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Water scarcity has become an increasingly important factor contributing to crop yield decline in 

arid regions. Soil amendments and certain growth regulators are some strategies used to 

mitigate the negative effects of drought stress. This study aimed to investigate the effects of 

biochar and salicylic acid on some physiological and biochemical properties of Borago 

officinalis L. under water deficit conditions. This experiment was conducted as a split-plot 

factorial experiment based on a randomized complete block design with four replicates. The 

factors were irrigation regimes according to the percentage of water requirement (100% WR, 

75% WR, and 50% WR) in the main plots, biochar application (0, 5, and 10 ton ha-1) and foliar 

application of salicylic acid (0, 0.5 mM) in the subplots. This study was conducted in the 

research field of Shahrood University of Technology, Shahrood, Iran, in two cropping years, 

2017 and 2018. The results showed that the total amount of soluble sugars decreased with an 

increase in the irrigation regime; however, the leaf antioxidant enzymes (SOD, CAT, and POX) 

and leaf proline concentration significantly increased in the 75% WR irrigation regime and 

slightly decreased in the 50% WR irrigation regime in both years. Applying salicylic acid (0.5 

mM) significantly increased the leaf proline by 50% and 55% in irrigation regimes of 100% 

WR and 75% WR, respectively, in both years. It also modified the total amount of soluble 

sugars in both years. In addition, salicylic acid also stimulated leaf antioxidant enzymes under 

100%WR under 75% WR and 50% WR irrigation regimes in both years. Biochar application 

reduced leaf proline concentration by 27% and 28% (10 ton ha-1) under 100% WR and 75% WR 

irrigation regimes, respectively. An improvement of all antioxidant enzymes via biochar 

application was found in both years. Application of 5 ton ha -1 biochar mitigated relative water 

content in 75% WR. Our results clearly indicated that applying exogenous salicylic acid in 

combination with biochar could be a promising approach to improve plant stress tolerance 

mechanisms under water deficit conditions. 
Copyright © 2022 Union Medicinal Plants of Iran. All rights reserved. 

1. Introduction 

Water deficit affects various aspects of crops through 

anatomical, morphological, physiological, and 

biochemical changes. Drought can cause deleterious 

effects through cell membrane lipid peroxidation and 

promotes the production of reactive oxygen species 

(ROS), protein denaturation, and DNA breakdown, 

which eventually leads to yield reduction in plants (Du 

et al., 2021; Darvizheh et al., 2019; Hussain et al., 

2018). Plants resort to various approaches against 

oxidative stress caused by drought to maintain their 

viability through enzymatic mechanisms – such as 

superoxide dismutase (SOD), catalase (CAT), 

peroxidase (POX), and ascorbate peroxidase (APX) – 

non-enzymatic mechanisms - such as phenolic 

compounds, flavonoids, carotenoids, and anthocyanin  

(Gao et al., 2020; Chavoushi et al., 2020), and 

osmoprotectants – such amino acids like proline  (La et 

al., 2019; Ghaffari et al., 2019), and regulating soluble 

carbohydrates and ammonium compounds (Huang et al., 

2018). The implementation of agronomic methods is a 

complementary solution to drought stress. Some 

agronomic strategies can be used to mitigate the adverse 

effects of drought. These strategies include using soil 

additives and some growth regulators (Jovanovic et al., 

2020). 
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Salicylic acid (SA) is considered a regular 

phytohormone that also has an elicitor effect on plants 

under numerous types of stress. Several studies have 

shown positive correlations between salicylic acid 

application and plant stress tolerance factors (Gorni et 

al., 2020; Estaji & Niknam, 2020), including increased 

germination (Huang et al., 2021), induction of 

flowering, improved plant growth and development, 

increased yield and fruit yield (Estaji & Niknam, 2020), 

inhibition of ethylene synthesis, opening and closing of 

pores, water relations, membrane stability (Ghassemi et 

al., 2019), nutrient uptake, and activation of defense 

mechanisms such as maintenance of higher levels of 

antioxidant activity (Gacnik et al., 2021; Shah Jahan et 

al., 2019; Farhadi & Ghassemi-Golezani, 2020). 

Emissions from crop residue burning which result in the 

loss of soil organisms and organic carbon are a 

significant source of greenhouse gasses in the earth's 

atmosphere, contributing to global warming (Lehmann 

et al., 2011). Therefore, the decomposition of crop 

residues in fields can be a key factor in soil health in 

agricultural systems by promoting the soil's physical, 

chemical, and biological properties (Verheijen et al., 

2010). Biochar is a carbon-rich product in a stable form 

that persists in the soil for hundreds or thousands of 

years (Guo et al., 2021). Plenty of research shows that 

treatments with biochar as a soil conditioner improve 

soil properties as long as own favorable adsorption 

characteristics (high cation exchange capacity and 

surface area), resulting in increased irrigation efficiency 

and improved plant physiological properties (Akhtar et 

al., 2014; Batool et al., 2015; Zhang et al., 2020; Guo et 

al., 2021). In addition, biochar amendment would 

confirm direct growth promotion by increasing the 

nutrient supply and nutrient availability to plants 

(Akhtar et al., 2014). Biochar also directly increases 

plant growth by providing minerals and nutrients. In 

addition, it increases irrigation efficiency, resulting in 

improved physiological characteristics of plants (Batool 

et al., 2015; Zhang et al., 2020; Guo et al., 2021). 

Moreover, it increases soil carbon stabilization and 

reduces greenhouse gas emissions (Borchard et al., 

2019). 

European borage (Borago officinalis L.) is an annual 

herbaceous medicinal plant considered indigenous to 

Europe and Asia (Abdelli et al., 2016). It is commonly 

known as the richest source of gamma-linoleic acid. It is 

widely used as a dietary supplement for the treatment of 

heart disease, diabetes, arthritis, and multiple sclerosis 

(Shahbazi et al., 2019; Karimi et al., 2018). In light of 

the side effects of using chemical drugs, medicinal 

plants have taken on an added significance all over the 

world nowadays. Apart from this, it is necessary to 

facilitate the production of medicinal plants in water-

limited areas to address water scarcity.  

Crop ecology conducts many water-saving approaches 

for optimal water supply and increased water use 

efficiency by the crop, which is related to the 

hydrological situation as influenced by climate and 

physiological response of the plant (Jovanovic et al., 

2020). Despite many studies on the beneficial effects of 

exogenous salicylic acid and biochar amendment on 

drought, to our knowledge, few studies have examined 

the effects of these two factors on leaf antioxidant 

enzymes (SOD, CAT, and POX), and leaf proline 

content in European Borage under water deficit 

conditions. 

 
2. Material and Method  

2.1. Plant material and experimental design 

This experiment was conducted as a split plot factorial 

based on a randomized complete block design with four 

replications. Factors included 100% water requirement 

(100% WR), 75% water requirement (75% WR), and 

50% water requirement (50% WR) in the main plots, 

and the application of biochar (0, 5, and 10 ton ha
-1

) and 

the foliar application of salicylic acid (0, 0.5 mM) in the 

sub-plots. This study was conducted in the research 

field of Shahrood University of Technology, Bastam, 

Shahrood, Iran (Longitude 55˚ 15', Latitude 36˚ 39', 

altitude 1445 m) in two growing seasons, 2017-2018. 

Soil preparation was carried out in winter 2016, deep 

plowing and furrowing were applied according to the 

cultivation plan, weeding and thinning were done 

manually, and seeds were planted by hand in wheat-

fallow rotation soil. The experimental plot was 2×4 m
2
, 

and each experimental unit included five planting rows 

with a length of 4 m, with the on-row spacing of 20 cm 

and between-row spacing of 50 cm. The biochar was 

prepared using walnut wood as feedstock.  

The optimal range for pyrolysis temperature is generally 

400-700 °C. In this study, 400 °C was used as slow 

pyrolysis with a residence time of 30 min because the 

functional groups were better retained at this 

temperature (Kambo & Dutta, 2015). Soil samples were 

also collected to determine the physicochemical 

properties of the soil before the experiments.  

Sampling was done from a depth of 0 to 30 cm of the 

soil at the experimental site.  

Some characteristics of the soil of the experimental site, 

chemical analysis of the biochar and the climatic 

conditions in the study area are presented in Table 1, 

Table 2 and Table 3, respectively. 

 

 

 

 

 

 

 

Table 1. Some physicochemical characteristics of the soil 

S
o

il
 t

ex
tu

re
 

C
 (

%
) 

P
 (

p
p

m
) 

E
C

 (
d

S
/m

) 

p
H

 

K
 (

p
p

m
) 

N
 (

%
) 

Loam-silt 0.4 19 0.41 8.30 149 0.04 
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Biochar was used only in the first year of cultivation, 

but salicylic acid treatments and irrigation regimes were 

applied in both years. Salicylic acid treatment was 

applied before flowering (flower bud development), and 

irrigation was applied at the time of full plant 

establishment (3-4-leaf stage and about two months 

after planting). The first irrigation was done 

immediately after the seeds were sown, and the 

irrigation regimes were carried out via a drip-irrigation 

system. The water requirement of the plants was met for 

all plots from sowing to seedling establishment, and 

subsequent irrigations were done according to water 

deficit treatment. Water requirement was based on the 

CROPWAT model, which contains a simple water 

balance model using the FAO Penman-Monteith to 

calculate evapotranspiration of the reference crops 

(Malamos et al., 2015).  A total of 4670, 3502, and 2335 

m
3
 ha

-1
 of water was applied to the plots in Shahrood, 

which were 100% WR, 75% WR, and 50% WR, 

respectively, during the growing season of European 

borage, which lasted 99 days. Basal fertilization was 

applied according to the soil analysis (Table 2), which 

was carried out before the onset of experiment. The top 

5 cm of the soil was removed with a hand hoe for 

biochar application and mixed with the soil in the top 15 

cm of the sandy soil before cultivation. 

European borage obtained from Pharmasaat Company 

was cultivated in the same plots in the first year of 

cultivation. Seeds were sown on 16 March in the first 

year of cultivation (2017) and 20 March in the second 

year (2018). 

Leaf samples were collected at the beginning of 

flowering to measure the antioxidant enzymes, leaf 

proline content, and relative leaf water content. The 

samples were then immediately taken to the laboratory 

and stored at -70 °C after freezing with liquid nitrogen.  

2.2. Antioxidant enzymes 

First, 0.2 g of plant tissue was homogenized with the 

extraction solution – 1600 μl potassium phosphate 

buffer (pH = 6.8), 20 μl 0.1 M EDTA, and 380 μl 

distilled water. Then, the reaction mixture was 

centrifuged at 4000 rpm for 25 min at 4 ° C, and the 

upper phase of the extract was used to measure the 

enzyme activity. The activity of the CAT enzyme was 

measured using the spectrophotometric method 

proposed by (Aebi, 1984). Once the enzyme extract had 

been prepared, 2.5 ml of potassium phosphate buffer 

(pH = 7) and 0.3 ml of oxygenated water (3%) were 

mixed in an ice bath, and then 0.2 ml of enzyme extract 

was added immediately to measure the kinetic activity 

of the enzyme catalase. The absorption change curve at 

240 nm was read with a spectrophotometer and 

expressed as mmol of decomposed H2O2 per min per mg 

fresh leaf weight. 

 For the activity of the POX enzyme, the following 

concentrations were used for the reaction mixture: 1400 

μl 100 mM potassium phosphate buffer (pH = 7), 750 μl 

10 mM double distilled water, 100 μl 70 mM H2O2 

soluble potassium phosphate 100 mM (pH =7), and 750 

μl distilled water. The following reaction mixture was 

placed in a spectrophotometer containing the enzyme 

extract, and the peroxidase activity was measured at 470 

nm. Finally, the enzyme activity was calculated by 

mmol of tetraguaiacol produced per milligram of fresh 

leaf weight (Chance & Maehly, 1955). 

The activity of the SOD enzyme was determined by its 

ability to inhibit the photochemical reduction of NBT 

(nitrotetrazolium blue chloride) at 560 nm, according to 

Beauchamp & Fridovich (1971). To this end, a 50-mM 

phosphate buffer solution with pH = 7.5 was first 

prepared. The mixture containing: 50 mM phosphate 

buffer (pH 7.5), 0.05 % NBT, 0.1 mM EDTA and 0.065 

% NaN3. The mixture was then heated at 85 °C for 15 

min and subsequently cooled. The NBT-reducing 

activity was presented as an increase in absorbance at 

560 nm g
−1

 of fresh weight. 

2.3. Leaf proline 

The following procedure was used for the leaf proline 

concentration. According to Bates et al. (1973), 4 ml of 

sulfuric acid (3%) was added to 0.05 g of fresh leaf 

tissue, and the upper phase was separated with a 

centrifuge and mixed with 2 ml of glacial acetic acid 

and 2 ml of ninhydrin solution. The mixture was heated 

to 90 ° C for half an hour. After cooling, 4 ml of toluene 

was added to each tube, which was then shaken several 

times. The supernatant was removed, and the samples 

were read in the instrument at 520 nm. The proline 

concentration was determined from a standard curve 

and calculated as described in Eq.1.  

 

Table 3. Climatic condition in the area studied    
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2017 -2 39.5 10 98 87.8 97 48 

2018 -1.5 37 10 100 85.2 95 24 

 

Table 2. Some chemical characteristics of biochar 
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46.95 7.60 45.44 0.01 1.72 9.70 0.21 1.27 
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µmoles 
proline

g
 of fresh weight = 

[
µ𝑔𝑝𝑟𝑜𝑙𝑖𝑛×𝑚𝑙 𝑇𝑜𝑙𝑢𝑒𝑛𝑒

115.5µ𝑔/µ𝑚𝑜𝑙
]

(𝑔𝑠𝑎𝑚𝑝𝑙𝑒/5)
        (Eq. 1) 

2.4. Measurement of relative water content (RWC) 

The relative water content (RWC) was measured 

according to Barrs and Weatherley (1962). In this 

method, 5 samples were collected from the field at the 

capsule stage (seed filing) and immediately taken to the 

laboratory, then weighed (FW), placed in deionized 

water, and left in the dark for 48 h. They were then 

weighed to determine the leaf turgid weight (TW) and 

then placed in an oven at 60 °C for 48 h to determine 

the dry weight (DW) (Romano et al., 2013). The 

following equation (Eq. 2) was used for RWC 

calculation: 

 RWC= [(FW -DW)/ (TW -DW) ×100]                (Eq. 2) 

In this equation, FW is the fresh weight of the leaf (in 

grams), DW is the dry weight of the leaf (in grams), and 

TW is the saturated weight of the leaf (in grams). 

2.5. Total amount of soluble sugars: 

The modified Sctilegel method (Chow and Landhäusser, 

2004) was used to measure the total amount of soluble 

sugars in the leaves. First, the plant shoots were 

removed, followed by drying the samples in an oven at 

70 ° C for 48 h. Then, the dried samples were used to 

measure the total amount of soluble sugars in the plant. 

The dried samples were ground to a fine powder. Next, 

0.1 g of the sample was added to the falcon, and 15 ml 

of 80% ethanol (which was previously heated) was 

added to the Erlenmeyer, vortexed for 20 sec, and 

centrifuged at 3000 rpm for 10 min. The falcons 

containing the extract were kept in an oven at 50 °C for 

24 h. The extract was then centrifuged. Afterward, 5 ml 

of 5% ZnSO₄2-
 and 4.7 ml of 3% N-Bacl2 solutions 

were added to the falcon, and the falcons were 

centrifuged again at 3000 rpm for 10 min. Subsequently, 

2 ml of the liquid phase extract was transferred to a 15-

ml falcon tube, and 1 ml of 5% phenol solution and 5 ml 

of 98% H₂SO₄ were added to each test tube. It was then 

allowed to stand for 45 min, and the samples were read 

with a spectrophotometer at a wavelength of 485 nm. 

Finally, the amount of sample sugar was estimated 

using the standard curve. 

2.6. Statistical analysis 

 Data analysis was performed using statistical analysis 

system (SAS 9.4) (SAS Institute, Cary, USA), and the 

means of the treatments were compared using the least 

significant difference (LSD) test (P < 0.05). 

 

3. Results  

3.1. Antioxidant enzymes (CAT, POX, SOD) 

Analysis of variance showed that salicylic acid, biochar, 

and irrigation regimes significantly affected antioxidant 

enzymes (P≤0.05) (Table 4). Antioxidant enzymes were 

increased in 75% WR regime compared to 100%WR, 

but it was decreased sharply when the irrigation regime 

reached 50% WR. The highest amount of CAT, SOD, 

and POX enzymes was observed in the combined 

application of biochar (5 ton ha
-1

) and salicylic acid in 

75% WR regime, which increased them by 72%, 23%, 

and 103%, respectively, compared to the control 

(without biochar and salicylic acid application). In 

addition, the amount of CAT, SOD, and POX enzymes 

was also affected by the higher amount of biochar (10 

ton ha
-1

) and salicylic acid in this irrigation regime and 

by increasing the amount of CAT, SOD, and POX 

enzymes by 24%, 3.4%, and 28.5%, respectively, 

compared to the control (Table 5). 

3.2. Leaf proline 

The interaction effect of irrigation regimes and biochar 

on the leaf proline concentration was significant in the 

second year (P≤0.05) (Table 6). Decreased plant water 

requirement increased proline production in the plant 

leaves up to 75% WR. Biochar application decreased 

the leaf proline concentration under regular and 75% 

WR irrigation regimes. Application of 5 and 10 ton ha
-1

 

of biochar decreased the leaf proline by 4.4% and 23%, 

respectively, compared to the control (without biochar) 

under regular irrigation conditions. Application of 10 

ton ha
-1

 of biochar also caused a slight decrease in the 

leaf proline under 75% WR irrigation regime (7%) in 

the second year (Figs 1). Application of salicylic acid 

under regular and 75% WR irrigation regimes increased 

the leaf proline, but it did not make a significant 

difference under higher irrigation regime (50% WR) in 

both cropping years (Figs. 2 and 3). 

 
Fig. 1. Interaction effects of biochar and different irrigation 

regimes on leaf proline concentration (mg/g FW) in Borago 

officinalis L. in 2018. 

3.3. Leaf RWC 

According to the results (Table 6), the interaction 

effects of irrigation regime and biochar, and also 

interaction effects of irrigation regime and salicylic acid 

had a significant effect on the leaf RWC in both years. 

The results showed that reducing the irrigation regime 

reduced the leaf RWC (Figs. 4-7) in both years.  
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Table 4. Analysis of variance (mean of squares) for the effect of biochar and Salicylic acid on anti oxidative enzymes of Borago officinalis 

L. under different irrigation regimes  in two cropping years 

CAT POX SOD 
df S.O.V 

2018 2017 2018 2017 2018 2017 

0.0002ns 0.00002 0.00035ns 0.0313ns 0.00001ns 0.00007ns 3 Replication 

0.5032** 0.07444* 0.43410** 6.9026** 0.55386** 0.36188** 2 
Irrigation regimes 

(A) 

0.00062 0.00003 0.00003 0.0053 0.00018 0.00012 6 Error a (Ea) 

0.2257** 0.00380** 0.02362** 0.0414** 0.02156** 0.01096** 2 Biochar (B) 

0.00991** 0.00193** 0.01402** 0.00146* 0.01147** 0.00307** 4 𝐴 ×B 

0.12669** 0.03657** 0.08682** 0.1945** 0.15061** 0.05432** 1 Salicylic acid (C) 

0.03701** 0.01564** 0.01873** 0.0222** 0.08086** 0.08682** 2 A×C 

0.00619** 0.00209** 0.00982** 0.00549ns 0.00956** 0.00982** 2 B×C 

0.00982** 0.00014** 0.1675** 0.0300** 0.00466** 0.1675** 4 A×B×C 

0.00020 0.00005 0.00035 0.005 0.00020 0.00035 45 Total error 

11.02 8.78 1.80 8.35 11.08 1.80 - CV (%) 
ns, non-significant., * Significant at P≤0.05., ** Significant at P≤0.01. 

 

 

Table 5. Mean comparisons of salicylic acid, biochar and different irrigation regimes on anti-oxidative leaf enzymes of Borago officinalis 

L. in two cropping years 

Irrigation regimes 

(Water requirement 

(%) 

Biochar 

(ton ha-1) 

Salicylic acid 

(mM) 

SOD 

(mg/g FW) 

POX 

(mg/g FW) 

CAT 

(mg/g FW) 

   2017 2018 2017 2018 2017 2018 

100% WR 

0 0 0.08gh 0.048hi 1.09d 0.988fg 0.05ij 0.088gh 

0 0.5 0.17ef 0.137f 1.18bc 1.07e 0.07fg 0.177ef 

5 0 0.97gh 0.035ji 1.09gh 0.975hg 0.05ij 0.075hi 

5 0.5 1.05e 0.113g 1.14c 1.053e 0.06gh 0.153f 

10 0 0.96ghi 0.028ikj 1.01d 0.968ghi 0.05ij 0.068hi 

10 0.5 1.0f 0.068h 1.09cd 1.008f 0.05hi 0.108g 

75% WR 

0 0 1.15c 0.213d 1.24b 1.153c 0.10d 0.253d 

0 0.5 1.15c 0.461b 1.19bc 1.156c 0.21b 0.346b 

5 0 1.14c 0.204d 1.18bc 1.144c 0.09e 0.244d 

5 0.5 1.42a 0.496a 1.35a 1.426a 0.23a 0.436a 

10 0 1.10d 0.165e 1.18bc 1.105d 0.08ef 0.195e 

10 0.5 1.19b 0.275c 1.26ab 1.197b 0.13c 0.317c 

50% WR 

0 0 0.91l 0.027jk 0.16g 0.912l 0.03kl 0.012l 

0 0.5 0.95hij 0.015jkl 0.48e 0.955hij 0.05ij 0.055ij 

5 0 0.95hij 0.014kl 0.16g 0.954hij 0.02m 0.054ij 

5 0.5 0.94jkl 0.005l 0.33f 0.943jkl 0.05ij 0.043jk 

10 0 0.92kl 0.002jkl 0.15g 0.920kl 0.02lm 0.020kl 

10 0.5 0.92jkl 0.011kl 0.19g 0.928jkl 0.04jk 0.028kl 
Means followed by similar letters in each column do not significantly differ at α= 5% probability level based on LSD test. 

 

 

Table 6. Analysis of variance (mean of squares) for the effect of biochar and Salicylic acid on leaf proline concentration, total amount of 

soluble sugars and leaf relative water content  of Borago officinalis L. under different irrigation regimes in two cropping years 

Leaf relative water content 
Total amount of soluble 

sugars 
Leaf Proline Concentration 

df S.O.V 

2018 2017 2018 2017 2018 2017 

16.29ns 13.94ns 295533** 197446** 0.008ns 0.001ns 3 Replication 

2879.58** 287.54** 862562** 1075275** 5.243** 5.19** 2 Irrigation regimes (A) 

8.03 5.54 9633 20954 0.0120 0.009 6 Error a (Ea) 

15.42** 15.08ns 81460ns 119244ns 0.086** 0.080** 2 Biochar (B) 

25.94** 25.83** 6359 18351ns 0.036* 0.034ns 4 𝐴 ×B 

696.51** 682.40** 137149** 299332** 0.0276ns 0.019ns 1 Salicylic acid (C) 

27.55** 27.5** 26268ns 41698ns 0.7347** 0.78** 2 A×C 

15.39ns 15.36ns 34727ns 16311ns 0.018ns 0.025ns 2 B×C 

5.07ns 5.26ns 31771ns 57842ns 0.021ns 0.018ns 4 A×B×C 

5.03 4.97 30226 47455 0.016 0.012 45 Total error 

3.99 3.87 14.64 14.36 13.4 11.39 - CV (%) 
ns, non-significant., * Significant at P≤0.05., ** Significant at P≤0.01. 
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Fig. 2. Interaction effects of salicylic acid and different 

irrigation regimes on leaf proline concentration (mg/g FW) in 

Borago officinalis L. in 2017. 

 

Fig. 3. Interaction effects of salicylic acid and different 

irrigation regimes on leaf proline concentration (mg/g FW) in 

Borago officinalis L. in 2018.  

borage leaves compared to the control (0 ton ha
-1

 of 

biochar) (Figs. 4 and 5).  

 

Fig. 4. Interaction effects of biochar and different irrigation 

regimes on relative water content (RWC) in Borago officinalis 

L. in 2017. 

Also, the results of the interaction effects of irrigation 

regimes and salicylic acid showed that the application of 

salicylic acid increased the RWC of leaves in all 

irrigation regimes compared to the control (0m M SA) 

in both years (Figs. 6 and 7). 

3.4. Total soluble sugars 

 

 
Fig. 5. Interaction effects of biochar and different irrigation 

regimes on relative water content (RWC) in Borago officinalis 

L. in 2018 

 
Fig. 6. Interaction effects of salicylic acid and different 

irrigation regimes on relative water content (RWC) in 

Borago officinalis L. in 2017. 

 
Fig. 7. Interaction effects of salicylic acid and different 

irrigation regimes on relative water content (RWC) in 

Borago officinalis L. in 2018. 

The results of the analysis of variance showed that the 

effects of irrigation regimes and salicylic acid on the 

soluble sugars of European borage leaves were 

significant in both years (Table 6). Comparing the main 

effects of the mean values (Figs. 8 and 9) showed that as 

irrigation regimes increased to 75% WR, the amount of 

soluble sugars in the leaves increased in both years. 

However, it showed a sharp decrease as the irrigation 

regime dropped to 50% WR. Under this irrigation 
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regime, the amount of soluble sugars decreased by 19% 

and 20% in the first and second year, respectively.  

 
Fig. 8. Effects of salicylic acid on Leaf total soluble sugar in 

Borago officinalis L.  in 2017.  

 
Fig. 9. Effects of Salicylic acid on Leaf total soluble sugar in 

Borago officinalis L. in 2018. 

Salicylic acid treatments mitigated the negative effects 

of water deficit conditions. The use of salicylic acid was 

effective in improving the amount of soluble sugars in 

both years, increasing their amount by 8% in the first 

year (Fig 10) and 7% in the second year (Fig 11). 

 

Fig. 10. Effects of salicylic acid on Leaf total soluble sugar in 

Borago officinalis L. in 2017. 

 

4. Discussion  

4.1. Antioxidant enzymes (CAT, POX, SOD) 

The results showed an increasing trend of antioxidant 

enzymes by increasing water deficit at 75% WR, but by 

increasing water deficit conditions it decreased sharply 

when the regime of 50% WR was reached. Previous 

studies have found that drought stress can induce 

oxidative stress. In addition, the glycolate oxidase 

pathway, which produces H2O2, is activated by drought 

(Cao et al., 2017).  

 
Fig. 11. Effects of salicylic acid on Leaf total soluble sugar in 

Borago officinalis L. in 2018. 

Catalase, peroxidase, and superoxide dismutase are 

important enzymes in plants that are directly involved in 

the plant scavenging system that degrades H2O2 to H2O 

at various cellular sites, thereby mitigating the negative 

effects of ROS. Although several studies have shown 

that all of these enzymes are increased under drought 

stress, the overall trend of these enzymes in different 

plants under stress varies, and in some cases, they are 

even contradictory (Gao et al., 2020). Drought stress in 

Pyrus ussuriensis initially increased the levels of SOD 

and POD enzymes but sharply decreased them as 

drought stress increased. Nevertheless, CAT was 

continuously decreased (Lyu et al., 2016), while in 

Chinese cabbage exposed to drought, the opposite trend 

was observed, such that catalase activity was three times 

higher than that in control treatment after one week 

(Shawon et al., 2020). The application of salicylic acid 

reduced the negative effects of drought stress by 

increasing these antioxidant enzymes in Ctenanthe 

setosa (Kadioglu et al., 2011), Brassica rapa L.(La et 

al., 2019) and Portulaca oleracea L. (Saheri et al., 

2020). Several studies have also mentioned that 

antioxidant enzymes are also affected by the addition of 

biochar (Abideen et al., 2020) (Farhangi-Abriz & 

Torabian, 2017). Abideen et al. (2020) reported that 

biochar reduced the soil evaporation rate and improved 

the water holding capacity through some 

physicochemical properties such as higher hydrophilic 

inner surface area; it means plants maintained a 

balanced water ratio under water deficit and caused less 

oxidative stress in biochar treated plants due to higher 

photosystem II efficiency and stimulated antioxidant 

defense system activity due to higher water availability. 

The absence of biochar reduced the demand for ATP 

and increased the risk of excessive reduction of the 
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physicochemical electron transport chain, increasing the 

probability of ROS by damaging the photochemical 

activity of PSII (Abideen et al., 2020; Farhangi-Abriz & 

Torabian, 2017). 

4.2. Leaf proline  

In the present study, leaf proline concentration was 

increased with an increase in 75% WR regime (Fig. 1). 

The proline accumulation under drought stress 

conditions is well documented (Farhangi-Abriz & 

Torabian, 2017; La et al., 2019). Proline is a 

multifunctional amino acid capable of protecting protein 

integrity and enhancing the activities of various 

enzymes. Proline accumulation under drought stress 

conditions may be related to the decrease in proline 

oxidase enzyme activity with a concomitant increase in 

γ-glutamylkinase enzymes (Idrees et al., 2010). Proline 

is not only an excellent osmolyte but also an 

osmoprotectant that has been shown to play an 

important role in improving resistance to drought by 

stabilizing the protein structure, inhibiting lipid 

peroxidation, and scavenging the production of ROS by 

maintaining the NADPH/NADP
+
 ratio involved in 

cellular homeostasis (Farhangi-Abriz & Torabian, 2017; 

Hussain et al., 2018; La et al., 2019). Application of 

salicylic acid increased the proline concentration in 

plants subjected to mild water deficit stress. Similarly, 

numerous studies have reported an increase in the 

proline concentration by salicylic acid during drought 

stress (Kordi et al., 2013; Farhangi-Abriz & Torabian, 

2017; La et al., 2018). This result agreed with Estaji and 

Niknam (2020) views, who reported that irrigation 

intervals increased the leaf proline in Silybum marianum 

L. by 1.5 and 2.5 times compared to well-watered 

plants. 

In addition, our results suggest that biochar can alleviate 

the water deficit condition by proline reduction through 

the mechanisms of osmoregulation. Wang et al. (2014) 

reported a similar decrease in the leaf proline content of 

Malus hupehensis Rehd. seedlings by 3-7% compared to 

treatments without biochar addition. This decrease 

could be related to the reduction of proline 

accumulation in the biochar additive treatments. It could 

also be attributed to the improvement in stress tolerance 

due to the increase in soil water retention capacity and 

water availability for protein degradation (Adejumo et 

al., 2020). 

4.3. Leaf RWC 

Leaf RWC is an important indicator of water status in 

plants; it reflects the balance between leaf tissue water 

supply and transpiration rate (Lugojan & Ciulca, 2011). 

It has been observed that water deficit decreases RWC. 

A possible explanation could be that the plant increases 

the accumulation of compatible solutes (such as amino 

acids, sugars, or sugar alcohols) and reduces the osmotic 

potential in the protoplasm for water absorption under 

drought conditions compared to well-watered 

conditions; this allows water to enter the cell and 

stabilize the turgor potential within the cells, 

counteractively modulating RWC (Loutfy et al., 2012). 

High correlations between plant water potential and 

carbohydrates have been reported in different plant 

species (Askari & Ehsanzadeh, 2015). This study also 

found a significant positive relationship between leaf 

soluble sugars and the leaf relative water content in the 

first (r = 0.44 
**

) and second (r = 0.43 
**

) years (results 

not shown). In the present study, salicylic acid increased 

RWC in treated plants under water deficit conditions, 

which is consistent with observations reported in 

sunflowers (Chavoushi et al., 2020). This may be due to 

the role of salicylic acid in activating defense 

mechanisms and increasing the biosynthesis of 

secondary metabolites such as flavonoids, anthocyanins, 

and phenolics, which protect cells from oxidative stress 

and increase sugar concentration to reduce the 

deleterious effects of drought (Chavoushi et al., 2020; 

Saheri et al., 2020). Biochar also caused an increase in 

RWC in borage leaves. The reduction of RWC due to 

drought stress positively correlates with the soil 

moisture content (Dapanage & Bhat, 2018). 

Biochar, as a soil conditioner, plays a crucial role in 

increasing soil and plant water availability (Baronti et 

al., 2014), so its effect may result from increased cell 

water content. Biochar application increased membrane 

stability and the relative leaf water content in tomatoes 

under drought stress. Biochar application has also been 

reported to increase the available soil water by 3.2% to 

45% and leaf water potential by 24% to 37% in grapes 

(Baronti et al., 2014). 

4.4. Total soluble sugars 

The total soluble sugars were decreased under water 

deficit conditions, but salicylic acid treatments 

mitigated the negative effects. Accumulation of sugars 

under drought stress may be due to reduced 

consumption of these compounds, or hydrolysis of 

starch. Accumulation of soluble sugars under stress 

conditions plays a critical role in reducing the osmotic 

potential of leaves. In this way, they maintain their 

internal osmotic pressure and thus resist against water 

loss. It has been reported that SA and soluble sugars 

increase by 25% in wheat under drought stress (Ilyas et 

al., 2017). Another study showed that water deficit 

increased total soluble carbohydrates in all fennel 

genotypes, and SA affected positively the total soluble 

carbohydrates (Askari & Ehsanzadeh, 2015). 

 

4. Conclusion  

It was found that the application of biochar as a soil 

amendment and salicylic acid as a regulatory hormone 
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could substantially mitigate the negative effects of water 

deficit in Borago officinalis via increasing plant defense 

mechanisms, such as the leaf proline, and scavengers 

such as antioxidant enzymes, and using osmotic 

adjustment through accumulation of total soluble 

sugars. Biochar decreased the harmful effects of water 

stress by the formation of stable aggregates that 

increases the water holding capacity and RWC which 

helps the plant better cope with water deficits. Salicylic 

acid treatment enhances the sugar accumulation, which 

may cause the more remarkable changes in the key 

compound that participates in glycolysis, i.e., acetyl-

CoA, which starts the biosynthesis of long-chain fatty 

acids. Furthermore, salicylic acid increases sugar 

accumulation as well. The results may be applicable in 

medicinal plant production cropping systems in arid 

regions.  
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