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Abstract
To investigate how and in what amounts biochar and methyl jasmonate can improve drought tolerance of barley. A two-year 
experimental study was conducted in a factorial randomized complete block design (n = 5) in the research greenhouse of 
Zanjan University, Iran, to investigate the possible effects of biochar and methyl jasmonate on some traits of winter barley 
under drought conditions. Two irrigation regimes,  D0 (full irrigation in soil field capacity as control) and  D1 (withholding 
irrigation immediately after flowering stage), three methyl jasmonate spray densities [0  (M0), 50  (M50), and 100  (M100) μM] 
and four levels of biochar in soil [0%  (B0), 0.25%  (B0.25), 0.5%  (B0.5), 1%  (B1) per soil weight] were used in this experiment. 
In this study, drought reduced two-year average leaf area (LA) by 96%, stomatal conductance (gs) by 84%, and photosynthetic 
water use efficiency (PWUE) by 64%. In addition, drought reduced chlorophyll-b by 1.5% and 81% and transpiration rate 
(Tr) by 2.5% and 78% in the first and second years, respectively. However, the application of biochar and methyl jasmonate 
improved all the traits studied in both D0 and D1 drought-treated plants. For most of the parameters studied, the optimal 
combination of biochar and methyl jasmonate that optimized water use efficiency and alleviated drought was 0.25% and 
50 μM, respectively. The synergistic action of biochar and jasmonates improved the tolerance of barley to water stress.

Keywords Gas exchange · Photosynthetic pigments · Leaf area · Soil amendment · Water use efficiency · Yield

1 Introduction

Barley (Hordeum vulgare L.) is among the most strategic 
crop plants, providing food for loads of population of the 
world. However, the productivity of the barley is consider-
ably restricted under the influence of climate change cata-
strophic environmental circumstances (Nasiri et al. 2023a). 
It is reported that the world barley production was decreased 
in 2021–2022 cultivation season compared with 2020–2021 
mainly due to the adverse effects of drought stress (Shah-
bandeh 2022). It is a multidimensional kind of stress which 
takes place largely for the sake of restricted rainfall and a 
consequent dry spell. Over the past decades, the expansion 
in areas of dry-land agriculture has increased, and drought 
has caused approximately 30 billion dollars in damage to 
the agriculture sector (Gupta et al. 2020). Numerous stud-
ies worldwide have assessed the effects of abiotic stresses 
on crops and how to alleviate their effects (El-Seyed et al. 
2014). Although, plants have specific adaptation mecha-
nisms to cope with water deficits, there is an urgent need to 
maintain productivity at a high level under drought condi-
tions (Dey et al. 2021; Sirhindi et al. 2020). Drought can 
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damage plant growth and development, reducing economic 
yield due to adverse effects on photosynthesis, respiration, 
nitrogen metabolism, and absorption of other essential ele-
ments (Liu et al. 2022). Drought leads to negative effects 
on photosynthesis and gas exchange parameters (Bryant 
et al. 2021), cell wall composition Tenhaken 2014) nutri-
ent translocation (Demidchik 2015), the transcriptional 
activity of genes, transposable elements (Mamnoei and 
Seyed Sharifi 2010), the lipid signaling (Hou et al. 2021), 
metabolites, proteins (Nohong and Nompo 2015), and anti-
oxidant profile (Dey et al. 2021). Drought also results in cell 
dehydration by reducing relative water content, chloroplast 
degradation, and a severe reduction in photosynthetic pig-
ments content, decreasing photosynthesis and final produc-
tivity (Dey et al. 2021). In addition, researchers reported 
that drought decreased some physiological and biochemical 
traits of wheat, such as photosynthetic pigments content, 
relative water content (RWC), net photosynthesis (An), sto-
matal conductance (gs), and grain yield; Furthermore, under 
water deficit conditions, electron transport through PSII is 
reduced, and the oxygen-evolving complex of photosystem 
II (PSII) is damaged (Gupta et al. 2020). However, there 
are many ways to alleviate the detrimental impacts of water 
deficit on soil water content, plant growth, and yield.

Several reports have documented the alleviation of water 
deficit stress by applying soil amendments such as biochar. 
Biochar has recently received attention because it improves 
soil fertility, carbon content, water use efficiency, and crop 
production (Khan et al. 2021). Biochar practically sequester 
carbon, enhances soil organic carbon and microbial activ-
ity and improves the whole soil quality and function which 
affect positively the attributes of plants in water shortage 
conditions (Cantrell et al. 2012). Mixing biochar with soil 
can diminish irrigation frequency by holding water from 
percolation to a deeper layer away from the root system. In 
addition, mixing biochar with soil increases nutrient reten-
tion (Thi Pham et al. 2021). For example, cations retention 
was higher in soil mixed with biochar than in other forms 
of organic matter (Sombroek et al. 2004). Therefore, the 
increase in water retention and soil fertility of soil amended 
with biochar mitigates the sensitivity of crops to soil water 
deficit (Abideen et al. 2020; Katterer et al. 2019). It is 
reported that, under drought circumstances, application of 
biochar can be effective approach in alleviating the adverse 
effects of it on the enzymatic activity of plant and the con-
centration of non-enzymatic substances. For instance, in sev-
eral researches that, although the activity of plant defense 
system including reactive oxygen species (ROS) scavengers 
such as catalase, peroxidase, ascorbate peroxidase and super-
oxide dismutase as well as proline concentration is increased 
in stressful circum-stances, adding biochar, due to allevia-
tion of drought effects, results in reduced enzymatic activ-
ity and non-enzymatic components' accumulation (Nasiri 

et al. 2023b). In addition, biochar application significantly 
enhanced plant normal functions, such as chlorophyll-a, 
and chlorophyll-b contents, RWC, and decreased the con-
centration of proline and the percentage of electrolyte leak-
age resulting in higher economic yield (Abd El-Mageed 
et al. 2021). Similarly, other researchers (Iqbal et al. 2022) 
reported that the biochar amendment significantly allevi-
ated the effect of drought in broad beans (Vicia faba L.) by 
increasing the plants’ height, dry weight, chlorophyll con-
tent, the maximum quantum performance of photosystem 
II, improving the physical and biochemical properties of the 
soil.

Jasmonates, lipid-based plant hormones, are essen-
tial in alleviating several biotic and abiotic stresses and 
play a crucial role in plant response (Ali and Baek 2020). 
Besides, jasmonic acid (JA) regulates various plant pro-
cesses, including growth, photosynthesis, and reproductive 
functions (Soliman et al. 2018; Munir et al. 2022; Sheteiwy 
et al. 2022). Furthermore, methyl jasmonate (M) relieves 
water deficit stress by regulating stomatal closure, ROS 
production, and profound root growth (Riemann et  al. 
2015; Iqbal et al. 2022). For example, the foliar application 
of methyl jasmonate can benefit plants exposed to drought 
by regulating enzymatic and non-enzymatic antioxidants 
that scavenge ROS (Fugate et al. 2018). Researchers illus-
trated that the foliar application of biochar can mitigate the 
adverse effects of drought on barley enhancing the enzy-
matic activity of catalase, peroxidase, ascorbate peroxi-
dase and superoxide dismutase, improving the concentra-
tion of proline and leaf greenness index (SPAD) in leaves 
(Nasiri et al. 2023b). Besides, other scientists reported a 
substantial positive impact of spraying sugar beet subjected 
to drought with different levels of methyl jasmonate by 
positively improving RWC, fresh and dry weight, net pho-
tosynthesis rate, transpiration rate, stomatal conductance, 
water use efficiency (WUE), and PSII quantum efficiency 
(Fugate et al. 2018). Moreover, it is stated that exogenous 
application of methyl jasmonate relieved salinity stress by 
improving chlorophyll content, Hill reaction rate, transpira-
tion, and stomatal conductance (Rezaei et al. 2018).

In light of these findings, due to the cumulative influences 
of climate change, drought stress is getting the most impor-
tant environmental issue day by day. Furthermore, biochar 
amends the soil structure, enhances the microbial commu-
nity and activity of the soil, resulting in the improved water 
availability and crop productivity under controlled environ-
ments. Methyl jasmonate also in specific and in combination 
with biochar can be utilized as a promising method to allevi-
ate the drastic impacts of water shortage in a wide range of 
crop plants. To the best of our knowledge, no experiments 
have been explored to study the combined effects of biochar 
and methyl jasmonate on drought alleviation. According to 
what we stated in introduction, we aimed in this study to 
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assess that how the individual and joint application of bio-
char and foliar application of methyl jasmonate influence 
the several physiological and biochemical traits of barley 
plants under drought stress and the normal conditions. We 
assumed that the application of biochar can ameliorate the 
repercussions of drought stress by improving soil proper-
ties and the external application of methyl jasmonate will 
also be useful due to its positive impact in elevation of the 
plant's enzymatic activity. The results of this study will help 
to determine the optimum combination of biochar amend-
ment and methyl jasmonate for relieving the drought effect 
on barley.

2  Materials and Methods

2.1  Site Description

To evaluate the effects of the biochar addition to the soil 
and exogenous application of methyl jasmonate, an experi-
mental glasshouse study was carried out in northwest Iran 
at the University of Zanjan. The study was conducted over 
two consecutive years (2021 and 2022) using a randomized 
complete block design (n = 5).

2.2  Growth Conditions

Barley (Hordeum vulgare L. var. Jolgeh) seeds were pur-
chased from a well-known barley seed producer company 
in Zanjan, Iran (Zanjan Kesht Kheir Abad company) and 
were soaked with a density of 17 plants per pot in black 
plastic pots (25 cm top diameter with 30 cm height) contain-
ing 10 kg of loamy sand soil (dry weight equivalent). Seeds 
were sown on the 15th of October in the first year and the 
22nd of October in the second year. During the experiment, 
the temperature and humidity of the glasshouse were set 
between 16–21 °C (minimum–maximum) and 60%, respec-
tively, with natural light conditions with a day/night cycle of 
14/10 h. Tables 1 and 2 show the physicochemical proper-
ties of the soil and biochar used in this experiment, which 
were analyzed and determined at the agricultural research 
center of Zanjan, Iran. The recommended doses of NPK 
fertilizers were based on the recommendations of the local 
agricultural organization for barley (100, 60, and 45 kg  ha−1, 
respectively).

2.3  Experimental Layout

Two levels of drought stress, namely non-stress conditions 
(100% field capacity as a control,  D0) and withholding irri-
gation for two weeks at the flowering stage  (D1), was applied 
as a main factor. The field capacity (FC) is the amount of Ta
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water in the soil after a rain or irrigation event when gravity 
has removed the remaining water from the soil.

The soils in the pots were saturated with water and left 
until they had constant weight. The soil was dried, and the 
weight difference between dry and FC soils was calculated 
and kept constant throughout the experiment in the  D0. The 
treatment of  D1 was started at the beginning of the flower-
ing stage. In this treatment, the soils were kept without irri-
gation until the soil water potential reached under 2 mega 
pascal, indicating that drought stress is applied adequately. 
To analyze and determine the physical and chemical prop-
erties of the soil, Surface soil samples were collected from 
a 0–30 cm depth of the soil profile. Then the air-dried soil 
samples were sieved by a 2-mm sieve, homogenized, mixed, 
and their properties were measured according to the standard 
methods outlined by Lindsay and Norvell (1978) and Page 
et al. (1982).

Biochar was obtained from soybean stover subjected 
to pyrolysis temperature of 700 °C. This biochar showed 
these characteristics: specific surface area 419.6  m2 g, 
volatile matter 15.6%, ash 17.2%, cation exchange capac-
ity 47.5 cmol kg. In terms of particle size distribution, 
21.7% were between 5 and 2 mm, 24% were between 2 and 
0.5 mm, 48% were between 0 and 0.5 mm. Finally, biochar 
showed 48% water holding capacity. It was mixed with the 
soil at the beginning of the experiment at four levels: 0 
 (B0), 0.25%  (B0.25), 0.5%  (B0.5), 1%  (B1) w/w. To analyze 
the studied biochar, first the samples were homogenized, 

then they were divided into portions. The physicochemi-
cal properties of the biochar were determined based on 
method introduced by Cantrell et al. (2012) and Singh 
et al. (2017).

A foliar spray of methyl jasmonate (was purchased from 
Sigma-Aldrich company) was applied simultaneously with 
withholding irrigation during the flowering stage at three 
levels: 0 as the control  (M0), 50 μM  (M50), and 100 μM 
 (M100). In both years, this method was used. The soils were 
changed in the second year, and biochar treatments were 
applied as in the first year. Samples were collected from 
all pots two weeks after starting  D1 treatment.

Physiological and biochemical traits were determined 
and measured in the plant physiology laboratory at the 
University of Zanjan, Iran.

2.4  Leaf Area (LA)

Leaf area was measured five weeks after the flowering 
stage from all replications and plots, using a leaf surface 
meter device, model delta T, from three sampled plants 
from each pot selected randomly before applying drought 
and earmarked using colorful ribbons. Three samples from 
each plot were mixed and considered as one sample. The 
final leaf surface of the plants was calculated as the aver-
age of the three samples from each pot.

Table 2  Analysis of variance results (F-Values) testing the effects of 
drought (D), methyl jasmonate (M) and biochar (B) on leaf area, rela-
tive water content (RWC), water use efficiency (WUE), chlorophyll 

(Chl-a,Chl-b) and carotenoids (CAR) content, maximal quantum per-
formance of photosystem II ( MQPPSII) of barley

* and ** = significant at 0.05 and 0.01 levels, respectively; ns = non-significant

Source of variation DF LA RWC WUE Chl-a Chl-b Total chlorophyll CAR MQPPSII

Year 1 8.63* 144.00 ns 2.748** 1.77 ns 47.17** 29.54* 5.80** 0.061*
Block 8 0.50 29.98 0.142 1.38 0.31 3.42 0.36 0.006
D 1 22.88** 3344.32** 2.522** 235.62** 51.52** 504.02** 20.71** 2.748**
B 3 38.00** 864.70** 0.979** 75.58** 14.03** 155.33** 4.61** 0.503**
M 2 14.31** 844.43** 0.833** 39.18** 4.90** 42.12** 2.49** 0.379**
D × B 3 1.70** 169.94 ns 0.024 ns 2.20 ns 0.60 ns 2.90 ns 0.26 ns 0.007 ns
D × M 2 0.02 ns 91.88 ns 0.004 ns 1.46 ns 0.30 ns 2.37 ns 0.09 ns 0.032*
B × M 6 1.41** 194.00* 0.098** 6.36** 1.29** 9.17** 0.33 ns 0.064**
D × B × M 6 0.43* 79.91 ns 0.016 ns 1.64 ns 0.44 ns 3.11 ns 0.11 ns 0.014 ns
Year × D 1 0.06 ns 28.91 ns 0.212** 4.70* 2.99** 15.50** 0.02 ns 0.002 ns
Year × B 3 0.74** 9.40 ns 0.089** 1.70 ns 1.26** 4.15 ns 0.85* 0.079**
Year × M 2 0.84** 28.41 ns 0.205** 0.41 ns 2.73** 5.15 ns 0.20 ns 0.017 ns
Year × D × B 3 0.93** 57.30 ns 0.013 ns 1.10 ns 0.16 ns 1.41 ns 0.21 ns 0.007 ns
Year × D × M 2 1.02** 73.26 ns 0.006 ns 1.39 ns 0.68 ns 2.60 ns 0.02 ns 0.003 ns
Year × B × M 6 0.17 ns 51.20 ns 0.010 ns 0.49 ns 1.06** 2.51 ns 0.09 ns 0.035**
Year × D × B × M 6 0.09 ns 49.37 ns 0.008 ns 0.61 ns 1.05** 0.39 ns 0.15 ns 0.008 ns
C.V - 18.56 13.28 23.94 18.45 26.56 18.24 18.49 8.89
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2.5  Determination of Relative Water Content of Leaf 
(RWC) and Water Use Efficiency (WUE)

The leaf fresh weight was measured from three randomly 
matured leaves from the top of each plant. Fresh leaves were 
weighed, placed in distilled water for 24 h, dried with tissue 
paper, and weighed to calculate turgid weight. The leaves 
were dried in an oven set (at 70 °C for 48 h) till constant 
weights. The RWC was calculated using the Eq. 1 (Piec-
zynski et al. 2013):

The water use efficiency (WUE), which is known as the 
ratio of plant yield to used water during the cultivation sea-
son, was calculated according to the Eq. 2 (Smart and Bing-
ham 1974):

(1)RWC =
Fresh weight − Dry weight

Turgid weight − Dry weight
× 100

2.6  Photosynthetic Pigments

The fresh flagged leaves were separated and snap-frozen 
immediately in liquid nitrogen. A 0.5 g fresh flag leaf was 
used to determine the photosynthetic pigments content, 
according to approach introduced by Arnon (1940). To cal-
culate chlorophyll a, b, and carotenoid contents, leaf extracts 
were absorbed at wavelengths of 663, 645, and 470 nm, 
respectively, using a UV/VIS device (PerkinElmer, Lambda 
25, USA). The final concentrations of pigments were calcu-
lated based on the formulas 3, 4 and 5:

(2)WUE = grain yield (g.pot) ∕ used waterv(m−3)

(3)Chla
(

mgg−1DW
)

=
[12.7(A663) − 2.69(A645)] × V

1000 ×W

(4)Chlb
(

mgg−1DW
)

=
[22.9(A645) − 4.68(A663)] × V

1000 ×W

(5)Carotenoid (mgg−1DW) =
[(1000 × A470) − (1.82 × Chla) − (85.02 × Chlb)] × V

198 × 1000 ×W

2.7  Gas Exchange Parameters and the Maximum 
Quantum Performance of Photosystem II

The net photosynthetic rate (NP, μM  CO2  m−2  s−1), inter-
cellular  CO2 concentration (Ci, μM  CO2/M air), stomatal 
conductance (gs, M  H2O  m−2  s−1) and transpiration rate (Tr, 
mM  H2O  m−2  s−1) were determined from the activity of the 
flagged leaves of each replicate between 8:00 and 10:00 using 
a portable gas analyzer device (IRGA, Model LCA4, UK). 
In addition, mesophyll conductance (Mc) was estimated as 
the ratio of An to gs (mM  CO2  m−2  s−1), and leaf-intrinsic 
water use efficiency (μM  CO2/mM  H2O) was calculated as an 
NP to gs ratio (photosynthetic water use efficiency, PWUE). 
The measurements were performed at  CO2 concentrations of 
412 ppm, relative humidity of 60%, natural light conditions, 
and day/night cycle of 14/10 h in both years.

Fluorescence parameters were measured in the green-
house using a portable plant fluorescence meter (Opti 
Sciences, model OS-30), and the maximal quantum per-
formance of photosystem II (MQPPSII) was calculated 
using Fm-F0 / Fm. In this equation, Fm is the maximum 
fluorescence and F0 is the minimum fluorescence. The 
dark adaptation period in measurements of Fm-F0 was 
20 min.

2.8  Statistical Analysis

Four-way analyses of variance (ANOVA) were used in fac-
torial based on randomized complete block design to test 
the effects of the main factors (i.e., year, drought, biochar, 
and methyl jasmonate) on the studied biochemical and 
physiological attributes and yield. Duncan’s test assessed 
the significant differences between the means of different 
treatments. The figures were delineated using Excel soft-
ware. All statistical analyses were performed using the SAS 
software version 9.1.

3  Results

The ANOVA test showed significant effects for the main 
factors, i.e., the study year, drought treatment, methyl jas-
monate) on the physiological attributes, e.g., RWC, WUE, 
and Chl-a, Chl-b, carotenoids contents, and MQPPSII 
(Table 2), leaf gas exchange parameters, e.g., NP, Tr, Ci, gs, 
Mc, PWUE, and drain yield of barley (P < 0.05, Table 3). 
However, the interactions between the different combina-
tions of the main factors were not significant in most studied 
attributes.
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Table 3  Analysis of variance results (F-Values) testing the effects of 
drought (D), methyl jasmonate (M) and biochar (B) on net photosyn-
thesis rate ( NP), transpiration rate (Tr) intercellular  CO2 (Ci), sto-

matal conductance (gs), mesophyll conductance (Mc), Leaf photosyn-
thetic water use efficiency (PWUE) and grain yield barley

* and ** = significant at 0.05 and 0.01 levels, respectively; ns = non-significant

Source of variation DF NP Tr Ci gs Mc PWUE Grain yield

Year 1 10.66 ns 45.69** 46,259.27* 0.009* 0.0098* 0.0010* 345.82*
Block 8 4.51 0.81 5342.87 0.0007 0.0011 0.0000 22.01
D 1 910.34** 66.35** 519,312.07** 0.060** 0.1088** 0.0002* 612.32*
B 3 205.08** 12.88* 102,823.16** 0.013** 0.0293** 0.0005** 114.07*
M 2 67.05** 6.39* 77,064.70** 0.003** 0.0133** 0.0008** 105.87*
D × B 3 7.71 ns 0.63 ns 14,178.86* 0.0007 ns 0.0051** 0.0004** 4.01 ns
D × M 2 2.84 ns 3.22 ns 22,783.23** 0.002** 0.0023 ns 0.0002* 2.28 ns
B × M 6 14.20** 0.86 ns 14,211.40** 0.0015** 0.0019* 0.0001 ns 12.39*
D × B × M 6 5.24 ns 1.25 ns 4424.83 ns 0.0019** 0.0013 ns 0.0002** 1.70 ns
Year × D 1 2.56 ns 51.35** 132.02 ns 0.0016 ns 0.0004 ns 0.0001 ns 8.30 ns
Year × B 3 1.73 ns 5.25** 6691.28 ns 0.0013* 0.0014 ns 0.0003** 12.66**
Year × M 2 2.91 ns 0.65 ns 521.05 ns 0.0008* 0.0004 ns 0.0002* 27.87*
Year × D × B 3 1.76 ns 6.30** 10,762.96* 0.0006 ns 0.0002 ns 0.00001 ns 2.42 ns
Year × D × M 2 0.26 ns 1.76** 5376.38 ns 0.0009 ns 0.0005 ns 0.0002 ns 0.93 ns
Year × B × M 6 1.72 ns 2.79** 2548.15 ns 0.0009* 0.0003 ns 0.0001 ns 1.42 ns
Year × D × B × M 6 1.65 ns 1.86** 1589.67 ns 0.001 ns 0.0003 ns 0.0001 ns 0.92 ns
C.V - 28 28.81 16.85 9.55 13.4 14.21 17.61

Fig. 1  A summary of the steps for conducting the two-year experiment
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3.1  Leaf Area (LA)

The main factors had significant effects on the leaf area 
(LA). Besides, the two-way (B x D, B x M) and three-way 
interactions (D x B x M) had significant effects on the LA 
(Table 2). Drought stress significantly reduced the LA, but 
biochar and methyl jasmonate significantly increased the 
LA in drought-stressed plants (Figs. 1, 2). In fact, drought 
decreased the two-year average of LA by 96%, while the 
application of biochar and methyl jasmonate increased this 
parameter comparable to the control. Regardless of the effect 
of methyl jasmonate, the interaction between biochar and 
methyl jasmonate was significant; the enhancement of bio-
char application was significantly greater in drought-non-
stressed than in drought-stressed plants. Besides, the maxi-
mum increase in the LA was recorded in plants treated with 
 B0.25 and  M0, with  B0.25 and  M50 in drought-non-stressed 

plants, and in plants treated with  B0.25 and  M50 in drought-
stressed plants. Such results indicate that the enhancing effi-
ciency of biochar and methyl jasmonate is independent of 
drought stress. Furthermore, applying 1% biochar  (B1) had 
a greater inhibitory effect on the LA, than  B0.25 and  B0.5, in 
all methyl jasmonate and drought treatments, indicating 1% 
biochar might be harmful to soil physicochemical or micro-
bial properties (Fig. 2).

3.2  Relative Water Content and Water Use Efficiency

The relative water content (RWC) and water use efficiency 
(WUE) were significantly affected by the main factor (D, B 
and M) and the two-way interaction of biochar and methyl 
jasmonate (Table 2). Investigating the two-year interaction 
between biochar and methyl jasmonate in both irrigation 
systems  (DS0 and  DS1) illustrated that the biochar addition 

Fig. 2  The effect of triple inter-
action between drought, biochar 
and methyl jasmonate on the 
two-year average of leaf area 
(LA) of barley plants. In this 
figure, D0 and D1 refer to nor-
mal irrigation and drought stress 
conditions respectively, B0, 
B0.25, B0.5 and B1 respectively 
stand for control treatment with-
out biochar, 0.25, 0.5 and one % 
of biochar addition into the soil 
per soil weight, and M0, M50, 
M100 refer to control treat-
ment without spraying methyl 
jasmonate, 50 and 100 μM/L of 
spraying

Table 4  The interactive effect of biochar and methyl jasmonate on 
average of the two years and drought treatments of some biochemi-
cal, and physiological parameters of barley of the average irrigation 
treatments. In this table methyl jasmonate (M) and biochar (B), rela-

tive water content (RWC), water use efficiency (WUE), chlorophyll 
a (Chl-a) maximal quantum performance of photosystem II (MQPP-
SII), net photosynthesis rate (NP), intercellular  CO2 (Ci), and meso-
phyll conductance (Mc) have been illustrated

Means with similar letters in each column are not significantly different at the 5% level based on the Duncan test

B (%) M (μM/L) RWC WUE Chl-a Total chlorophyll MQPPSII NP Ci Mc

B0 M0 59.33e 0.29e 3.93f 5.41f 0.33 g 3.81 fg 280.9a 0.02f

M50 70.26b 0.61b 6.33bcd 8.6bc 0.56bc 6.71 cd 168.9de 0.05bcd

M100 64.57cde 0.43d 5.66de 7.07e 0.53 cd 6.18d 181.35cde 0.04de

B0.25 M0 71.01b 0.66b 6.85b 9.4b 0.59b 8.05b 168.55de 0.06b

M50 77.9a 0.77a 8.34a 11.24a 0.69a 9.78a 126.6f 0.1a

M100 66.32bcd 0.54c 6.58bc 9.08b 0.61b 7.87b 154.8ef 0.06b

B0.5 M0 66.31bcd 0.47d 6.05cde 8.07 cd 0.48de 6.46 cd 194.4 cd 0.04cde

M50 69.3bc 0.64b 6.52bc 8.64bc 0.59bc 7.29bc 160.9def 0.06bc

M100 64.01cde 0.41d 6.18bcd 8.61bc 0.43ef 4.84ef 217.6bc 0.03ef

B1 M0 62.25de 0.32e 4.36f 5.65f 0.38 fg 3.65 g 276.1a 0.03ef

M50 63.51de 0.41d 5.43e 7.39de 0.49d 4.89e 215.8c 0.03def

M100 63.16de 0.33e 4.27f 5.77f 0.37 fg 3.87efg 256.6ab 0.02f
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and methyl jasmonate spraying, individually or in combi-
nation, improved RWC and WUE (Table 4). The highest 
RWC (77.9%) was detected by the combined application of 
 B0.25 and  M50, and the lowest index (59.3%) was observed 
in the controls (i.e.,  B0 and  M0, Table 4). Similarly, the 
WUE was significantly greater in the combined application 
of  B0.25, and  M50 (0.77 g/L) than in control treatments  (B0 
and  M0, 0.29 g/L) (Table 4).

3.3  Leaf Photosynthetic Pigment Content

The concentrations of Chl-a, Chl-b, total chlorophyll, and 
carotenoids were significantly affected by the man factors 
(D, B, and M) (Table 2). The results showed significant 
interactions between the year and both biochar and methyl 
jasmonate on Chl-a, Chl-b, and total chlorophyll. The results 
demonstrated that drought reduced the Chl-b in the first 
year by 1.5% and in the second year by 81% compared with 
drought-non-stressed plants (Fig. 3). However, application of 
biochar and methyl jasmonate mitigated the adverse effects 
of drought in both years. In the first year, the highest accu-
mulation of Chlorophyll-b (2.76 mg  g−1 DW) was observed 
in plants exposed to  D0-B0.25-M50 treatment, and the low-
est value (0.71 mg  g−1 DW) was in  D1-B1-M0 treatment. In 
the second year, the highest concentration of Chlorophyll-b 
(4.5 mg  g−1 DW) was detected in  D0-B0.5-M100, and the low-
est content (0.47 mg  g−1DW) in  D1-B0-M0 treatment (Fig. 3) 
Moreover, there was a significant interaction between bio-
char and methyl jasmonate on the concentration of Chl-a and 
total chlorophyll. The positive effect of  M50 was greater in 
 B0.25 than in the other biochar treatment. The highest accu-
mulation of Chl-a (8.34 mg  g−1 DW) and total chlorophyll 
(11.24 mg  g−1 DW) was observed in the  B0.25-M50 treatment. 
Still, the lowest content of Chl-a (3.93 mg  g−1 DW) and total 
chlorophyll (5.41 mg  g−1 DW) was detected in non-treated 
plants  (B0-M0) (Table 4).

3.4  Maximum Quantum Performance 
of Photosystem II (Fv/Fm)

There were interactive effects of biochar and methyl jas-
monate (B x M, Tables 2 and 4) and drought and methyl 
jasmonate (D × M, Tables 2 and 5) on the most important 
chlorophyll fluorescence parameter (MQPPSII). The inves-
tigation on the average of the two-year interaction between 
biochar and methyl jasmonate in both irrigation systems. 
The MQPPSII was significantly greater in  M50 than both  M0 
and  M100 in  B0.25,  B0.5, and  B1, but not  B0 (Table 4). In  B0, 
there was no significant difference between  M50 (0.56) and 
 M100 (0.53), and both had significantly greater values than 
 M0 (0.33). The highest MQPPSII (0.69) was in the  B0.25-M50 
treatment, but the lowest (0.33) was in  B0-M0 (Table 4). 
Besides, drought significantly reduced MQPPSII, but methyl 
jasmonate's foliar application significantly increased it under 
drought-non-stressed and drought-stressed plants. The high-
est value (0.7) was observed in  M50-DS0, and the lowest 
value (0.33) in the  M0-D1 treatment (Table 5).

Fig. 3  Four-way interaction 
between year, drought, biochar 
and methyl jasmonate on the 
concentration of chlorophyll-b 
(Chl-b) in barley plants. In this 
figure, D0 and D1 refer to nor-
mal irrigation and drought stress 
conditions respectively, B0, 
B0.25, B0.5 and B1 respectively 
stand for control treatment with-
out biochar, 0.25, 0.5 and one % 
of biochar addition into the soil 
per soil weight, and M0, M50, 
M100 refer to control treat-
ment without spraying methyl 
jasmonate, 50 and 100 μM of 
spraying

Table 5  The interactive effect of drought and methyl jasmonate on 
the average of the two-year and biochar treatments on the maximal 
quantum performance of photosystem II (MQYPSII) and intercellular 
 CO2 (Ci) of barley. In this table drought (D), methyl jasmonate (M), 
maximal quantum performance of photosystem II (MQPPSII), and 
intercellular  CO2 (Ci) have been illustrated

Means with similar letters in each column are not significantly differ-
ent at the 5% level based on the Duncan test

D M (μM/L) MQYPSII Ci

D0 M0 0.57b 164.7d

M50 0.7a 135.45e

M100 0.57b 160.93de

D1 M0 0.33e 295.28a

M50 0.46c 200.65c

M100 0.4d 244.25b
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3.5  Leaf Gas Exchange Parameters

The individual effects of D, B, and M significantly affected 
all gas exchange parameters (Table 3). The effect of B × M 
interaction on NP (net photosynthesis rate) was significant; 
the average An of the two-year and biochar treatments was 
greater by 11.3% and 69.5% in  B0.25 and  B0.5 compared with 
control plants  (B0), while the use of  B1 decreased NP by 
4.2% (Table 4). Furthermore, spraying methyl jasmonate 
enhanced NP by 76% and 62% with the application of  M50 
and  M100 compared with  M0. The highest photosynthesis 
rate (9.78 μM  CO2  m−2   s−1) was obtained in  B0.25-M50 
treatment, and the lowest (3.65 μM  CO2  m−2  s−1) was in 
 B1-M0 (Table 4). Additionally, the application of biochar 
and methyl jasmonate decreased the accumulation of Ci, 
which was related to the increase in the net photosynthe-
sis rate (NP) (Table 5). The highest Ci (280.9 μM  CO2/M 
air) was detected in  B0-M0, whereas the lowest (126.6 μM 
 CO2/M air) was in  B0.25-M50 treatment (Table 5). The high-
est mesophyll conductance (Mc) (0.1 mM  CO2  m−2  s−1) was 

detected in  B0.25-M50 and the lowest (0.02 mM  CO2 0.1 mM 
 CO2  m−2  s−1) was  B0-M0 treatment (Table 4). The drought 
significantly elevated the Ci, but the foliar application of 
methyl jasmonate resulted in a significant reduction in the 
accumulation of  CO2 (Table 5). The effect of drought and 
methyl jasmonate interaction on the Ci index was significant; 
the reduction was greater in  J50 (32.1% and 17.8% in  D1 and 
 D0, respectively) than in  M100 (2.3% and 17.3% in  D1 and 
 DS0, respectively), as compared to in  M0 (Table 5). Similarly, 
the effect of drought and biochar interaction on the Ci index 
was significant; in the non-drought-stressed plants  (D0), 
the Ci was significantly greater in  B0.25 and  B0.5 than  B0 
by 33.7%, and 3.05%, respectively, in  D0 treatment, and by 
44.5% and 15.0% in  D1 treatment. However, Ci was signifi-
cantly lower in  B1 than  B0 by 16% in  D0 treatment and 20.2 
in  D1 treatment (Table 6). Although drought stress caused an 
increase in the Ci index, it caused a significant reduction in 
mesophyll conductance (Mc). The highest Mc value was in 
 D0-B0.25 (0.11), and the lowest was in the  D1-B1 treatment. 
The results indicate that the best biochar treatment in  D0 and 
 D1 was  B0.25, and the worst was  B1 (Tables 5 and 6).

The ANOVA result showed a significant effect for the 
individual effect of drought, biochar and methyl jasmonate, 
and year and the interaction of the four factors (i.e., year x 
D x B x M) on the transpiration rate (Tr) of barley plants 
(Table 3). The Tr was significantly reduced under drought 
in both year 1 (2.5%) and year 2 (78%) compared to non-
drought-stressed plants (Fig. 3). However, biochar addition 
increased Tr in Year 2 but not in year 1. The methyl jas-
monate had no clear effect on the transpiration rate in both 
years and drought and biochar treatments (Fig. 4).

There was a significant effect of the three-way interaction 
of the main factors (D x B x M) on the stomatal conduct-
ance (gs) (Fig. 5) and the leaf intrinsic water use efficiency 
(PWUE) (Fig. 6). Drought stress significantly reduced gs by 
84%; however, biochar and methyl jasmonate's individual 
and combined applications significantly increased it. The 

Table 6  Mean comparisons 
of the two-year average of 
interaction between drought 
and biochar on some of leaf 
gas exchange parameters. In 
this table drought (D), biochar 
(B), intercellular  CO2 (Ci), and 
mesophyll conductance (Mc) 
have been illustrated

Means with similar letters in 
each column are not signifi-
cantly different at the 5% level 
based on the Duncan test

D B (%) Ci (μM 
 CO2 × M 
 air−1)

Mc

D0 B0 158.53d 0.06bc

B0.25 118.53e 0.11a

B0.5 153.83d 0.06b

B1 183.87d 0.04de

D1 B0 262.23b 0.02f

B0.25 181.43d 0.04 cd

B0.5 228.1c 0.02ef

B1 315.13a 0.01f

Fig. 4  Four-way interaction 
between year, drought, biochar 
and methyl jasmonate on tran-
spiration rate (Tr). In this figure, 
D0 and D1 refer to normal 
irrigation and drought stress 
conditions respectively, B0, 
B0.25, B0.5 and B1 respectively 
stand for control treatment with-
out biochar, 0.25, 0.5 and one % 
of biochar addition into the soil 
per soil weight, and M0, M50, 
M100 refer to control treat-
ment without spraying methyl 
jasmonate, 50 and 100 μM of 
spraying
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highest gs was in the  B0.25-D0 treatment, and the lowest was 
 B0—M0 treatment. Again, the highest dose of biochar  (B1) 
provided the lowest gs values. Drought declined PWUE by 
64% compared to non-drought-stressed plants  (D0). At the 
same time, the individual and combined applications of bio-
char and methyl jasmonate significantly enhanced PWUE. 
The highest PWUE values were in  B0.25 at all M treatments 
of both drought-stressed and on-drought-stressed plants 
(Fig. 5).

4  Discussion

Environmental changes affecting water availability, drought, 
or flooding, had major impacts on plant growth, and 
physiological and metabolic processes (Feng et al. 2021). 
Restricted supply of water can change the physiological, 

biochemical and photosynthetic attributes of crop plants, 
leading to the lower production. The present study dem-
onstrated that drought significantly affected some param-
eters, resulting in substantial alterations in the grain yield 
of barley. However, our findings revealed that the addition 
of biochar into the soil and exogenous application of methyl 
jasmonate as a plant growth regulator, individually and in 
combination, alleviated the impact of drought in barley 
plants by maintaining cellular water levels, membrane sta-
bility, the accumulation of photosynthetic pigments, and gas 
exchange attributes, eventually enhancing morpho-physio-
logical traits.

The relative water content is an index, showing the reper-
cussions of drought on plants. Our results further demon-
strated that biochar considerably improved RWC and WUE 
(Table 5). Such a finding also was supported by other studies 
(Sombroek et al. 2004; Mohi-Ud-Din et al. 2021; Alikhani 

Fig. 5  The two-year average of 
interaction between drought, 
biochar and methyl jasmonate 
on stomatal conductance (gs) of 
barley plants. In this figure, D0 
and D1 refer to normal irriga-
tion and drought stress condi-
tions respectively, B0, B0.25, 
B0.5 and B1 respectively stand 
for control treatment without 
biochar, 0.25, 0.5 and one % of 
biochar addition into the soil 
per soil weight, and M0, M50, 
M100 refer to control treat-
ment without spraying methyl 
jasmonate, 50 and 100 μM of 
spraying

Fig. 6  The two-year average of interaction between drought, bio-
char and methyl jasmonate on photosynthetic water use efficiency 
(PWUE) index of barley plants. In this figure, D0 and D1 refer to nor-
mal irrigation and drought stress conditions respectively, B0, B0.25, 

B0.5 and B1 respectively stand for control treatment without biochar, 
0.25, 0.5 and one % of biochar addition into the soil per soil weight, 
and M0, M50, M100 refer to control treatment without spraying 
methyl jasmonate, 50 and 100 μM of spraying
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et al. 2019; Xu et al. 2010). For example, biochar appli-
cation under drought significantly increased the WUE in 
Peanut (Xu et al. 2010). Like our results, other researchers 
concluded that biochar amendment enhanced water use effi-
ciency in sugar beet (Beta vulgaris L.), alleviating drought 
stress under extremely arid or semi-arid climates (Wang 
et al. 2021). Biochar increases the soil content of carbon and 
other nutrients, increasing relative water content and enhanc-
ing plant height, leaf number, and leaf area (Abd El-Mageed 
et al. 2021). Additionally, biochar increases water-holding 
capacity (WHC), mineral nutrients, soil microbial activity, 
organic carbon, available phosphorous, soil carbohydrate 
content, and microbial biomass of the soil, and soil aeration, 
leading to higher water use efficiency and wheat productivity 
(Cantrell et al. 2012; Wang et al. 2021). It has been reported 
that biochar amendment improved WUE because it enhances 
hydrological characteristics, the physical attributes of the 
soil, and soil water content, resulting in higher grain yield 
under natural or stress conditions (Todorova et al. 2022). 
On the other hand, we observed in this study that the exog-
enous application of methyl jasmonate improved RWC and 
WUE (Table 5). The same results have been presented by 
the other (Ahmadian et al. 2021). The methyl jasmonate, at 
lower densities, has positive impacts on the physiological 
and biochemical attributes of plants, however, higher doses 
of this hormone can deteriorate the responses in particu-
lar in stress conditions (Feng et al. 2021; Wei et al. 2020). 
Our study indicated that methyl jasmonate effect was dose-
specific; the positive impact of  M50 was greater than that 
of  M100 on most studied attributes. Besides, the study also 
indicated that the positive effect of methyl jasmonate on 
different morphological, physicochemical, and grain yields 
of barley under drought was augmented when applied with 
other anti-stress elements, i.e., biochar. Water use efficiency 
is the ratio of plant yield to actual water used during the 
cultivation season and represents an efficiency indicator 
(Baiamonte et al. 2020). The positive effect of methyl jas-
monate on WUE could be attributed to its role in protecting 
the photosynthetic apparatus and enhancing its function even 
under drought-stress conditions, leading to better grain yield 
in crops (Vatankhah et al. 2016).

In the present experiment, water scarcity significantly 
reduced the pigment contents (i.e., Chl-a, Chl-b, total chlo-
rophyll, and CAR) in barley leaves. However, adding biochar 
into the soil and foliar application of methyl jasmonate pro-
tected photosynthetic pigments under drought and modu-
lated its destructive effects. Similarly, other researchers have 
reported a massive reduction in chlorophyll and carotenoid 
contents in barley under water scarcity (Iqbal et al. 2022; 
Feng et al. 2021). The negative effect of drought in various 
crops was attributed to lowering the oxidation that impairs 
the biosynthesis of photosynthetic pigments, including 
chlorophyll and carotenoids (Rezaei et al. 2018; Bagheri 

et al. 2020). It is possible that drought stress negatively 
impacts photosynthetic enzyme activity, mainly Calvin 
cycle enzymes and reactive oxygen species, which nega-
tively impacts the chloroplast and reduces carbon assimi-
lation, decreases chlorophyll concentrations and inhibits 
photosynthetic activity (Shadmand and Afkari 2018). It has 
also been proved that the reduction in pigment concentration 
under drought could be due to the prevention of pigment bio-
synthesis and assembly of the PSI and PSII light-harvesting 
complexes to stop over-plus absorption and ROS production 
(Ahmadian et al. 2021). Moreover, drought results in a colos-
sal disorder in absorption of nutrients, inhibiting different 
stages of chlorophyll production and increasing the activity 
of cholorophylase which lead in lower pigment production 
(Hashem et al. 2019). Nevertheless, similar to our results, 
some other researchers reported that biochar significantly 
increased pigment accumulation under drought conditions 
in two seasons (Abd El-Mageed et al. 2021). It has been 
reported in several studies that adding biochar to the soil 
increases its water-holding capacity (WHC), cation exchange 
capacity and physicochemical properties of the soil, as well 
as modifies the soil pH, improving nutrient retention and 
availability in the root zone, such as nitrogen, which is nec-
essary for the production of photosynthetic pigments (Abd 
El-Mageed et al. 2021). It is noticeable that in this study, the 
application of methyl jasmonate in specific or in combina-
tion with biochar inhibited the adverse effects of drought 
and regulated the concentration of photosynthetic pigments. 
The positive impact of methyl jasmonate in reducing the 
detrimental influences of drought stress on photosynthetic 
pigments in the present study is in agreement with results 
observed in bean plants (Wei et al. 2020). The elevation 
in chlorophyll and carotenoid content in drought-stressed 
plants treated with methyl jasmonate was reported in bean 
cultivars (Bagheri et al. 2020), Rapeseed (Ahmadi et al. 
2018), and wheat (Todorova et al. 2022). Some believe that 
first of all, methyl jasmonate restricts the stomatal conduct-
ance, resulting in lower transpiration rate, then elevates the 
enzymatic activity in order to detoxification of plants from 
Malondialdehyde and other toxic components, and eventu-
ally protects plants from destructive impacts of drought con-
ditions such as reduction in the concentration of pigments 
(Nasiri et al. 2023b). Other studies also have reported that 
methyl jasmonate stimulates the production of antioxidants 
and supports plants against oxidative stress, which can be 
beneficial in reducing the devastating effects of drought on 
pigment syntheses, increasing their concentration (Fugate 
et al. 2018). Moreover, it has been claimed that methyl jas-
monate plays an important role in up-regulating some key 
genes in the biosynthesis pathway of chlorophyll, which 
results in the improved biosynthesis of pigments (Razmi 
et al. 2017). It seems the combined application of biochar 
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and methyl jasmonate, particularly at optimum doses, can be 
more effective in alleviating drought consequences.

Our results showed that drought in barley plants resulted 
in a substantial reduction in the transpiration rate (Tr), mes-
ophyll conductance (Mc), stomatal conductance (gs), and 
intrinsic or photosynthetic water use efficiency (PWUE), 
which agree with other results in the young sugar beet (Beta 
vulgaris L.) (Fugate et al. 2018) and wheat (Sadaf et al. 
2017). In addition, drought resulted in the buildup of inter-
cellular carbon, a clear symptom of decreased photosyn-
thesis rate. The negative effect of drought stress on the gas 
exchange attributes of plants is a common phenomenon and 
exacerbation of these characteristics during water scarcity 
is mainly caused by either stomatal restrictions (stomatal 
closure due to  CO2 reduction) or non-stomatal limitations, 
which result in a reduction in the chlorophyll content, inhi-
bition of Rubisco activase, and lower photochemical effi-
ciency of PSII (Sadaf et al. 2017; Liu et al. 2018; Huang 
et al. 2017). Despite, the withholding irrigation affected 
some of the gas exchange parameters negatively use of 
biochar (0.25% soil weight) ameliorated these indicators 
both in full irrigation and in drought conditions, which is 
in accordance with findings by (Hafez et al. 2020) in bar-
ley. It seems biochar improves soil microbial, biochemi-
cal and physical properties of the soil, enhances the soil's 
water-holding capacity, resulting in a higher RWC, a better 
stomatal conductance and higher photosynthesis rate and 
(Demidchik 2015). All these events lead in the consump-
tion of sub-stomatal  CO2 during photosynthesis and reduce 
the Ci index (Abd El-Mageed et al. 2021). Similarly, spray-
ing methyl jasmonate altered the NP and Ci significantly 
in peppermint plants under drought stress (Vatankhah et al. 
2016). It is explained that methyl jasmonate application 
could increase photosynthesis by enhancing the relative 
water content, specific leaf area, relative growth rate, and net 
assimilation rate (Ahmadi et al. 2018). Our study observed 
that stomatal conductance was positively affected by methyl 
jasmonate application compared to control plants  (M0). It 
is claimed that methyl jasmonate at higher concentrations 
increases ABA and ethylene concentrations in plants, which 
causes stomatal closure, resulting in stomatal resistance and 
reduced transpiration rate (Boutraa et al. 2010) Furthermore, 
it can lead to a series of enzymes called MAPK, which affect 
stomata and elevate ABA accumulation under biotic and abi-
otic stress conditions.

Plants' tolerance against stress function can be due to 
harming the PII center or lack of water during the plant 
growth season (Mamnoei and Seyed Sharifi 2010). So the 
chlorophyll fluorescence mirrors the initial process of pho-
tosynthesis, consist of absorbing light energy and transmit-
ting excitation and photochemical energy responses and 
the degree of damage due to drought stress or other stress-
ful conditions is reverberate measuring this index (Zhang 

et al. 2022) In our research, drought significantly reduced 
the maximum quantum performance of photosystem II 
(MQPPSII). Nonetheless, applying biochar and methyl jas-
monate showed a significant positive change in MQPPSII. 
The reduction in this index under water limitation has been 
reported in several studies (Iqbal et al. 2022; Fallahi et al. 
2013; Pandey et al. 2012; Abbaspour et al. 2011). Chloro-
phyll fluorescence parameters are in a close relation with the 
different processes of the photosynthesis (Xia et al. 2019). It 
is reported that biochar can be beneficial in reduction of the 
shutdown of active reaction centers which in turn increases 
the performance of PSII (Zhang et al. 2018). Moreover, it 
seems that, biochar affects this parameter positively, increas-
ing the accumulation of photosynthetic pigment which even-
tually results in the higher rates of the photosynthesis (Yang 
et al. 2021). Furthermore, it has been reported that reducing 
the amount of chlorophyll-a, a determining indicator of PSII 
efficiency under stress conditions, is the main reason for the 
reduction in the MQPPSII (Boutraa et al. 2010). The same 
as our results, others observed a considerable increase in the 
function of PSII under drought stress due to using biochar. 
Besides, it suggested that, biochar, as an organic source of 
nitrogen, phosphorus, and potassium, significantly improves 
the efficiency of photosystem II (Iqbal et al. 2022). It has 
been reported that a high nitrogen concentration increases 
MQPPSII, an important index of the photosynthetic capabil-
ity of plants (Klughammer and Schreiber 2008; Kościelniak 
et al. 2006). Therefore, the improvement in photosynthesis 
and water use efficiencies could be attributed to the tremen-
dous advantages of biochar, such as improving soil organic 
carbon, physical soil properties, and soil water holding 
capacity that inhibits nutrient leaching and increases the 
availability of essential nutrients (Sombroek et al. 2004) 
Similarly, methyl jasmonate can protect the photosynthetic 
system against several stresses by maintaining chloro-
plast membrane stability and pigment concentration under 
stress conditions, which leads to decreased Fv, Fm, F0, and 
increased Fv/Fm (Liu et al. 2018). What is more, Fatma 
et al. (2021) reported a considerable influence of methyl 
jasmonate, in protection of the PSII system, maintaining the 
stability of a series of chloroplast protein named D1 and 
the acceleration of enzymatic activity under stress-induced 
conditions. Additionally, it has been reported that applying 
methyl jasmonate reduces the photo-inhibition in stressed 
plants compared to control plants, which results in the higher 
photosynthetic efficiency of PSII (Sirhindi et al. 2020).

5  Conclusions

It can be conclude that, in the present work, drought resulted 
in destructive repercussions on many parameters such as 
the net photosynthesis rate, transpiration rate, stomatal 
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conductance, and photosynthetic pigments. However, use of 
biochar and methyl jasmonate acclimatized barley plants to 
water shortage, which is associated with enhanced morpho-
physiological and biochemical traits. Soil content of biochar 
at 0.25% w/w and methyl jasmonate leaf applied at 50 μM 
protected plants against drought stress. Importantly, higher 
doses of biochar and methyl jasmonate had negative effects, 
highlighting the need to understand better the optimal doses 
and mechanisms of action of these amendments. Overuse of 
biochar and methyl jasmonate can be futile as the biochar 
increases the soil porosity which causes negative impact on 
the water availability. Additionally overuse of methyl jas-
monate can cause negative effect on the stomatal conduct-
ance and molecular attributes of the plant under drought 
conditions. Last but not least, more experimental studies 
are needed to figure out more about the influence of differ-
ent doses of biochar along with different doses of methyl 
jasmonate on several crop plant to identify the best doses 
of them for relieving the adverse effects of water shortage.
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