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Abstract
Finding methods, which may improve wheat (Triticum aestivum L.) growth and tolerance under drought stress, are of sig-
nificance. The hypothesis was plant growth regulators (PGRs) are able to alter wheat physiology in a way so that the plant 
would be able to resist the stress. Accordingly, PGRs affecting wheat response in drought stress was investigated in greater 
details. Different PGRs, at different drought levels (80 (S1), 100- (S2) and 120-mm (S3) evaporation from pan class A) 
affecting wheat biochemical and nutritional properties including nutrient uptake (N, P, K) were tested. Experimental treat-
ments including control (water,  T1), and PGRs of gibberellic acid  (GA3, 110  mgL−1,  T2), salicylic acid (SA, 1.5 mM,  T3), 
and benzyl adenine (60  mgL−1,  T4),  GA3 + SA  (T5), as well as superoxide dismutase (SOD, 5  gL−1,  T6) were tested in two 
different locations. Wheat biochemical and nutritional parameters including grain protein, chlorophyll a and b, leaf rela-
tive water at flowering and ripening, wet and dry gluten index, soluble sugars, and grain nutrient uptake were significantly 
enhanced by PGRs. The grain protein was in the range of 9.90 (S3T1) and 15.01% (S1T5); however, T5 treatment signifi-
cantly enhanced it at the second (14.47%) and third (13.96%) level of drought. Although the single use of PGR was effective 
on the alleviation of stress, the combined use of  GA3 + SA followed by the single use of SOD, were the most effective ones. 
Treating wheat plants with the tested PGRs is recommendable to improve wheat biochemical and nutritional properties in 
the arid and semi-arid areas.
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Abbreviations
PGRs  Plant growth regulators
GA  Gibberellic acid
SA  Salicylic acid
SOD  Superoxide dismutase
BA6  Benzyl adenine
Gpro  Grain protein
Chla  Chlorophyll a

chlb  Chlorophyll b
RWC1 and RWC2  Leaf relative water content at flower-

ing and ripening

Introduction

Wheat (Triticum aestivum L.) is one of the most important 
crop plants, feeding a large number of people, worldwide. 
Wheat is a good source of different compounds including 
proteins, lipids, carbohydrates and nutrients being widely 
used by the industry for the production of a large number of 
nutritional products (Tripathi et al. 2016). Wheat, compared 
with other crop plants including barley, is not a tolerant plant 
under drought stress, and its growth and yield decreases 
(Jamshidi and Javanmard 2018; Daei Alhag et al. 2022).

Plant response under stress is defined by the two impor-
tant terms of stress alleviation and stress adaptation. 
Stress alleviation is a collection of the processes resulted 
by different parameters including the use of plant growth 
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regulators (PGRs), which decrease the negative effects 
of stress on plant growth by altering plant physiological 
mechanisms. However, stress adaptation is a collection of 
processes, which alter plant physiological processes, and 
make the plant adapt itself to the stress conditions (Man-
sour 2000; Kazemi et al. 2022).

Different methods have been so far used to enhance 
wheat growth and yield under drought stress including the 
use of tolerant wheat species, genetically modified plants, 
plant growth promoting rhizobacteria (PGPR), and effi-
cient irrigation methods (Farooq et al. 2014; Miransari 
and Smith 2019; Senapati et al. 2019). However, another 
method, which has been used more recently, is the exog-
enous use of PGRs, which are natural or synthetic products 
(Shourbalal et al. 2019). It was accordingly hypothesized 
PGRs are able to affect plant physiology in a way so that 
the plant can tolerate the stress, more efficiently. The 
responses of crop plants to the type of stress and PGRs are 
determined by different parameters including climate and 
plant species (Baena-González and Hanson 2017; Kamran 
et al. 2018; Li et al. 2018).

PGRs are able to enhance plant growth in drought stress 
conditions by maintaining plant photosynthetic potential 
and enhancing its efficiency, improving plant antioxidant 
capacity, altering plant morphological and physiological 
properties, regulating the expression of drought stress 
genes and functional proteins, improving plant osmotic 
potential, and promoting plant nutrient uptake and metabo-
lism (Cao et al. 2017; Tayyab et al. 2020).

Although there has been recent research on the use of 
PGRs for the alleviation of drought stress on plant growth 
(Shourbalal et al. 2019; Askarnejad et al. 2021; Khalafi et al. 
2021), more has yet to be proposed and investigated on the 
type and amounts of PGRs essential for the improvement of 
wheat physiology and quality in drought stress conditions. 
The objective of the present research was to investigate the 
effects of PGRs including gibberellic acid  (GA3), salicylic 
acid (SA), benzyl adenine,  GA3 + SA, and the antioxidant 
enzyme, superoxide dismutase (SOD), on wheat biochemical 
and nutritional properties under field drought stress.

Materials and methods

Experimental site

The experiments were conducted in two different locations 
(province of Yazd, Iran), namely Abarkuh (E53° 14′ and 
N31° 7′) with the altitude of 1530 m, and Faragheh (E53° 0′ 
and N31° 3′), with the altitude of 1713 m. The climate of the 
region according to Yazd meteorological bureau is dry and 
hot with the annual rainfall of 75 mm (Table 1).

Experimental design

The experiments were split plot on the basis of a complete ran-
domized block design with three replicates using Sistan wheat 
genotype. The main plots (drought levels at 80 (S1), 100 (S2), 
and 120 mm (S3) evaporation from pan class A) (Fischer and 

Table 1  The climatic data of the 
experimental areas

Month Max Temp. (°C) Min Temp. (°C) Ave Temp. (°C) Humidity (%) Monthly 
rainfall 
(mm)

Field A
Nov 27.2 7.8 13.8 48 2
Dec 21.6 2.3 9.5 42 4.7
Jan 22.6 1.1 8.3 40 5.1
Feb 21.5 1.8 8.3 44 26
Mar 22.3 3.4 9.9 37 4.6
Apr 28 9.6 16.2 42 16
May 32.1 13.8 20.70 29 28.4
Jun 39.3 19.9 27.5 21 0.1
Field F
Nov 25.9 6.9 12.7 51 2.2
Dec 20.9 2.1 9.1 46 4.8
Jan 21.4 1 7.9 42 4.9
Feb 20.4 1.5 8 45 26.8
Mar 21.7 3.2 9.7 39 5.2
Apr 27.6 8.9 15.4 40 17.1
May 30.10 12.8 19.5 39 29.6
Jun 34.4 18.7 25.6 26 0.15
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Maurer 1978), and subplots (spraying) including the experi-
mental treatments of water (control, T1), plant growth regu-
lators (PGRs) of gibberellic acid  (GA3 at 110  mgL−1, T2), 
salicylic acid (SA at 1.5 mM, T3), benzyl adenine (BA6 at 
60  mgL−1, T4),  GA3 + SA (T5), as well as super oxide dis-
mutase (SOD at 5  gL−1, T6) were tested (Shourbalal et al. 
2019; Askarnejad et al. 2021). Soil physicochemical proper-
ties were determined using the standard methods (Table 2) 
(Miransari et al. 2008).

The plots (including a non-treated plot as control) measur-
ing 3 × 4 m with the plant density of 400 were established in 
the fields (cultivated and disked), with a 2.5 m distance from 
the irrigation canals. The plots were irrigated until the tiller-
ing stage and were then treated according to the experimental 
treatments including spraying with the PGRs at two different 
stages of tillering and heading. Weeds were controlled using 
2, 4-D.

Sampling and measurements

The plants were considered at the physiological maturity when 
50% of the plots were matured. Plant were sampled by col-
lecting 10 plants from each plot. Different plant physiologi-
cal parameters including grain protein (Gpro, %), chlorophyll 
a (Chla) and b (Chlb)  (mgg−1 fresh weight) (the 10 recently 
matured leaves at flowering), leaf relative water content (%) 
at flowering (RWC1) and ripening (RWC2), grain wet (GI1, 
%) and dry gluten (GI2, %), soluble sugars (SS, %) as well as 
grain nutrient uptake of nitrogen (N, %), phosphorous (P, %) 
and potassium (K, %) were determined.

Grain protein

Grain protein (%) was measured according to the protocol pre-
sented by international association of cereal chemistry (ICC # 
159) (Williams et al. 2008).

Chlorophyll contents

Chlorophyll a and chlorophyll b were determined according 
to the following details; 0.5 g plant fresh leaf was smashed 
using liquid N and porcelain mortar, and was treated with 
20 ml acetone 80%. The solution was then centrifuged at 
6000 g for 10 min and the supernatant was transferred to a 
volumetric flask. The samples were measured using a spec-
trophotometer at the wavelengths of 663 nm for Chla and of 

645 nm for Chlb. Finally, using the following formula Chla 
and b were calculated (Ghassemi-Golezani et  al. 2020): 
chlorophyll a = (19.3 ∗ A663 − 0.86 ∗ A645)V∕100W  , 
chlorophyll b = (19.3 ∗ A645 − 3.6 ∗ A663)V∕100W  ,  in 
which V is the filtrated solution (the centrifuge supernatant), 
A is absorbance at the wavelengths of 663 and 645 nm, and W 
is sample fresh weight.

Leaf relative water content

The leaf samples at flowering and ripening were randomly 
collected from the flag leaves, and were placed in a plas-
tic bag containing ice. The 2-cm pieces samples from the 
middle of the leaf samples were weighed using a digital 
weight. The pieces were then soaked in distilled water in 
Petri dishes. The surface of the samples was wiped out using 
a tissue and the turgor weight of each sample was deter-
mined. The samples were dried at 75 °C for 48 h using an 
oven and the dry weight of each sample was determined. 
Finally, RWC was calculated using the following formula 
(Regan et al. 1992).

Gluten index

Grain gluten (wet and dry) was measured according to the 
method by ICC # 158 (ICC 1995) using 10 g flour (14% 
moisture) and 5.5 ml of a buffer solution containing NaCl, 
 KH2PO4,  NaH2PO4, and distilled water. The gluten index 
was determined according to the ICC method using the 
following formula Q = (R − W)/R, in which Q is the gluten 
index, R is the total weight of dehydrated gluten, and W is 
the meshed gluten by the gluten washer machine.

Soluble sugars

Soluble sugars were determined by collecting plant extract 
using a 100 mM solution of bufferic  K2PO4 (pH = 7.5). The 
upper solution was used to measure the total soluble sugars 
using anthrone-sulfuric acid, and plant extract in glass tubes 
(1:5 v/v) using a bath (100 °C) for 10 min. The absorbance 
of the cool down solution was measured at 650 nm. The 

RWC (%) = ((fresh weight−dry weight)

∕(turgor weight−dry weight))∕100

Table 2  The physicochemical  
properties of the experimental 
fields (0–30 cm)

EC electrical conductivity (salinity), OC organic carbon, P phosphorous, K potassium

Site pH EC  (dSm−1) OC (%) P  (mgkg−1) K  (mgkg−1) Sand (%) Silt (%) Clay (%)

Abarkuh 7.2 0.94 0.79 9.55 398 25.2 40.80 34
Faragheh 6.8 0.89 0.74 9.98 410 23.1 43.6 33.3
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standard solutions were prepared using the glucose concen-
trations of 1–18 mg (Magné et al. 2006).

N, P, and K measurements

The dried grain samples were analysed in the lab for the 
uptake of N, P and K (Askarnejad et al. 2021). N was 
measured according to the Kjeldahl method including the 
stages of digestion, distillation and titration (Concon and 
Soltess 1973), K was determined by atomic absorption 
spectrophotometer, and P was measured using spectropho-
tometer (Kalra 1997).

Statistical analysis

The homogeneity of error variance between the two 
regions was determined using the Bartlett’s test. The 
results indicated the Bartlett’s test was not significant for 
all traits, and therefore, the null hypothesis indicating the 
homogeneity of error variance between the two regions is 
verified. Accordingly, the combined analysis of the data 
for the two regions was conducted assuming the random 
effects for the two regions. Data were subjected to analy-
sis of variance using SAS 9.3. The significance of the 
main and interaction effects of the experimental treat-
ments including the experimental field, drought stress, 
PGR and SOD on the measured parameters was deter-
mined. Means were compared at P ≤ 0.05 by lsmeans and 
were presented with their related standard deviations. The 
boxplots, illustrating the effects of the experimental treat-
ments on the measured parameters, were plotted using 
SAS Proc Plot.

Results

Analysis of variance

According to the analysis of variance (for the three-way 
factorial experiment), the effects of experimental treat-
ments and some of their interactions were significant on 
the measured parameters including Gpro, Chla and b, 
RWC1 and RWC2, G1 and G2, SS, N, P and K (Table 3). 
Accordingly, the effects of location or the experimental 
field were significant on all the measured parameters 
except Chlb, G1 and K. However, stress and the experi-
mental treatments significantly affected all the meas-
ured parameters. The interaction of location and stress 
were significant on Gpro, RWC1 and RWC2, and G1 
and G2. The interaction of location and experimental Ta
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treatments was just significant on K. The interaction of 
stress and treatment significantly affected all the meas-
ured parameters except Gpro, G1, SS and P. However, 
the triple interaction of location, stress and the experi-
mental treatments was just significant on RWC2, G2 and 
N (Table 3).

Grain protein

The Gpro was in the range of 9.90 (S3T1) and 15.01% 
(S1T5); however, the T5 treatment also significantly 
enhanced Gpro at the second (14.47%) and third (13.96%) 
level of drought. The single use of SA (T3) was more effec-
tive on the alleviation of the stress than the single use of  GA3 
and BA6 (Table 4, Fig. 1).

Chlorophyll contents

Chla was the least by S3T1 (0.87  mgg−1 fresh weight) and 
the highest by S1T5 (1.71  mgg−1 fresh weight) and S2T5 
(1.58  mgg−1 fresh weight), followed by the T6 and T3 treat-
ments at different levels of drought. The Chlb parameter 
also followed the same trend. The single use of SA treatment 
was also effective on the alleviation of drought stress on 
Chla compared with the single use of the other treatments 
(Table 4, Fig. 1).

Leaf relative water content

With increasing the level of stress, leaf relative water content 
decreased; however, the PGR and SOD treatments were able 
to alleviate the stress by increasing RWC1 and RWC2, as the 
least ones were related to treatments S1T1, S2T1 and S3T1 
and the highest ones were related to treatments S1T5, S1T6, 
S2T5, S2T6, S3T5 and S3T6 (Table 4, Fig. 2).

Gluten index

Although the results indicated the significant effects of T5 
and T6 on wet and dry gluten indexes, the single effects of 
SA and BA6 also significantly increased wet and dry gluten 
index compared with the control treatment. The least G1 
value resulted by the S3T1 treatments was equal to 22.53%, 
and the highest ones were related to S3T5 (29.99%) and 
S3T6 (27.66%) treatments; the corresponding values 
for the T3 and T4 treatments were equal to 25.60% and 
26.73%, respectively. Similarly, for G2 the highest values 
were related to the T5 and T6 treatments at different levels 
of drought levels, though the T3 and T4 treatments were 
also able to significantly enhance the G2 values (Table 4, 
Fig. 3).

Soluble sugars

The SS values were the least at the highest level of drought, 
and they were not different at the first and the second level of 
drought. The control treatments resulted in the least, and the 
T5 and T6 treatments, followed by the T3 and T4 treatments 
resulted in the highest SS values (Table 4, Fig. 3).

Grain N, P and K uptake

The stress significantly decreased plant N uptake 
(S3T1 = 1.19%); however, the PGR and SOD treatments 
including S3T3 (1.51%), S3T4 (1.45%), S3T5 (1.90%) and 
S3T6 (1.66%) similar to the other levels of drought, signifi-
cantly increased plant N uptake, compared with the control 
treatment. Similarly, the stress significantly decreased plant 
P uptake; however the PGR treatment including T5 as well 
as T6, followed by the T3 and the T4 treatments signifi-
cantly increased plant P uptake. For example, the least and 
the highest P uptake values were related to treatments S3T1 
(0.31%) and S1T5 (0.56%), and the corresponding values for 
S3T5 and S3T6 were equal to 0.50 and 0.46%, respectively. 
With increasing the stress level, grain K uptake decreased; 
however, the use of PGR and SOD significantly alleviated 
the stress by enhancing grain K uptake. The least and the 
highest K uptake values were related to the S3T1 (0.35%) 
and S1T5 (0.91%) treatments, respectively. The PGR treat-
ments and SOD at the highest level of drought resulted in 
the K uptake of 0.69 (S3T5), 0.61 (S3T6), 0.55 (S3T3) and 
0.53% (S3T4) (Table 4, Fig. 4).

Discussion

The effects of different PGRs and SOD on the physiology 
and nutrient uptake of wheat plants under drought stress 
indicated that it is possible to alleviate the stress using 
such compounds. Although according to our results, T5 
 (GA3 + SA) was the most effective treatment on the allevia-
tion of the stress, followed by T6 (SOD), the single effects 
of SA (T3) and BA6 (T4) also indicated positive effects sig-
nificantly enhancing the biochemistry and nutrient uptake of 
wheat plants under the stress, which are in consistent with 
the results by Yadav et al. (2020) and Luo et al. (2020). The 
tested PGR contain nitrogen, which can significantly affect 
plant physiology including photosynthesis, enzymatic activi-
ties, and N content.

Moreover, the effects of the tested PGR on grain pro-
tein using SA and with a less extent  GA3, are by affect-
ing plant biochemical properties through cross-talking and 
inducing different plant physiological processes. Research 
has indicated the interesting effects of SA on plant growth 
and biochemistry under different conditions including stress 
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Fig. 1  a Grain protein (Gpro), b chlorophyll a (Chla), and c chloro-
phyll b (Chlb) affected by the interaction of stress levels including S1 
(control, 80  mm), S2 (100  mm) and S3 (120  mm), and PGR treat-
ments including T1 (control), T2 (gibberellic acid,  GA3), T3 (sali-

cylic acid, SA), T4 (benzyl adenine), and T5  (GA3 + SA), as well as 
T6 (superoxide dismutase). The boxes present the range of measured 
data including their median and their standard errors
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(Maghsoudi et al. 2018; Chavoushi et al. 2019). Although 
the role of SA in the regulation of different plant physiologi-
cal processes, including plant transpiration, photosynthesis, 
chlorophyll synthesis, and nutrient uptake, has been indi-
cated by research, more has to be found on the effects of 
SA on the mechanisms, which regulate such processes. In 
our just published research, it has been indicated that plant 
genetics and micronutrient fertilization can significantly 
affect corn yield, physiology, and nutrient uptake in the arid 
and semi-arid areas of the world (Chinipardaz et al. 2022).

The following processes by SA are among the most 
important ones affecting plant growth and physiology under 
stress: (1) activation of antioxidant enzymes, (2) reducing 
the damage of lipid peroxidation, (3) increasing water and 

nutrient uptake, (4) inducing plant systemic resistance, (5) 
decreasing electrolyte leakage, (6) accumulation of amino 
acids including serine, proline, alanine, and threonine, (7) 
increased production of carbohydrates including fructose, 
glucose, cellobiose, and mannose, and (8) metabolic regu-
lation (Miransari and Smith 2014; Dianat et al. 2016; Saha 
et al. 2016; Hernández-Ruiz and Arnao 2018; Patni and 
Ansari 2019). Similar to our research, Kang et al. (2012) 
found the positive effects of 0.5 mM SA on the growth and 
biochemical properties of wheat seedlings under drought 
stress (PEG-6000, 15%).

Our results also indicated the positive effects of GA on 
the alleviation of drought stress. The positive role of GA 
on the alleviation of drought stress on plant growth is by 

Fig. 2  Leaf relative water con-
tent at flowering (RWC1) and 
ripening (RWC2) affected by 
the interaction of stress levels 
including S1 (control, 80 mm), 
S2 (100 mm) and S3 (120 mm), 
and PGR treatments including 
T1 (control), T2 (gibberellic 
acid,  GA3), T3 (salicylic acid, 
SA), T4 (benzyl adenine), and 
T5  (GA3 + SA), as well as T6 
(superoxide dismutase). The 
boxes present the range of 
measured data including their 
median and their standard errors
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increasing the activity of glutamine synthetase and accumu-
lating free amino acids. It also increases plant GA content. 
The hormone is accordingly able to enhance plant biochemi-
cal properties (N metabolism, grain protein and the activ-
ity of antioxidants) under drought stress by altering plant 
physiology and yield production (Yang et al. 2013; Abid 
et al. 2017).

The growth of wheat plants under drought stress, inves-
tigated by Deng et al. (2019), indicated the accumulation 
of proteins in the non-leaf green organs of wheat glume 
and awn can importantly regulate wheat photosynthesis 
and drought resistance. However, it has yet to be indicated 
if such proteins are induced by SA under drought stress. 
Accordingly, the proteins, regulating photosynthesis and 
carbon metabolism, were down-regulated, and the ones 
regulating detoxification and plant metabolisms were up-
regulated. The results also indicated that such proteins can 
synergistically affect plant response to stress during grain 
production. Such results may indicate how the single use of 
SA or its combination with  GA3 might have enhanced grain 
protein in our research. According to our results, PGRs and 
SOD increased soluble sugars under stress. Lee et al. (2019) 
investigated the effects of drought stress on canola (Brassica 
napus) physiology and found the positive effects of stress 
and SA on sugars accumulation.

The tested PGRs and SOD in our experiments increased 
chlorophyll contents in the stressed plants. Similarly, Dama-
las (2019) examined the effects of drought stress on the 
growth and physiology of basil (Ocimum basilicum L.), 
treated with 200  mgL−1 SA. Although water stress signifi-
cantly decreased plant growth and biochemical properties, 
including Chla (by 23.9%) and Chlb (by 15.8%), SA allevi-
ated such effects. The stress also significantly decreased leaf 
relative water content by 29.2%; however, SA significantly 
improved such a parameter. The increase in leaf relative 
water content by SA is due to the effects of the hormone on 
the uptake of different nutrients, especially K, which can 
regulate plant water potential by controlling different physi-
ological activities including the stomata behavior (Zamani 
et al. 2020).

SA can improve chlorophyll levels and photosynthesis 
process in plant by maintaining the structural integrity of 
thylakoid membrane and protecting PSII from oxidative 
stress and high excitation, resulted by the increased ratio 
of FV/FM. The use of SA also decreased the production of 
 H2O2 and malondialdehyde, and electrolyte leakage, which 
indicated the alleviating effects of SA in drought stress 
conditions. The increase of leaf relative water content dur-
ing stress by SA also indicates the role of the hormone SA 
in enhancing the structural integrity and protection of cel-
lular membrane (Zulfiqar et al. 2021). Another important 
role of PGRs and SOD, in photosynthesis process under 

drought stress is by affecting N metabolism (affecting chlo-
rophyll synthesis), which is affected by different parameters 
including N, P, and K uptake (Qiao et al. 2019; Tahaei 
et al. 2022).

Although research has indicated the effects of PGR 
on the biochemical and nutritional properties of differ-
ent crop plants, there is not much data on the use of the 
PGR including  GA3, SA, BA6, and  GA3 + SA as well as 
SOD tested in the present research. For example, research 
has indicated, the negative effects of drought stress on 
the rate of gluten, however, there is not any data on the 
use of PGR and SOD enhancing the amount and quality 
of gluten, which determine dough quality (Torbica et al. 
2007) under drought stress. Noori (2018) found the posi-
tive effects of NPK on the amount of gluten. Accordingly, 
because the tested PGR and SOD can increase wheat 
nutrient uptake under drought stress, they can also affect 
gluten quality and amount. The single effects of  GA3 and 
BA6 on the germination of the medicinal plant fennel 
(Foeniculum vulgare Mill), by affecting the physiology 
and the biochemical properties of the seeds, has been pre-
viously indicated by research (Tahaei et al. 2016).

SOD is among the antioxidant enzymes, affecting plant 
growth and biochemistry under stress. The enhanced pro-
duction of the enzyme under stress increases plant ability 
to tolerate the stress. The antioxidant enzymes are able to 
scavenge the free radicals (reactive oxygen species), which 
are produced under stress, and damage the cellular mem-
brane (Sajedi et al. 2010; 2011; Jiang et al. 2019; Zeeshan 
et al. 2020). According to our results, the exogenous appli-
cation of SOD was the second most effective treatment, 
following T5  (GA3 + SA) significantly enhancing wheat 
biochemical and nutritional properties under the stress. 
Accordingly, SOD can be favorably used to alleviate 
drought stress on wheat physiology and nutrient uptake.

Kaouthar et al. (2016) found a new SOD gene, namely 
TdMnSOD in durum wheat, which can regulate plant 
response under different types of stress including salinity, 
drought, and cold. The results indicated that the transgenic 
Arabidopsis plants expressing TdMnSOD had little levels 
of  H2O2, and the wild type plants had higher proline under 
stress. According to the results the level of SOD, catalase, 
and peroxidases increased in the transgenic species under 
abiotic stress. The authors accordingly indicated durum 
wheat TdMnSOD increases plant tolerance under different 
types of abiotic stress.

The positive effects of BA6 on drought stress in 
the present research were also shown. The BA6 plant 
growth regulator can affect plant growth under drought 
stress by affecting the cytokinin pathway (decreasing 
the production of cytokinin), which eventually enhances 
cellular division. The conversion of benzyl adenine into 
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6-benzylamino-9-glucopyranosylribosyl-purine and 
its novel phosphorylated form, 6-benzylamino-9-glu-
copyranosylribosyl-purine, influences different plant 
physiological and morphological properties by affecting 
cellular division (Zhang et al. 2010; Shourbalal et al. 
2019).

Conclusion

The combined use of salicylic acid (SA) + gibberellic 
acid  (GA3) was the most effective treatment, followed by 
the use of superoxide dismutase (SOD); however, the sin-
gle use of SA and benzyl adenine (BA6) also significantly 
affected wheat biochemical and nutritional properties under 
drought stress, indicating the importance of such plant hor-
mones for wheat growth under stress. The possible molecu-
lar mechanisms, which may increase wheat drought toler-
ance by PGRs and SOD, have been presented. Accordingly, 
the tested PGRs and SOD are able to alter wheat physiology, 
in drought stress conditions, so that the plant would be able 

Fig. 3  a Grain soluble sugars (SS), b wet (G1) and c dry (G2) gluten 
index affected by the interaction of stress levels including S1 (control, 
80 mm), S2 (100 mm) and S3 (120 mm), and PGR treatments including 
T1 (control), T2 (gibberellic acid,  GA3), T3 (salicylic acid, SA), T4 (ben-
zyl adenine), and T5  (GA3 + SA), as well as T6 (superoxide dismutase). 
The boxes present the range of measured data including their median and 
their standard errors

◂

Fig. 4  Grain N, P and K uptake affected by the interaction of 
stress levels including S1 (control, 80  mm), S2 (100  mm) and S3 
(120 mm), and PGR treatments including T1 (control), T2 (gibberel-
lic acid,  GA3), T3 (salicylic acid, SA), T4 (benzyl adenine), and T5 

 (GA3 + SA), as well as T6 (superoxide dismutase). The boxes present 
the range of measured data including their median and their standard 
errors
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to resist the stress. The treatment of wheat plants with the 
PGRs and SOD tested in the presented research is recom-
mendable to improve wheat biochemical and nutritional 
properties, and subsequent wheat growth and yield in the 
arid and semi-arid areas.
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