm against a reagent as a blank. A standard

curve was prepared using 10–100 lg of catechol (Sigma).

From the standard curve, the concentrations of phenols in the

unknown samples were calculated.

All the spectrophotometric analyses were performed

using a UV–Visible spectrophotometer (SpectramaxPlus

384) and Soft-Max Pro v5.2 software (Molecular Devices)

at end point mode.

Statistical Analysis

All the experiments were conducted with a minimum of three

replicates and results were expressed as mean ± standard

deviation (SD). All data were subjected to one-way analysis

of variance (ANOVA) and Duncan’s multiple-range test

(P B 0.05) using the Sigma Plot v12.0 statistical software

(Systat Software Inc., Chicago, IL, USA).

Results

Effects of PEG-Mediated Drought Stress on Growth

The effects of PEG-mediated drought stress on growth

were assessed by plant height, fresh and dry weights of

shoots and roots, shoot and root water content, and total

plant water content (TWC%). The shoots of S. brachiata

became slightly flaccid within 7 days of drought induction

in a dose-dependent manner by PEG treatment (Fig. 1).

There were no significant differences in plant height

observed with respect to treatment (Table 1; Fig. 1).

However, fresh and dry weights of shoots and roots

decreased gradually with increase in PEG concentration.

After 7 days of drought, shoot fresh weight, root fresh

weight, shoot dry weight, and root dry weight decreased by

13, 72, 65, and 45 %, respectively, in 30 % PEG-treated

plants compared to control (Table 1). However, the water

content of shoots and roots and total plant water content

were adequately maintained in S. brachiata seedlings

exposed to PEG-induced drought stress. After 7 days of

treatment, shoot water content, root water content, and total

plant water content (TWC) decreased slightly by 10, 16,

and 11 % in 30 % PEG-treated plants compared to control

(Table 1).

Electrolyte Leakage and Lipid Peroxidation

Electrolyte leakage in shoots of S. brachiata increased by

21, 9, and 17 %, respectively, in 10, 20, and 30 % PEG-

treated plants as compared to control (Fig. 2a). The level of

lipid peroxidation was measured in terms of MDA content

in shoots. In S. brachiata, the MDA content of shoots

remained unchanged at low concentrations of PEG

(0–10 %) and increased marginally by 5 % at high con-

centrations of PEG treatment (20–30 %) with respect to

control (Fig. 2b).

Fig. 1 Effects of PEG-mediated drought stress on growth of

S. brachiata seedlings at the time of harvest
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Mineral Ion Content in Shoot and Root

After 7 days of PEG treatment, K? and Ca2? contents of

shoots of S. brachiata increased gradually with an increase

in PEG concentration (Table 2). However, in roots, the K?

content decreased gradually with an increase in PEG con-

centration and the Ca2? content remained unaffected by

PEG treatment. The Mg2? content of shoots remained

unchanged at low concentrations of PEG (0–10 %) and

increased at high concentrations of PEG (20–30 %). In

contrast, the Mg2? content of roots decreased significantly

at highest concentration of PEG (30 %). The iron (Fe2?)

content of shoots decreased progressively as a result of an

increase in PEG concentration in growth medium and there

was a concomitant increase in root Fe2? content. Uptake of

Zn2? by shoots and roots showed a reverse trend compared

to Fe2?, that is, an increased level of Zn2? in shoots and a

decreased level of Zn2? in roots with increase in PEG

concentration (Table 2). The Mn2? content of shoots

increased gradually at low concentrations of PEG treatment

(0–20 %), whereas at 30 % PEG treatment, the Mn2?

content decreased to control levels. In roots, the Mn2?

content increased gradually at low concentrations of PEG

treatment (0–20 %) and then decreased at 30 % PEG

treatment. After 7 days of PEG treatment, there was no

significant change in Cu2? content of shoots, whereas the

Cu2? content of roots was elevated in PEG-treated plants

(0–30 % PEG) compared to control (Table 2).

PEG-Mediated Drought Induced Changes

in Photosynthetic Pigments

There was no significant change in Chl a, Chl b, or total

chlorophyll content in 10 % PEG-treated plants compared to

control (Fig. 3). However, Chl a, Chl b, and total chlorophyll

content decreased approximately by 27 in 20 % PEG-treated

plants (Fig. 3). In contrast, Chl a, Chl b, and total chlorophyll

content increased by 13, 17, and 15 %, respectively, in 30 %

PEG-treated plants (Fig. 3). Likewise, the total carotenoid

content increased by 10.5 and 27 %, respectively, in plants

treated with low (10 %) and high (30 %) concentrations of

PEG and decreased by 18 % in plants treated with the

moderate concentration of PEG (20 %, Fig. 3d). Compared

to control, the Chl a/b ratio showed no significant differences

at all concentrations of PEG treatment. After 7 days of PEG

treatment, the Chl a/b ratios were 1.86 ± 0.04, 1.88 ± 0.05,

1.85 ± 0.02, and 1.79 ± 0.08 in control and 10, 20, and

30 % PEG-treated plants, respectively.

Changes in Total Free Amino Acids and Proline

In S. brachiata, both total free amino acids and proline

levels increased significantly with PEG treatment. After

7 days of PEG treatment, total free amino acid levels

increased progressively by 38, 106, and 80 %, respectively,

in 10, 20, and 30 % PEG-treated plants compared to con-

trol (Fig. 4a). A dramatic increase in the proline content

Table 1 Effects of PEG-mediated drought stress on growth parameters of S. brachiata

PEG

(%)

Plant height

(cm)

Shoot fresh weight

(mg/plant)

Shoot dry weight

(mg/plant)

Root fresh weight

(mg/plant)

Root dry weight

(mg/plant)

Shoot water

content (%)

Root water

content (%)

TWC (%)

0 11.3 ± 1.7a 1,095.6 ± 558.2a 117.5 ± 70.5a 144.1 ± 63.5a 19.5 ± 9.2a 89.6 ± 1.6a 86.6 ± 1.3a 89.3 ± 1.5a

10 10.2 ± 2.3a 644.9 ± 333.1b 110.4 ± 73.7a 108.7 ± 40.8a 18.8 ± 7.5a 83.7 ± 2.4b 82.5 ± 3.3a 83.6 ± 2.3b

20 10.3 ± 2.0a 484.5 ± 291.7c 84.4 ± 51.8b 51.4 ± 34.2b 13.5 ± 6.9b 82.8 ± 3.3b 73.19 ± 8.5b 81.8 ± 2.5b

30 9.8 ± 2.2a 307.9 ± 126.2d 64.3 ± 24.8b 50.4 ± 31.6b 13.7 ± 7.4b 78.8 ± 2.2c 70.3 ± 6.3b 77.9 ± 1.8c

Values are the mean ± SD (n = 8). Means followed by different letters are significantly different at P B 0.05

Fig. 2 Effects of PEG-mediated drought stress on a electrolyte

leakage and b lipid peroxidation in shoots of S. brachiata. Values are

the mean ± SD (n = 3). Different letters on the top of the error bars
indicate significantly different means at P B 0.05
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was observed in S. brachiata with PEG-induced drought

stress. After 7 days of PEG treatment, the proline level

increased from 1.34 lmol g-1 DW in control to 26.26,

27.15, and 36.78 lmol g-1 DW in 10, 20, and 30 % PEG-

treated plants, respectively (Fig. 4b).

Changes in Total Sugar, Reducing Sugar, and Starch

Content

In S. brachiata, total sugar and reducing sugar contents

increased significantly in 10 and 20 % PEG-treated plants and

decreased at 30 % PEG treatment (Fig. 4c, d). After 7 days of

PEG treatment, total sugar content increased by 17 and 18 %,

respectively, in 10 and 20 % PEG-treated plants and decreased

by 13 % in 30 % PEG-treated plants compared to control

(Fig. 4c). Similarly, reducing sugar content increased by 21

and 31 %, respectively, in 10 and 20 % PEG-treated plants and

decreased by 16 % at the highest concentration of PEG (30 %)

treatment (Fig. 4d). In contrast to sugar, starch content showed

a reverse trend by PEG treatment. After 7 days of PEG treat-

ment, starch content increased by 7 % and 38 %, respectively,

in 10 and 30 % PEG treated plants and decreased by 16 % in

20 % PEG treated plants compared to control (Fig. 4e).

Effects of PEG-Mediated Drought Stress on Total

Polyphenol

In S. brachiata, total polyphenol content increased gradu-

ally with and increase in PEG concentration (Fig. 4f). After

7 days of PEG treatment, total polyphenol content

increased by 46, 99, and 171 %, respectively, in 10, 20 and

30 % PEG-treated plants compared to control (Fig. 4f).

Table 2 Effects of PEG-mediated drought stress on important macro- and micronutrient concentrations in shoots and roots of S. brachiata

Plant

parts

PEG

(%)

K?

(mg g-1 dw)

Ca2?

(mg g-1 dw)

Mg2?

(mg g-1 dw)

Fe2?

(lg g-1 dw)

Zn2?

(lg g-1 dw)

Mn2?

(lg g-1 dw)

Cu2?

(lg g-1 dw)

Shoot 0 7.71 ± 4.3a 15.07 ± 1.2a 6.54 ± 0.5a 146.8 ± 79.2a 44.5 ± 35.9a 36.8 ± 9.1a 9.0 ± 2.2a

10 8.20 ± 3.8a 17.03 ± 3.2a 6.98 ± 1.2a 130.0 ± 28.7b 41.0 ± 9.9a 40.1 ± 12.1b 8.1 ± 1.8a

20 14.73 ± 11.5b 21.95 ± 6.4b 9.16 ± 2.6b 139.6 ± 19.8b 102.5 ± 76.4b 42.8 ± 5.0b 9.6 ± 1.3a

30 18.42 ± 7.6c 24.56 ± 8.3c 8.79 ± 3.0b 66 ± 49.2c 316.0 ± 134.5c 36.8 ± 11.8a 8.2 ± 3.3a

Root 0 45.39 ± 7.4a 3.51 ± 1.0a 2.16 ± 0.3a 2,205.5 ± 753.1a 266.4 ± 93.5a 36.7 ± 11.6a 24.7 ± 4.7a

10 29.64 ± 6.2b 3.55 ± 0.2a 1.90 ± 0.1a 2,123.1 ± 603.3a 185.5 ± 20.5b 40.6 ± 4.7b 30.0 ± 4.7b

20 18.65 ± 3.2c 5.77 ± 1.7b 1.83 ± 0.2a 4,783.6 ± 1276b 176.5 ± 22.5c 52.0 ± 12.7c 38.5 ± 11.8c

30 12.52 ± 5.5d 3.65 ± 0.1a 1.34 ± 0.2b 3,331.6 ± 1159c 144.9 ± 19.4d 40.7 ± 4.0b 29.2 ± 3.8b

Values are the mean ± SD (n = 4). Means followed by different letters are significantly different at P B 0.05

Fig. 3 Effects of PEG-

mediated drought stress on

a Chl a, b Chl b, c total

chlorophyll, and d carotenoid

content in shoots of

S. brachiata. Values are the

mean ± SD (n = 3). Different
letters on the top of the error
bars indicate significantly

different means at P B 0.05
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Discussion

In plants, drought stress is induced by several methods

ranging from withdrawal of water to the use of chemicals

such as polyethylene glycol (PEG) or mannitol (Kumar and

others 2011). It has been well established that PEG-induced

drought stress mimics withdrawal of water from plants

(Perez-Alfocea and others 1993). It has been suggested that

PEG can be successfully used to decrease the water

potential of culture medium and also of plants as long as it

does not enter the roots (Lawlor 1970). Because PEG is a

neutral polymer and is highly soluble in water, it has been

widely used to impose drought stress in plants (Zgallai and

others 2005). It has also been reported that exposing the

plant root system to PEG 6000 solution has no other toxic

symptoms at the plant level (Emmerich and Hardegree

1990; Zgallai and others 2005; Kumar and others 2011). In

the present investigation, S. brachiata seedlings were

exposed to different levels of drought stress induced by

applying PEG 6000 in the growth medium. As observed

from the growth behavior of S. brachiata in Table 1, shoot

as well as root growth was affected in a dose-dependent

manner as a consequence of PEG-mediated drought stress

within the short treatment duration of 7 days. Our results

agree with earlier reports of growth inhibition by PEG-

induced osmotic stress in Sesuvium portulacastrum (Slama

and others 2007) and in tomato (Zgallai and others 2005).

However, total plant water content (TWC) decreased by

11 % in S. brachiata as a result of PEG-induced drought

stress, which suggests that in this plant shoot and root water

status is little impaired by drought stress. Our results

contrast with an earlier report of severe reduction in rela-

tive water content (RWC, ca. 50 %) in the halophyte

S. portulacastrum (Slama and others 2007) by PEG-

induced osmotic stress. In contrast with our results, a

severe reduction in RWC (ca. 56 %) has also been reported

in the drought-sensitive pigeon pea plant as a consequence

of PEG-mediated drought stress (Kumar and others 2011).

It has also been reported that water deficit caused by the

application of PEG to the culture medium resulted in a

more than twofold reduction in the water content of

drought-sensitive spring wheat seedlings (Filek and others

2012). In concurrence with our results, Diaz-Lopez and

others (2012) reported that plant water status is maintained

adequately in the drought-tolerant plant Jatropha curcas

under severe and mild drought stress. In our previous study,

Fig. 4 Effects of PEG-

mediated drought stress on

a total free amino acids,

b proline, c total sugar,

d reducing sugar, e starch, and

f polyphenol content in shoots

of S. brachiata. Values are the

mean ± SD (n = 3). Different
letters on the top of the error
bars indicate significantly

different means at P B 0.05
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growth of S. brachiata seedlings was improved under mild

salt stress (200 mM) and slightly affected by high salinity

up to 600 mM (Parida and Jha 2010). Munns (2002) has

suggested that plants showing drought tolerance would also

exhibit salinity tolerance. Our results agree with Munns

(2002) and suggest that S. brachiata is also a drought-

tolerant plant. MDA, a product of lipid peroxidation in

plants exposed to adverse environmental constraints

including drought, is a useful indicator of free radical

formation in tissue (Hernandez and Almansa 2002). As

observed from our data on S. brachiata, the lipid peroxi-

dation level and electrolyte leakage from shoot tissue

increased slightly by 5 and 17 %, respectively, in 30 %

PEG-treated plants compared to control. In contrast to our

results, a higher increase in electrolyte leakage (about

28–42 %) and a twofold increase in MDA have been

observed as a result of PEG-mediated drought stress in the

drought-sensitive spring wheat genotypes (Filek and others

2012). These results indicate that the membrane integrity

of S. brachiata is maintained and the plant is less affected

by drought-induced oxidative damage. Our results contrast

with those from earlier reports where increased levels of

electrolyte leakage and lipid peroxidation during drought

stress led to severe damage to membrane integrity in many

plants (Guo and others 2006; Silva and others 2010).

The correlation between drought and mineral nutrition

of plants is extremely multifarious and plant growth is

adversely affected by drought-induced nutritional imbal-

ances. K? is usually considered a very important cationic

osmolyte and Ca2? stabilizes the membrane systems or

affects the capability of biomembranes to selectively

absorb some ions (Basu and others 2010). As seen from our

data, there was a significant increase in the K?, Ca2?, and

Mg2? content of the shoots of S. brachiata, with a con-

comitant decrease in root K? and Mg2? content as a result

of drought treatment. These results suggest that drought

stress induces increased absorption and transportation of

K?, Ca2?, and Mg2? in S. brachiata. The drought-induced

increase in K? content suggests that this cation may have

an important role as an inorganic osmolyte during drought

stress in S. brachiata. The drought-induced increase in

Ca2? content indicates that there is a role for this cation in

membrane protection during drought stress in S. brachiata.

In agreement with our results, Diaz-Lopez and others

(2012) observed an increase in K? and Ca2? content in the

leaves of Jatropha and a decrease in these cations in the

roots when under severe drought stress. Our results contrast

with those of an earlier report in which there were

decreased levels of K?, Ca2?, and Mg2? in the leaves of

the perennial halophyte Suaeda fruticosa under high

salinity conditions (Khan and others 2000). It has been

reported that Mg2? concentrations modulate ionic currents

across the chloroplast and the vacuolar membranes, thereby

regulating ion balance in the cell and stomatal opening

(Shaul 2002). Mg2? has a significant role in photosynthe-

sis. It is the central atom of the chlorophyll molecule, and

fluctuations in its levels in the chloroplast regulate the

activity of key photosynthetic enzymes, ultimately affect-

ing photosynthesis in plants (Shaul 2002). The drought-

induced increase in Mg2? content of S. brachiata indicates

that the photosynthetic apparatus of this plant may remain

unaffected by drought stress. The drought-induced effects

on micronutrients vary between plant species (Hu and

Schmidhalter 2005; Chen and others 2011). In our exper-

iment, drought induced a decrease in Fe2? and an increase

in Zn2? levels in shoots, whereas the Mn2? and Cu2?

content of both shoots and roots remained unaffected by

drought stress in S. brachiata. In roots, Fe2? levels

increased and Zn2? levels decreased as a consequence of

drought stress. The concentrations of some micronutrients

went up and others went down during drought stress in

S. brachiata. This may be due to the effect of drought on

the availability of micronutrients, competitive uptake,

transport, or partitioning within the plant organs. The

change in micronutrient levels in S. brachiata might be the

adaptive responses of the plant to drought stress. The lack

of interaction between Mn2? and Cu2? levels and drought

stress indicates that these important cations are not dis-

turbed by drought stress in S. brachiata.

Chlorophylls and carotenoids are important components

of energy metabolism for almost all green plant systems.

Plant metabolism is noticeably affected by significant

alterations in chlorophyll and carotenoid levels (Li and

others 2012). In S. brachiata Chl a, Chl b, and total

chlorophyll increased in plants treated with the highest

concentration of PEG (30 %), whereas the Chl a/b ratio

remained unaffected by PEG-induced drought stress. It has

been reported that Chl a, Chl b, and total chlorophyll

content decrease and the Chl a/b ratio increases as a con-

sequence of PEG-induced drought stress in pigeon pea

(Kumar and others 2011) and maize (Mohammadkhani and

Heidari 2007). The contrasting results in chlorophyll pro-

files between glycophytes like pigeon pea and maize and

the halophyte Salicornia suggest that the halophytes and

glycophytes have different adaptation mechanisms during

drought stress. The increase in chlorophyll content in S.

brachiata at the highest concentration of PEG treatment

might possibly be due to the decrease in chlorophyllase

activity and/or increased biosynthesis of chlorophyll

(Iyengar and Reddy 1996). The unchanged level of the Chl

a/b ratio in S. brachiata by drought induction suggests that

the light-harvesting complexes of thylakoid membranes

remain unaffected by short-term drought stress (Parida and

others 2007). Stabilization and protection of the lipid phase

of the thylakoid membrane involve carotenoids and they

also quench the excited triplet state of chlorophyll and
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singlet oxygen (Foyer and Noctor 2009; Li and others

2012; Ramel and others 2012). The significant increase in

carotenoid content in S. brachiata at the highest concen-

tration of PEG treatment suggests the role of carotenoids as

a scavenger of reactive oxygen species (ROS), like singlet

oxygen, produced under drought conditions. There is sub-

stantial evidence for increased (Mohammadkhani and

Heidari 2007) or decreased (Parida and others 2007; Loutfy

and others 2012) carotenoid content under drought stress

depending upon the plant species.

Various compatible solutes are accumulated in plants

exposed to various types of stresses. Proline is the most

abundant osmolyte not only in plants but also in bacteria

(Yoshiba and others 1997; Parida and others 2007; Kumar and

others 2011). A greater accumulation of proline in response to

drought stress is well documented in many plants (Abdel-

Nasser and Abdel-Aal 2002; Parida and others 2007; Slama

and others 2007; Mostajeran and Rahimi-Eichi 2009; Kumar

and others 2011). In S. brachiata, proline content increased

rapidly under PEG-induced drought stress. This might be due

to increased activity of enzymes involved in proline biosyn-

thesis and/or decreased activity of proline-degrading enzymes

(Parida and others 2008). The elevated level of proline in S.

brachiata observed here in response to PEG-mediated

drought stress also occurred when this plant was grown under

high-salinity stress (Parida and Jha 2010). It appears that the

increased accumulation of proline under drought and high

salinity is an osmoregulatory process in S. brachiata. In

addition to osmoregulation, the accumulation of proline dur-

ing drought may have some other functions such as protection

of enzymes and membrane stabilization (Van Rensburg and

others 1993, Bandurska 2000; Parida and others 2007).

As seen from our data, there was also a significant

increase in total free amino acid content in S. brachiata as a

result of drought stress. This increase could be due to

increased amino acid biosynthesis and/or decreased protein

synthesis to a certain extent, as reported in Brassica napus

(Good and Zaplachinski 1994) and wheat (Mattioni and

others 1997), or it could be due to increased activity of

protease (Parida and others 2007). Our results agree with

those of several reports on a drought-induced increase in

total free amino acid content in many plants (Bowne and

others 2012; Djebbar and others 2012). Although there was

a significant increase in free amino acids (ca. 1.8-fold)

observed in S. brachiata under drought stress, there was

also a rapid increase in proline content (ca. 28-fold) under

the same stress condition. Thus, proline is considered the

major compatible solute in S. brachiata under drought

stress conditions. A greater accumulation of proline and

other free amino acids permits the plants to counteract the

effects of drought through osmotic adjustment and provides

storage forms of nitrogen and carbon for future use when

the plants recover from drought (Parida and others 2007).

The carbohydrate concentrations show variable respon-

ses to drought stress in different plant species. Generally, a

decline in starch content in leaves with a concomitant

increase in soluble sugars is common in many plant species

exposed to drought stress (Abdel-Nasser and Abdel-Aal

2002; Parida and others 2007; Nemeskéri and others 2010;

Diaz-Lopez and others 2012). The increased accumulation

of sugars under drought stress suggests that sugars act as

osmotic compounds and stabilize cell membranes (Parida

and others 2007; Diaz-Lopez and others 2012). In contrast

to the above reports, in S. brachiata starch content

increased under severe drought stress (30 % PEG)

accompanied by a decrease in total and reducing sugars.

This increase in starch observed in S. brachiata under

drought conditions could be due to the synthesis of starch

during the CO2 assimilation process.

The polyphenols are regarded as powerful nonenzymatic

ROS scavengers in plants (Matysik and others 2002;

Leopoldini and others 2006; Yildiz-Aktas and others

2009). There is increasing evidence of the role of poly-

phenols in energy dissipation and ROS scavenging (Grace

and Logan 2000; Edreva 2005; Yildiz-Aktas and others

2009). It has also been reported that polyphenols are used

as substrates by the H2O2-scavenging enzyme peroxidase

(Grace and Logan 2000; Edreva 2005). Our results dem-

onstrated a drought-induced increase of the level of poly-

phenols in S. brachiata. In agreement with our results,

there are several reports of increased levels of polyphenols

in plants suffering from drought stress (Yaginuma and

others 2002; Kirakosyan and others 2004; Parida and others

2007; Yildiz-Aktas and others 2009). An increased level of

polyphenols in leaves is a common response to abiotic

stresses, but the levels vary depending on plant species,

tissue, plant stage, and severity and duration of stress

(Yildiz-Aktas and others 2009).

Conclusions

In summary, the data presented in this work demonstrated

that S. brachiata tolerates drought by maintaining water

status even under severe drought conditions. The accu-

mulation of some compatible solutes such as proline and

other free amino acids was induced in S. brachiata under

PEG-mediated drought stress. Osmotic regulation, protec-

tion of cellular macromolecules, nitrogen storage, pH

maintenance, detoxification of the cells, and scavenging of

free radicals are anticipated functions of free amino acid

accumulation in S. brachiata. Polyphenols act as nonen-

zymatic ROS scavengers in S. brachiata in PEG-mediated

drought. Increased levels of carotenoids in S. brachiata

under severe drought conditions suggest that the function

of carotenoids is scavenging of ROS produced by drought-
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induced oxidative stress. The induced accumulation of

compatible solutes such as proline and nonenzymatic ROS

scavengers such as polyphenols and carotenoids under

drought conditions also has a role in protection of mem-

brane integrity as evidenced from lower changes in elec-

trolyte leakage and membrane lipid peroxidation in

drought-stressed seedlings of S. brachiata. The slight

reduction in growth parameters observed in S. brachiata

suggests a higher energy cost to synthesize organic solutes

for osmotic balance under stressful conditions, which

seems to result in a growth penalty. The results from the

present study suggest that S. brachiata can be used for

restoration of arid and semiarid land, especially in coastal

zones.
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