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Abstract
Drought is believed to be one of the most important abiotic stresses, which drastically affects wheat production worldwide. 
Jasmonates, as plant growth regulators, could modify the effects of environmental stresses. Therefore, we conducted the 
present study to investigate the physiological responses of wheat cultivars to exogenous methyl jasmonate (MeJA) under 
drought stress during two crop years of 2015–2017. The results revealed that the irrigation cut-off regime at the booting 
decreased Fv/Fm, RWC, peroxidase activity, and grain yield; whereas it increased proline, malondialdehyde content, protein, 
and electrolyte leakage. The drought-tolerant cultivar, Sirvan had 13.7% higher grain yield than Pishtaz cultivar in drought 
stress owing to higher Fv/Fm, proline, RWC, peroxidase activity, and lower electrolyte leakage and MDA. Spraying 50 μM 
of MeJA increased chlorophyll and carotenoids (8.7% and 6.93%), proline (26.8%), and peroxidase activity (31.4%); whereas 
100 μM of MeJA increased the RWC (2.5%), Fv/Fm (9.3%) and decreased membrane electrolyte leakage (6.7%) compared to 
hormone-free conditions. According to the results drought stress decreased certain physiological traits, the foliar application 
with 100 μM of MeJA could increase the grain yield (9.2% in irrigation cut-off at booting and 6.8% at the milk stage) and 
then partially compensate for the reduction caused by drought stress. Therefore, for minimizing the effect of drought stress, 
we could recommend the use of MeJA and drought-tolerant cultivar.

Keywords  Antioxidant enzymes · Plant growth regulator · Photosynthetic pigments · Grain yield · Relative water content · 
Electrolyte leakage

Introduction

World population growth is associated with the increase in 
demand for water. Global water resources are shrinking due 
to global warming, irregular and inadequate rainfall patterns, 
and irrational use of water resources. Among environmen-
tal stresses, drought stress, and water scarcity are the most 
critical ones that limit the production of crops in agricul-
tural systems of arid and semi-arid regions. According to 
the average population growth rate, it has been estimated 
that the amount of required water in different areas of the 
world is approximately doubled every 35 years (Oraki and 
Aghaalikhana 2012).

Cereals play essential roles in food patterns all around 
the world. Wheat (Triticum aestivum L.) has a pivotal role 
in these patterns worldwide by providing more than 40% of 
calories and 50% of proteins that human body needs (Awika 
2011). In warm and semi-arid regions, a large amount of 
rainfall is received in winter, and autumnal crops such as 
wheat, face drought and deficit irrigation from flowering to 
physiological maturity. The effect of drought stress depends 
on several factors, including genotypes, severity, duration of 
stress, climate conditions, and plant growth stages (Ahmadi 
et al. 2010).

Abiotic stresses reduce some of the plant growth regula-
tors synthesis (Ashraf and Foolad 2007). Therefore, the use 
of growth regulators may compensate for internal deficien-
cies of growth regulators and reduce destructive effects of 
abiotic stresses (Ashraf and Foolad 2007). Exogenous appli-
cations of specific growth regulators can increase the toler-
ance of plants against various environmental stresses (Zhou 
et al. 2015). Moreover, the external use of methyl jasmonate 
can regulate the several plant physiological responses, which 
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leads to the improvement of resistance against biological 
stresses. Methyl jasmonate also has different effects on the 
plant growth depending on the type of plant, studied tis-
sue, severity, duration of drought stress, and the amount of 
jasmonic acid (JA). Methyl jasmonate or JA usually has a 
positive effect at very low concentrations and triggers stress 
at high levels (Karami et al. 2013).

In addition to morphological changes, water stress could 
reduce physiological traits, for instance, concentrations of 
chlorophylls and carotenoids of plant tissues. In an experi-
ment for determination of the role of methyl jasmonate 
on physiological properties of soybean plants, Nafie et al. 
(2011) found that methyl jasmonate improved the growth of 
soybean plants at concentrations of 1 and 10 μM by increas-
ing the antioxidant defense potential and reducing the oxida-
tive stress. However, 100 and 500 μM of that increased the 
lipid peroxidation and decreased the soybean growth. In a 
study on barley genotypes, Pazirandeh et al. (2015) reported 
that the relative leaf humidity decreased under drought 
stress, yet the use of methyl jasmonate improved the reduc-
tion. Anjum et al. (2011) reported that the foliar spray of 
MeJA increased the total amount of sugars, phenolic com-
pounds, total fatty acids, peroxidase activity, photosynthetic 
pigments, and relative water content (RWC) and improved 
drought tolerance and growth of soybean genotypes under 
drought stress.

Utilizing drought-tolerant cultivars are known as an effec-
tive method in exploiting and increasing yield in arid and 
semi-arid regions. Despite numerous studies on the identi-
fication of environmental stress-tolerant cultivars such as 
drought stress, physiological characteristics of cultivated 
varieties in different regions and under different weather 
conditions are not well recognized for proper crop deci-
sion making. Further research concerning physiological 

and biochemical traits, as well as the use of appropriate 
growth regulators could help identify ways to select toler-
ant cultivars and increase yield in different environmental 
conditions, such as drought stress. The present study aimed 
to study physiological traits and grain yield of two wheat 
cultivars as the most important crops in different irrigation 
regimes with the external use of methyl jasmonate.

Materials and Methods

Site of the Experiment

The experiment was carried out in two cultivation years of 
2015–2016 and 2016–2017 at a research farm in Fars prov-
ince, Iran, with a longitude of 52°41′E, a latitude of 29°58′N, 
and an altitude of 1595 m with an average annual rainfall of 
365 mm, relative humidity of 41%, and maximum and mini-
mum temperatures of 41 °C and 9 °C, respectively. Table 1 
presents the meteorological data and the physicochemical 
properties of experimental site soil.

Experimental Design and Treatments

The seeds (Sirvan and Pishtaz cultivar) were obtained from 
Agricultural and Natural Resources Research Center of 
Fars province in Zarghan County, Iran. They were sowed 
on November 15, at both years, with a planting density of 
400 plants m−2 in plots with 8 m2 in 8 rows. Sirvan cultivar 
had high grain yield and quality to be used in bakery, was 
suitable for warm to moderate climate, with an average yield 
of 4–8 tons per hectare; an average protein percentage of 
12% and a hard grain quality with strong gluten are proposed 
for cultivation in the regions facing drought stress. On the 

Table 1   Monthly precipitation and mean temperature in two growing season of research field in Fars province, Iran (2015–2017) and soil analy-
sis of the site before the first and second planting

Month Precipitation  
(mm) 2015–2016

Precipitation  
(mm) 2016–2017

Mean temperature (°C) 
2015–2016

Mean temperature 
(°C) 2016–2017

November 77.8 0 13.9 15.6
December 11.4 11.3 8.35 9.6
January 87 2.1 6.85 10
February 13.2 174.6 7.25 7.35
March 14.3 51.3 12.35 10.15
April 41 61.7 14.1 12.25
May 5.1 28.2 22.05 21.15
June 0 0 25.4 26.7

Years Depth of 
soil (cm)

Acidity (pH) Electrical conductivity 
(μSiemens/cm)

Moisture 
content (%)

Organic 
carbon (%)

Sand (%) Silt (%) Clay (%) Soil texture

2015 0–30 8.22 1.11 39.3 1.1 11 57 32 Clay-loam
2016 0–30 7.69 5.61 58.5 1.36 10 54 36 Clay-loam
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other hand, Pishtaz wheat is a spring-growing type and char-
acteristics such as fertility, lodging resistance, and moderate 
drought tolerance (Abdoli and Saeidi 2012). All the experi-
mental plots were irrigated equally and simultaneously until 
the beginning of the booting. The plots for the first stress 
were not irrigated from the booting (code 45 of the Zadoks 
table) and for the second one, irrigation cut-off was carried 

out from the grain milking stage (code 71–72 of the Zadoks 
table) (Zadoks et al. 1974). At the time of stress applica-
tion, the control treatment was irrigated normally. The foliar 
application of different concentrations of methyl jasmonate 
(0, 50, 100, and 150 μM) was completed at the end of April 
2016 and 2017, prior to cutting irrigation, when the stipules 
of flag leaf appeared (code 39 of Zadoks table). For each 
experimental plot, 1.5 L of methyl jasmonate solution was 
sprayed evenly on the plants in the first hour of the morn-
ing using a hand-held sprayer with constant pressure. The 
booting stage was described once the head began to form 
inside the flag leaf and the head was fully developed and 
we could be easily see a swollen section of the leaf sheath 
below the flag leaf. The grain milking stage was seen when 
kernel (caryopsis) watery ripe in the milk development and 
when the grain was squeezed, a milky solution was apparent.

Traits Measurement

To measure the physiological traits, the samples were ran-
domly taken from flag leaves of 10 plants in the central rows 
at the beginning of the dough development of grain (Zadoks 
code: 83) 10 days after the second irrigation cut-off.

The relative water content (RWC) of flag leaf was 
obtained according to the method proposed by (Mishra and 
Choudhuri 1999). After putting the flag leaf samples in dis-
tilled water for 24 h and weighing the saturated weight (Sw), 
the leaves were placed at 95–100 °C for 4 h, and their RWC 
was measured via Eq. 1 after measuring their dry weights 
(Dw).

The leaf peroxidase activity was measured using the take-
out protein extract with a solution mixture of K–P buffer 
(pH = 7), NaOH, H2O2, and enzyme extract, which was read 
at 240 nm (ɛ = 0.0394 mM−1 cm−1) with a spectrophotom-
eter (Nakano and Asada 1981). To measure carotenoids and 

(1)RWC = ((Fw−Dw)∕(Sw −Dw)) × 100.

chlorophyll content, the methods proposed by Arnon (1949) 
and Lichtenthaler (1987) were performed; we extracted 0.1 g 
of the flag leaf sample in 10 ml of acetone (80%) and the 
extract light absorption was read at 663, 645, and 470 nm 
wavelength with a spectrophotometer (Lambda EZ 210 
model). The final concentration of chlorophyll and carot-
enoids per gram of leaf fresh weight were estimated Eqs. 2 
and 3:

where V is the volume of the extracted sample (ml) and W is 
the fresh leaf weight of the sample (g).

The chlorophyll fluorescence trait was evaluated as a 
measure of drought stress effect 10 days following the sec-
ond irrigation cut-off with a fluorimeter. The maximum 
photochemical quantum function of the photosystem II was 
measured as the ratio of variable fluorescence to the maxi-
mum fluorescence (Fv/Fm) after adjustment of the flag leaf 
to darkness for 20 min.

The soluble protein content of the leaves was measured 
applying the method proposed by Kar and Mishra (1976); 
we extracted 0.2 g of leaf fresh tissue in 0.1 mM Phosphate 
buffer and added 2.5 ml of the Bradford solution. The sample 
absorption reading was done at the wavelength of 595 nm 
using a spectrophotometer. The amount of leaf protein was 
then calculated based on mg g−1 of fresh leaf weight uti-
lizing the Bovine Serum Albumin (BSA) standard serum 
albumin.

The proline content of the flag leaf was measured using 
the method by Paquine and Lechasseur (1979); 0.5 g of fresh 
leaf sample was extracted in 95% ethanol with the help of 
benzene and Ninhydrin reagent. Therefore, the absorbance 
of extract light was read at 515 nm wavelength with a spec-
trophotometer and the amount of proline in each sample was 
calculated using a standard curve of proline.

The membrane lipid peroxidation was determined by 
measuring malondialdehyde (MDA) applying the method 
proposed by Heath and Pacher (1969). The concentration 
of malondialdehyde was measured by extracting 0.2 g of 
the fresh leaf sample in 3 ml of TCA (trichloroacetic acid) 
0.1% and 1 ml of TBA (thiobarbituric acid) 0.5% and the 
absorbance was measured at 533 and 600 nm wavelengths 
using a spectrophotometer. MDA were calculated according 
to Eq. 4.

We measured the percentage of electrolyte leakage (EL) 
of the leaves using the method by McKay (1992) via Eq. 5:

(2)Chlorophyll
(

mg g−1 FW
)

= (0.000802 × OD663) + (0.02031 × OD645) × V∕W,

(3)Carotenoids
(

mg g−1 FW
)

= (1000 × OD470) − (2∕27 × OD663) − (81.4 × OD645)∕227,

(4)MDA =
[

(D532∕�)∕0.2
]

−
[

(D600∕�)∕0.2
]

,
(

� = 155.1 mM
−1
cm−1

)

.
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where EC1 and EC2 refer to the electrolyte conductivity, 
respectively, before and after the water bath.

The grain yield was also calculated by harvesting spikes 
from an area of one square meter in the middle of the experi-
mental plots according to the observance of the marginal 
effect.

Data Analysis

The experiment was conducted as a split factorial in a rand-
omized complete block design with three replications. The 
two-way analysis of variance of data for experimental traits 
was conducted using SAS software. Bartlett’s test was per-
formed on the data of all the studied traits of both replication 
years. Afterward, the analysis of two years combined data 
was carried out once the variance of trait error was homo-
geneous in two consecutive years (Supplementary Table 1); 
otherwise, the ANOVA was done for each year separately 
(Supplementary Table 2). When the interaction was signifi-
cant (Supplementary Table 1 and 2), the means were sliced 
and compared employing the LSD test (p ≤ 0.05); otherwise, 
the main effects were compared merely.

Results

Relative Water Content

The relative leaf water content is an estimate of the water 
status of the plant and presents the ability of a genotype to 
absorb water from soil. The increase in the drought stress 
decreased the relative leaf water content, but the application 
of 50 and 100 μM methyl jasmonate improved the reduction. 

(5)EL = EC1∕EC2 × 100, The comparison of the means of concentrations of methyl 
jasmonate indicated that under full irrigation conditions, the 
use of methyl jasmonate had no significant effects on the 
relative flag leaf water content of different wheat cultivars 
in 2015–2016; whereas the form of 100 μM of methyl jas-
monate indicated the highest RWC which was 3% higher in 
Sirvan cultivar than the no hormone treatment in 2016–2017. 
In the cut-off irrigation regime at the beginning of the boot-
ing, the application of 100 μM of methyl jasmonate signifi-
cantly increased the relative leaf water content compared to 
the hormone-free condition only in Sirvan cultivar in both 
years. In the irrigation cut-off regimen at the milk develop-
ment stage, the RWC of flag leaf in both wheat cultivars 
increased by 5.9% and 5.3% in the first year and 4.1% and 
3% in the second year by the application of 100 μM methyl 
jasmonate compared to the hormone-free condition (Fig. 1).

Peroxidase Enzyme Activity

The peroxidase enzyme plays a vital role in scavenging and 
reducing the hydrogen peroxide. Given the significant effect 
of treatments in ANOVA results (Supplementary Table 2), 
under full irrigation conditions, leaf peroxidase activities 
were not significantly different between both cultivars in the 
first year, but it significantly decreased at both stages of boot-
ing and the milk development of grain under the irrigation 
cut-off condition. Under both stress phases, the stages of irri-
gation cut-off conditions from booting and irrigation cut-off 
conditions from milk development of grain, in 2015–2016, 
Sirvan cultivar had peroxidase enzyme activity of 23.3% and 
17.6%, respectively, higher than those of Pishtaz cultivar 
(Fig. 2a). Similar to the first year, the activity of leaf peroxi-
dase was minimal during stress conditions at the booting in 
the second year, and it had a reduction of 43.8% compared 
to the full irrigation condition (Fig. 2b). Furthermore, the 

Fig. 1   The impact of different 
methyl jasmonate concentra-
tion, cultivars, and irrigation 
regimes for RWC; means sliced 
by methyl jasmonate in each 
irrigation regime and cultivar 
followed by the same letters 
have no significant difference on 
the basis of the LSD test at 5% 
error probability; (SD =  ± 0.4 
and SEM =  ± 0.2)
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leaf peroxidase activity of Sirvan cultivar was 13.1% higher 
than that of Pishtaz variety in 2016–2017 (Fig. 2c). The 
mean comparison indicated that the application of 150 μM 
of methyl jasmonate increased the peroxidase activity by 
31.4% compared to the hormone-free condition in the first 
year, but the maximum activity of peroxidase enzyme (3.2% 
increase) was observed applying 50 μM of hormone in the 
second year, and it had no statistically significant differences 
with 100 and 150 μM methyl jasmonate (Fig. 2d).

Chlorophyll and Carotenoids Content

According to results of combined analysis of data for these 
traits and their two-year mean comparison, the highest chlo-
rophyll content and carotenoids under the full irrigation con-
ditions, and irrigation cut-off from booting by application 
of 50 and 100 μM methyl jasmonate belonged to Pishtaz 
cultivar; there was no statistical significance between these 
two levels. No significant differences were observed between 
hormone concentrations in terms of irrigation cut-off during 
the milk development stage. Under the full irrigation condi-
tions, Sirvan cultivar had 36.9% and 41.2% of, respectively, 
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Fig. 2   The impact of irrigation regimes with cultivar in first year (a), 
the main effect of irrigation regimes and cultivar in second year (b, 
c), and the main effect of methyl jasmonate concentrations in 2 years 
for leaf peroxidase; means sliced by cultivars in each irrigation 

regime (a, d) in other treatments followed by the same letters have no 
significant difference on the basis of the LSD test at 5% error prob-
ability



3438	 Journal of Plant Growth Regulation (2022) 41:3433–3448

1 3

chlorophyll and carotenoids content in the application of 
50 μM of methyl jasmonate higher than the hormone-free 
state. In the irrigation cut-off conditions from booting, the 
highest chlorophyll and carotenoids content were obtained 
after the application of 50 μM of methyl jasmonate; it had 
no significant differences with hormone-free conditions, but 
on the contrary, the irrigation cut-off conditions at the milk 
development stage indicated that the non-application of the 
hormone had the highest chlorophyll and carotenoids, which 
had no significant differences with the application of 50 μM 
hormone (Fig. 3a, b).

Maximum Photochemical Efficiency of Photosystem 
II (Fv/Fm)

Under the full irrigation conditions in the first and second 
years of the experiment, Pishtaz cultivar had the highest Fv/
Fm applying 100 μM of methyl jasmonate, and they were, 
respectively, 21.4% and 2.5% higher than those of the non-
hormone level. In Sirvan cultivar, the highest Fv/Fm was 
obtained at 50 μM methyl jasmonate in both years with no 
significant differences with the hormone-free condition. 
However, in all the conditions, the maximum photochemi-
cal efficiency of photosystem II in Sirvan cultivar was more 
than that in Pishtaz. There were no significant differences 
concerning the hormone concentrations between both varie-
ties at the booting drought stress in the first year. However, 
by application of 100 μM of methyl jasmonate in the second 
year, Fv/Fm of both Pishtaz and Sirvan cultivars were 2.2% 

and 9.3% higher than those of the control, respectively. The 
highest Fv/Fm under the irrigation cut-off conditions at the 
milk development stage belonged to Sirvan cultivar at the 
first year and Pishtaz variety in the second year by apply-
ing 150 μM of methyl jasmonate, which were, respectively, 
24.8% and 9.3% higher than those in the hormone-free con-
dition. At this irrigation regime in Sirvan cultivar, no dif-
ferences were observed between 100 and 150 μM methyl 
jasmonate regarding the increase in Fv/Fm in the first year. 
Overall, Sirvan cultivar had highest Fv/Fm in the all irriga-
tion regimes and years of experiment repetition (Fig. 4).

Soluble Protein Content

The impact of different cultivars and irrigation regimes indi-
cated that Pishtaz cultivar had, respectively, 7.4, 19.7, and 
7.8% of protein content higher than Sirvan cultivar in full 
irrigation, irrigation cut-off in booting, and the milk devel-
opment stage (Fig. 5a). The mean comparison of methyl jas-
monate effect indicated the minimum amount of soluble pro-
tein at the non-hormone state and no significant differences 
between hormone application rates in terms of leaf protein 
content; meanwhile, the highest amount of soluble protein 
was observed at 100 μM of methyl jasmonate (Fig. 5b).

Proline Content

Proline is an amino acid that accumulates in plants in 
response to environmental stresses. With the irrigation 

Fig. 3   Impact of irrigation 
regimes, methyl jasmonate 
concentrations, and cultivar for 
Chla + b (a) and carotenoid (b); 
means sliced by methyl 
jasmonate in each irrigation 
regime and cultivar followed 
by the same letters have no 
significant difference on the 
basis of the LSD test at 5% error 
probability
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cut-off at the booting stage, the amount of proline signif-
icantly increased in both wheat cultivars; the mean com-
parison indicated that under the full irrigation conditions 
and also in the irrigation cut-off at the booting stage, Sirvan 
cultivar had, respectively, 19.4% and 26.8% of proline more 
than Pishtaz cultivar (Fig. 6a). The highest amount of leaf 
proline was obtained using 50 μM of methyl jasmonate, and 
there were no significant differences with 100 and 150 μM, 
yet it increased the proline content by 14.8% in comparison 
with the control (Fig. 6b).

Electrolytes Leakage Rate (EL)

Preserving the integrity of cell membranes under stress 
conditions could be considered as a sign of control mecha-
nisms in desiccation tolerance. The results indicated that 
with the increase in the stress intensity, electrolytes leakage 

rate enhanced in both wheat cultivars. In non-stress condi-
tions, the application of hormones increased the EL level. 
The use of 100 μM of methyl jasmonate increased the EL 
rate by 6.7% compared to non-application of the hormone; 
meanwhile, under stress conditions, the use of jasmonate 
reduced the EL. In the stress conditions after the booting 
in Pishtaz cultivar, the highest level of electrolyte leakage 
belonged to the hormone-free levels in the first year; the 
EL decreased by 3.11% by application of 50 μM of methyl 
jasmonate compared to the non-application of the hormone. 
There were no significant differences in the implementation 
of hormone in the other two levels, but they reduced the 
EL compared to the level without the hormone. In Sirvan 
cultivar, the use of 150 μM of methyl jasmonate led to a 
decrease of 8.2% in the leakage of the electrolytes compared 
to the level without hormone. Under stress conditions fol-
lowing the milk development stage in Pishtaz cultivar, EL 

Fig. 4   The impact of irriga-
tion regimes, methyl jasmonate 
concentrations, and cultivar in 
2 years for Fv/Fm; means sliced 
by methyl jasmonate in each 
irrigation regime and cultivar 
followed by the same letters 
have no significant difference on 
the basis of the LSD test at 5% 
error probability (SD =  ± 0.03 
and SEM =  ± 0.02)
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level decreased by 0.8% using 50 μM of hormone compared 
to the condition without hormone. No significant differences 
were observed among the hormone concentrations in Sirvan 
cultivar (Fig. 7a).

Under stress conditions at the booting, the highest elec-
trolyte leakage was seen in comparison with other condi-
tions, which was 16.1% more than that in the full irrigation 
regime in the second year (Fig. 7b). The mean comparison 
of the effects of different concentrations of methyl jasmonate 
on the amount of electrolytes leakage in the second year 
indicated that the application of 50 μM methyl jasmonate 
reduced the amount of electrolytes leakage, yet there were 
no statistically significant differences with non-application 
of hormone (Fig. 7c).

Malondialdehyde Content

In the full irrigation conditions, Sirvan cultivar had 25.25% 
higher MDA content than Pishtaz cultivar in 2015–2016. 
Moreover, in terms of stress in booting, no significant dif-
ferences were there between varieties of wheat in terms of 
MDA content while in the milk development stage, Pishtaz 
cultivar had an MDA content of 26.26% higher than that of 
Sirvan (Fig. 8a). Furthermore, the effects of different con-
centrations of methyl jasmonate on the MDA content were 
not significant in the first year. However, in the second year, 
150 μM of methyl jasmonate decreased the MDA content in 
Pishtaz cultivar only in irrigation cut-off regime in the milk 
development stage of grain and only under full irrigation 
conditions in Sirvan variety with no significant differences 

with the non-application of the hormone. In terms of stress 
at the booting stage, none of the levels of methyl jasmonate 
in the varieties had a considerable effect on the MDA con-
tent of the leaves (Fig. 8b).

Grain Yield

Irrigation cut-off regimes significantly reduced the grain 
yield in both years. The irrigation cut-off led to a reduction 
of 41.7% and 35.9% in grain yield at the booting stage, and 
a reduction of 34.3% and 14.3% in grain yield at the milk 
development stage compared to those in full irrigation con-
ditions in both years, respectively. In both years, the use of 
100 μM of methyl jasmonate increased the grain yield com-
pared to non-hormone levels in all the irrigation regimes, 
but there were no significant differences between 50 and 
100 μM of hormone regarding the improvement of the grain 
yield under irrigation cut-off conditions in the second year 
(Fig. 9a). Sirvan cultivar had 11.0%, 14.8%, and 15.3% 
higher yields than Pishtaz cultivar in all the three irrigation 
regimes (Fig. 9b). The application of 100 μM of methyl jas-
monate in 2015–2016 increased the grain yield by 6.9% and 
1.8%, in Pishtaz and Sirvan cultivars, respectively, compared 
to that in hormone-free conditions. Like the first year, the 
application of 100 μM of methyl jasmonate in the second 
year increased the grain yield compared to the hormone-free 
state, but no significant differences existed between 50 and 
100 μM of methyl jasmonate in Pishtaz cultivar (Fig. 9c).
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Discussion

Drought stress occurs in numerous wheat growth regions at 
last stages of growth (Dehghan et al. 2020a). Investigating 
physiological responses of plants under vegetative growth 
conditions could perfectly reveal the response mechanisms 
of grain yield to drought stress (Dehghan et al. 2020b, Sal-
lam et al. 2019). The results of research on physiological 
responses of wheat cultivars to different drought stresses 
are contradictory on a number of occasions (Osmolovskaya 

et al. 2018). The differences might vary in view of the dif-
ferences in plant materials and experimental conditions (Sal-
lam et al. 2019). The observed difference herein between 
the grain yields under stress at the booting stage, in the two 
years of the experiment, could be attributed to the differ-
ence in weather conditions and the higher rainfall and lower 
temperature at the time of the spike formation and during 
the growth and development of the tiller in the second year.

The relative water content of leaves is a useful index 
to determine the plant water status. Even though drought 
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stress reduced the relative leaf water content in both culti-
vars in our experiment, the application of 100 μM of MeJA 
at different irrigation regimes prevented the decrease in 
RWC in both years, and the application of higher con-
centrations of MeJA decreased it at some levels. RWC in 
plants is an indicator of drought stress sensitivity. Based 
on protoplasmic permeability, plants with higher RWC 
are more drought resistant (Raja et al. 2020). During the 
present study, the plants had less RWC (about 50%) under 

higher stress conditions from the booting. Sohag et al. 
(2020), Kaya et al. (2020), and Raja et al. (2020) reported 
a decrease in RWC in rice, corn, and tomato under drought 
stress, respectively. Plants under drought stress seem to 
minimize their intercellular spaces and water content in 
their bodies by increasing the osmotic content within tis-
sues. Therefore, water enters through the soil texture with 
a higher force and decreases the relative water content 
under drought stress conditions. Pazirandeh et al. (2015) 
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reported that the RWC of barley genotypes leaves reduced 
under drought stress, but the use of methyl jasmonate 
improved this decline. This result is consistent with the 
findings of Ahmad et al. (2018) and Mir et al. (2018a) 

who reported that exogenous jasmonic acid restored the 
RWC accumulation in Solanum lycopersicum L. and Zea 
mays L. seedlings under salt and alkaline stress. In addi-
tion, Bali et al. (2019a) and Ahmad et al. (2017) revealed 
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that the relative water content of tomato and faba bean 
seedlings increased by 16.24% and 32.01%, respectively, 
with the application of jasmonic acid under heavy metal 
stress. Methyl jasmonate increases the RWC of the leaf 
with effect on the plant stoma cells and recovers the water 
status, membrane constancy, and water transport system 
of plants under stress. On the other hand, it has no adverse 
impacts on the plant's photosynthesis, and even helps it 
grow. The increase in RWC is probably due to the closure 
of stoma, so that less water is wasted from plant cells.

Enzymes are mostly catalysts of physiological reac-
tions in plants and among the most sensitive factors caus-
ing physiological changes in plants under environmental 
stresses (Foyer and Shigeoka 2011). Oxidative stress or 
ROS is initiated by generation of O2· − produced from oxy-
gen in response to abiotic stress. It eventually reduces O2 to 
H2O or enzymatically dismutates to H2O2 and causes tran-
sient alterations in the cellular redox state in cells under 
stress (Ahmad et al. 2010; Kohli et al. 2019). In the current 
research, the highest activity of peroxidase was observed 
during full irrigation conditions in Sirvan cultivar. Higher 
stresses decreased peroxides, whereas increasing concen-
tration of methyl jasmonate enhanced the activity of leaf 
peroxidase. The maximum peroxidase activity was obtained 
by application of 150 μM methyl jasmonate. The relative 
reduction of peroxidase may be due to increased stress to 
the low potential of these cultivars to eliminate free radicals 
of superoxide caused by drought stress, and the potential 
increased using methyl jasmonate. This is indicative of the 
higher sensitivity of Pishtaz cultivar to oxidative stress. Bali 
et al. (2019b, 2020) reported that the treatment with 100 nM 
JA elevated the activities of POD by 1.91-fold, modulated 
the transcript levels of antioxidative enzymes, and declined 
oxidative damage by decreasing O2· − content, nuclear, and 
membrane damage in tomato seedlings under stress. The 
improvement in the peroxidase activity might be owing to 
the improved discharge of peroxidases localized in the cell 
walls. Comparot et al. (2002) observed an increase in peroxi-
dase activity in the treatment with 150 μM methyl jasmonate 
in rapeseed. The exogenous application of MeJA and JA 
to plants under abiotic stresses improves the activities of 
antioxidants, facilitates the neutralization of ROS, and pro-
vides protection against oxidative stress (Mir et al. 2018). 
Farooq et al. (2016) reported that the application of MeJA 
could minimize the oxidative stress, as revealed via a lower 
level of ROS synthesis in the leaves of Brassica napus. Their 
study also indicated that MeJA plays an effective role in the 
regulation of multiple transcriptional pathways involved in 
oxidative stress responses, thereby enhancing the enzymatic 
activities and gene expression of important antioxidants 
(SOD, APX, CAT, POD) and secondary metabolites. How-
ever, Tayyab et al. (2020) found that exogenous applications 
of MeJA + SA approximately doubled the activities of the 

antioxidant enzymes catalase, peroxidase, and superoxide 
dismutase. Although pre-treatment with MeJA alone was 
not found to be effective in maize for drought tolerance, it 
imposed the highest increase in drought-induced production 
of endogenous abscisic acid (ABA) (Tayyab et al. 2020).

Drought stress inhibits plant photosynthesis, causes 
changes in chlorophyll content, and damages the photosyn-
thetic structures. Environmental stresses, such as drought, 
can reduce the plant growth and photosynthesis potential 
by striking the balance between the production of free oxy-
gen radicals and the protective mechanisms that repel these 
radicals, which leads to the accumulation of active oxygen-
ates, the induction of oxidative stress, damage to proteins, 
membrane lipids, and other cellular components (Dąbrowski 
et al. 2019). The results of the present study indicated that 
the amounts of photosynthetic pigments decreased under 
drought stress. The reduction in the chlorophyll a and b con-
tents due to water stress has been reported for more crops 
(Parveen et al. 2019; Hussain et al. 2019; Kosar et al. 2021), 
which was confirmed in the present study. This reduction in 
photosynthetic pigments could be because of the improved 
activities of chlorophyllase and peroxidase complicated in 
the interruption of chlorophyll under drought stress (Farooq 
et al. 2020). The 50 and 100 μM of hormone increased the 
total carotenoids and chlorophyll content, but an increase in 
the concentration of methyl jasmonate (150 μM) triggered 
a sharp decrease in them. As the photosynthetic capacity 
of chlorophyll decreases under stress, plants seek to com-
pensate for this deficiency by the chlorophyll accumula-
tion because of methyl jasmonate (Kang et al. 2005). In 
the present study, methyl jasmonate prevented chlorophyll 
degradation and reduced photosynthesis by increasing the 
activity of peroxidase in stress conditions and caused the 
plant growth and activity. Sirhindi et al. (2016) reported that 
application of JA restored the total chlorophyll content by 
38.70% in soybean under heavy metal stress. JA improved 
the chlorophyll content by 71.5% in tomato under nema-
todes stress (Bali et al. 2018). Improved chlorophyll con-
tent by exogenous application of JA might be attributed to 
the increase in the CO2 fixation; thus, it helps enhancing 
photosynthetic rate. Jasmonates lead to the accumulation of 
chlorophyll, carotenoids, and other pigments as well as the 
increased PSII efficiency in Brassica oleracea L. (Sirhindi 
et al. 2020). Me-JA, at low concentrations, has further poten-
tial in making the PSII structure more stable and is actively 
more efficient than JA (Sirhindi et al. 2020).

The reduced Fv/Fm ratio in drought stress conditions 
indicates the efficiency of photosystem II due to the reduc-
tion of electron transfer from photosystem II–I under the 
influence of drought stress. It has indicated the fact that PSII 
gets damaged/photochemically inactive under water stress 
(Akhter et al. 2021). An 11% reduction in Fv/Fm ratio by 
applying tension from the booting stage and 10% in the stress 
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from the milk development stage indicate a decrease in light 
protection and a reason that the drought stress had a sig-
nificant effect on the efficiency of photosynthesis (Li et al., 
2006). Drought stress reduces the reception and transmission 
capacity of electrons, thus, the system rapidly reaches Fm, 
resulting in decreases variable fluorescence (Fv). Therefore, 
due to this variability, environmental stresses decrease the 
Fv/Fm ratio by an impact on photosystem II (Mirakhori et al. 
2011). Oxidative stress damages the antenna molecules, 
thereby deteriorating the chlorophyll fluorescence and even-
tually causing either complete or partial blockage of electron 
transport from PSII to PSI stress (Alyemeni et al. 2018). Our 
results confirmed previously reported findings in other stud-
ies indicating that JA increases Fv/Fm and has the maximum 
quantum efficiency of PSII (Sirhindi et al. 2016, 2020).

The amount of soluble proteins increased with cut-off irri-
gation regimes, and the use of methyl jasmonate increased 
the soluble protein content. Farooq et al. (2020) reported 
that drought significantly decreased seedling fresh and dry 
weights and chlorophyll contents in safflower while increas-
ing the proline, total soluble proteins, and activities of per-
oxidase. Proteins are hydrolyzed by proteases to enhance 
amino acids for storage, transfer, and osmotic regulation. 
Osmotic regulation, protection of cell macromolecules, stor-
age of nitrogen, keeping cell pH constant, cell detoxification, 
and free radical control are the proposed measures for the 
accumulation of amino acids released from protein under 
stress (Parida et al. 2004). Methyl jasmonate may protect the 
structure of proteins, maintain functions of them, and pre-
vent their decomposition under stress conditions by reduc-
ing free radicals (Tarchevsky et al. 2001). JA enhanced the 
protein content in the current study and the findings were 
in line with the reports of Poonam et al. (2013) on Cajanus 
cajan under copper stress, and Sirhindi et al. (2016) on 
soybean (Glycine max L.) subjected to nickel stress. Hus-
sain et al. (2018) found that the chilling tolerance in wheat 
improved by exogenous application of methyl jasmonate due 
to modifying antioxidant defense system and soluble protein 
production.

Proline as an osmo-protectant allows plant functions to 
tolerate stress (Parveen et al. 2019). The accumulation of 
compatible osmolytes, such as proline, is a common reaction 
to stress in plants and protects cells against stress damages 
(Farooq et al. 2020). Raja et al. (2020) evaluated a previ-
ous finding concerning proline, which reported that tomato 
plants accrued greater proline content under drought stress 
in comparison to heat stress. Additionally, several recent 
studies have supported our findings regarding the fact that 
proline accumulation occurs in plants exposed to stress con-
ditions (Hussain et al. 2019; Parveen et al. 2019; Sohag et al. 
2020; Kosar et al. 2021) because of its property to stabilize 
subcellular structures, scavenging free radicals, and buffer 
cellular redox potential. Certain crops, wheat for instance, 

have been characterized by low levels of these compounds 
and indicated significantly increased proline accumulation 
with water-deficit tolerance (Nayyar and Walia 2003). In this 
study, due to the increase in stress, proline was significantly 
accumulated in the leaves and the use of methyl jasmonate 
increased the amount of proline. The highest amount of pro-
line was in irrigation cut-off from the booting. Bali et al. 
(2018, 2019a) and Ahmad et al. (2017) reported that the JA 
(100 nM) increased the proline content in the metal-treated 
plants. Similarly, in a study on soybean plants under drought 
stress, Anjum et al. (2011) reported that the use of methyl 
jasmonate would further increase the proline content and 
help maintain relative humidity in soybean plants under 
stress compared with the control plants. The application of 
JA further increased the proline content, suggesting that the 
production of proline biosynthesizing enzymes was induced 
by JA (Ahmad et al. 2017).

Under drought stress conditions, the plasma membrane is 
damaged, which leads to increased permeability of the cell 
membrane. Herein, increasing the stress intensity could raise 
the electrolytes leakage rate in both wheat cultivars, particu-
larly in Pishtaz cultivar. Application of 50 μM of methyl 
jasmonate reduced the amount of electrolytes leakage and 
higher concentrations increased the leakage levels. Since 
the ionic leakage and cytoplasmic membrane stability are 
inversely correlated, Pishtaz variety had a lower membrane 
stability due to its higher ion leakage. As a result, it has less 
drought tolerance. Ahmad et al. (2018) reported that osmotic 
stress increased the electrolyte leakage in S. lycopersicum 
L. by 424.88%; however, the electrolyte leakage reduced 
by 26.72% applying JA compared to the control. Similarly, 
in a study on faba bean (Vicia faba L.) under Cd stress, the 
plants treated with a combination of JA + Cd showed less 
electrolyte leakage of 4.06-fold in comparison with the con-
trol (Ahmad et al. 2017). The alteration of membrane struc-
ture caused by oxidative stress in the water deficiency could 
increase the permeability of the cell membrane and lead to 
the leakage of intracellular electrolytes to the outside; hence, 
the measurement of the amount of electrolytes leakage from 
the plasma membrane is considered as an index of dam-
age to the cell membrane. More cellular membrane stability 
and less leakage of electrolytes in water stress conditions 
are the main characteristics of drought-resistant genotypes 
and indicate the presence of control mechanisms in drought 
tolerance (Kocheva and Georgiev 2003).

The amount of malondialdehyde (MDA), as a chemical 
biomarker in plants, increases in drought stress condition 
which is an indicator of lipid peroxidation and reflected 
the degree of damage at stress conditions (Yang and Deng 
2015). The increasing stress maximized MDA in both our 
cultivars under the irrigation cut-off condition from the boot-
ing. However, the application of methyl jasmonate resulted 
into a reduction in MDA accompanied by an increase in 
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antioxidant activity due to its essential role in the decompo-
sition and detoxification of free oxygen radicals (Reddy et al. 
2004). JA treatment reduced the MDA, O2· − , and H2O2 
levels in the plants exposed to different stress, which scav-
enges ROS by increasing the activity and transcript levels 
of antioxidative enzymes under stress conditions (Bali et al. 
2019b).

The irrigation cut-off from the booting caused a further 
decrease in the grain yield. Therefore, the stress at the pol-
lination stage reduced yield by decreasing the amount of 
available plant water that made grains small and thin. Ear-
lier mature Sirvan cultivar had a higher yield than Pishtaz 
cultivar due to mechanisms of escape from the moisture and 
heat stress in the late growth period of wheat under stress 
conditions. Methyl jasmonate also helped to improve the 
yield by decreasing the amount of malondialdehyde and 
electrolytes leakage and increasing the activity of the peroxi-
dase enzyme under stress conditions. Even though drought 
stress decreased certain physiological traits, the effect of 
methyl jasmonate could partially compensate for the drought 
stress by increasing the grain yield (9.2% in the irrigation 
cut-off of from booting and 6.8% in the irrigation cut-off 
from the milk development stage in Sirvan cultivar). In this 
regard, Anjum et al. (2011) reported that soaking soybeans 
in 1 μM of methyl jasmonate increased the grain yield per 
plant by 17% compared to the control treatment. The posi-
tive influence of growth hormones, such as JA (Sirhindi et al. 
2016), has been previously reported. Sirhindi et al. (2020) 
stated that the biomass of B. oleracea L. increased owing to 
the application of JA or MeJA. Mir et al. (2018a) recorded 
similar consequences in maize plants, in which the seeds 
affected by salinity were pre-treated with JA, after which 
plant growth and biomass increased.

Conclusion

Irrigation cut-off regimes caused pessimistic effects and 
changes in physiological traits affecting the grain yield in 
both wheat cultivars. However, the application of 100 μM 
of methyl jasmonate in both wheat cultivars had a construc-
tive effect on increasing relative water content traits of the 
leaves, peroxidase activity, protein content, carotenoids, and 
chlorophyll content, Fv/Fm. It also reduced Malondialde-
hyde and electrolyte leakage, and further improved the yield 
of Sirvan cultivar by 13.7% in the case of irrigation cut-off 
from the booting. The improvement of physiological traits 
in irrigation cut-off from the booting in Sirvan cultivar was 
more affected by the hormone, which indicates that Sirvan is 
making Sirvan more tolerant with a higher yield than Pishtaz 
cultivar. Drought stress may occur at any stage of wheat 
growth; hence, it is necessary to recognize the responses of 
different stages of wheat growth to drought. Therefore, the 

use of 100 μM of methyl jasmonate is recommended as a 
practical way to modify ravages of drought stress or deficit 
irrigation along with the selection of appropriate cultivars. 
There might also be certain beneficial effects of MeJA on 
biomass accumulation, the number of grains per spike, and 
grain weight, which in turn may explain the biological yield 
of plants treated with MeJA under drought as well as well-
watered conditions.
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