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Abstract. Drought stress is one of the most critical factors reducing the performance 
of crop plants in arid and semi-arid regions globally, and understanding underlying 
mechanisms is important to be able to implement measures for alleviating the nega-
tive impacts of drought on yield and yield quality. The present experiment aimed to 
investigate the effect of drought stress and planting density on the physiological char-
acteristics, photosynthetic pigments, and enzymatic activity of wheat plants exposed 
to water stress. The experiment was conducted in a factorial arrangement based on a 
completely randomized block design with three replications. The treatments included 
irrigation cessation at three levels (control, i.e., full irrigation, irrigation until flower-
ing (IUF), and irrigation until the dough stage (IUD)), and plant density (300, 400, 
500, and 600 plants m-2). The results indicate that leaf relative water content, soluble 
sugars, cell membrane stability index, chlorophyll a, b, and carotenoids significantly 
decreased under IUF, while these parameters increased at higher plant densities. Addi-
tionally, the interaction of drought stress and plant density significantly affected leaf 
proline and flavonoid content, total chlorophyll, and catalase activity. The highest leaf 
proline content (3.88 mg g-1 FW) was observed in IUF and a density of 600 plants m-2, 
representing a 192% increase compared to the control. Additionally, the highest total 
chlorophyll content (3.66 mg g-1 FW) was recorded at no-stress conditions at a den-
sity of 500 plants m-2. The activity of antioxidant enzymes increased under water stress. 
Overall, our results indicate that a density of 500 plants m-2 is optimal for maintaining 
stable growth conditions in wheat in the semi-arid to arid climate of Iran. These find-
ings provide valuable insights to develop agronomic strategies for coping with drought 
in wheat cultivation, particularly in arid and semi-arid regions.
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HIGHLIGHTS

– Drought stress negatively affects the productivity of crop plants
– Plants are more sensitive to water stress during the flowering stage com-

pared to the dough phase
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– Optimal plant densities, such as 500 plants m-2, can 
help mitigate drought stress.

1. INTRODUCTION

Wheat is cultivated on a large scale worldwide and 
ranks first among other cereals in terms of produc-
tion and acreage, due to its high genetic flexibility and 
diversity (van Frank et al., 2020). Notably, wheat plays 
a vital role in Iran’s food security as it is a staple food 
consumed daily, making it essential to the national diet 
(Dadrasi et al. 2023). Furthermore, Iran’s policy of self-
sufficiency in wheat production aims at ensuring a sta-
ble food supply and reducing dependency on imports 
(Ghaziani et al. 2023). The country cultivates 6 million 
hectares of wheat, with 2 million hectares being irri-
gated and 4 million hectares rain-fed. The total wheat 
production stands at 13.5 tons ha-1, with an average yield 
of 4.44 tons ha-1in rain-fed wheat cultivation (Dadrasi et 
al. 2023). In Iran, winter wheat is cultivated using three 
different cultivation methods: conventional, semi-mech-
anized, and mechanized Rain-fed cultivation, which 
enables economically viable production at lower costs, 
is found in areas with high rainfall, such as the Zagros 
and Alborz mountain ranges. Local irrigated wheat vari-
eties, which are grown mainly in the temperate climate 
zones of the country, are Baharan, Pishgam, Sirvan, 
Mihan, and Heydari, while rainfed wheat varieties sare 
Azar, Karaj and Zagros. In addition, some international 
varieties such as Sultan and Kalyansona (which originate 
from Turkey and India, respectively) are also grown in 
Iran. Typical sowing dates are between November 1 and 
20, and what is usually harvested in early July (Ghahre-
maninejad et al. 2021). The usual plant density is 450 to 
500 seeds per m2, which is about 10% below the optimal 
density (Ghahremaninejad et al. 2021).

The performance and physiological characteristics of 
wheat are influenced by factors such as water availabil-
ity and plant density (Safar-Noori et al., 2018). Climate 
change has caused an increase in drought events, salin-
ity problems, heat waves, and the occurrence of excessive 
radiation, all of which have worsened the conditions for 
wheat cultivation in many regions of the world (Ghad-
irnezhad Shiade et al., 2020; Taghavi Ghasemkheili 
et al., 2023) and has been responsible for a significant 
decline in agricultural productivity and quality (Brito 
et al., 2019). Given the fact that Iran is characterized by 
arid and semi-arid climatic conditions, droughts occur 
in decadal cycles (Hamarash et al. 2022). Prolonged and 
successive droughts significantly influence wheat yield 
and production, such that the country’s production in 

dry years declines to 9 million tons, a much lower level 
than the 15 million tons typically harvested in wetter 
years (Ghaziani et al. 2023). Hence, irrigated wheat cul-
tivation has gained importance to alleviate droughts and 
improve yield components (Zhao et al., 2020).

Drought stress negatively affects the growth, 
yield, biochemical, and physiological characteristics of 
crop plants (Safar-Noori et al., 2018). it impacts yield 
through various physiological processes, with the effects 
differing depending on the plant species (and cultivars), 
as well as the timing and severity of the drought (Selei-
man et al., 2021). Water deficiency leads to reduced 
plant growth and yield due to increasing osmotic pres-
sure, increased plant respiration, reduced photosynthe-
sis, and consequently reduced cell division (Seleiman et 
al., 2021). In addition, various types of reactive oxygen 
species (ROS) are produced under stress conditions, act-
ing as secondary messengers and playing an important 
role in transmitting stress signals (Ghadirnezhad Shiade 
et al., 2020; Ghadirnezhad Shiade et al., 2022). Plants 
possess antioxidant systems to mitigate the damages 
caused by increased production of ROS. These antioxi-
dant systems in plants include non-enzymatic antioxi-
dants such as proline, ascorbic acid, alpha-tocopherol, 
anthocyanins, phenols, flavonoids and some antioxidant 
enzymes such as catalase (CAT), peroxidase (POD), 
superoxide dismutase (SOD) and glutathione reductase 
(GR), which are responsible for scavenging ROS under 
various conditions (Møller et al., 2007; Ghadirnezhad 
Shiade et al., 2020). Plants with high levels of enzymat-
ic antioxidants exhibit further resistance to oxidative 
damage (Kibria et al., 2017). Nasirzadeh et al., (2021) 
exposed wheat plants to three three levels of water 
stress, i.e., no stress (control), medium stress (volumet-
ric soil water content at 40% of Field capacity (FC)), 
and severe stress (volumetric soil water content at 25% 
of FC). They noted that drought stress led to reduced 
relative water content (RWC), enhanced proline con-
tent, and antioxidant enzyme activities (catalase (CAT), 
superoxide dismutase (SOD), ascorbate peroxidase 
(APX)). Similarly, increased soluble sugar and proline 
content, while decreased RWC, photosynthetic pigments 
content, and the membrane stability index (MSI) were 
observed in wheat plants subjected to various irrigation 
deficit patterns (Amoah & Seo, 2021). 

One of the influential factors for increasing plant 
performance in agricultural management is the altera-
tion of plant density, as this can lead to changes in 
crop yield and yield components (Li et al., 2020). In 
fact, plant density is one of the most critical factors in 
the ability of crops to utilize environmental resources 
because it affects the biochemical and physiological 
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characteristics of the plant (D. Li et al., 2020). Optimal 
planting density varies depending on local or regional 
settings, planting date, climatic conditions (especially 
rainfall distribution), soil type, and wheat variety (Elha-
ni et al., 2007). Previous studies have shown that adjust-
ing plant density can help mitigate the adverse effects of 
drought. For instance, Li et al., (2020) conducted field 
experiments with three plant densities (480–570, 360–
390, and 240–270 104 plants hm−2) and three irrigation 
levels (no irrigation, 80.0 mm only at the jointing stage, 
and 60.0 mm each at the jointing and flowering stages). 
They found that increasing plant density can compen-
sate for the adverse effects of water deficit under limited 
irrigation. The authors explained this result by suggest-
ing that higher plant density enhances competition for 
resources, prompting the plants to optimize their use of 
water and nutrients.

To effectively identify the mechanisms of drought-
tolerant plants, a comprehensive understanding of the 
physiological and antioxidant processes occurring in 
the crop under drought conditions is essential. These 
traits can used as valuable selection markers. Previous 
studies have largely overlooked the effects of drought 
stress on physiological parameters, photosynthetic pig-
ments, and enzymatic activity of wheat at different 
planting densities. To fill this gap, this study aimed 
to: 1) Examine antioxidant levels in wheat exposed to 
different water stress levels and investigate the physi-
ological, photosynthetic, and antioxidant mechanisms 
underlying drought tolerance in wheat; and, 2) Deter-
mine the optimal planting density to maximize yield 
under drought conditions.

2. MATERIALS AND METHODS

2.1.  Experimental area and design

The experiment was conducted at the Agricultural 
Research Station of Borujerd County (48°8’E, 33°9’N, 
1550 m above sea level), located in the Agricultural and 
Natural Resources Research Center of Lorestan Prov-
ince, Iran (Figure 1). The seasonal evolution of aver-
age rainfall and temperature in the study area is shown 
in Figure. 2. The experiment ran from October 2020 to 
September 2021. The planting date was November 6, and 
the harvest date was June 26. The approximate flowering 
date was May 4, and the dough stage occurred on June 
4. The experiment was carried out in a factorial design 
based on a completely randomized block design with 
three replications. The experimental treatments con-
tained three levels of irrigation (control, i.e., full irriga-
tion, irrigation until flowering (IUF), and irrigation until 

the dough stage (IUD)), and four plant densities (300, 
400, 500, and 600 plants per m2). Plants were irrigated 
by flood irrigation, which in IUF and IUD was discon-
tinued based on when the corresponding developmental 
stages were reached. Irrigations were applied on a weekly 
basis when soil water fell below field capacity (FC) (i.e., 
between 20% and 30% of the soil’s volume). The physical 
and chemical analysis of the soil in study area are (0–30 
cm depth) presented in Table 1. 

Figure 1. Map of Iran indicating the geographical location of the 
Borujerd County (Lorestan Province). 
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Figure. 2 Average rainfall (bars; scale on the right-hand side) and 
temperature (dashed line with dots; scale on the left-hand side) in 
the study area of Borujerd county.
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2.2. Measured physiological parameters

2.2.1. Cell membrane stability index (CMSI)

Three plants were randomly selected from each plot 
and the upper third part of their leaves were harvested. 
These leaves were individually wrapped in plastic bags 
and transferred to the laboratory. Leaf discs were pre-
pared from the samples. Next, each sample (0.1 g) was 
mixed with distilled water (10 mL) and autoclaved at 
100 °C for 15 minutes. Similarly, another set of samples 
was placed in Falcon tubes and kept at 40 °C for 30 min. 
Then, the samples were maintained in the laboratory 
environment until their temperature reached 25°C. Sub-
sequently, the EC (electrical conductivity) of each Falcon 
tube was measured using an EC meter, and finally, the 
membrane stability index was calculated using Eq. (1)  
(Amoah & Seo, 2021):

CMSI = [(1- c1/c2) × 100] (1)

where, c1 and c2 represent the EC values at 40 and 100 
°C, respectively.

2.2.2. Relative Water Content (RWC) of the leaves 

Three plants were randomly selected from each plot 
and the upper third of their leaves were harvested at the 
same age. These leaves were individually packed in plas-
tic bags and transferred to the laboratory. Each leaf was 
measured (fresh weight (FW)) and then placed in dis-
tilled water at 4 °C in the refrigerator for 24 hours. The 
leaves were then removed from the distilled water, dried 
with filter paper, and weighed again (saturation weight 
(TW)). They were then placed in an oven at 75 °C for 48 
hours and weighed again (dry weight (DW)). The relative 
water content was calculated using Equation 2 (Ghadirn-
ezhad Shiade et al., 2023)

RWC = [(FW – DW)/(TW – DW)] × 100 (2)

2.2.3. Measurement of soluble sugars

Dried plant samples were powdered and mixed with 
80% ethanol (8 mL) and incubated for 30 minutes at 80 °C 
in a water bath. Afterward, the tubes were allowed to cool, 
followed by centrifugation at 2000 rpm for 20 minutes. 
The extraction process was repeated three times. To the 
collected liquid phase, 5.3 mL of 5% zinc sulfate (ZnSO4) 
and 5.3 mL of 0.3 N barium hydroxide (Ba(OH)2) were 
sequentially added to remove pigments. The liquid phase 
was then centrifuged again at 2000 rpm for 20 minutes. 
The liquid phase was transferred to a volumetric flask of 
100 mL, and 2 mL of the resulting solution was used to 
determine the concentration of soluble sugars using the 
phenol-sulfuric acid method. The absorption of samples 
was measured using a spectrophotometer (model 6305 Jen-
way), at 485 nm. According to (Amoah & Seo, 2021).

2.2.4. Measurement of proline 

Proline content was measured using the method 
described by Bates et al. (1973). The leaf sample (1 g) 
was homogenized with 10 mL of 3% sulfosalicylic acid 
in a mortar and centrifuged at 4000 rpm for 10 minutes. 
Then, 2 mL glacial acetic acid and 2 mL ninhydric acid 
were added and incubated in a boiling water bath at 100 
°C for one hour. Then 4 mL of toluene was added to the 
sample and the optical absorbance was measured at 520 
nm using a spectrophotometer.

2.2.5. Measurement of anthocyanin and flavonoids

The measurement of anthocyanins and flavonoids in 
the leaves was performed spectrophotometrically using 
the method described by (Wagner, 1979) and (Krizek et 
al., 1998).

2.3. Leaf chlorophyll and carotenoids

The leaf samples were randomly taken from three 
plants in each plot. The measurement of chlorophyll 
(chlorophyll a, chlorophyll b, and total chlorophyll) and 

Table 1. Physicochemical properties of the soil in areas of Borujerd, Iran.

Sand Silt Clay Fe NH4 K P OC EC pH

% ppm % ds m-1

16.11 34.75 49.14 7.11 5.14 278 10.4 1.17 0.51 7.91

Fe: Iron;.NH4: Ammonium, K: potassium; P: phosphorus; OC: organic carbon; EC: electrical conductivity.
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carotenoids was carried out using a non-destructive 
method. Leaf samples (0.5 g) were placed in 5 mL of 
dimethyl sulfoxide at 65 °C for 4 hours. Then, chlorophyll 
was measured using a spectrophotometer. The absorption 
levels at wavelengths of 665 (A665), 645 (A645), and 470 
(A470) nm were recorded, respectively. Subsequently, the 
amounts of chlorophyll a (Chl a), chlorophyll b (Chl b), 
total chlorophyll (Total Chl), and carotenoids were calcu-
lated using Eqs. 3-6 (Ghadirnezhad Shiade et al., 2023):

Chl a = (12.19 × A665) – (3.45 × A645) (3)

Chl b = (21.99 × A645 – 5.32 × A665) (4)

Total Chl = Chl a + Chl b (5)

Carotenoeid = (1000 × A470 - 2.14 × Chla -  
70.16 × Chlb) / 220 (6)

2.4. Measurement of enzymatic activity

To measure the activity of the catalase (CAT) enzyme, 
a leaf sample (1 g) was mixed with 3 mL of buffer, extract-
ed, and then centrifuged. Absorbance at 240 nm wave-
length was measured for two minutes, and the initial min-
ute data, with an extinction coefficient of 0.0394/0 mM 
cm-1, was utilized to calculate catalase activity (Chance 
& Maehly, 1955). For peroxidase (POD) enzyme activ-
ity, a leaf sample (2 g) was mixed with 4 mL of buffer, 
extracted, and after centrifugation, absorbance at 470 nm 
wavelength was measured for 4 minutes. The initial min-
ute data, with an extinction coefficient of 47.2 mMol cm-1, 
was used to calculate POD (Chance & Maehly, 1955). The 
assay for superoxide dismutase (SOD) activity included 
0.055 M of nitroblue tetrazolium, 1.42% Triton X-100, 0.1 
mM of Ethylenediaminetetraacetic Acid (EDTA), and 16 
mMol pyrogallol. After adding tissue sample extract, the 
change in absorbance at 560 nm wavelength was evaluated 
using a spectrophotometer (Masayasu & Hiroshi, 1979). 
Moreover, the assay for Glutathione Reductase (GR) activ-
ity on the sample containing 100 mMol potassium phos-
phate, 1 mMol EDTA, 2.0 polyvinyl phosphate, 2 mMol 
EDTA, 1.5 mMol magnesium chloride, 5.0 mMol oxidized 
glutathione, and 50 mMol of Nicotinamide adenine dinu-
cleotide, reduced form (NADH) was read at 340 nm wave-
length (Sgherri et al. 1994).

2.5. Data analysis

Data analysis was performed using SAS software, and 
the graphs were plotted using Origin Pro 2021 software. 

The Least Significant Difference (LSD) method at a 5% sig-
nificance level was employed for mean data comparison.

3. RESULTS

The analysis of variance revealed that the main 
effects of drought stress and planting density significant-
ly impacted all studied traits. Furthermore, the interac-
tion effects of these factors influenced proline content, 
flavonoid levels, total chlorophyll, and catalase activity 
(Table 2). 

3.1. Physiological parameters

The study findings indicated that the CMSI was 
affected by drought stress treatment (Table 3). Spe-
cifically, the highest value (85.8%) was observed in the 
control treatment, decreasing by 23% when terminat-
ing irrigation at the IUF stage, and by 16% when irriga-
tion was terminated at the IUD stage. Additionally, the 
highest value of this parameter (82.21%) was recorded 
at a plant density of 500 plants m-2, whereas the lowest 
value (69.35%) was reported at a density of 300 plants 
m-2 (Table 3). Similarly, the highest RWC value (81.21%) 
was observed in the control, decreasing by 19% and 11% 
under IUF and IUD, respectively (Table 3). Moreover, 
a plant density of 500 plants m-2 resulted in the highest 
RWC (76.89%), while the lowest value was observed at a 
density of 300 plants m-2, at 59.25% (Table 3).

In addition, the study revealed an increase in the 
soluble sugar content of wheat under water stress at dif-
ferent growth stages (Table 3). Initially, the highest con-
centration of 1.95 µg g-1 FW was observed under the 
IUF treatment, which subsequently decreased by 45% to 
1.52 µg g-1 FW under the IUD treatment. Additionally, 
a plant density of 600 plants m-2 triggered the highest 
parameter value (1.72 µg g-1 FW), which then reduced 
by 44% to the lowest value (0.95 µg g-1 FW) at a densi-
ty of 500 plants m-2 (Table 3). The lab data showed that 
the highest level of leaf proline (3.88 mg g-1 FW) was 
achieved in the IUF and 600 plants m² density, which 
was statistically significantly different from the other 
experimental treatments. The lowest amount was record-
ed at the interaction effect of control and 500 plants m-2 
density (1.41 mg g-1 FW) (Figure 3).

Besides, it was observed that the anthocyanin con-
tent in wheat was at its lowest level under non-water 
deficit conditions (34.1 mg g-1). However, with increasing 
drought stress severity, the production of anthocyanins 
increased, with the highest level of anthocyanin produc-
tion (2.34 mg g-1) under the IUF treatment, decreasing 
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(1.77 mg g-1) under the IUD treatment (Table 3). Further-
more, the highest value of this parameter (1.97 mg g-1) 
was observed at 500 plant m-2, while no significant dif-
ference was observed in other treatments (all showing 
approximately 1.80 mg g-1). On the other hand, flavonoid 
content in wheat leaves was influenced by the interactive 
effects of drought stress and plant density per unit area 
(Figure 4). Under non-drought stress conditions, the fla-
vonoid content was higher at all plant densities than in 
the water deficit stress treatments. Additionally, the 
results showed that increasing plant density up to 500 
plants m-2 led to an increase in flavonoid content in all 
drought stress treatments, while at a density of 600 plants 
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Table 3. Physiological traits for the examined irrigation treatments 
and plant densities.

Treatments CMSI (%) RWC (%) Soluble sugars 
(µg g-1 FW)

Anthocyanin 
(µg g-1 FW)

Irrigation     
Control 85.8 a 81.2 a 1.12 c 13.4 c
IUF 65.1 c 65.32 c 1.95 a 2.34 a
IUD 71.2 b 71.68 b 1.52 b 1.77 b

Plant density
300 plant m-2 69.35 c 59.25 d 1.40 b 1.71 b
400 plant m-2 71.16 bc 64.41 c 1.11 bc 1.83 ab
500 plant m-2 82.21 a 76.89 a 0.95 c 1.97 a
600 plant m-2 75.15 ab 69.15 b 1.72 a 1.76 b

CMSI: cell membrane stability index, RWC: relative water content.

Figure 3. Interaction effects of irrigation practices (control, IUF 
and IUD) and plant densities (300-600 plant m-2; colors) on proline 
content. IUF (Irrigation until the flowering stage), IUD (Irrigation 
until the dough stage).
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m-2, there was a noticeable decrease in flavonoid content 
across all drought stress levels. The highest flavonoid 
content (6.6 mg g-1) was observed under non-drought 
stress conditions and a plant density of 500 plants m-2. 
This treatment differed significantly from other experi-
mental treatments except for plant densities of 400 and 
600 plants m-2 under the same level of drought stress. 
When irrigation continued until IUD, the flavonoid con-
tent in leaf tissues reached its lowest level across various 
plant densities (4.38 mg g-1), (Figure 4).

3.2. Photosynthetic pigments

Our results revealed that chlorophyll a content was 
highest under the control treatment (1.92 mg g-1 FW), 
decreasing by 50% under IUF (0.95 mg g-1 FW)Under 
IUD, a less severe reduction of 23% was observed (1.46 
mg g-1 FW) (Table 4). Furthermore, the chlorophyll a 
content increased with increasing plant density up to 
500 plants m-² (1.72 mg g-1 FW), but it decreased again 
at a density of 600 plants m-² by 52% (1.34 mg g-1 FW). 
The lowest chlorophyll a content (1.11 mg g-1 FW) was 
observed at a density of 300 plants m-² (Table 4). The 
same trend was recorded for Chl b under both drought 
and plant density treatments. Accordingly, the high-
est value (0.88 mg g-1 FW) was observed in the control 
treatment, decreasing by 60% under the IUF and 40% 
under IUD treatments. In relation to plant density, the 

highest value (0.73 mg g-1 FW) was recorded at 500 
plants m-2, while the lowest value (0.51 mg g-1 FW) was 
recorded at 600 plants m-2.

As for catenoid content, the highest level (2.11 mg g-1 
FW) was obtained under conditions of no drought stress 
(Table 4). Additionally, the results indicated that with 
irrigation cut-off, the level of leaf carotenoids decreased 
0.92 mg g-1 FW in IUF and 1.52 mg g-1 FW in IUD, 
respectively (Table 4). Furthermore, it was shown that 
the leaf carotenoid content was higher (1.71 mg g-1 FW) 
at 600 plants m-2 than at other densities. Decreasing the 
plant density from 600 to 300 plants m-2 resulted in a 
reduction in leaf carotenoid content by 18% (Table 4).

Our data indicate that the total chlorophyll content 
was influenced by the interaction of drought stress and 
plant density (Figure 5). Although the IUF treatment 
resulted in a greater reduction in this parameter com-
pared to the IUD and control treatments, the highest 
value (3.66 mg g-1 FW) was measured at a plant density 
of 500 plants m-2. Under IUF, the total chlorophyll con-
tent decreased for all studied plant densities. According-
ly, the lowest total chlorophyll content (1.52 mg g-1 FW) 
was observed in the treatment with a plant density of 
300 plants m-2 at the IUD stage (Figure 5).

3.3. Enzymatic activity

The results indicated that in all planting densi-
ties, the CAT enzyme activity increased with the sever-
ity of drought stress (Figure 6). The increase in enzyme 
activity was significantly greater under IUF compared 
to both IUD and the control treatment. Additionally, 
further increasing the plant density contributed to this 
enhanced enzyme activity. The highest CAT activity 
(3956 nmol/g/min) was observed under IUF and a plant 
density of 600 plants m-², significantly differing from 

Figure 4. Interaction effects of irrigation practices (control, IUF 
and IUD) and plant densities (300-600 plant m-2; colors) on flavo-
noid content. IUF (Irrigation until the flowering stage), IUD (Irri-
gation until the dough stage).

Table 4. Photosynthetic pigments for the examined irrigation treat-
ments and plant densities.

Treatments Chlorophyll a(mg 
g-1 FW)

Chlorophyll b
(mg g-1 FW)

Carotenoid
(mg g-1 FW)

Irrigation
Control 1.92 a 0.88 a 2.11 a
IUF 0.95 c 0.35 c 0.92 c
IUD 1.46 b 0.52 b 1.52 b

Plant density
300 plant m-2 1.11 c 0.42 d 1.25 d
400 plant m-2 1.59 ab 0.62 b 1.39 c
500 plant m-2 1.72 a 0.73 a 1.48 b
600 plant m-2 1.34 b 0.51 c 1.71 a
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other treatments, whereas the lowest value (660 nmol/g/
min) was found in the control treatment and at a plant 
density of 300 plants m-² (Figure 6). 

The results reported in Table 5 indicate that the 
drought conditions led to an increase in the POD activ-

ity with the highest value (43 nmol/g/min) obtained 
under the IUF treatment. On the other hand, the low-
est POD activity was observed under IUD (31 nmol/g/
min). Additionally, the results showed that this enzyme 
activity was lower at a plant density of 300 m-2 (33.8 
nmol/g/min) than under the other experimental treat-
ments. Although no statistically significant difference 
was observed among the three densities of 400 - 600 
plants m-2, the results show that the highest activity of 
the POD enzyme was achieved at a density of 500 m-2 
(45 nmol/g/min) (Table 5). As for SOD enzyme activity, 
the data show that it was lower under control conditions 
(61 μmol/g/min) than in conditions of water stress. Fur-
thermore, under both IUF and IUD, the activity of this 
enzyme increased, with the highest increase observed in 
IUD (1.75 μmol/g/min) (Table 5). Similar changes were 
recorded for GR, with the highest activity (1.61 µmol/g/
min) in IUD, and the lowest activity (0.35 µmol/g/min) 
in the control experiment (Table 5). 

DISCUSSION 

This study aimed to evaluate the effects of irrigation 
and plant densities on the physiological characteristics 
of wheat. The results revealed that both the individu-
al treatments as well as their interactions significantly 
impacted the studied parameters. Our results indicated 
a considerable reduction of the CMSI under water stress 
conditions. Accordingly, water deficit stress increased 
electrolyte leakage from the cell walls and decreased 
cell membrane stability. In addition, our study showed 
a positive relation between increased cell membrane sta-
bility and other traits such as proline and soluble sug-
ars. Specifically, we found that wheat leaves grown at a 
density of 500 plants m-2 had the highest cell membrane 

Figure 5. Interaction effects of irrigation practices (control, IUF 
and IUD) and plant densities (300-600 plant m-2; colors) on total 
chrophyll content. IUF (Irrigation until the flowering stage), IUD 
(Irrigation until the dough stage).

Figure 6. Interaction effects of irrigation practices (control, IUF 
and IUD) and plant densities (300-600 plant m-2; colors) on Cata-
lase (CAT) activity. IUF (Irrigation until the flowering stage), IUD 
(Irrigation until the dough stage). 

Table 5. Enzymatic activity for the examined irrigation treatment 
and plant densities.

Treatments POD (nmol/g/
min)

SOD (μmol/g/
min) GR (nmol/g/min)

Irrigation    
Control 39 a 0.61 b 0.35 c
IUF 43 a 0.73 b 0.84 b
IUD 31 b 1.75 a 1.61 a

Plant density
300 plant m-2 33.8 b 0.96 b 0.87 b
400 plant m-2 43 a 1.1 a 1.02 a
500 plant m-2 45 a 1.4 a 1.06 a
600 plant m-2 37.5 ab 1.02 b 0.92 b
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stability. Interestingly, these plants had the lowest levels 
of soluble sugars and proline. This suggests that higher 
plant densities might create conditions that better main-
tain cell membrane stability, possibly by optimizing 
resource use and reducing stress at the cellular level. 
Our results are consistent with those of Amoah & Seo, 
(2021) who documented reduced CMSI under drought 
stress in wheat plants. 

According to our results, the RWC of the leaves was 
reduced under water deficit. Water deprivation starting 
at the flowering stage (IUF) compared to water depriva-
tion starting at the dough stage (IUD) resulted in longer-
lasting water deficit exposure of the wheat plants, lead-
ing to more severe drought stress and a greater reduc-
tion in RWC in IUF than IUD. The imbalance between 
water supply and demand in plants is the most probable 
reason for the reduction in RWC under drought condi-
tions. Similar results were reported by (Amoah & Seo, 
2021) on wheat and Ghadirnezhad Shiade et al., (2023) 
on rice under salinity stress. Furthermore, Nasiri et 
al., (2017) observed similar results regarding RWC in 
higher plant densities (60 and 80 plants m-2) on RWC.  
RWC is a critical parameter for assessing plant water 
status, quantifying the ratio of current water content 
to the plant’s maximum water-holding capacity. Under 
drought conditions, a further decrease in RWC often 
signifies a substantial disruption in plant water relations. 
This disruption occurs because the plant’s capacity to 
absorb and retain water from the soil is compromised, 
leading to reduced turgor pressure and impaired physi-
ological processes. Consequently, the plant’s water con-
tent diminishes, which points to the plant’s difficulty in 
maintaining homeostasis. This decline in RWC can sig-
nificantly impact various aspects of plant health, includ-
ing nutrient uptake, photosynthetic efficiency, and over-
all growth. Additionally, under water deficit conditions, 
the roots cannot compensate for the water lost through 
transpiration, leading to a reduction in leaf water poten-
tial. Leaf relative water content directly correlates with 
leaf turgidity and plant water potential. 

The increased anthocyanin content in wheat leaves 
under drought stress conditions can be attributed to 
the role of anthocyanins as UV-absorbing pigments in 
the leaf epidermis, protecting plant tissues from dam-
age caused by these radiations (Hatier & Gould, 2008). 
Furthermore, it has been suggested that anthocyanin 
compounds accumulate in vacuoles or bind to the cuticle 
wall, serving as a protective response of plants against 
UV radiation (Carvalho et al., 2010). Additionally, the 
results of this study showed that the anthocyanin con-
tent in wheat leaves increased with density  plant density 
increasing from 300 to 500 plants m-2, decreasing again 

when plant density was further increased to 600 plants 
m-2. The increase in anthocyanin content for plant densi-
ties up to 500 plants m-2 can be attributed to enhanced 
light absorption efficiency and improved protection of 
the photosynthetic system, thereby positively affect-
ing dry matter production. Further increasing the plant 
density up to 600 plants m-2 appears to enhance shading 
within the wheat canopy. This reduced UV penetration 
into the canopy lowers anthocyanin production in the 
plants. Similar results were documented by Onjai-uea et 
al., (2022) who studied plant spacing, variety, and har-
vesting age effects on purple Napier grass. 

Moreover, we observed that drought stress and plant 
density interactions also influenced the flavonoid con-
tent of wheat leaves. Under control conditions, the flavo-
noid content of leaves was higher in denser plant habi-
tats compared to those under drought stress treatments. 
Moreover, flavonoid content increased with plant density 
up to 500 plants m-2 under drought stress but decreased 
significantly when plant density was further increased 
to 600 plants m-2. Flavonoids play a crucial role in plant 
stress responses, including antioxidant activity and 
protection against oxidative stress caused by droughts 
(Taheri Asghari& Hossein, 2014; Onjai-uea et al., 2022). 
Under no drought stress, higher plant densities promote 
f lavonoid accumulation due to efficient resource use. 
Under drought conditions, moderate densities (up to 500 
plants m-2) trigger stress responses that enhance flavo-
noid production, whereas excessive densities (600 plants 
m-2) lead to reduced flavonoid content due to heightened 
competition and resource scarcity. Similar results were 
reported by Taheri Asghari& Hossein, (2014) who noted 
enhanced Kaempferol (a kind of flavonoid) content in 
Chicory (Cichorium intybus L.) which was exposed to 
water deficit conditions and cultivated at various plant-
ing densities. The antioxidative property of flavonoids, 
conferred by the hydroxyl group attached to a ring struc-
ture, involves the transfer of an electron to free radicals, 
reducing their potential. Flavonoids serve as effective 
scavengers for peroxide radicals, reducing the potential 
of alkyl peroxide radicals and ultimately acting as potent 
inhibitors of lipid peroxidation (Molor et al., 2016).

This study not only found that drought stress leads 
to an increase in proline content in the leaves, but also 
that an increase in plant density up to 500 plants m-2 
leads to a decrease in proline content in the leaves at 
all drought stress levels. However, with an increase in 
plant density to 600 plants m-2, the proline content of 
the leaves increased significantly. Regardless of drought 
stress effects, optimal plant growth conditions were 
achieved with an increase in plant density of up to 500 
plants m-2, leading to a decrease in leaf proline content. 
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However, at the higher density, stressful conditions 
were created due to increased competition between 
plants for water and nutrients as well as shading from 
overlapping plants, resulting in higher proline content. 
In this respect, our results are consistent with those of 
Nasiri et al., (2017). 

In this study, discontinuing irrigation at different 
growth stages of wheat enhanced soluble sugar content. 
This phenomenon can be attributed to the establishment 
of osmotic regulation, with enhanced soluble sugar con-
tent resulting in reduced water loss from the plant and 
aiding in maintaining the stability of plant cells under 
drought-stress conditions (Shiade et al., 2024). Compat-
ible solutes such as soluble sugars do not interfere with 
normal biochemical reactions of the cell and act as 
osmotic protectants during osmotic stress (Shiade et al., 
2024). Similar results were reported by Li et al., (2014). 
Furthermore, it was found that increasing plant density 
from 300 to 500 plants m-2 decreased soluble sugar con-
tent, while further increasing plant density to 600 plants 
m-2 resulted in a greater increase in this compound. This 
can be attributed to the plant’s resilient condition at 500 
plants m-2 density. 

Both the IUF and IUD treatments adversely affected 
the synthesis and stability of photosynthetic pigments, 
resulting in decreased content. Similar reductions in 
chlorophyll content under drought stress conditions 
have been reported in other studies (Nasiri et al., 2017). 
Taheri Asghari & Hossein (2014) also reported a reduc-
tion in chlorophyll content under drought stress con-
ditions, noting that plants not suffering from drought 
stress present fewer damages from free radicals and 
higher leaf chlorophyll content. The negative effect of 
drought stress on chlorophyll content in wheat plants 
can be explained by the destruction of thylakoid mem-
branes in chloroplasts and the photo-destruction of 
chlorophyll due to increased activity of oxygen species 
and chlorophyllase enzymes (Naroui Rad et al., 2012). 
Additionally, the activity of chlorophyllase is stimu-
lated by the increase in some growth regulators such as 
ethylene and abscisic acid under drought stress (Amo-
ah & Seo, 2021). An increase in plant density of up to 
500 plants m-2 led to elevated photosynthetic pigment 
content, but the level of photosynthetic pigments was 
reduced under higher plant densities (600 plants m-2). 
This phenomenon can be attributed to internal factors 
within the plant resulting from competition between 
plants for nutrient uptake in the soil. Another reason 
could be the reduction in leaf area due to excessive plant 
density, which leads to a decrease in photosynthetic pig-
ment content. Similar results were reported by Nasiri et 
al., (2017) and Amoah & Seo, (2021).

The IUF treatment exposed plants to a prolonged 
water deficit compared to the IUD treatment. This phe-
nomenon resulted in lipid peroxidation in the plants, 
caused by increased production of ROS and subsequent 
destruction of the cell membrane. Therefore, lant’s 
reduced access to water availability, especially at higher 
densities, led to an increased antioxidant enzyme activ-
ity to scavenge ROS. Kibria et al., (2017) documented 
that under severe stress conditions, the CAT activ-
ity increased due to the higher lipid peroxidation and 
the increased production of hydrogen peroxide, as this 
enzyme is mainly contributing to hydrogen peroxide 
decomposition. Also, in other studies, an increase in 
CAT enzyme activity has been reported under stress-
ful conditions (Ghadirnezhad Shiade, et al., 2023). POD 
enzymes play a very important role in deactivating 
ROS in plant cells during various stress situations, such 
as drought, and their activity level changes depend-
ing on the plant species and the intensity of stress in 
plants (Sharma et al., 2019). The increase in plant density 
(beyond optimal levels) was associated with increased 
intra-species competition, which led to the creation of 
stress conditions in the plant, and as a result, increased 
activity of antioxidant enzymes (Gao et al., 2018).

CONCLUSION

In the present study, it was found that the physiologi-
cal characteristics and photosynthetic pigments of wheat 
are influenced by both drought stress and plant density. 
The results show that drought stress led to a decrease in 
chlorophyll content, carotenoids, relative water content, 
and cell membrane stability index, while it increased the 
levels of proline and soluble sugars. Furthermore, enzy-
matic activities were enhanced at higher drought stress 
and plant densities. Overall, our results indicated that a 
density of 500 plants m-2 can be optimal to maintain sta-
ble growth conditions in wheat under the drought con-
ditions simulated in our field experiment. This optimal 
density establishes a balance between plant competition 
and resource utilization and allows for improved under-
lying responses and resilience to water scarcity.

In general, our findings reveal that the flowering 
stage was more sensitive to water deficit conditions than 
the dough stage. Accordingly, it is recommended to pri-
oritize irrigation during the flowering stage, as wheat 
can better tolerate water stress afterward. Considering 
the limitations of water availability in Iran, continu-
ous irrigation is not feasible in this country. Therefore, 
to balance water use with crop performance, irrigation 
should ideally be applied until the end of the flowering 



33Impact of reduced irrigation on wheat physiology and photosynthesis under water stress

stage, after which moderate drought stress can be toler-
ated without severe yield penalties. 

It is notable that inadequate irrigation and subopti-
mal plant density significantly impact wheat quality and 
yield, with water stress leading to reduced grain size and 
quality, and increased susceptibility to pests and dis-
eases, which further diminishes marketability and crop 
productivity. On the other hand, high plant density can 
cause excessive competition for resources, resulting in 
stunted growth and poor grain quality, while low den-
sity can lead to inefficient use of resources.

The broader significance of this study lies in its 
implications for managing water scarcity in arid and 
semi-arid regions. Our findings emphasize the fact that 
optimizing irrigation practices along with plant density 
can enhance resource efficiency and crop resilience. Cur-
rent climate change scenarios for Iran indicate for the 
future more frequent and intense droughts, along with 
shifts in precipitation patterns toward less frequent but 
heavier rainfall events. Our findings stress the impor-
tance of targeted irrigation during sensitive phases for 
adapting wheat production to these changes and helping 
farmers cope with increased drought incidence. It is rec-
ommended that future studies should explore additional 
strategies for managing drought, including breeding to 
enhance drought resistance and resilience and select-
ing varieties with shorter growing stages, which could 
help avoid water stress conditions particularly around 
and after flowering. Further research into the molecular 
responses of plants under drought stress is also needed 
to better prepare wheat cultivation for the expected con-
sequences of climate change in Iran and elsewhere.

REFERENCES

Amoah, J.N. & Seo, Y.W. (2021). Effect of progressive 
drought stress on physio-biochemical responses and 
gene expression patterns in wheat. 3 Biotech 11(10): 
440. Retrieved from https://doi.org/10.1007/s13205-
021-02991-6

Bates, L.S., Waldren, R.P. & Teare, I.D. (1973). Rapid 
determination of free proline for water-stress studies. 
Plant and soil 39(1): 205–207.

Brito, C., Dinis, L.-T., Moutinho-Pereira, J. & Cor-
reia, C. (2019). Kaolin, an emerging tool to alleviate 
the effects of abiotic stresses on crop performance. 
Scientia Horticulturae 250: 310–316. Retrieved 
from https://linkinghub.elsevier.com/retrieve/pii/
S0304423819301529

Carvalho, R.F., Quecini, V. & Peres, L.E.P. (2010). Hor-
monal modulation of photomorphogenesis-con-

trolled anthocyanin accumulation in tomato (Sola-
num lycopersicum L. cv Micro-Tom) hypocotyls: 
Physiological and genetic studies. Plant Science 
178(3): 258–264. Retrieved from https://linkinghub.
elsevier.com/retrieve/pii/S0168945210000294

Chance, B. & Maehly, A.C. (1955). [136] Assay of cata-
lases and peroxidases.

Dadrasi A, Chaichi M, Nehbandani A, et al (2023) 
Addressing food insecurity: An exploration of wheat 
production expansion. PLoS One 18:e0290684. htt-
ps://doi.org/10.1371/journal.pone.0290684

Gao, Y., Jiang, H., Wu, B., Niu, J., Li, Y., Guo, F., … 
Blakney, A.J.C. (2018). The effects of planting den-
sity on lodging resistance, related enzyme activities, 
and grain yield in different genotypes of oilseed flax. 
Crop Science 58(6): 2613–2622. Retrieved from htt-
ps://acsess.onlinelibrary.wiley.com/doi/10.2135/crop-
sci2017.08.0498

Ghadirnezhad Shiade, Seyede Roghie;, Esmaeili, M., Pir-
dashti, H. & Nematzade, G. (2020). Physiological and 
biochemical evaluation of sixth generation of rice 
(Oryza sativa L.) mutant lines under salinity stress. 
Journal of plant process and function 9(35): 57–72.

Ghadirnezhad Shiade, Seyede Roghie, Fathi, A., Taghavi 
Ghasemkheili, F., Amiri, E. & Pessarakli, M. (2023). 
Plants’ responses under drought stress conditions: 
Effects of strategic management approaches—a review. 
Journal of Plant Nutrition 46(9): 2198–2230. Retrieved 
from https://doi.org/10.1080/01904167.2022.2105720

Ghadirnezhad Shiade, Seyede Roghie, Pirdashti, H., 
Esmaeili, M.A. & Nematzade, G.A. (2023). Bio-
chemical and physiological characteristics of mutant 
genotypes in Rice (Oryza sativa L.) Contributing 
to Salinity Tolerance Indices. Gesunde Pflanzen 
75(2): 303–315. Retrieved from https://link.springer.
com/10.1007/s10343-022-00701-7

Ghahremaninejad F, Hoseini E, Jalali S (2021) The cul-
tivation and domestication of wheat and barley in 
Iran, brief review of a long history. Bot Rev 87:1–22. 
https://doi.org/10.1007/s12229-020-09244-w

Ghaziani S, Dehbozorgi G, Bakhshoodeh M, Doluschitz 
R (2023) Unraveling On-Farm Wheat Loss in Fars 
Province, Iran: A Qualitative Analysis and Explora-
tion of Potential Solutions with Emphasis on Agricul-
tural Cooperatives. Sustainability 15:12569. https://
www.mdpi.com/2071-1050/15/16/12569#

Hamarash H, Hamad R, Rasul A (2022) Meteorological 
drought in semi-arid regions: A case study of Iran. 
J Arid Land 14:1212–1233. https://doi.org/10.1007/
s40333-022-0106-9

Hatier, J.-H.B. & Gould, K.S. (2008). Anthocyanin Func-
tion in Vegetative Organs. In Anthocyanins. New 

https://doi.org/10.1007/s13205-021-02991-6
https://doi.org/10.1007/s13205-021-02991-6
https://linkinghub.elsevier.com/retrieve/pii/S0304423819301529
https://linkinghub.elsevier.com/retrieve/pii/S0304423819301529
https://linkinghub.elsevier.com/retrieve/pii/S0168945210000294
https://linkinghub.elsevier.com/retrieve/pii/S0168945210000294
https://doi.org/10.1371/journal.pone.0290684
https://doi.org/10.1371/journal.pone.0290684
https://acsess.onlinelibrary.wiley.com/doi/10.2135/cropsci2017.08.0498
https://acsess.onlinelibrary.wiley.com/doi/10.2135/cropsci2017.08.0498
https://acsess.onlinelibrary.wiley.com/doi/10.2135/cropsci2017.08.0498
https://doi.org/10.1080/01904167.2022.2105720
https://link.springer.com/10.1007/s10343-022-00701-7
https://link.springer.com/10.1007/s10343-022-00701-7
https://doi.org/10.1007/s12229-020-09244-w
https://www.mdpi.com/2071-1050/15/16/12569#
https://www.mdpi.com/2071-1050/15/16/12569#
https://doi.org/10.1007/s40333-022-0106-9
https://doi.org/10.1007/s40333-022-0106-9


34 Ezatollah Nabati, Amin Farnia, Mojtaba Jafarzadeh Kenarsari, Shahram Nakhjavan

York, NY: Springer New York. Retrieved from http://
link.springer.com/10.1007/978-0-387-77335-3_1

Kibria, M.G., Hossain, M., Murata, Y. & Hoque, M.A. 
(2017). Antioxidant defense mechanisms of salinity 
tolerance in rice genotypes. Rice Science 24(3): 155–
162. Retrieved from https://linkinghub.elsevier.com/
retrieve/pii/S1672630817300203

Krizek, D.T., Britz, S.J. & Mirecki, R.M. (1998). Inhibito-
ry effects of ambient levels of solar UV‐A and UV‐B 
radiation on growth of cv. New Red Fire lettuce. 
Physiologia Plantarum 103(1): 1–7. Retrieved from 
https://onlinelibrary.wiley.com/doi/10.1034/j.1399-
3054.1998.1030101.x

Li, D., Zhang, D., Wang, H., Li, H., Fang, Q., Li, H. & Li, 
R. (2020). Optimized planting density maintains high 
wheat yield under limiting irrigation in north Chi-
na Plain. International Journal of Plant Production 
14(1): 107–117. Retrieved from http://link.springer.
com/10.1007/s42106-019-00071-7

Li, F., Xie, Y., Zhang, C., Chen, X., Song, B., Li, Y., … Hu, 
J. (2014). Increased density facilitates plant acclima-
tion to drought stress in the emergent macrophyte 
Polygonum hydropiper. Ecological Engineering 71: 
66–70. Retrieved from https://www.sciencedirect.
com/science/article/pii/S092585741400319X

Mahdi, T.A. & Hossein, A.F. (2014). Changes in Kaemp-
ferol content of Chicory (Cichorium intybus L.) under 
water deficit stresses and planting densities. Journal 
of Medicinal Plants Research 8(1): 30–35. Retrieved 
from http://academicjournals.org/journal/JMPR/arti-
cle-abstract/99D05CA42447

Maria Sgherri, C.L., Loggini, B., Puliga, S. & Navari-Izzo, 
F. (1994). Antioxidant system in Sporobolus stapfi-
anus: Changes in response to desiccation and rehy-
dration. Phytochemistry 35(3): 561–565. Retrieved 
from https://linkinghub.elsevier.com/retrieve/pii/
S0031942200905612

Masayasu, M. & Hiroshi, Y. (1979). A simplified assay 
method of superoxide dismutase activity for clinical 
use. Clinica Chimica Acta 92(3): 337–342. Retrieved 
from https://www.sciencedirect.com/science/article/
pii/0009898179902110

Møller, I.M., Jensen, P.E. & Hansson, A. (2007). Oxida-
tive modifications to cellular components in plants. 
Annual Review of Plant Biology 58(1): 459–481. 
Retrieved from https://www.annualreviews.org/
doi/10.1146/annurev.arplant.58.032806.103946

Molor, A., Khajidsuren, A., Myagmarjav, U. & Vanjildorj, 
E. (2016). Comparative analysis of drought tolerance 
of Medicago spp L. plants under stressed conditions. 
Mongolian Journal of Agricultural Sciences 19(3): 
32–40.

Naroui Rad, M.R., Kadir, M.A. & Yusop, M.R. (2012). 
Genetic behaviour for plant capacity to produce chlo-
rophyll in wheat (‘Triticum aestivum’) under drought 
stress. Australian Journal of Crop Science 6(3): 415–
420.

Nasiri, A., Samdaliri, M., Rad, A.S. & Shahsavari, N. 
(2017). Effect of plant density on yield and physio-
logical characteristics of six canola cultivars 249–253.

Nasirzadeh, L., Sorkhilaleloo, B., Majidi Hervan, E. & 
Fatehi, F. (2021). Changes in antioxidant enzyme 
activities and gene expression profiles under drought 
stress in tolerant, intermediate, and susceptible 
wheat genotypes. Cereal Research Communications 
49(1): 83–89. Retrieved from https://doi.org/10.1007/
s42976-020-00085-2

Onjai-uea, N., Paengkoum, S., Taethaisong, N., Thong-
pea, S., Sinpru, B., Surakhunthod, J., … Paengkoum, 
P. (2022). Effect of cultivar, plant spacing and har-
vesting age on yield, characteristics, chemical compo-
sition, and anthocyanin composition of Purple Napi-
er Grass. Animals 13(1): 10. Retrieved from https://
www.mdpi.com/2076-2615/13/1/10

Safar-Noori, M., Assaha, D.V.M. & Saneoka, H. (2018). 
Effect of salicylic acid and potassium application on 
yield and grain nutritional quality of wheat under 
drought stress condition. Cereal Research Communi-
cations 46(3): 558–568. Retrieved from https://www.
akademiai.com/doi/10.1556/0806.46.2018.026

Seleiman, M.F., Al-Suhaibani, N., Ali, N., Akmal, M., 
Alotaibi, M., Refay, Y., … Battaglia, M.L. (2021). 
Drought stress impacts on plants and different 
approaches to alleviate its adverse effects. Plants 
10(2): 259.

Sharma, P., Jha, A.B. & Dubey, R.S. (2019). Oxidative 
stress and antioxidative defense system in plants 
growing under abiotic stresses. In Handbook of Plant 
and Crop Stress, Fourth Edition. CRC press.

Shiade, S.R.G., Zand-Silakhoor, A., Fathi, A., Rahimi, R., 
Minkina, T., Rajput, V.D., … Chaudhary, T. (2024). 
Plant metabolites and signaling pathways in response 
to biotic and abiotic stresses: Exploring bio stimu-
lant applications. Plant Stress 12: 100454. Retrieved 
from https://linkinghub.elsevier.com/retrieve/pii/
S2667064X24001088

Taghavi Ghasemkheili, F., Jenabiyan, M., Ghadirnezhad 
Shiade, S.R., Pirdashti, H., Ghanbari, M.A.T., Ema-
di, M. & Yaghoubian, Y. (2023). Screening of some 
endophytic fungi strains for zinc biofortification in 
Wheat (Triticum aestivum L.). Journal of Soil Sci-
ence and Plant Nutrition 23(4): 5196–5206. Retrieved 
from https://link.springer.com/10.1007/s42729-023-
01392-3

http://link.springer.com/10.1007/978-0-387-77335-3_1
http://link.springer.com/10.1007/978-0-387-77335-3_1
https://linkinghub.elsevier.com/retrieve/pii/S1672630817300203
https://linkinghub.elsevier.com/retrieve/pii/S1672630817300203
https://onlinelibrary.wiley.com/doi/10.1034/j.1399-3054.1998.1030101.x
https://onlinelibrary.wiley.com/doi/10.1034/j.1399-3054.1998.1030101.x
http://link.springer.com/10.1007/s42106-019-00071-7
http://link.springer.com/10.1007/s42106-019-00071-7
https://www.sciencedirect.com/science/article/pii/S092585741400319X
https://www.sciencedirect.com/science/article/pii/S092585741400319X
http://academicjournals.org/journal/JMPR/article-abstract/99D05CA42447
http://academicjournals.org/journal/JMPR/article-abstract/99D05CA42447
https://linkinghub.elsevier.com/retrieve/pii/S0031942200905612
https://linkinghub.elsevier.com/retrieve/pii/S0031942200905612
https://www.sciencedirect.com/science/article/pii/0009898179902110
https://www.sciencedirect.com/science/article/pii/0009898179902110
https://www.annualreviews.org/doi/10.1146/annurev.arplant.58.032806.103946
https://www.annualreviews.org/doi/10.1146/annurev.arplant.58.032806.103946
https://doi.org/10.1007/s42976-020-00085-2
https://doi.org/10.1007/s42976-020-00085-2
https://www.mdpi.com/2076-2615/13/1/10
https://www.mdpi.com/2076-2615/13/1/10
https://www.akademiai.com/doi/10.1556/0806.46.2018.026
https://www.akademiai.com/doi/10.1556/0806.46.2018.026
https://linkinghub.elsevier.com/retrieve/pii/S2667064X24001088
https://linkinghub.elsevier.com/retrieve/pii/S2667064X24001088
https://link.springer.com/10.1007/s42729-023-01392-3
https://link.springer.com/10.1007/s42729-023-01392-3


35Impact of reduced irrigation on wheat physiology and photosynthesis under water stress

van Frank, G., Rivière, P., Pin, S., Baltassat, R., Berthellot, 
J.-F., Caizergues, F., … Goldringer, I. (2020). Genetic 
diversity and stability of performance of wheat pop-
ulation varieties developed by participatory breed-
ing. Sustainability 12(1): 384. Retrieved from https://
www.mdpi.com/2071-1050/12/1/384

Wagner, G.J. (1979). Content and vacuole/extravacuole 
distribution of neutral sugars, free amino acids, and 
anthocyanin in protoplasts. Plant Physiology 64(1): 
88–93. Retrieved from https://academic.oup.com/
plphys/article/64/1/88-93/6077573

Zhao, W., Liu, L., Shen, Q., Yang, J., Han, X., Tian, F. & 
Wu, J. (2020). Effects of water stress on photosynthe-
sis, yield, and water use efficiency in winter wheat. 
Water 12(8): 2127. Retrieved from https://www.mdpi.
com/2073-4441/12/8/2127

https://www.mdpi.com/2071-1050/12/1/384
https://www.mdpi.com/2071-1050/12/1/384
https://academic.oup.com/plphys/article/64/1/88-93/6077573
https://academic.oup.com/plphys/article/64/1/88-93/6077573
https://www.mdpi.com/2073-4441/12/8/2127
https://www.mdpi.com/2073-4441/12/8/2127

	_Hlk172725858
	_Hlk172542065
	_Hlk160533927
	_Hlk160533973
	_Hlk147477436
	_Hlk147492916
	_Hlk176974278
	_Hlk176974426
	_Hlk176599876
	_Hlk159061980
	_Hlk129253826
	_Ref75726174
	_Ref76075751
	_Hlk79678370
	_Hlk79678233
	_Hlk79678585
	_Hlk79678698
	_Hlk79678837
	_Hlk79679060
	Assessing the effects of water stress and bio-organic fertilizers on English and French Lavandula species in different locations
	Somayeh Sarfaraz1, Ahmad Asgharzadeh1,*, Hamidreza Zabihi2
	Impact of reduced irrigation on physiological, photosynthetic, and enzymatic activities in wheat (Triticum aestivum L.) exposed to water stress at varying plant densities
	Ezatollah Nabati, Amin Farnia*, Mojtaba Jafarzadeh Kenarsari, Shahram Nakhjavan
	Durum wheat irrigation research trends on essential scientific indicators: a bibliometric analysis
	Noemi Tortorici1, Nicolò Iacuzzi1,*, Federica Alaimo1, Calogero Schillaci2, Teresa Tuttolomondo1
	Maize (Zea mays L., 1753.) evapotranspiration ando crop coefficient in semi-arid region of Ethipia
	Tatek Wondimu Negash*, Abera Tesfaye Tefera, Gobena Dirirsa Bayisa
	IoT technology as a support tool for the calculation of Crop Water Stress Index in a Vitis vinifera L. cv. Chardonnay vineyard in Northern Italy
	Cecilia Mattedi1, Mirco Rodeghiero2, Roberto Zorer3
	Quantitative relationships among potential evapotranspiration, surface water, and vegetation in an urban area (Baghdad)
	Zahraa S. Mahdi1, Mahmood J. Abu-AL Shaeer2, Monim H. Al-Jiboori1,*
	Effect of irrigation regime on yield component and water use efficiency of tomato at Ataye irrigation scheme, Ataye Ethiopia
	Belihu Nigatu*, Demisew Getu, Tsegaye Getachew, Biruk Getaneh  
	Effect of future climate on crop production in Bhutan
	Jorge Alvar-Beltrán*, Gianluca Franceschini
	Irrigation strategies of sugarcane seedlings from micropropagation and biofactory methods
	José Guilherme Victorelli Scanavini1,*, Rubens Duarte Coelho1, Timóteo Herculino da Silva Barros2, Jéfferson de Oliveira Costa3, Sergio Nascimento Duarte1

