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Abstract 

 
Many plant growth regulators (PGRs) are known to alleviate the negative effects of 
drought stress in plants. However, limited research has been conducted to investigate 
the potential benefits of exogenous application of PGRs in wheat plants grown under 
drought stress. In the present study, effects of salicylic acid (SA) and chlormequat 
chloride (CCC) on drought-stress induced changes in morpho-physiological and 
biochemical characteristics of two commonly grown wheat cultivars in Iran were 
assessed. Plants were field grown under three water regimes, non-stress (normal  
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irrigation), moderate drought stress (water withheld from flowering stage to season 
end), and severe drought stress (water withheld from double ridges stage to season 
end), and two foliar applications of PGRs, SA (0.7 mM) and CCC (2.5 g/l). Drought 
stress increased canopy temperature and decreased leaf area index and plant height in 
both cultivars, however, exogenous applications of PGRs reduced these harmful 
effects considerably. Drought stress also significantly increased the levels of total 
soluble proteins and free proline, the activities of antioxidant enzymes superoxide 
dismutase, peroxidase and catalase, and decreased the contents of chlorophyll a and 
chlorophyll b. Application of CCC significantly increased all measured parameters 
except total soluble proteins and application of SA increased total soluble proteins, 
chlorophylls a and b, and peroxidase activity. These observations indicated that both 
SA and CCC were effective in alleviating adverse effects of drought stress in wheat, 
though the responses of the two wheat cultivars were not always the same. The 
beneficial effects of SA and CCC in reducing the adverse effects of drought stress 
may be due to improving stomatal regulation, maintaining leaf chlorophyll content, 
increasing water use efficiency, and stimulating root growth.  
 
Keywords: Antioxidant enzymes; CCC; growth hormones; induced tolerance; proline, stress 
tolerance 
 
Abbreviations: ABA: abscisic acid; CAT: catalase; CCC: chlormequat chloride; CT: canopy 
temperature; cv.: cultivar; DS: drought stress; ECT: early CT; FP: Free proline content; Ht: 
Plant height; LAI: Leaf area index; LCT: late CT; LSD: least significant difference; MD: 
moderate stress; mM: milli-molar; nm: nanometer; PGR: plant growth regulators; POD: 
peroxidase; ROS: reactive oxygen species; SA: salicylic acid; SD: severe stress; SOD: 
superoxide dismutase; TSP: total soluble protein; WUE: water use efficiency; µmol: 
micromole 
 
 
1. Introduction 
 
Drought is a major environmental cue impairing many physiological and metabolic 
processes in plants, which may lead to suppressing plant growth and development, 
reducing crop productivity, or plant death. Across plant species drought imposes 
various physiological and biochemical limitations and adverse effects [18, 56]. For 
example, drought stress (DS) elevates generation of reactive oxygen species (ROS), 
an effect common in plants exposed to most abiotic stresses [27]. Increased 
accumulation of ROS, including superoxide (O2

.-), hydroxyl radicals (.OH) and 
hydrogen peroxide (H2O2), is one of the earliest plant responses to DS [5, 6, 8, 35]. Such 
ROS accumulation may lead to many deleterious effects, protein degradation, lipid 
peroxidation and pigment bleaching. To protect cells from such deleterious effects, 
plants increase activities of key antioxidant enzymes in the cytosol, including  
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superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), which are 
believed to counteract the effects of ROS [25, 26]. In some cases, synthesis of such 
antioxidants is induced de novo as a way to overcome the negative effects of DS [4].  

Drought stress also induces accumulation of compatible solutes such as glycerol, 
sugars, betaines and proline, a phenomenon that also varies among plant genotypes. 
Proline, for example, is one of the most common osmolytes accumulating in plants in 
response to a variety of environmental stresses [14, 37]. Accumulation of free proline is 
likely a part of general adaptation of plants to DS, as it promotes water retention in 
plants thereby alleviating negative effects of water deficit [11, 50]. Thus, the 
concentration of free proline in plants has been suggested as a metabolic measure of 
drought tolerance [24]. Furthermore, in many plant species there is a strong positive 
correlation between increased concentration of intracellular proline and the ability of 
plant to survive under high salt or water deficit conditions [18].  

Increased concentration of intracellular proline and consequently enhanced plant 
drought tolerance can also be achieved by exogenous application of plant growth 
regulators (PGRs), including chlormequat chloride (CCC; an anti-gibberellin growth 
retardant) and salicylic acid (SA) [47]. For example, in potato (Solanum tuberosum L.), 
exogenous application of CCC resulted in increased number and size of tubers, 
though it decreased growth of stem, leaves and stolon [46]. In mung bean (Vigna 
radiata (L.) Wilczek), exogenous application of CCC resulted in thickening of stem, 
leading to enhanced plant stability under water deficit conditions [24]. In the latter 
study, treatment of non-stressed or water-stressed mung bean plants with CCC also 
resulted in increased intracellular proline, total protein and chlorophyll content, as 
well as activities of peroxidase (POD), superoxide dismutase (SOD) and catalase 
(CAT) in the leaves. There are also reports of increased drought tolerance in oat 
(Avena sativa) [24] and barley (Hordeum vulgare L.) [22] in response to application of 
CCC. Furthermore, exogenous CCC resulted in increased grain yield in bread wheat, 
Triticum aestivum L. [20, 47], barley [33], and rice (Oryza sativa) [2]. Reduced culm 
length, increased root growth, and delayed grain ripening were also observed in 
wheat with foliar application of CCC [20, 40]. 

Salicylic acid (SA) is a PGR that is part of a signaling pathway induced by 
several biotic and abiotic stresses [9, 10]. It has been identified as an endogenous 
regulatory signal in mediating plant’s defense against pathogens [41], and it is also a 
natural signal molecule for the activation of plant’s general defense mechanisms [55]. 
Exogenous application of SA has been shown to induce plant stress tolerance. A 
plethora of research demonstrates protective effects of exogenous SA on plants 
against salinity [55], drought [44, 45, 48], and high temperatures [9, 21]. For example, 
treatment of common bean (Phaseolus vulgaris L.) and tomato (Solanum 
lycopersicum L.) plants with SA increased their drought tolerance [44]. Exogenous 
application of SA also has been reported to modulate activities of intracellular  
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antioxidant enzymes SOD and POD and increase plant tolerance to environmental 
stresses [43, 44].  

Limited research has been conducted to study the effect of SA and CCC on wheat 
plants grown under DS conditions. In view of the above-mentioned studies, we 
hypothesized that SA and CCC would alleviate the harmful effects of DS in wheat 
plants grown under water stress conditions by altering the activities of some key 
metabolites. In the present study, we examined the effectiveness of exogenous 
application of SA and CCC in mitigating the adverse effects of DS in two widely 
grown wheat cultivars in Iran.  

 
 

2. Materials and methods 
 
Plant material and experimental procedure 
Two commonly grown wheat cultivars in Iran, Roshan and Yavarous, were used in 
this study. Roshan is a mid-season bread wheat cultivar with standard height, and 
Yavarous is a late-season durum wheat (Triticum durum L.) cultivar that is semi-
dwarf. The experimental layout was a split-plot design based on randomized 
complete blocks with four replications. Treatments included three water regimes 
(control, moderate drought and severe drought) and two PGRs (SA and CCC). The 
experiment was conducted during the 2009-2010 field season. Prior to sowing seed, 
the field was fertilized with ammonium phosphate and urea (46% N) at the rate of 
110 and 50 kg/ha, respectively. During the growing season, additional urea was 
applied at the stem elongation and flowering stages at the rate of 50 kg/ha each time. 
The soil texture was sandy clay with pH = 7.05. Each experimental unit was a plot of 
3 × 2 m. On November 8, 2009, wheat kernels were planted at a depth of 5 cm and 
density of 250 plants m-2, using a hand dibber. Plots were irrigated using a garden 
hose attached to a water meter. For each plot, the timing and amount of irrigation was 
determined by soil field capacity percentage (F.C. %) at the depth of 0-30 cm. Weeds 
were controlled manually as well as by applying herbicides. Plants were harvested on 
June 29, 2010.  
 
Treatments 
In each of the four replications, the main plots were randomly assigned to the three 
water regimes, control (normal irrigation), moderate drought stress (water withheld 
from flowering stage to season end), and severe drought stress (water withheld from 
double ridge stage to season end). The quantities of water provided to each of the 
three treatments are shown in Table 1. Each main plot was divided into six sub-plots, 
each randomly assigned to one cultivar (Roshan or Yavarous) and one PGR treatment 
(control (no PGR), CCC or SA). In the PGR treatments, CCC or SA was applied at  
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the concentration of 2.5 g/l or 0.7 mM, respectively, using a precision sprayer (AH-
15N, Daegu, Korea; 0.3 MPa pressure) and a rate of 400 l/ha solution. The PGRs 
were applied at double ridge stage on April 11, 2010. The sub-plots not receiving 
PGR treatment were similarly sprayed with equivalent amount of DI water (400 l/ha).  
 
Sampling and measurements 
Morpho-physiological measurements: Canopy temperature (CT) was measured at two 
stages, ear emergence (early CT; ECT) and prior to milk development (late CT; 
LCT), using an infrared thermometer (KM 842 Standard Model, Kane-May, 
England). In each sub-plot, CT was measured at three random points during midday 
[3]. Leaf area index (LAI) was determined using a leaf area meter (Delta T MK2, 
England) at the milk development stage. Plant height was measured at the kernel 
ripening stage as the length between soil surface and the ear leaf, using three 
randomly selected plants in each sub-plot. The average height from the three plants 
was used for further analysis. 
 

Table 1.  Description of the three water regimes used in the study. 
Water regime Precipitation (mm) Irrigation volume (mm) Total water volume (mm) 
Control (no-stress) 285.4 417.92 703.32 
Moderate drought stress (MD) 285.4 357.52 642.92 
Severe drought stress (SD) 285.4 209.2 494.6 

 
Biochemical measurements: For the various biochemical analyses, flag leaves of 
three randomly selected plants in each sub-plot were individually harvested at the 
grain filling stage, immediately frozen in liquid nitrogen, freeze-dried, and stored at 
−80 °C for future extraction. Frozen leaves were ground to fine powder in liquid 
nitrogen using a pestle and mortar and ice-cold extraction buffer containing 0.1 M 
tris-HCl buffer (pH = 7.5), 5% (w/v) sucrose and 0.1% 2-mercaptoethanol (3:1 buffer 
volume/FW). The homogenate was spun at 12000 × g for 20 min at 4°C, and the 
supernatant used for various biochemical measurements, as described below. All 
procedures for enzyme extraction and assays were carried out at 4 °C.  

The concentration of free proline was determined using a spectrophotometer 
(Biochrom Ltd, Biowave S2100, Cambridge, UK) according to the acid-ninhydrin 
method [14] with minor modifications. Total protein was measured according to 
Bradford [17] using bovine serum albumin (BSA) as a standard.  The activity of 
superoxide dismutase (SOD) was measured according to the method described by 
Dhindsa et al. (1980) using a spectrophotometer, which is based on the ability to 
inhibit the photochemical reduction of nitroblue tetrazolium [15, 30]. The peroxidase 
(POD) activity was assayed according to the method of Polle [39], as the ability to 
convert aromatic oil guaiacol to tetraguaiacol (ε = 26.6 mM−1 cm−1). The catalase 
(CAT) activity was determined according to the method of Aebi [1] by monitoring the  
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disappearance of H2O2 at 240 nm (ε = 40 mM−1 cm−1). Leaf chlorophyll a and b 
contents were extracted and measured according to Barnes [12].   

 
 

Statistical analysis 
Data were subjected to analysis of variance (ANOVA) and significant differences 
between treatment means determined by the least significant difference (LSD) test at 
P < 0.05 level using the computer software SAS v. 9.1.  
 
 
 
3. Results 
 
Canopy temperature (CT) 
There were significant differences in CT across water regimes and PGR treatments as 
well as between the two cultivars (Table 2a). However, while water stress 
significantly increased CT during the post-flowering stage (late CT; LCT), it did not 
significantly affect CT during ear emergence (early CT; ECT) (Table 3a; Fig. 1a, b). 
Application of both PGRs significantly reduced CT; however, the reduction was 
greater under SA than CCC (Table 3a). Furthermore, the effect of PGRs on reducing 
CT was highest under severe drought conditions (Fig1a, b). Generally cv. Yavarous 
exhibited higher CT than cv. Roshan (Table 3a).  
 
 
 
 
Table 2a.  Mean squares for morpho-physiological and biochemical characteristics of the two wheat cultivars 
subjected to three water regimes and two plant growth regulators. 
Source of variance CT† LAI† Ht† FP† TSP† 
Stress (S) 330.167**‡ 21.726* 9066.889** 322.646** 220.862** 
Block (B) 9.619 0.152 65.445 8.655 13.763 
S×B 1.769 0.453 16.500 4.122 9.615 
PGR (P) 316.167** 1.406* 1348.223* 124.186** 137.175** 
Cultivar (V) 144.500** 4.108** 6784.214** 81.068** 0.055ns 
P×V 2.1607ns 0.056ns 253.556** 55.475** 0.882ns 
S×V 4.500ns 0.203ns 26.889ns 6.095ns 0.142ns 
S×P 8.334ns 0.134ns 32.223* 14.013** 0.568ns 
S×P×V 2.167ns 0.008* 24.254ns 15.862** 0.228ns 
Error 4.323 0.525 26.459 3.488 3.396 
Coefficient of variation (%) 14.234 15.054 17.761 16.906 13.879 
† CT: canopy temperature; LAI: leaf area index; Ht: plant height; FP: free proline; TSP: total soluble protein. 
‡ ns, *, and **: non-significant, significant at the 5% and 1% probability levels, respectively. 
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Table 2b.  Mean squares for morpho-physiological and biochemical characteristics of the two wheat cultivars 
subjected to three water regimes and two plant growth regulators. 
Source of variance  SOD† POD† CAT† Chl a† Chl b† 
Stress (S) 361.446** 546.815** 232.477** 8119.501** 2233.763** 
Block (B) 0.766 13.387 13.466 34.650 19.733 
S×B 15.051 3.175 3.439 26.029 7.241 
PGR (P) 68.446** 71.055** 43.470** 931.020** 73.058** 
Cultivar (V) 13.868ns 23.120* 12.168ns 68.406* 6.862ns 
P×V 2.548ns 0.126ns 1.667ns 172.206** 6.090ns 
S×V 0.202ns 0.180ns 0.310ns 9.044ns 0.042ns 
S×P 6.043ns 0.082ns 0.742ns 239.695** 18.297** 
S×P×V 0.052ns 0.986ns 0.848ns 12.457ns 5.852ns 
Error 6.277 3.595 5.133 14.736 6.609 
Coefficient of variation (%) 15.546 14.162 19.845 12.617 18.105 
† POD: peroxidase; SOD: superoxide dismutase; CAT: catalase; Chl a: chlorophyll a; Chl b: chlorophyll b. 
‡ ns, *, and **: non-significant, significant at the 5% and 1% probability levels, respectively. 
 
 
Leaf area index (LAI) 
There were significant differences in LAI across water-regimes and PGR treatments 
as well as between the two cultivars (Table 2a). Water stress generally reduced LAI, 
though this reduction was significant only under severe DS (Table 3a). Although both 
PGRs increased LAI, only the effect of SA was significant (Table 3a; Fig. 1c). The 
effects of PGRs in improving LAI were more pronounced under severe than moderate 
DS (Fig. 1c). Cultivar Roshan generally had a bigger canopy structure and thus a 
larger LAI than cv. Yavarous in all treatments (Table 3a and Fig. 1c). Reduction in 
LAI was more in Roshan than in Yavarous under both moderate and severe DS 
conditions, indicating that Roshan may be more sensitive to DS.  
 
 
Plant height (Ht) 
There were significant differences in plant Ht across water treatments and between 
the two cultivars (Table 2a). Drought stress reduced plant Ht, in particular under 
sever DS (Table 3a; Fig. 1d). As expected, the two PGRs affected plant Ht 
differently: while SA slightly (but not significantly) increased plant Ht, CCC 
application resulted in shorter plants than the control (Table 3a). The effects of DS 
and PGRs were generally more pronounced in Roshan (a taller cultivar) than 
Yavarous (Table 3a; Fig. 1d). The tallest plants were observed in the control 
treatment (non-stress, no PGRs) and the shortest under severe drought with CCC 
application (Fig 1d).  
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Table 3a.  Means of the morphological and biochemical parameters measured in two wheat cultivars under various 
water regimes (control, MD and SD) and plant growth regulators (PGRs) treatments (no PGR, CCC and SA)†,‡. 
Treatment ECT LCT LAI Ht FP TSP 

Water regime1 
Control 24.63a 24.58c 5.51a 121.00a 5.583c‡ 6.75c 
MD 23.93a 28.16b 5.20a 119.33b 9.666b 9.71b 
SD 25.38a 32.00a 3.73b 84.50c 12.900a 12.81a 

PGR2 
No-PGR (ctrl) 25.70a 32.25a 4.58b 110.16a 7.616b 7.93b 
CCC 24.48b 27.33b 4.80ab 98.00b 11.950a 8.88b 
SA 23.76b 25.16c 5.06a 111.66a 8.583b 12.46a 

Cultivar Yavarous 26.45a 29.66a 4.57b 77.55b 10.444a 9.78a 
Roshan 22.84b 26.83b 5.05a 135.66a 8.322b 9.73a 

† ECT: early canopy temperature (°C); LCT: late canopy temperature (°C); LAI: leaf area index; Ht: plant height 
(cm); FP: free proline (µmol/g dry leaf); TSP: total soluble protein (mg/g dry wt) 
‡ In each column means followed by same letters do not differ significantly (P ≤ 0.05). 
1- Control: normal irrigation; MD: moderate drought stress; SD: severe drought stress. 
2- No PGR (ctrl): no PGR application (control); CCC: chlormequat chloride; and SA: salicylic acid application. 

 
 
Free proline content (FP) 
There were significant differences in leaf FP across water regimes, cultivars and PGR 
treatments (Table 2a). The FP increased with imposition of DS and was highest under 
severe DS (131.0 % higher than the control; Table 3a; Fig. 2a). While foliar 
application of CCC resulted in increased level of FP (56.9% higher than the control), 
application of SA did not have any significant effect. Comparatively, cv. Yavarous 
produced significantly higher levels of FP than cv. Roshan across all treatments 
(Table 3a; Fig. 2a). The highest level of FP (19.3 µmol g-1) was observed in cv. 
Yavarous treated with CCC under severe DS (Fig. 2a). 
 
Total soluble protein (TSP) 
There were significant differences in TSP across water regimes and PGR treatments 
(Table 2a). The TSP was higher under stress than control conditions, and it increased 
with increasing stress intensity (Table 3a). Application of PGRs generally increased 
TSP, but TSP level was significantly higher in SA- than CCC-treated plants (Table 
3a; Fig. 2b). Maximum TSP was observed in plants grown under severe DS and 
applied with SA (Fig 2b). There was no significant difference between the two 
cultivars in TSP across all treatments. 
 
Superoxide dismutase (SOD) 
There were significant differences in SOD activities across water regimes (Table 2b). 
Drought stress significantly increased SOD activity, and it was highest under severe 
DS (Table 3b). The enhancement in SOD activity under DS was similar in both 
cultivars (Fig. 3). Applications of CCC or SA did not change SOD activity (Table 3b, 
Fig. 3). 
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Peroxidase (POD) 
There were significant differences in POD activity across water regimes and PGR 
treatments (Table 2b). A higher POD activity was observed under DS than control 
conditions, and with increasing stress intensity POD activity increased in both 
cultivars (Table 3b). Exogenous application of both PGRs significantly increased the 
activity of POD, and both PGRs generally had similar effects (Table 3b; Fig. 3). 
Generally, POD activity was higher in cv. Yavarous than Roshan (Table 3b; Fig. 3).  
 
 
Catalase (CAT) 
CAT activity was significantly affected by water stress and PGR treatments (Table 
2b). CAT activity increased with water stress and was highest under severe DS (Table 
3b). Foliar application of CCC resulted in a significant increase in CAT activity, 
whereas SA application did not have any significant effect (Table 3b; Fig. 3). The 
two cultivars showed similar CAT activities (Table 3b; Fig. 3).  
 
 
Chlorophyll a 
There were significant differences in leaf chlorophyll a content across water regimes 
and PGR treatments (Table 2b). Drought stress decreased chlorophyll a content, and 
the lowest content was observed under severe DS (Table 3b). The reductions in 
chlorophyll a under moderate and severe DS conditions were 37.8 and 55.6% of the 
control (no stress), respectively. Application of CCC and SA significantly increased 
chlorophyll a content in both cultivars under both DS conditions (Table 3b, Fig. 4a). 
Both cultivars responded positively to PGR applications (Fig. 4a).  
 
 
Chlorophyll b 
There were significant differences in leaf Chlorophyll b content across water regimes 
and PGR treatments (Table 2b). Drought stress significantly decreased chlorophyll b 
content, and the lowest content (73.3% lower than control) was observed under 
severe DS (Table 3b, Fig. 4b). This reduction was similar in both cultivars (Fig. 4b). 
Application of CCC or SA significantly increased chlorophyll b content under the 
two water-stress regimes and in both cultivars (Table 3b, Fig. 4b). Both cultivars 
responded positively to PGR applications (Fig. 4b).  
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Table 3b.  Means of the morphological and biochemical parameters measured in two wheat cultivars under various 
water regimes (control, MD and SD) and plant growth regulators (PGRs) treatments (no PGR, CCC and SA)†,‡. 

Treatment SOD POD CAT Chl a Chl b 

Water regime1 
Control 11.800b 8.116c 7.0917c 64.715a 25.079a 
MD 17.233a 14.633b 10.741b 40.229b 10.835b 
SD 19.317a 17.416a 13.283a 28.697c 6.686c 

PGR2 
No-PGR (ctrl) 17.083a 11.416b 9.091b 37.361b 12.189b 
CCC 17.100a 14.583a 11.775a 47.899a 15.100a 
SA 14.166b 14.166a 10.250b 48.382a 15.310a 

Cultivar 
Yavarous 16.555a 13.955a 9.961a 43.57b 13.891a 
Roshan 15.677a 12.822b 10.783a 45.521a 14.508a 

†POD: peroxidase (U/mg protein); SOD: superoxide dismutase (U/mg protein); CAT: catalase (U/mg protein); Chl 
a: chlorophyll a (mg/ml); Chl b: chlorophyll b (mg/ml). 
‡ In each column means followed by same letters do not differ significantly (P ≤ 0.05). 
1- Control: normal irrigation; MD: moderate drought stress; SD: severe drought stress. 
2- No PGR (ctrl): no PGR application (control); CCC: chlormequat chloride, and SA: salicylic acid application. 

 
 
4. Discussion 
 
Pinter [38] reported that soil water content had a direct effect on wheat CT in that 
water deficit increased CT and the effect was more pronounced as the stress intensity 
increased. Similar findings were reported in other plant species [3, 29]. In the present 
study, DS increased CT, and the rate of this increase directly depended on drought 
intensity (Table 3a). Increased CT may result in reduced water use efficiency (WUE), 
leading to slower growth and reduced final yield under DS. In the present study, 
however, application of PGRs, in particular SA, resulted in reduced CT under water 
stress, when compared to the non-PGR treatment (Table 3a). This reduction in CT 
may have been due to the effects of PGRs in stimulating growth (e.g. higher LAI; 
Fig. 1c) and consequent effects of increased shading. The positive effects of CCC 
under DS in improving the “stay green” trait in wheat and the role of stay green trait 
in reducing CT were previously reported [47, 54], which are consistent with the 
observations in the present study (Fig. 1a, b). Comparatively, cv. Roshan had lower 
CT than cv. Yavarous across the water regimes and PGR treatments (Table 3a, Fig. 
1a, b), and this may have contributed to a better WUE under DS in cv. Roshan. This 
is consistent with a previous report of negative relationship between CT and WUE [3]. 
The lower CT in cv. Roshan could be due to its taller stature (Table 3a, Fig. 1d) and 
thus better shading of the canopy and the ground, which is consistent with previous 
suggestions [56]. Alderfasi [3] reported that wheat cultivars subjected to normal water 
regimes had no significant differences in CT; however, with the imposition of water 
stress, significant differences in CT appeared. Pinter [38] reported that cultivars with  
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lower CT had higher rate of photosynthesis, which was later attributed to water 
relations and evapotranspiration [16]. Thus, application of PGRs may improve plant 
performance under DS via lowering CT.  
 

 
 
Figure 1. Interaction effects of drought stress and PGRs on early canopy temperature (ECT; a), late 
canopy temperature (LCT; b), leaf area index (LAI; c) and plant height (d) in two wheat cultivars 
(Yavarous and Roshan). Early and late CT: canopy temperature at ear emergnece and milk 
development, MD: moderate drought, SD: severe drought, cont.: no PGR application, CCC: 
chlormequat chloride application, SA: salicylic acid application. There were no significant differences 
between averages with similar overlaping ranges according to standard error. 

 
As expected, LAI was reduced in both cultivars in response to DS, in particular in 

response to severe DS (Table 3a, Fig. 1c). This is in agreement with previous reports 
[37]. Since much of the leaf area in wheat is normally developed before flowering [37, 

40], highest reduction in LAI (32.3% relative to the control) resulted from severe DS, 
where water was withheld from double ridge stage to season end. This decrease in 
leaf area most likely resulted in lower light interception [58] and a consequent decrease 
in photosynthesis. In comparison, DS after flowering (i.e., moderate DS treatment) 
could decrease leaf area by accelerating leaf senescence [13].  

PGR applications increased LAI under DS, though the increase was statistically 
significant only in response to SA application (Table 3a, Fig. 1c). Similar responses 
were previously reported in several other grain crops [23, 33, 36, 40, 47]. The increase in  
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leaf area by PGRs could be via lowering developmental rate or delaying plant 
maturity and senescence [52]). The various roles of PGRs in enhancing crop yield 
under stress conditions have been reported elsewhere [9, 10, 22, 31, 33, 48, 51, 52, 54]. For 
example, it has been suggested that by improving leaf area, PGR application results 
in increased photosynthetic rate leading to higher yield [33, 40]. In the present study, the 
effect of PGRs on increasing leaf area was greater under DS than control conditions, 
suggesting that exogenous application of PGRs at least partially compensated for 
harmful effects of DS. 

Drought stress resulted in plants with shorter height (Table 3a, Fig. 1d). This 
reduction could be due to adverse effects of drought on dry matter production causing 
reduced availability of assimilates for stem growth [13]. Drought stress may result in 
shorter internodes, possibly due to a reduction in leaf area and decrease in light 
interception, thereby leading to reduced dry mater production and reduced growth [58]. 
In the present study, as expected, CCC had a significant negative effect on plant Ht 
(Table 3a, Fig. 1d). The shortening of stem by CCC application may be due to 
different reasons, including enhanced assimilate mobilization towards grains [40, 47]. 
The difference between the two cultivars in plant Ht was distinct, as Roshan is 
generally a tall cultivar while Yavarous is a semi-dwarf cultivar (Table 3a). 
Accordingly, changes in plant Ht in response to CCC was greater in cv. Roshan. This 
is in agreement with Rajala [40] who reported a lack of response to PGR applications 
in dwarf cultivars. In general, however, application of SA or CCC did not have any 
apparent beneficial effects in terms of plant Ht under DS.  

Drought stress poses numerous other adverse effects on plants, including 
decreased chlorophyll content and photosynthetic rate [32], stomatal closure, reduced 
transpiration and gas exchange [59], and structural damages or destructions that may 
lead to considerable reduction in total soluble protein content [13, 42, 58]. However, 
some of these adverse effects could be at least partially alleviated via exogenous 
application of PGRs, as demonstrated in the present study and consistent with several 
previous studies [2, 7, 9, 10, 21, 23, 24, 40, 41, 43]. In the present study, TSP content increased 
in response to DS in both cultivars (Table 3a and Fig. 2b). The increase in TSP level 
is a natural occurring under DS to increase plant adaptation to water deficit 
conditions. In the present study, exogenous application of SA resulted in an increase 
in the level of TSP by about 57%, compared to the control (no PGR) treatment (Table 
3a, Fig. 2b). This is an indication of the positive effect of SA in protein synthesis and 
improving plant adaptation to DS [52]. In a previous study, exogenous application of 
SA was reported to enhance stress tolerance by affecting apoplastic proteins [51]. 
Thus, SA-induced increases in protein content in the two wheat cultivars may be 
attributed to increased tolerance to DS.  
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Figure 2.  Content of free proline (FP; a) and total soluble protein (TSP; b) in two wheat cultivars 
grown under different water regimes (non-stress: normal watering; MD: moderate drought stress; SD: 
severe drought stress) and treated with PGRs (cont.: no PGR treatment; CCC: chlormequat chloride 
treated, SA: salicylic acid treated). Bars in a graph bearing different letter(s) have a statistically 
significant difference (P ≤ 0.05). 
 

Proline accumulation has been suggested as an important indicator of plant 
drought tolerance [11]. Abiotic stresses such as drought, salinity and extreme 
temperatures, which often cause reduced water potential in the growing media, lead 
to considerable accumulation of proline in plants [13].  In the present study, proline 
accumulation increased in both cultivars under DS (Fig. 2a), which could be due to 
the putative role of drought in increasing the production of proline precursors (e.g. 
glutamate-1-semialdehyde; [49]). Under both moderate and severe DS, exogenous 
application of CCC resulted in significant increases in proline accumulation (Fig. 2a), 
which could be taken as an indicator of enhanced plant tolerance to DS and consistent 
with previous reports [24, 34].  

Similar to many other abiotic stresses, DS normally causes increased generation 
of reactive oxygen species (ROS) in most plants [6, 8]. To minimize the deleterious 
effects of ROS, many plants, including wheat, have adopted various defense 
mechanisms such as production of antioxidant enzymes [37]. Peroxidase (POD) is a 
major antioxidant enzyme involved in the glutathione cycle, which plays an important 
role in detoxification of hydrogen peroxide [27]. Catalase (CAT) plays a role in 
deactivation of hydrogen peroxide [4, 19, 21] and superoxide dismutase (SOD) is a 
major scavenger of superoxide radicals in a dismutation reaction, which produces 
hydrogen peroxide (H2O2). In the present study, significantly higher activities of 
POD, CAT and SOD were observed in both cultivars under severe DS, in comparison 
to the non-stress conditions (Table 3b). Increased antioxidant activities under stress 
conditions have been reported in other plant species [19, 35, 37].  

To facilitate protection of cells against ROS under stress conditions, production of 
antioxidant enzymes can be stimulated via different means, including exogenous 
applications of PGRs. In the present study, application of CCC and SA enhanced the  
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activities of several antioxidant enzymes in both cultivars (Table 3b, Fig. 3). 
Specifically, CCC application resulted in significant increase in the activities of POD 
(27.7% increase relative to control) and CAT (29.5%) and SA application 
significantly increased the activities of POD (24%) and CAT (12.7%). Wang [54] 
demonstrated that varying levels of CCC (e.g. 1.5 – 2.0 g l−1) enhanced SOD, POD 
and CAT activities in potato leaves. Further, SA has been reported to regulate the 
activities of antioxidant enzymes and hence increase plant tolerance to environmental 
stresses [43, 51, 52]. Thus, exogenous application of PGRs may result in enhanced plant 
drought tolerance by increasing the production of the various antioxidant enzymes. 

 

 
 
Figure 3.  Activities of antioxidant enzymes (SOD: superoxide dismutase, POD: peroxidase, CAT: 
catalase) in two wheat cultivars grown under different water regimes (non-stress: normal watering; 
MD: moderate drought stress; SD: severe drought stress) and treated with PGRs (cont.: no PGR 
treatment; CCC: chlormequat chloride treated, SA: salicylic acid treated). Bars with overlapping 
standard error ranges do not differ statistically (P ≤  0.05). 
 

Thaloot [53] reported that water deficit decreased chlorophylls a and b and 
carotenoids contents in the leaves of mung bean. In the present study, the 
concentrations of chlorophylls a and b significantly decreased in both wheat cultivars 
under DS, and the decrease was greater under the severe DS conditions (Table 3b). 
Decrease in chlorophyll concentration under water stress could be attributed more to 
a higher rate of degradation of chlorophyll than a reduction in chlorophyll 
biosynthesis [57], and this has been recently demonstrated in wheat [37]. In the present 
study, however, the reduction in chlorophyll a concentration was more pronounced 
than that in chlorophyll b, consistent with previous reports [24, 37]. 

In the present study, while DS resulted in reduced chlorophyll contents, 
application of CCC or SA led to increased concentrations of chlorophylls a and b 
under both stress and non-stress conditions. For example, chlorophyll a  
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concentrations in plants under DS were 28.2% and 29.4% more in CCC and SA 
treatments, respectively, compared to the no PGR treatment. Similarly, increases in 
chlorophyll b concentration were 23.8% and 25.6% in CCC and SA treatments, 
respectively, compared to the no PGR treatment. These observations are consistent 
with previous reports showing increases in chlorophyll content under water stress in 
response to SA, CCC or ABA treatment [24, 28, 48]. Such increases may be due to an 
enhancement in stay green trait in response to PGR application, as reported elsewhere 
[2, 44]. Thus, exogenous application of PGRs may enhance plants’ performance under 
DS by preventing degradation of chlorophyll, which normally is caused by water 
stress. 

 

 
 
Figure 4.  Content of chlorophyll a (Figure 4a) and chlorophyll b (Figure 4a) 
in two wheat cultivars grown under different water regimes (non-stress: 
normal watering; MD: moderate drought stress; SD: severe drought stress) 
and treated with PGRs (cont.: no PGR treatment; CCC: chlormequat chloride 
treated, SA: salicylic acid treated). Bars in a graph bearing different letter(s) 
have a statistically significant difference (P ≤ 0.05). 
 

In conclusion, DS had several adverse effects on the two wheat cultivars, 
including increase in CT and decreases in LAI, plant Ht, and chlorophylls a and b 
contents. Drought stress also increased the levels of leaf FP and TSP as well as the 
activities of antioxidant enzymes POD, SOD and CAT. However, exogenous 
application of SA or CCC reduced at least some of the harmful effects of DS and in 
some cases compensated losses or damages caused by the drought, resulting in 
purging of differences between the control and DS conditions (e.g. in CT and LAI). 
Application of SA or CCC also partially compensated for the reduction of leaf 
chlorophylls a and b contents, which normally occur under DS. Such compensatory 
effects of PGRs could be due to various reasons. SA application may result in 
stomatal closure, increased WUE, increased chlorophyll content, increased 
respiratory-pathways and intercellular CO2 concentration, and stimulatory changes in  
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other physiological and biochemical attributes [9, 31, 36]. Stomatal regulation is a key 
process involved in the maintenance of photosynthetic capacity in plants under stress 
conditions, and thus SA-induced regulation of stomatal closure could reduce moisture 
losses in plants under DS. Similarly, CCC can stimulate root growth, reduce 
transpiration, increase WUE, and prevent chlorophyll destruction [20, 40, 54]. Increased 
levels of TSP and FP in plants under stress conditions are natural responses, which 
can help plants better tolerate the stress. In the present study, exogenous application 
of CCC or SA increased the levels of these two metabolites, which in turn may have 
played a role in sustaining the growth of wheat plants under water deficit conditions. 
Further, the enhanced antioxidant enzyme activities in the two wheat cultivars in 
response to CCC or SA application may have contributed to the protection of their 
photosynthetic machineries against damages caused by ROS during water-deficit 
conditions. The results of the present study are consistent with several previous 
reports, which demonstrated that exogenous applications of CCC and SA reduced the 
adverse effects of DS in various plant species [7, 40, 54]. Therefore, exogenous 
application of PGRs may enhance plant performance under DS by modulating 
various physiological and biochemical processes which are negatively affected by 
water stress.  
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