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 In order to study effects of salicylic acid and water stress on proline accumulation and 
cell membrane stability of wheat (Triticum aestivum L.) cultivar Chamran, two field 
experiments were conducted in 2012 and  2013. The results of the combined analysis 
showed that year has not significantly affected measured traits. Water stress has 
significantly affected cell membrane stability and leaf proline accumulation. The 
highest leaf proline accumulation was shown in grain filling stage under water stress 
and low dosage of salicylic acid application in generative stage. Salicylic acid 
application increase proline accumulation in vegetative, generative stages and decrease 
electrolyte leakage. These processes lead to increase yield against detrimental effects of 
water stress. 
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INTRODUCTION 

 
When cells are exposed to osmotic stress, solution metabolites increase to prevent water deficit and turgor 

pressure reduction. When osmotic adjustment occurs, the metabolites accumulate, which include nitrogen 
ingredients, such as proline and other amino acids, poly amines and ammonium ingredients such as glycine and 
betaine [23]. Organic solutions accumulate in cytosol and play an important role in osmotic adjustment and cell 
retention, while water deficit is increased [17]. Proline protects the enzyme structure [18] and cell membrane 
under water stress conditions [19,8]. A study on wheat showed that, proline accumulation displayed a 
correlation with water stress [15]. Water deficit caused proline accumulation in wheat [14,16], barley [1] and 
rice [4]. The function of proline adaptation to the water stress reaction has shown by Bandurska and Stroindki 
[3]. They stated that, although water limitation lead to proline accumulation in Hordum spontaneous, the results 
for H. Vulgar were different. Another study on rice showed that, proline accumulation under water stress was 
higher than controls [25]. Salicylic acid caused proline accumulation of wheat seedlings both salinity stress and 
water stress [20,5]. Huge et al [10] observed that, salicylic acid application (20 ppm) has increased soybean 
leaves proline. Seed priming of wheat and barley with salicylic acid during germination under salinity stress 
have substantially increased proline level as much as 185 and 128% in wheat and barley respectively. Treated 
wheat and barley seedling betaine has significantly increased by salicylic acid. It seems that, betaine 
accumulation is correlated with salinity tolerance against salinity stress [9]. Proline is one of the most important 
defensive metabolites against water stress [12]. Therefore, it can expect that, plant treatment with stress 
hormones such as salicylic acid may cause proline accumulation under water stress. The salicylic acid 
application has considerable effect on wheat physiological traits. Thus, there is a control strategy for increasing 
leaf proline and decreasing detrimental effects of water deficit on wheat yield under water stress conditions. The 
aim of this study was to assess proline accumulation and electrolyte leakage in the leaf wheat cultivar Chamran 
as affected by salicylic acid application under water stress conditions.  

 
MATERIALS AND METHODS 

 
Experimental design and agronomic applications: 
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The experiments were conducted at the Agricultural Research Station in Safiabad-Iran in 2010 and 2012. 

Two experiments were carried out split-plot factorial design based on a randomized complete block design with 
three replications. Water stress as the main plot was exerted in three levels including well-watered conditions 
(control), halt irrigation in flowering stage (Z55) and halt irrigation in early grain filling stage (Z85). Different 
concentrations of salicylic acid as the sub plot were applied in four levels including 0, 0.7, 1.2 and 2.7 
milimolar. Salicylic acid application timing as the subplot was applied at three levels including seed priming, 
foliar application in the tillering stage (Z25) and foliar application in early stem elongation stage (Z31). The 
toein surfactant 40% (Merck, Co.) was applied to increase absorption area. The experiments were covered by 
plastic in order to protect the rainfall.  
 
Proline measurement: 

Proline was measured from 0.5 g fresh leaf samples. It was extracted from 50 ml of sap cell with 
sulphosalicylic acid (3%) after centrifugation for 10 min at 5000 rpm. proline accumulation was estimated by 
spectrophotometric analysis at 520 nm using the ninhydrin method [9]. 
 
Electrolyte leakage measurement: 

For this purpose, a fully expanded young leaf (flag leaf) was selected from each treatment and replication at 
the mid-canopy position after two weeks halting irrigation (five plants). Fifteen leaf pieces (2 cm diameter) were 
cut from these leaves and washed with distilled water to remove the debris from tissue. The leaf segments were 
put into glass bottles, then added 20 ml distilled water. Prepared bottles were left in shaker for 24 h and after this 
procedure solutions in bottles were transferred into test tubes and C1 value was measured in EC meters. 
Solutions were again transferred into bottles and put in autoclave at 120˚C for 20 min. Afterwards C2 value was 
measured in room temperature [13,23]. The electrolyte leakage percentage was calculated by the following 
equation proposes by Tas and Basar, [24]. 

100
2

1 ×=
EC
ECEL

 
Membrane stability index percentage was calculated by the following equation proposes by Singh et al., 

[22]. 

 MSI = 1001
2

1 ×−
EC
EC

    
 
Statistical analysis: 

The recorded data were statistically analyzed using the software MSTATC and SAS. Means comparisons 
were calculated using Least Significant Difference (LSD) at P ≤ 0.05. 

 
RESULTS AND DISCUSSION 

 
Leaf proline: 

Water stress, salicylic acid application timing, salicylic acid concentration in salicylic acid application 
timing interactions and water stress in salicylic acid concentration interactions were significantly affected 
proline content (Table 1). The results of mean comparisons showed that the highest proline (366 ppm) was 
found in grain filling stage and the lowest proline (106 ppm) was observed in flowering stage under water stress. 
The results of mean comparisons showed that the highest leaf proline accumulation (256.75 ppm) was shown in 
generative stage in relation to salicylic acid application timing and the lowest leaf proline accumulation (183.24 
ppm) was found in seed priming with salicylic acid. Also the results of treatment interactions showed that the 
highest leaf proline accumulation was relevant to salicylic acid application timing in generative stage with low 
concentration (0.7 mmol) and the lowest leaf proline accumulation belonged to seed priming with distilled water 
(Table 3). The results of mean comparisons of water stress in salicylic acid concentration interactions showed 
that the highest leaf proline accumulation (411.89 ppm) was found in grain filling stage in relation to salicylic 
acid concentration 1.2 mmol and the lowest leaf proline accumulation (91.67 ppm) was observed in flowering 
stage without salicylic acid application under water stress. Nayyar and Whale [15] stated that there was a 
positive correlation between proline accumulations and drought stress tolerance in wheat. Therefore, proline 
accumulation was reduced detrimental effects on chlorophyll in grain filling stage. The results of the present 
study are in agreement with the conclusions of Galiba et al. [16] for wheat, Boggess et al. [1] for barley and 
Chou et al. [4] for rice in relation to increasing proline accumulation under water stress. Also Hanan [9] 
reported that foliar application of salicylic acid more effective than seed priming to leaf proline 
accumulation.Wasem [26] stated that low salicylic acid concentration (0.05 mmol) caused an increase of proline 
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accumulation under water stress conditions. This is in agreement with the conclusion of Bandurska and 
Stroindki [3] that proline decreases damage of water stress in barley. 
 
Electrolyte leakage: 

Electrolyte leakage was measured in two phases. First, electrolyte leakage was measured after halting water 
in flowering stage. Second, electrolyte leakage was measured after halting water in grain filling stage. 

In the first phase, the results of combined variance analysis showed that water stress, salicylic acid 
application timing, salicylic acid concentration, water stress in salicylic acid application timing interactions were 
significantly affected electrolyte leakage (Table 1). The results of mean comparisons showed that the highest 
electrolyte leakage was found in salicylic acid concentration 1.2 mmol and the lowest electrolyte leakage was 
observed in without salicylic acid application (Table 3). Also, the results of mean comparisons of water stress in 
salicylic acid application timing interactions showed that the highest electrolyte leakage was shown in seed 
priming under water stress in flowering stage and the lowest electrolyte leakage was found in salicylic acid 
application under well-watered conditions in vegetative stage (Table 5). 

In the second phase, the results of combined variance analysis showed that water stress was significantly 
affected electrolyte leakage (Table 1). The results of mean comparisons showed that the highest electrolyte 
leakage was found under water stress conditions and the lowest electrolyte leakage was observed under well-
watered conditions (Table 3). 

Janda et al. [7] stated that high salicylic acid concentration has acted as water stress and electrolyte leakage 
has been increased by it. The results of this experiment are in agreement with the conclusions of Sivakumar et 
al. [21] that low salicylic acid concentration caused an activation of antioxidant enzyme and it prevented cell 
electrolyte leakage in barley under water stress conditions. Also, Janda et al. [7] reported that water stress leads 
to increased accumulation of reactive oxygen species (ROS) in plants. Increased levels of ROS cause damage to 
membrane lipid peroxidation, which ultimately electrolyte leakage is increased. Khodary [11] concluded that 
water stress caused to change in phospholipid membranes and increased unsaturated acids and therefore, 
increased electrolyte leakage. Foyer [6] reported that water stress causes to increased reactive oxygen species 
such as superoxide (O2•−), hydrogen peroxide (H2O2) and the hydroxyl radical (-OH). They cause damage to cell 
membrane structure by injuring cell components, including lipids and proteins, that ultimately electrolyte 
leakage is increased. The results of the present study are in agreement with the conclusions of Blum et al. [2]. 
We concluded that water stress caused increase and decrease electrolyte leakage and cell membrane stability 
respectively.  
 
Conclusion: 

The data showed that the effects of water stress, salicylic acid application timing and salicylic acid 
concentration were significantly affected proline accumulation and electrolyte leakage. The effects of water 
stress, salicylic acid application timing and salicylic acid concentration have differed in different growth stages. 
Salicylic acid application lead to increased proline accumulation and decreased detrimental effects on water 
stress. Water stress caused to increased electrolyte leakage in vegetative stage. Salicylic acid is prevented 
electrolyte leakage due to the effects on cell membrane structure. We concluded that the salicylic acid 
application lead to decreased detrimental effects of water stress due to the regulatory effects.   

 
Table 1: Combined analysis of variance for electrolyte leakage (EL) and leaf proline (LP) 

 
S.O.V 

 
df 

MS 
 
EL 
after flowering stage 

EL 
after grain filling stage 
 

LP 

Year (Y) 1 91678.241ns 19266.67ns 8350.67ns 
Error (a) 4 22115.741 13842.59 2560.23 
Water Stress (WS) 2 88975.46** 36368.52** 47.12940** 
Y × WS 2 24278.241ns 66.67ns 6154.67ns 
Error (b) 8 3929.629 4280.09 1931.30 
Salicylic acid application Timing (ST) 2 6439.352* 2869.91ns 98985.85** 
Salicylic acid Concentration (SC) 3 9085.65** 2758.64ns 65725.98ns 
Y × ST 2 203.241ns 2862.50ns 1392.64ns 
Y × SC 3 215.278ns 1677.78ns 5847.49ns 
ST × SC 6 2459.722ns 2330.40ns 42596.23* 
WS × ST 4 5325.46* 2074.07ns 15908.48ns 
WS × SC 6 2368.06ns 1369.75ns 55051.81** 
Y × WS × SC 6 215.28ns 1677.78ns 5847.49ns 
Y × WS × ST × SC 4 203.24ns 2862.50ns 1392.64ns 
WS × ST × SC 12 2231.02ns 6112.34ns 41216.20ns 
Y × WS × ST × SC 18 153.241ns 799.54ns 1546.24ns 
Error (c) 132 1672.98 1582.24 17405.26 
C.V (%) C.V% 18.29 19.72 22.74 

* and **: Significant at the 5% and 1% probability levels respectively. ns: Non- significant. 
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Table 2: Means comparison of effects of salicylic acid concentration (SC), salicylic acid application timing (ST) and water stress (WS) on 

electrolyte leakage (EL) and leaf proline (LP) 
Factor EL 

after flowering stage 
(µSm-1) 

EL 
after grain filling stage 
(µSm-1) 

 
LP 
(ppm) 

Salicylic acid Concentration 
 (mmol) 
0 210.74 201.11 167 
0.7 220.56 197.59 246.20 
1.2 241.67 212.04 221.96 
2.7 221.67 196.30 233.56 
LSD (5%) 15.57 15.14 50.22 
ST    
Priming 233.75 198.61 183.24 
Vegetative Stage (Z25) 215 209.03 211.56 
Generative Stage (Z31) 222.22 197.64 256.75 
LSD (5%) 13.5 13.11 43.5 
Water Stress    
Control 194.30 186.67 179.49 
Flowering Stage (Z55) 262.50 190.28 106 
Grain Filling Stage (Z85) 214.14 228.33 366 
LSD (5%) 13.5 13.11 43.5 

 
Table 3:  Means comparison of electrolyte leakage after flowering stage under water stress as affected by two-way interaction effects  

Interaction 
 

 
Electrolyte Leakage 
 after flowering stage 
(µSm-1) 

Salicylic acid Concentration 
 (mmol) 

Salicylic acid application Timing 
(phenological stages) 

 
0 

Priming 144.33 
Vegetative Stage (Z25) 195.22 
Generative Stage (Z31) 161.44 

 
0.7 

Priming 233.28 
Vegetative Stage (Z25) 177 
Generative Stage (Z31) 328.33 

 
1.2 

Priming 173.44 
Vegetative Stage (Z25) 200.33 
Generative Stage (Z31) 292.11 

 
2.7 

Priming 181.89 
Vegetative Stage (Z25) 273.67 
Generative Stage (Z31) 245.11 

LSD (5%) - 87 
 

Table 4:  Means comparison of leaf proline under water stress as affected by two-way interaction effects 
Interaction Leaf Proline 

(ppm) Salicylic acid (mmol) Water Stress (phenologicy stages) 
 
0 

Control 122.33 
Flowering Stage (Z55) 91.67 
Grain Filling Stage (Z85) 287 

 
0.7 

Control 290.17 
Flowering Stage (Z55) 77.67 
Grain Filling Stage (Z85) 370.78 

 
1.2 

Control 151.67 
Flowering Stage (Z55) 102.33 
Grain Filling Stage (Z85) 411.89 

 
2.7 

Control 153.78 
Flowering Stage (Z55) 152.33 
Grain Filling Stage (Z85) 394.55 

LSD (5%) - 87 
 
Table 5: Means comparison of electrolyte leakage after flowering stage under water stress as affected by two-way interaction effects  

Interaction Electrolyte Leakage 
after flowering stage 
(µSm-1) 

Water Stress Salicylic acid application Timing 

 
Control 

Priming 210.42 
Vegetative Stage (Z25) 172.50 
Generative Stage (Z31) 199.17 

 
Flowering Stage (Z55) 

Priming 269.17 
Vegetative Stage (Z25) 203.33 
Generative Stage (Z31) 205.83 

 
Grain Filling Stage (Z85) 

Priming 256.67 
Vegetative Stage (Z25) 234.17 
Generative Stage (Z31) 261.67 

LSD (5%) - 23.36 
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