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Abstract 

The efficacy of humic acid (HA) and jasmonic acid (JA) application to modulate the 

adverse effects of water stress on pigment content, relative water content (RWC), 

antioxidant enzyme activity, and ion balance of two triticale genotypes (ET-83-3 and 

ET-84-8) was investigated in a pot experiment under controlled conditions. Application 

of both HA and JA in ET-84-8, increased chlorophyll a and b content 19.9 and 21% 

under water stress, respectively. Carotenoid content was also increased from 7.7 mg/g 

fresh weight to 9.5 mg/g fresh weight under water stress. Furthermore, catalase (CAT) 

and peroxidase (POD) activities and proline content were increased 34.8%, 13% and 

99.5%, respectively when ET-84-8 genotype was exposed to HA and JA together. RWC 

of water-stressed plants was lowered in both genotypes however, decreasing rate was 

greater in ET-84-8genotype. Higher K+ accumulation in water-stressed ET-84-8 

genotype was accompanied with an increase in pigment content, CAT and POD activity 

as well as RWC. There was a negatively significant relationship between the main shoot 

grain yield and malondialdehyde (MDA) activity. Significant and positive relationships 

were also found between the main shoot grain yield with CAT activity as well as RWC. 

Overall, it was found that concomitant foliar application of HA (1.0 mM) with JA (50 

µM) was able to alleviate the inhibitory effects of water stress in ET-84-8 genotype via 

enhancing proline content, CAT and POD activity, and lowering MDA. 
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Introduction 

Water stress is one of the greatest challenges that agriculture has faced because it results in 

negative effects on plant growth, development, and so crop yield. Decreasing water table 

resources and annual precipitation in arid and semiarid areas of Iran, for example, have been 

even more severe in the last decade (Bijanzadeh et al. 2019a; Yosefi et al. 2018). Triticale (X 

Triticosecale wittmack) stands out as a crop of high grain yield and has always been assumed 

to be relatively resistant to abiotic stresses such as water (Blum, 2014). Triticale seems to be 

an interesting alternative to other cereals, particularly bread wheat, in environments where 

growing conditions are unfavorable or in low-input systems. Akbarian et al. (2011) declared 

that triticale lines performed superior to wheat cultivars for water-stress tolerance considering 

both grain yield and majority of the physiological traits. 

     Plant responses to water stress lead to changes in biochemical characteristics, leaf water 

content and osmotic homeostasis (Gomi et al. 2005; Miranshahi and Sayyari 2016; Sedaghat 

et al. 2017). In this way, plants produce volatile and non-volatile compounds including 

phytohormones that help them to adapt to the changing environments. Phytohormones have a 

leading role in various physiological and developmental processes in plants (Ashraf and Akran 

2009; Ahmad et al. 2016). Several types of research have demonstrated that humic acid (HA) 

and jasmonic acid (JA) can help modulate abiotic stresses in plants; especially drought stress 

(Zhang et al. 2013; Sedaghat et al. 2017; Bijanzadeh et al. 2019b).  

     Humic acid (HA) is a water-soluble organic acid that is naturally present in soil organic 

matter. Humic acid may have many beneficial effects on soil microbe populations and soil 

structure. It may also enhance nutrient uptake and mechanisms involved with cell permeability 

and plant growth stimulation, and therefore increase crop yield (Tohidi Moghadam et al. 2014; 

Gomaa et al. 2014). HA has been reported to show various biochemical effects such as an 

increase in cell membrane permeability, potassium uptake, photosynthesis pigments, and root 

cell elongation (Nardi et al. 2002; Zhang et al. 2013). Tohidi Moghadam et al. (2014) reported 

that in corn, humic acid reduced the harmful effects of water deficit stress and increases 

resistance to water stress. Bakry et al. (2009) demonstrated a significant increase in corn 

vegetative growth characters such as plant height and leaf chlorophyll a and b contents by 

applying 20 mg/l HA. Gomma et al. (2014) found that the application of 14.4 kg/ha HA had a 



significant effect on chlorophyll content compared to the control when plants were exposed to 

drought stress. 

     An important phytohormone, JA (jasmonic acid) and its methyl ester, methyl jasmonate 

(MeJA), are derivatives of the fatty acid metabolism (Gao et al. 2011; Jalalpour et al. 2014). 

JA and MeJA are believed to play an active role in senescence. In addition, a variety of JA-

induced plant growth, developmental and physiological activities have been reported including 

fertility, biotic and abiotic stress tolerance, sex determination, storage organ formation, 

reproductive processes, root elongation, fruit ripening and senescence, oxidative defense, and 

interaction with other hormones (Cipollini 2010; Nafie et al. 2011). 

     Chlorophyll is a chloroplast component for photosynthesis greatly affected under water 

stress and pigment photooxidation and chlorophyll degradation under water stress results in a 

decrease in chlorophyll content. Water stress creates alterations in the ratio of chlorophyll a 

and b and carotenoids (Sorial and Gendy 2010; El-Bassiouny et al. 2014). El-Ghinbihi and 

Hassan (2007) found that water stress caused a significant reduction in photosynthetic pigments 

[chlorophyll-a, chlorophyll-b, total chlorophyll (a+b), and carotenoids] of pepper (Capsicum 

annuum) plants. Relative water content is a useful variable to evaluate the physiological water 

status of the plants. Kadioglu et al. (2011) observed a sharp reduction in RWC of the water-

stressed soybean plants; however, MeJA application recovered this loss to a marked level. On 

the other hand, exogenously supplied JA can increase the transcript levels and activities of 

antioxidant enzymes in plants under water stress (Sorial and Gendy 2010) Accumulation of 

compatible solutes such as proline, and soluble sugars maintain high relative water content and 

water potential. Proline accumulation in plants might act as an osmoprotectant to reduce water 

potential, which in turn helps to retain water content inside the cell (Ahmad and Murali, 2015). 

Poonam et al. (2013) suggested that proline content could be increased by foliar application of 

JA in Cajanus cajan. 

     The aforementioned publications demonstrating the beneficial effects of HA or JA on 

biochemical changes under drought stress studied either HA or JA alone, but not in 

combination. On the other hand, many studies have been carried out on the effects of water 

stress and its management, while the mechanisms of water deficit response in triticale have not 

yet reached advanced levels to allow control. In addition, a comprehensive literature search 

revealed no studies in which potential synergistic effects of combining HA and JA were tested 

especially in triticale. Therefore, the present study was carried out to investigate the efficacy 

of combined foliar application of HA and JA on two triticale genotypes to modulate the adverse 

effects of water stress on pigment content, RWC, antioxidant enzyme activity, and ion balance. 



 

Material and methods 

Plant materials and chemicals 

     Seeds of two triticale genotypes ET-83-3(VICUNA_4/4/ERIZO7//YOGUI_1/GIRAF/3 

/FARAS), and ET-84-8 (ERIZO_NIMIR_4// VICUNA_4/3MANATI_1) were provided by the 

Seed and Plant Institute, Karaj, Iran. The HA and JA applied to foliage were supplied by the 

Sigma-Aldrich Company (Darmstadt, Germany).  

 

Plant growth condition and irrigation amount 

     This greenhouse experiment was laid out at Shiraz University, Iran, by ET-84-8 as water 

stress-tolerant and ET-83-3 as a water stress-sensitive triticale genotypes. Plants were sown in 

5 kg pots (25cm width ×35cm height), filled with a silty loam soil (8% sand, 68.3% silt, and 

23.7% clay, bulk density=1.3 g/cm3, pH=7.6, OC%=0.051, N%=0.16, P=35 mg kg-1, K=590 

mg kg-1and EC=0.44 dS m-1) and 25 mg kg-1 nitrogen was applied as urea fertilizer. For each 

cultivar, six uniform seeds were sown in each 5kg pot and thinned to four seedlings at the two-

leaf stage. The greenhouse temperature was 25±3°C, with 60±3% relative humidity, and light 

intensity varied in the range of 650-750 µmol m-2 s-1. Plants were irrigated to maintain at field 

capacity level before starting irrigation treatments (until the flowering stage). From flowering 

to ripening, water stress treatment was applied to maintain 50%  of field capacity, while control 

(well-watered) pots were irrigated to 100% of field capacity. Soil water content in each plot 

was measured using a TRIME-FM TDR (Time Domain Reflectometry, IMKO 

Micromodultechnik, Ettlingen, Germany). 

 

Treatments and Experimental design  

     There were eight treatments for each triticale cultivar: no water stress and no foliar 

application (well-watered, -HA, -JA), no water stress with HA application (well-watered, +HA, 

-JA), no water stress with JA application (well-watered, -HA, +JA), no water stress with HA 

and JA application (well-watered, +HA, +JA), water stress with no foliar application (water 

stress, -HA, -JA), water stress with HA application (water stress, +HA, -JA), water stress with 

JA application (water stress, -HA, +JA) and water stress with HA and JA application (water 

stress, +HA, +JA). In foliar application treatments, 1.0 mM HA and 50 µM JA were applied 

with a hand sprayer until the solution began to drip from the leaves (≈ 5 mL). In control plants 

(no application of HA or JA treatments) plants sprayed with an equivalent amount of distilled 



water. To assure foliar uptake by the triticale seedlings, HA and JA were applied on two 

consecutive days after flowering. The experiment was factorial and based on a completely 

randomized design (CRD) with five replicates (n=5) per treatment.   

 

Pigments assay 

     Chlorophyll content was determined using fresh tissue from the flag leaf of the main shoot. 

Ten ml of 80% acetone was gradually added to 200 mg of leaf tissue and ground with a mortar 

and pestle. The resulting slurry was centrifuged for 10 min at 4000 rpm, and the supernatant 

was filtered through Whatman No. 2 filter paper placed in a funnel as the solution was 

transferred. Absorbance was determined using a double-beam UV-VIS spectrophotometer 

(UV-1900 spectrophotometer, Shimadzu, Japan) at λ = 645, 663, and 470 nm. Chlorophyll and 

carotenoid contents were obtained based on the following equations (Arnon 1949): 

Chlorophyll a = (19.3 × A663 − 0.86 × A645)V/100 W 

Chlorophyll b = (19.3 × A645 − 3.6 × A663)V/100 W 

Total Chlorophyll = Chlorophyll a + Chlorophyll b 

Carotenoid = (1000 A470 − 1.82 Chl. a − 85.02 Chl. b) 

Where, V is volume of the purified solution, W is leaf fresh weight, and A663, A645, and A470 

are optical absorption wavelengths at 663, 645, and 470 nm, respectively. 

 

Antioxidant enzyme activity assay 

     Flag leaf of each plant was sampled for antioxidant enzyme activity 10 days after 

phytohormones foliar applications. Leaves were then washed with distilled water and surface 

moisture was wiped out. Catalase (CAT) activity was evaluated following the Beers and Sizer 

(1952) method with minor modification. The reaction mixture included 50 μM phosphate 

buffer (pH 7) (2.8 mL), enzyme extract (0.1 mL), and 15 mM H2O2 (0.03 mL). The reaction 

combination was mixed rapidly. Changes in absorbance at 240 nm were recorded by 

spectrophotometer. CAT activity is determined as Unit mg−1 protein. One unit of catalase 

activity was determined as the amount of enzyme catalyzing the decomposition of 1 nmol of 

H2O2 per min (extinction coefficient 40 mM cm−1). 

     Peroxidase (POD) activity was determined by Jia et al. (2013) method. In a reaction mixture 

composing of 50 μM potassium phosphate buffer (pH 7) (480 μL), 1% guaiacol (1 mL) and 

0.3% H2O2 (1 mL). The reaction was begun by adding H2O2 and enzyme extract (20 μL). The 

oxidation of guaiacol to tetraguaiacol was determined based on the increase in absorbance at 

470 nm. The extinction coefficient of 25.5 mM cm-1 was used for measuring enzyme activity. 



One unit of guaiacol is described as the amount of enzyme needed to produce 1 μM 

tetraguaiacol per min and it is expressed as Unit mg−1 protein. 

     Lipid peroxidation was determined by measuring the amount of malondialdehyde (MDA) 

content of the flag leaf based on Stewart and Bewley (1980) method with some modification. 

1 mL of 20% (w/v) trichloroacetic acid solution plus 0.5% (w/v) thiobarbituric acid (TBA) was 

added into a new tube and mixed with 150 μL of enzyme extract. This mixture was incubated 

for 30 min at 95 ºC, then cooled to room temperature and centrifuged at 6149×g for 5 min. 

The supernatant was exposed to analysis through a spectrophotometer. Its absorbance was read 

at 532 nm and proofread for the non-specific absorbance at 600 nm. The MDA content was 

measured using the extinction coefficient of 155 mM−1 cm−1. 

 

Proline content assay  

     Proline content was determined according to the method described by Bates et al. (1973) 

with some modification. Fresh flag leaf (0.5 g) was homogenized in 10 mL of 3% aqueous 

sulfosalicylic acid and the homogenate was centrifuged at 10,000 rpm. Then, 2 mL of the 

supernatant was mixed with 2 mL of acid ninhydrin and 2 mL of glacial acetic acid in a test 

tube. The mixture was placed in a water bath for 1 hour at 100ºC. The reaction mixture was 

extracted with 4 mL toluene and the chromophore containing toluene was aspirated, and the 

absorbance was measured at 520 nm with a UV/visible spectrophotometer. Appropriate proline 

standards were included for the calculation of proline in the samples.  

 

Determination of relative water content  

     Relative water content (RWC) was determined using fresh tissue from the flag leaf at 10 

days after phytohormones foliar applications. Freshly cut leaves were immediately sealed in 

plastic bags and quickly transferred to the laboratory where fresh weight was determined within 

1 hr after excision. Turgid weight was obtained after soaking leaves in distilled water for 5-7 

hr at ambient temperature (25 °C) and carefully blotted dry with tissue paper. Dry weight was 

obtained after oven drying the leaf samples at 72 °C using an analytical balance (EQ-120, A 

and D Company, Limited, Tokyo, Japan). RWC was calculated according to the following 

formula (Beadle et al. 1993): 

RWC = (Fresh weight − Turgid weight)
(Turgid weight−Dry weigh)

×100 



Potassium ion (K+) assay 

     The K+ determination was completed using the Yu et al. (2001) method. Plants were 

harvested at 10 days after phytohormones foliar applications and dried. Stem and leaf samples 

were ground to pass a 30-mesh screen for chemical analysis. Fifty milligrams of ground tissue 

and 15mL of distilled water were combined in a test tube and placed into boiling water for 

90min. After cooling the extract solutions, 50mL distilled, deionized water was added to each 

tube. K contents were analyzed with a flame photometer (Jenway 6400-A, Keison International 

Ltd., Chelmsford, Essex, England). 

 

Grain yield   

     Finally, plants were harvested at physiological maturity, the grain of each main shoot was 

hand-harvested and oven-dried at 72 °C for 48 h, and then weighed. 

 

Statistical analysis 

     Data were statistically analyzed for variance using the SAS software (SAS 2004, Institute, 

Cary, NC, USA). When analysis of variance demonstrated a significant treatment effect, means 

were compared using Fisher’s Least Significant Difference (LSD) test at P<0.05. 

 

Results  

Pigments content 

     In both triticale genotypes, water stress affected chlorophyll a and b content, significantly 

(p ˂ 0.05), while exogenous application of HA and JA improved their contents in ET-84-8 

triticale genotype compared to no application of HA and JA (control) (Table 1). In ET-84-8, 

under water stress when HA and JA applied together, chlorophyll a and b content increased 

19.9 and 21%  in comparison to control, respectively. Interestingly, in both irrigation regimes, 

total chlorophyll content in ET-84-8 was more than ET-83-3 (Table 1). Also, in ET-84-8 foliar 

application of HA and JA alone or together, improved total chlorophyll compared to control 

under water stress. Water stress dampened carotenoid content of both triticale cultivars, but in 

ET-83-3 application of HA and/or JA had no significant difference in carotenoid content (Table 

1). In contrast, in ET-84-8 carotenoid content from 7.7 mg g-1 fresh weight in control increased 

to 9.5 mg g-1 fresh weight when HA with JA applied together, under water stress conditions.  

 



Antioxidant enzyme activity  

     A statistically significant difference was obtained between tolerance to water stress (as in 

ET-84-8) and sensitivity to it (as in ET-83-3) triticale genotypes in the antioxidant enzyme 

activity which was well associated with the magnified capacity of antioxidative system under 

water stress (Figures 1 - 3). In well-watered conditions and both triticale genotypes, catalase 

(CAT) activity was not influenced by exogenous application of HA and/or JA (Figure 1). In 

contrast, under water stress, CAT activity improved significantly when ET-84-8 genotype 

exposed to HA with JA together and CAT activity increased 34.8% compared to control. In 

addition, the water-stress tolerant genotype (ET-84-8) had higher CAT activity in comparison 

to ET-83-3. Likewise, in the water stress conditions, ET-84-8 genotype in spite of ET-83-3 had 

more CAT activity compared to JA when applied alone (12.91 vs. 11.23 unit mg-1 protein) 

(Figure 1). In each genotype, the amount of peroxidase (POD) activity in the well-watered 

conditions was not affected by exogenous application of phytohormones, but it was 

significantly (p ˂  0.05) higher in the water-stress tolerant compared to the water-stress sensitive 

genotype when HA was applied with JA, together (Figure 2). In both genotypes, under the 

water stress conditions, POD activity was simulated by exogenous application of HA and JA, 

so that in ET-84-8, POD activity increased 13% compared to control. In both irrigation regimes 

and triticale genotypes, no significant difference was observed in the POD activity when HA 

and JA were applied alone. The malondialdehyde lipid peroxidation (MDA) is expressed as 

malondialdehyde (MDA) content. The MDA content that increased with environmental 

stresses is regarded as a marker for assessing the lipid peroxidation or damage to plasmalemma 

and organelle membranes (Das et al. 2015). The MDA content is considered a symptom of 

stress-induced damage and deterioration (Feng et al. 2003). Our results showed that in the well-

watered conditions, the MDA content in the water stress-sensitive genotype was more than that 

in the tolerant genotype, but the exogenous application of HA and JA together in ET-84-8 had 

a meaningful decreasing effect on the MDA content compared to the control (Figure 3). A 

similar trend was observed under water stress conditions and HA with JA together dampened 

MDA content especially in ET-84-8 more than ET-83-3.  

 

Proline content  

     By water stress, proline content was enhanced significantly especially in ET-84-8 so that 

proline content in this cultivar increased sharply from 0.23 mg g-1 fresh weight in control to 

0.48   mg g-1 fresh weight (99.5% increase) when HA with JA applied together (Figure 4). On 



the other hand, in the water-sensitive genotype (ET-83-3) no significant difference was 

obtained when phytohormones were applied compared to the control. Overall, in each irrigation 

regime and triticale genotype, no significant difference was observed when HA and JA were 

used alone.  

 

Relative water content and Potassium content (K+) 

     In well-watered conditions, RWC of each genotype was not affected by foliar application 

of HA and/or JA, while the RWC in ET-84-8 was more than ET-83-3, significantly (p ˂ 0.05) 

(Figure 5). RWC of the water-stressed plants was lowered in the two genotypes, but the 

decreasing rate in ET-84-8 was less than that of the other cultivar. Likewise, when plants were 

treated with HA and JA together, RWC increased 30% compared to the control. This 

enhancement implied that these phytohormones might support plants to maintain their water 

balance in spite of the greater water loss. On the other hand, in the sensitive water stress 

genotype (ET-83-3), RWC was not affected by phytohormones treatments. In our study, results 

showed that under the well-watered conditions, the exogenous application of HA and JA had a 

meaningful significant effect on K+ improvement in ET-84-8 (Figure 6). A similar trend was 

obtained in the water stress conditions, so that the highest K+ content was observed in ET-84-

8 when HA and JA were applied together (213 mg g-1 dry weight) and had a significant effect 

with HA and JA when applied alone.  

 

Grain yield and its relationships with other traits 

     Exogenous application of HA and /or JA under well-watered conditions had no meaningful 

effect on grain yield in each triticale genotype, but grain yield amounts in ET-84-8 was more 

than sensitive genotype (Figure 7). A similar trend was observed concerning ET-83-3 when 

plants were exposed to water stress, while HA with JA application together increased 21% 

grain yield compared to the control in ET-84-8, significant increase (p ˂0.05). The relationship 

between the main shoot grain yield with MDA (R2=0.75) was significant (p<0.05), negatively 

(Figure 8a). In contrast, a significant positive relationship (R2=0.86) was found between the 

main shoot grain yield with CAT (Figure 8b). In addition, the main shoot grain yield was 

positively correlated with RWC (R2=0.92) by the following linear equation: y= 0.0267x+0.725  



Where, y and x were the main shoot grain yield and RWC, respectively (Figure 8c). This 

equation showed a positive and linear relationship between the grain yield and RWC and the 

highest grain yield was obtained in the higher RWC in triticale genotypes. 

 

Discussion 

Pigments content 

      One of the main plant responses to water stress is alterations in the photosynthetic pigments 

which play important roles in light harvesting. The content of both chlorophyll a and b changed 

under water stress. In addition, the carotenoids play fundamental roles and help plants to resist 

drought stress (Mombeini and Abbasi 2019). Bijanzadeh et al. (2019b) showed that the highest 

chlorophyll a and b concentrations were observed in the plants treated with the exogenous 

applications of HA combined with salicylic acid (SA) in corn hybrids, while the lowest values 

were usually obtained in the controls of both well-watered and the water-stressed conditions. 

Similar to our results, they also reported that water stress caused a reduction in carotenoid 

content in both cultivars, but the SC 705 cultivar performed slightly better than SC 260. Souguir 

and Hannachi (2017) found that total chlorophyll (325 ± 3.2 µg/g dry weight) and carotenoids 

(33.7 ± 2.5 µg/g dry weight) were significantly higher in seedlings receiving 1000 mg L-1 HA 

compared to the control. Also, El-Bassiouny et al. (2014) declared that HA applications caused 

a significant increase in chlorophyll a, chlorophyll b, carotenoids, and total pigments in two 

wheat cultivars (Beni Sweif-1 and Beni Sweif-3) compared to the control. In agreement with 

our results, Ahmad and Murali (2015) indicated that drought stress caused a noticeable 

reduction in chlorophyll a, chlorophyll b, and carotenoid contents of Allium cepa var, 

Aggregatum. However, JA application enhanced the pigment content in the presence of drought 

stress. Sorial and Gendy (2010) reported that treatment with JA improved total chlorophyll 

content in sweet basal (Ocimum basilicum L.) under different water regimes. Wei-Wei et al. 

(2011) declared that the foliar-applied MeJA alleviated degradation of chlorophyll and played 

a critical role in protecting PSII under drought stress. Overall, the exogenous application of 

HA and JA had a different trend in the triticale genotypes and in the water-stress tolerant 

genotype (ET-84-8) can improve pigment content (chlorophyll and carotenoid), especially 

when applied together under water stress conditions (Table 1). 

 

Antioxidant enzymes activity  

     Enzymatic antioxidant systems [e.g., POD, CAT, Ascorbate peroxidase (APX) and 

Superoxide dismutase (SOD)] have an influential role in plant defenses against oxidative 



damage (Mittler 2002). Lotfi et al. (2015) reported that APX activity under severe water stress 

condition increased by 70 and 95%, compared with that under moderate and well-watering 

conditions, respectively and CAT activity was 51 and 69% less under well-watering than that 

of the moderate and severe water stress conditions, respectively. The highest activity of APX 

was recorded in plants treated by 6 mg/L HA. Also, MDA increased with increasing the 

severity of the water stress, in contrast, the application of HA significantly reduced the amount 

of this trait under water stress conditions. They concluded that the application of HA increased 

the activity of the antioxidant enzymes, improved PSII activity, and consequently decreased 

lipid peroxidation in rapeseed plants. Nikolaeva et al. (2010) declared that the MDA content 

was higher in the drought sensitive cultivar and it shows that water stress affects these plant 

membranes more seriously in comparison to the drought tolerant cultivars. Increase in the 

MDA content, indicates that the antioxidant enzyme defense system was weakened and lipid 

peroxidation was enhanced. Ma et al. (2014) reported that MeJA enhanced drought tolerance 

by increasing dark respiration rate, photosynthesis and the activities of SOD, POD, CAT 

enzymes, delayed plant senescence, and reduced MDA content mainly by improving the water 

status of wheat plants. Sedaghat et al. (2017) asserted that POD activity in the well-watered 

condition was not influenced by the exogenous application of phytohormones, but it was 

significantly different in the tolerant and sensitive wheat cultivars to water stress. POD and 

CAT activity was simulated by exogenous application of SA and strigolactone (SL) in the water 

stress conditions and this simulation was more pronounced when they used these 

phytohormones together. In the well-watered pots phytohormones, SL or SA application 

reduced the MDA content in wheat plants; however, this reduction was higher when SA and 

SL were used together and the influence of SA was greater than SL. Similar to our results, they 

concluded that water stress-tolerant cultivar showed significantly higher POD activity in both 

conditions. In contrast to our results, they did not observe a significant difference between the 

two wheat cultivars in response to the exogenous application of phytohormones in the well-

watered treatment. Overall, it is well established that foliar application of HA with JA 

combined was able to alleviate the inhibitory effects of water stress via stimulate CAT and 

POD enzyme activities and decline the MDA content in ET-84-8 as water stress tolerant 

triticale cultivar (Figures 1 - 3). 

 

Proline content  



     Under water stress conditions, proline accumulation supplies energy for the growth and 

survival and thereby helps the plant to tolerate stress and as an osmoprotectant compound, 

plays a major role in osmoregulation and osmotolerance (Ahmad andMurali 2015). In a study 

on sesame (Sesamum indicum L.), Souguir and Hannachi (2017) declared that application high 

concentrations of HA (2000 mg L−1) enhanced proline and total soluble sugars by 42% and 

46% respectively compared to the control. Miranshahi and Sayyari (2016) declared that in 

water stress conditions, some growth parameters namely, relative water content and essential 

oil yield decreased and antioxidant activity, proline content, and essential oil percentage 

increased in summer savory (Satureja hortensis) by 75 µM MeJA application. Pazirandeh et 

al. (2015) reported that in barley genotypes increases in proline contents were observed under 

water stress by 488% and 479% in Yousef and Morocco, respectively. In addition, the effect 

of MJ in proline contents after 24 h in both genotypes was not significant, but after 72 h, the 

MeJA application further enhanced the proline contents in both genotypes. Yosefi et al. (2018) 

showed that the 50 mg L−1 concentration of JA applied at the vegetative-reproductive stages 

appropriately mitigated the negative effects of water deficit and increased the proline content 

and soluble sugars in cotton. Our results clear that proline accumulation increased in plants 

exposed to drought stress. However, foliar application of HA with JA, to the water-stressed 

plants, further triggered the proline accumulation to a significant level.  

 

Relative water content and potassium content (K+) 

     High RWC is a resistant mechanism to water stress, and it is the result of more osmotic 

regulation or less elasticity of tissue cell wall (Mombeini and Abbasi 2019). Pazirandeh et al. 

(2015) over the experimental period, the progressive water stress caused a subsequent reduction 

in RWC of barley plants as compared to the well water control. The RWC of the Yousef 

dropped from 87.9% in the well-watered condition to 67.9% in the water stress. Nonetheless, 

the same values for Morocco were from 91.3% in the well-watered condition to 56.9% in the 

water stress., Zhang et al. (2013) found that in Malus robusta water stress inhibition of seedling 

growth, RWC, and photosynthesis were significantly alleviated by the exogenous application 

of gibberellic acid (GA) and HA. Miranshahi and Sayyari (2016) declared that the RWC 

decreased significantly under water stress conditions and the MeJA treatment significantly 

increased RWC both in the water stress and no water stress conditions and similar to our results, 

the RWC content in the water stress conditions was lower (p ˂ 0.05) than the controls and the 



MeJA-treated plants. They also reported that MeJA treatment alleviated water stress damages 

by affecting RWC content, especially when applied with 75 μM concentration at mild and 

severe stress conditions. The positive effect of JA application on RWC content in our study 

was consistent with Huiling et al.’s (2012) results in Cauliflower (Brassica oleracea). Reduced 

percentage of leaf water loss in the shoot tips exposed to water stress in response to MeJA 

treatments could be attributed to the possible regulatory effects of MeJA on stomatal closure, 

leading to the enhanced ability of tissues for water maintenance (Rohwer and Erwin 2008). 

Yazdanpanah et al. (2011) showed that both MeJA and water stress effectively increased the 

amount of proline. The high content of proline could be the reason for keeping the cellular 

inflammation and reduction of the membrane's damage in the savory plants. Increased levels 

of solutes such as proline and carbohydrates in plant tissues cause higher osmotic potentials 

within cells and hence a greater capacity to absorb water (Anjum et al. 2011). Kumar Umesh 

and Pal (2018) reported that maintenance in RWC provides desiccation resistance to leaf tissue, 

which can contribute to increase in total biomass. Under drought condition RWC of tolerant 

genotypes N-22 and N-L-44 decreased by 7.8% and 6.2% respectively. Whereas, the sensitive 

genotypes Swarna and PS-5 shown a decrease of 12.9% and 15.9% respectively. Mahmood et 

al. (2012) observed that MeJA Application under drought stress condition caused proline 

accumulation of banana (Musa acuminate cv. Berangan) shoot tips as a physiological change 

and as a strategy of the plant in order to improve water stress tolerance. In agreement with our 

results, Reddy et al. (2003) declared that the proline content during drought stress would 

increase; in that proline as an amino acid play a key role in osmotic regulation and RWC 

increment. 

     K+ is one of the most important elements responsible for osmoregulation and maintaining 

cellular water balance under water stress (Rao et al. 2012; Blum, 2014). Reduced supply of 

potassium causes a decrease in leaf water potential (Bijanzadeh et al. 2019b). They reported 

that under well-watered conditions, the SC 705 cultivar of corn had the highest potassium 

content at 275mg/g dry weight when treated with HA and SA together. This was followed by 

plants of the same cultivar with a potassium level of 256mg/g dry weight when treated with 

only HA. A similar trend was observed in drought-stressed plants in that K accumulation was 

highest (221mg/g dry weight) in the SC 705 cultivar treated with HA and SA, compared to 

control (195mg g-1 dry weight). Rao et al. (2012)  concluded that in maize, application of 100 

ppm SA to plants subjected to drought stress may help them maintain higher leaf K+ levels and 

avoid drought-induced damage to their photosynthetic apparatus. In the current study, it 



appears that higher K+ accumulation in the water stressed ET-84-8 corresponded to an increase 

in the pigment contents (Table 1), CAT and POD activity (Figures 1 and 2) as well as the RWC 

(Figure 5). 

 

Grain yield and its relationships with other traits 

     The depressive effect of water stress on growth parameters may also be attributed to a drop 

in leaf relative water content which reduces leaf turgidity (Reddy et al. 2003). The reduction in 

fresh and dry weight in savory under drought condition might be associated with suppression 

of cell expansion and cell growth due to the low turgor pressure and more leaf senescence under 

drought stress (Miranshahi and Sayyari 2016). Bakry et al. (2016) in a study on two wheat 

cultivars declared that in cultivar Seds-13 sprayed by humic acid as (20 mg/L) gave the highest 

values of grain, straw, biological and protein. Ahmad and Murali (2015) asserted that drought 

stress affected the growth of Allium cepa var. Aggregatum, as evidenced by reduced root and 

shoot length, reduction in total biomass and arrest of photosynthesis due to chlorophyll 

degradation and loss of water content within cells. However, in agreement with our results, 

these negative effects of drought stress were ameliorated by exogenous application of JA 

(Figure 7). Also, our findings were in agreement with Bijanzadeh and Emam (2017) who 

showed that water stress-tolerant cultivars such as ET-84-8 had higher grain yield in both well 

water and water stress conditions compared to the water stress-sensitive cultivars. In a similar 

study with five wheat cultivars, Bijanzadeh and Emam (2011) reported a positive relationship 

between grain yield with RWC (R2=0.78) and chlorophyll content (R2=0.61). In agreement 

with our results, Ahmad and Murali (2015) showed a positive relationship between the grain 

yield of Allium cepa L. with RWC and enzyme activity when plants were subjected to water 

stress. 

 

Conclusions 

     Results from this study support the idea that foliar application of HA combined with JA in 

two triticale genotypes could have a positive effect on biochemical characteristics such as 

pigment contents, CAT and POD activity, as well as RWC. In addition, proline accumulation 

was found to be the first response of plants exposed to water stress to reduce cell injury. In this 

study, one of the important osmolytes, proline, was substantially increased upon exposure to 

water stress; interestingly, HA and JA foliar application triggered its biosynthesis further. 



MDA was higher in water stress-sensitive cultivar (ET-83-3) in comparison to water stress 

tolerant genotype (ET-84-8) under water stress conditions. On the other hand, pigments content 

(chlorophyll a and b and carotenoid) and antioxidant activities (POD, and CAT) were higher 

in water stress tolerant genotype. Our experimental evidence illustrated the positive role of HA 

with JA together under water stress conditions. Such roles of these phytohormones open up a 

wide range of possibilities for potential applications in agriculture. Indeed, the genetic 

modulation of HA and JA could be employed as a beneficial approach to reduce the adverse 

effects of water stress on crop production. 
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