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Abstract
Heat spell during the reproductive growth of wheat is a serious threat to achieve food security. An experiment was conducted 
with the objectives (i) to explore the optimum dose of foliar selenium for alleviation of heat, (ii) to investigate the thermo-
lability of reproductive stages of wheat, (iii) to enquire about the correlation of biochemical attributes with agronomic 
traits, and (iv) to determine the economic feasibility of foliar selenium for alleviation of adverse impacts of heat on wheat. 
The study was conducted over 2 years using a split treatment structure in a randomized complete block design. Treatments 
were comprised of H0 (control), H1 (heat imposition from spike to grain filling), and H2 (heat imposition from flowering 
to grain filling). Foliar doses of selenium (Se), viz., Se0 = water spray (control); Se25 = 25 mg Se L−1; Se50 = 50 mg Se L−1; 
Se75 = 75 mg Se L−1 and Se100 = 100 mg Se L−1 were maintained in sub plots. The longer heat spell proved more deleterious 
than the shorter one. More catalase, glycine betaine, water potential, turgor potential, grain filling rate, spikelets per spike, 
grains per spike, and grain yield were recorded with 75 mg Se L−1 under “H0,” while remarkably higher responses of these 
attributes were observed with 100 mg Se L−1 under “H1” and “H2.” Based on marginal analysis, applying “75 mg Se L−1” 
resulted in higher economic benefits under “H0” and “H1,” whereas 50 mg L−1 was more economical to apply under “H2.” 
Moreover, strong associations of physiochemical attributes with agronomic traits were observed. Decisively, applying “75 mg 
Se L−1” on terminally heat-stressed wheat produced more benefits compared to other doses.

Keywords  Catalase · Osmo-protectant · Grain filling rate · Regression · Correlation · Benefit-cost ratio · Reproductive 
stages

1  Introduction

The constant increase in global temperature is the primary 
constraint to the accomplishment of food security (Bhusal 
et al. 2021). The last 2 decades (2001–2020) have been char-
acterized by containing the eighteen warmest years in at 

least the past 100,000 years. Furthermore, the global average 
temperature is expected to rise by 1.5 °C during 2030–2052 
(IPCC 2021). Projections into heat-induced losses in yields 
of crops are intense in arctic and semi-arid regions. This 
increase in temperature would severely harm the potential 
productivity of wheat, including other cereals (Jabeen et al. 
2022).

Wheat is a leading staple food around the globe, with 
an annual production of more than 700 million metric tons 
(FAO STAT 2021), while the share of wheat in value addi-
tion in agriculture and in the GDP of Pakistan is 9.2% and 
1.8%, respectively (Govt. of Pakistan 2021).

Heat stress often coincides with the reproductive stages 
of wheat in Pakistan due to late sowing and climate change 
(Alvar-Beltrán et al. 2021). Spike initiation, flowering, and 
grain filling are the most heat-vulnerable growing stages of 
wheat. Optimal temperatures for these growth stages are 12, 
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23, and 21 °C, respectively (Qaseem et al. 2019). Rapid and 
sharp rises beyond these temperatures in earlier April accel-
erate grain filling rates and the senescence of wheat. Hence, 
a poor supply of carbohydrates in conjunction with acceler-
ated grain filling contributes towards shriveled, wrinkled, 
and lesser grains. Additionally, high temperature causes 
pollen infertility, bursts of pollen tube, and poor synchro-
nization of the stamen-carpel for the development of grain. 
These phenomena result in decreased spikelets in spikes at 
morphological levels. Thus, the actual grain yield becomes 
less compared to the potential yield (Zhao et al. 2021).

Agronomic traits are highly associated with water rela-
tions, osmo-protectants, and antioxidants under high-tem-
perature environments (Shahid et al. 2017, 2020). Excessive 
loss of water under heat accelerates the biosynthesis of reac-
tive oxygen species. Rapid accumulation of hydrogen perox-
ide overcomes catalase enzymes and thereby disrupts mem-
brane permeability under heat stress, whereas heat-induced 
decreases in carboxylase activity of RuBisCO and RuBisCO 
activase downregulated fixation of carbon dioxide in photo-
synthesis (Qaseem et al. 2019). Moreover, imbalance owing 
to excessive electron generation at the light-harvesting com-
plex of photosystem-II and lesser reductive powers (ADP 
and NADP+) at the Fe-S complex of photosystem-I also 
caused downregulation in carbon fixation (Fan et al. 2022). 
Consequently, the carbon skeleton availability of glycine 
betaine also decreases, whereas the lesser capability of 
plants to accumulate glycine betaine aggravates heat prone-
ness as glycine betaine is an imperative compatible solute 
and osmo-protectant under stress environments. Hence, poor 
capability to synthesize glycine betaine depresses osmotic 
potential, which is associated with a decrease in water and 
turgor potential under stressed environments (Hossain et al. 
2021).

An increase in light intensity under heat stress stimu-
lates the rapid interconversion of phytochrome red and 
phytochrome far-red. Therefore, processes of cell division, 
elongation/expansions, and cell differentiation also acceler-
ate under heat stress and thereby enhance the rate of growth. 
An increased rate of grain filling in connection with dimin-
ished photosynthesis under heat stress leads to lesser grains 
and spikelets in spikes. All these physiological perturbations 
resulted in a decrease in grain yield at the agronomic level 
(Wan et al. 2021).

Selenium availability under heat boosts the activities of 
enzymatic and non-enzymatic antioxidants (Saleem et al. 
2018). Selenium-mediated quenching of superoxide radicals 
declines the availability of substrates for the biosynthesis of 
hydrogen peroxide. Therefore, catalase activities enhance 
under the availability of selenium under heat stress (Saleem 
et al. 2021), whereas increases in the activity of sucrose 
and starch synthase under selenium availability enhance the 
carbon skeleton for the biosynthesis of glycine betaine and 

thereby upregulate detoxification of reactive oxygen species 
(Saleem et al. 2020).

Selenium stabilizes the generation of reductive powers at 
photosystem-I by replacing sulfur with selenium in the Fe-S 
cluster (Hasanuzzaman et al. 2020). Hence, an increase in 
carbon fixation ultimately contributes to the carbon chain 
supply for phloem loading and its translocation towards 
grains (Elkelish et al. 2019). Hence, the availability of sele-
nium fulfills the demands of grains for carbohydrates under 
heat stress. Therefore, spikelets, grains per spike, and grain 
yield enhance under selenium availability in stressed condi-
tions (Wan et al. 2021).

In a nutshell, heat destabilizes photosystems and accel-
erates the synthesis of reactive oxygen species. This desta-
bilization makes wheat’s reproductive stages highly sen-
sitive to heat. Moreover, a decrease in the synthesis of 
glycine betaine due to heat disturbs water relations and thus 
enhances thermo-sensitivity. Catalase, glycine betaine, and 
water relations depict strong correlations with agronomic 
traits of wheat, which can provide a potent futuristic road-
map in wheat improvement programs for enhancing heat 
tolerance. Moreover, selenium-modulated regulations in bio-
chemical attributes in correlation with agronomic traits have 
not been explored in previous experimentation. Therefore, 
the study was conducted with the objectives (i) to inves-
tigate the comparative heat sensitivity of spike initiation, 
flowering, and grain-filling stages of wheat, (ii) to optimize 
the foliar dose of selenium as a potent booster of catalase, 
glycine betaine, and water relations of heat stressed wheat, 
(iii) to determine the association of biochemical attributes 
with agronomic traits for future improvement in heat toler-
ance of wheat, and (iv) to evaluate the economic feasibility 
of foliar selenium for alleviation of adverse impacts of heat 
on wheat crop.

2 � Materials and Methods

2.1 � Experimental Material, Experimental Design, 
and Agronomic Practices

The trial was performed at the Agronomic Research Area, 
University of Agriculture Faisalabad, Pakistan. Genotypes 
collected from varying institutes were evaluated in prelimi-
nary experimentation. A medium-heat-tolerant genotype 
“Punjab-2011” was selected for further experimentation 
(Shahid et al. 2017). The objective of selecting a medium 
heat-tolerant genotype was to observe the negative impacts 
of heat on recorded attributes, to obtain reasonable yield 
under heat stress, and to maintain the size of the experiment 
to an extent where a tunnel could have been developed and 
all other variables except treatment could have maintained 
uniformity.
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The experiment was laid out in a split-plot design. Vary-
ing heat treatments were allotted to the main plots, and dif-
ferent concentrations of foliar selenium were assigned to 
sub plot. Treatments were replicated three times, and each 
individual trait was recorded using 3 biological replicates.

Experiments were sown on 25th November and 29th 
November in the years 2015–2016 and 2016–2017, respec-
tively. Line sowing was done maintaining row × row dis-
tance of 22.5 cm and using a seed rate of 100 kg ha−1. Each 
experimental unit was comprised of 6 lines with a gross 
area of 3 m × 1.35 m. Nitrogen and phosphorous fertilizers 
were applied at a rate of 120:75 kg ha−1, respectively. A 
total of four irrigations were supplied to the crop. All other 
agronomic practices were kept uniform for all treatments.

2.2 � Treatments

The study variables comprised heat stress and varying doses 
of foliar-applied selenium. Heat stress was imposed in the 
main plots, viz., H0 = no imposition of heat stress (control), 
H1 = imposition of heat stress from spike initiation to grain 
filling initiation (early milk stage) (Feekes scale = 10.50 to 
11.0), and H2 = imposition of heat stress from flowering ini-
tiation to grain filling initiation (early milk stage) (Feekes 
scale = 10.5.1 to 11.0). Selenium (Se) was foliar applied in 
split plots, viz., Se0 = water spray (control), Se25 = 25 mg 
Se L−1, Se50 = 50 mg Se L−1, Se75 = 75 mg Se L−1, and 
Se100 = 100 mg Se L−1.

2.3 � Imposition of Treatments

Walk-in tunnels were formed to cover experimental plots 
with perforated transparent polythene sheets to impose heat 
stress (Shahid et al. 2017; Kamal et al. 2017), whereas con-
trol plots were left uncovered, and a multimeter (Digital 
multimeter-50302) was used to note the temperature of dif-
ferent plots. Ten plants were randomly selected and tagged 
to determine the initiation of a phenological stage. When 
50% of plants reached this stage, the heat was imposed as 
per treatments. Selenium was foliar applied at a rate of three 
hundred liters per hectare using Na2SeO4 (Se = 41.79%) as 
the source of selenium.

2.4 � Observations Recorded

Catalase (CAT) was quantified as units that converted H2O2 
to H2O and O2. Leaf samples having a weight of 0.5 g were 
ground in potassium phosphate buffer (pH 4) [K2HPO4 
(1.74  g) + KH2PO4 (7.45  g) + EDTA (0.58  g) + KCl 
(7.45 g) + 1000 mL DI H2O]. Homogenized enzyme extract 
(100 μL) obtained from leaves was mixed with 5.9 mM 
hydrogen peroxide (H2O2) and recorded absorbance at 
λ = 240 nm using an ELISA reader (Liu et al. 2009).

To quantify glycine betaine (GB), leaves weighing 0.5 g 
were ground in 5 mL of DI H2O for 5 min. Then, take 10 mL 
(1 M) HCl and add 10 g potassium iodide and 7.5 g iodine 
to it to prepare a potassium triiodide solution. Then, mix 
1 mL of leaf extract + 1 mL HCl (2 M) + 0.1 mL potassium 
triiodide solution in test tubes and incubate those at 4 °C 
for 1 h. After it, add 5 mL of chilled DI H2O + 5 mL 1,2-di-
dichloroethane and vortex test tubes for 5 min. The upper 
aqueous layer and the lower organic layer separated after the 
vortex. The upper aqueous layer was discarded, and 1 μL of 
the organic layer was used for the recording of absorbance 
at λ = 365 nm (Grieve and Grattan 1983).

To calculate water potential (ΨW), leaves were collected 
early in the morning between 6 and 8 a.m. randomly from 
each experimental unit, placed in a Scholandar pressure 
gauge (ARIMAD-2, ELE, International), and applied pres-
sure till sap appeared at the midrib of the leaf and noted 
water potential as the pressure applied. Turgor potential (ΨP) 
was computed by subtracting osmotic potential from water 
potential (Scholander et al. 1964).

Five spikes per each experimental unit were randomly 
collected on initiation of grain filling at an interval of 5 days 
and recorded dry weight. Grain filling rate was calculated 
using the formula given by Hunt (1978).

where “W1” and “W2” represent the “dry weight” of the 
spike at the time of “first harvest (t1) and second harvest 
(t2).”

Ten spikes were manually harvested, threshed, and aver-
aged to determine spikelets per spike and the number of 
grains per spike. The crop in each experimental unit was 
harvested and threshed, and the grain yield was weighed 
and converted into tons per hectare. Economic analysis 
was carried out according to the methodology described by 
CIMMYT. Variable cost was taken as the cost of a variable 
quantity of Na2SeO4 used in different treatments of foliar 
spray (1988).

2.5 � Statistical Analysis

Software STATISTIX 8.1 was used for the statistical anal-
ysis of recorded data. The significance of treatments was 

Ψ
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determined using ANOVA, while the means of significant 
treatments were compared using Tukey’s HSD (p ≤ 0.05) 
(Steel et al. 1997). A regression analysis was performed to 
quantify the effects of varying doses of selenium on recorded 
parameters under varying heat treatments. Doses of sele-
nium were plotted on the x-axis against recorded parameters 
on the y-axis, and we developed equations and coefficients 
of determination for different heat imposition treatments. 
Moreover, the strength and significance of Pearson’s cor-
relation among recorded parameters were also calculated to 
investigate associations among recorded parameters.

3 � Results

Harmful impacts of heat imposition were significant for 
all recorded attributes of wheat. However, more damag-
ing responses were quantified under “heat from spike to 
grain filling” compared to “heat from flowering to the grain 
filling,” while remarkable regulations in catalase, glycine 
betaine, water relations, traits of spike, and grain yield were 
observed under varying doses of foliar selenium.

3.1 � Antioxidants, Osmo‑Protectant, and Water 
Potential

Selenium-mediated improvements were different under “no 
heat stress,” “heat from spike to grain filling,” and “heat 
from flowering to grain filling” for catalase, glycine betaine, 
and water potential. Hence, a significant interaction of heat 
and selenium was observed for these responses in wheat, 
while similar trends of different doses of selenium under all 
main plots resulted in non-significant interactions for turgor 
potential, traits of spike, and grain yield.

Under control (no heat stress), relatively higher and alike 
catalase contents, glycine betaine, and water potentials were 
measured at 75 and 100 mg Se L−1. Whereas under both 
heat-imposed environments, more promising responses to 
these attributes were recorded at 100 mg Se L−1 over 2 years, 
though some variations were also obvious over temporal 
variations of 2 years (Table 1). While a linear increase in 
catalase and glycine betaine was observed with each 25 mg 
Se L−1, improvements in catalase and glycine betaine con-
tents under varying doses of selenium were more dependent 
on selenium under “heat from spike to grain filling” and 
“heat from flowering to grain filling” compared to “no heat 
stress” over 2 years (Fig. 1). Likewise, water potential was 
also enhanced linearly with each unit application of foliar 
selenium under all heat treatments over the 2 years of study 
(Fig. 2).

Table 1   Effect of foliar applied selenium on catalase, glycine betaine, and water relations of heat-stressed wheat

Any two means not sharing a letter in common differ significantly at p ≤ 0.05; CAT​, catalase; GB, glycine betaine; ΨW, water potential

Treatments CAT (U mg−1 protein) GB (µmol g−1) ΨW (−MPa)

2015–2016 2016–2017 2015–2016 2016–2017 2015–2016 2016–2017

No heat stress (H0)
  Control/water spray (Se0) 31.3d 29.6c 221.7c 215.0c 0.73b 0.79d

  25 mg L−1 selenium (Se25) 31.7d 30.0c 225.0bc 218.0bc 0.68b 0.74 cd

  50 mg L−1 selenium (Se50) 38.0c 36.3b 245.0b 239.0b 0.53a 0.64bc

  75 mg L−1 selenium (Se75) 52.6a 51.2a 283.3a 276.7a 0.42a 0.51a

  100 mg L−1 selenium (Se100) 49.3b 47.6a 266.7a 260.0a 0.49a 0.58ab

Heat from spike to grain filling (H1)
  Control/water spray (Se0) 20.9c 18.2c 130.7c 122.7b 1.58d 1.69d

  25 mg L−1 selenium (Se25) 21.1c 18.3c 148.3bc 130.0b 1.49 cd 1.63 cd

  50 mg L−1 selenium (Se50) 23.3bc 19.6bc 163.0a 135.0b 1.40bc 1.57bc

  75 mg L−1 selenium (Se75) 24.6b 22.9ab 169.3a 142.7b 1.31b 1.40a

  100 mg L−1 selenium (Se100) 28.9a 27.2a 181.7a 168.3a 1.18a 1.33a

Heat from flowering to grain filling (H2)
  Control/water spray (Se0) 23.9b 20.9b 169.3d 158.0b 1.38c 1.51c

  25 mg L−1 selenium (Se25) 23.9b 21.1b 175.0 cd 163.3b 1.27c 1.47c

  50 mg L−1 selenium (Se50) 25.3b 21.9b 189.7bc 170.0b 1.15b 1.41bc

  75 mg L−1 selenium (Se75) 26.6b 23.8b 197.0ab 176.3b 1.09b 1.35ab

  100 mg L−1 selenium (Se100) 30.2a 29.2a 210.0a 200.0a 0.95a 1.26a

  Tukey’s HSD (p ≤ 0.05) 3.32 4.40 20.19 20.04 0.113 0.102
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Fig. 1   Regression analysis for the effect of foliar-applied selenium on catalase and glycine betaine contents of heat-stressed wheat
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Fig. 2   Regression analysis for the effect of foliar-applied selenium on water potential and turgor potential of heat-stressed wheat



3527Journal of Soil Science and Plant Nutrition (2023) 23:3521–3536	

1 3

3.2 � Turgor Potential, Spike Growth, and Yield

Significantly, lower turgor potential, grains per spike, and 
spikelets per spike were recorded under “heat from spike 
to grain filling” compared to “no heat stress” and “heat 
from flowering to grain filling” over 2 years, while statisti-
cally similar and higher grain filling rates and lower grain 
yields were observed under both heat-imposed environ-
ments compared to control over 2 years of study. Statisti-
cally comparable and more grain filling rates and grains 
per spike were quantified at 50, 75, and 100 mg Se L−1 
compared to 0 mg Se L−1 and 25 mg Se L−1 over 2 years. 
Regarding turgor potential, spikelets per spike, and grain 
yield, more remarkable and similar results were obtained 
with 75 and 100 mg Se L−1 compared to other doses, 
although a little variation over 2 years was recorded in 
responses to these traits (Table 2). A linear improvement 
in turgor potential was measured with each unit appli-
cation of foliar selenium over 2 years. Furthermore, the 
increase in turgor potential was highly dependent on sele-
nium under both heat-imposed conditions compared to “no 
heat stress” over the 2 years of the study period (Fig. 2).

Likewise, grain filling rate and grains per spike 
increased linearly with increasing doses of foliar sele-
nium over 2 years. Higher dependence on improvements 
in grains per spike on selenium application was recorded 
under “heat from spike to grain filling” and “heat from 
flowering to grain filling” compared to “no heat stress” 
over 2 years (Fig. 3).

Linear increases in spikelets per spike and grain yield 
were quantified with increasing concentrations of foliar 
selenium over three heat treatments and 2 years. Based on 
the coefficient of determination (R2), the effectiveness of 
foliar selenium for maintaining higher spikelets per spike 
and grain yield was more under heat from spike to grain 
filling” and “heat from flowering to grain filling” compared 
to “no heat stress” over 2 years (Fig. 4).

3.3 � Economic Analysis

A higher benefit–cost ratio (BCR) was recorded with 75 mg 
Se L−1 compared to other concentrations of selenium under 
“no heat stress”, over 2 years, whereas more BCR was 
observed with 100 mg Se L−1 compared to other doses of 
selenium under “heat from spike to grain filling” and “heat 
from flowering to grain filling” over 2 years (Tables 3 and 4). 
Under “no heat stress” and “heat from spike to grain filling,” 
a greater marginal rate of return was obtained with 75 mg 
Se L−1 compared to other doses over 2 years of the study 
period, while a more marginal rate of return was attained 
with 50 mg Se L−1 compared to other concentrations under 
“heat from flowering to grain filling” over 2 years (Table 5). Ta
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Fig. 3   Regression analysis for the effect of foliar-applied selenium on grain filling rate and number of grains per spike of heat-stressed wheat
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Fig. 4   Regression analysis for the effect of foliar-applied selenium on spikelets per spike and grain yield of heat-stressed wheat
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4 � Discussion

The decrease of catalase contents under heat stress was 
the result of decreased biosynthesis of glycine betaine. 
Glycine betaine-mediated quenching of hydrogen perox-
ide and other reactive oxygen species is decreased under 
heat at the reaction center. This also leads to the excessive 
generation of superoxide radicals at the reaction center of 
photosystem-II. An imbalance of excessive electron gen-
eration at the light harvesting complex of photosystem-II 
and lower synthesis of reductive powers at photosystem-I 
might have resulted in excessive generation of superoxide 
radicals which ultimately enhanced substrate availability 
for catalase to convert it to hydrogen peroxide. Heat stress-
induced excessive electron supply from photosystem-II 
and poor electron reception from photosystem-I increased 
photoinhibition and oxidative stress and decreased the 
activities of enzymatic antioxidants (Yang et al. 2021), 
ionizing radiations under heat-destabilized photosystems, 
and lesser carboxylation and antioxidant activities in 
wheat seedlings (Colak et al. 2021).

Lesser catalase synthesis under heat imposition could 
also be due to a decrease in water and turgor potentials. 
Oxidative stress and decreased water and turgor potentials 
due to high temperatures enhanced the sensitivity to heat. 
Additionally, the lesser synthesis of glycine betaine has 
resulted in decreased water and turgor potential. Strong 
positive and significant correlations among catalase, water 
potential, turgor potential, and glycine betaine further 
established the role of water relations and glycine betaine 
play in sustaining activities of catalase (Table 3). Decrease 
in water relations in wheat, increased thermos-sensitivity, 
decreased biosynthesis of antioxidants, and accelerated 
generation of reactive oxygen species (El Habti et  al. 
2020).

Lesser carbon fixation under heat stress might be due to 
a decrease in glycine betaine. The imbalance of excessive 
electrons generated at photosystem-II and lesser reductive 
power biosynthesis at photosystem-I decreases the avail-
ability of the carbon skeleton for the synthesis of glycine 
betaine. Poor carbon fixation under heat was also con-
firmed by the decreased number of grains under heat stress 
(Mustafa et al. 2021). Moreover, a strong association of 
glycine betaine with grains per spike confirmed the down-
regulation in the synthesis of glycine betaine owing to less 
carbon fixation (Table 3). Heat stress-mediated decreases 
in photosynthesis resulted in poor carbon supplies for the 
synthesis of osmo-protectants, which ultimately lowered 
the osmotic and water potential of wheat (Shahid et al. 
2020).

An increase in lipid peroxidation under heat led to a loss 
of water and thereby decreased water and turgor potentials. 

Moreover, a lesser accumulation of glycine betaine under 
high-temperature environments contributed to a lesser 
cellular concentration of solutes. Thereby, the capability 
of cells to retain water was decreased, and hence, water 
and turgor potentials declined. Furthermore, a remarkably 
strong association of glycine betaine with water relation 
attributes affirmed the role of osmo-protectants in sustain-
ing water and turgor potential (Sarkar et al. 2021).

Acceleration in grain filling rate under heat stress can 
be explained in terms of an adaptive response towards high 
temperatures. Reception of high-intensity light under heat 
stress and higher differences between day-maximum and 
night-minimum temperatures led to rapid interconversion 
of phytochrome red and far red. Thereby, the processes of 
cell division were enhanced under heat which resulted in 
an increased rate of grain filling. In conjunction with more 
grain-filling rate, a decrease in photosynthesis under heat 
stress might have not fulfilled the carbohydrate needs of 
the spike, and thereby lesser grains per spike, spikelets per 
spike, and grain yield were recorded (Shahid et al. 2019).

Application of foliar selenium under heat stress boosted 
the defense mechanism of wheat through selenium-triggered 
non-enzymatic dismutation of superoxide radicals and H2O2 
at photosystem-II. Thereby, a lesser concentration of H2O2 
under the availability of selenium might have enhanced the 
saturation of the substrate of the catalase enzyme. Therefore, 
catalase content was enhanced by the availability of sele-
nium (Islam et al. 2020). An increase in catalase activities 
can also be attributed to the osmo-protectant role of glycine 
betaine, which was also enhanced with increased doses of 
selenium. An increase in glycine betaine might have safe-
guarded the lipids of bio-membranes and thereby improved 
water relations (Trippe and Pilon-Smits 2021). Moreover, 
susceptibility towards heat was also declined by an improved 
ability to retain water and sustain normal growth rates under 
high-temperature environments. A strong positive associa-
tion was observed among water relations, catalase, and gly-
cine betaine. It confirmed the glycine-mediated improve-
ments in catalase and water relations under heat stress 
(Table 3). Foliar- or soil-applied selenium enhanced sugar 
metabolism, increased antioxidant activities and improved 
the capability of cells to retain water under stressed environ-
ments (Tavanti et al. 2021).

The improvement of catalase, glycine betaine, and water 
relations owing to selenium can be referred to as the role of 
selenium in photosynthesis. Availability of selenium-stabi-
lized Fe-S clusters at photosystem-I and thereby sustained 
the generation of reductive powers for the reception of elec-
trons (Semida et al. 2021). Hence, the rate of photosynthesis 
should have been enhanced, which ultimately increased the 
carbohydrate partitioning for the biosynthesis of catalase 
and glycine betaine. Increase in photosynthesis and carbo-
hydrate with increase in concentrations of foliar selenium 
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were also evident from increase in grains per spike, spikelets 
per spike, and grain yield. Applying 40 mg Se L−1 increased 
photosynthetic rate and antioxidant activities and decreased 
malondialdehyde accumulation under stress conditions (Wu 
et al. 2020).

Increased grain filling rate with selenium application 
can be defined as its role in the improvement of catalase, 
glycine betaine, and water potential. An increase in water 
potential, owing to selenium, provided suitable conditions 
for hydrolases involved in the degermation of older cells 
(Rizwan et al. 2021). Together, higher turgor under selenium 
might have increased the action of expansin proteins which 
sustained the elongation and multiplication processes of cel-
lular growth under heat (Schiavon et al. 2020). Hence, the 
grain filling rate was increased under selenium availability 
in high-temperature environments. In combination with a 
higher grain filling rate, selenium also sustained higher car-
bohydrate partitioning towards grains which was exhibited 
by grains per spike. Hence, grain yield was increased under 
the application of selenium in high-temperature environ-
ments. The availability of selenium improved the yield and 
yield-related attributes of wheat (Delaqua et al. 2021).

5 � Conclusion

Wheat crop was more sensitive to exposure to “heat from 
spike to grain filling” compared to “heat from flowering 
to grain filling.” Foliar application of selenium effectively 
alleviated heat stress impacts through favorably increasing 
catalase, glycine betaine, water relations, traits of spike, 
and grain yield. Application of selenium at 75 mg Se L−1 
proved more beneficial under “no heat stress” for catalase, 
glycine betaine, and water potential. In both heat stress con-
ditions, more promising responses to these attributes were 
recorded with 100 mg Se L−1, whereas 75 and 100 mg Se 
L−1 proved equally good for turgor potential, grain filling 
rate, spikelets per spike, grains per spike, and grain yield 
over high-temperature environments. Furthermore, strong 
positive correlations among physiochemical and agronomic 
attributes of wheat were recorded under heat stress. Under 
“no heat stress,” higher benefits were gained with 75 mg Se 
L−1. While under both heat-imposed treatments, more ben-
efits were achieved with 100 mg L−1 selenium compared to 
other doses of selenium based on economic analysis.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42729-​023-​01268-6.

Acknowledgements  We are highly obliged to the “Analytical Labora-
tory, Department of Agronomy” and “Medicinal Plants Biochemistry 
Laboratory, Department of Biochemistry,” “University of Agriculture 
Faisalabad, Pakistan,” for technical and physical assistance during 
thewhole conduct of research work.

Author Contribution  Muhammad Shahid planned and conducted the 
research, wrote the manuscript, and collected and analyzed data.

Muhammad Farrukh Saleem supervised the planning and con-
duct of research, write-up of the manuscript, and data collection and 
analyses.

Amna Saleem helped in the statistical analysis of data.
Muhammad Sarwar facilitated the recording of biochemical 

parameters.
Bao-Luo Ma performed English language editing.
Shakeel Ahmad Anjum supervised the whole research work.
Arshad Hussain helped in the physical conduct of the experiment.

Funding  The study was financially supported through an Indigenous 
Scholarship awarded by the Higher Education Commission of Pakistan.

Data Availability  All necessary data related to the manuscript have 
been provided. Any further data required by reviewers will be provided 
on request. The datasets generated during and/or analyzed during the 
current study are available in the Higher Education Commission of 
Pakistan repository (http://​prr.​hec.​gov.​pk/​jspui/​handle/​12345​6789/​
9478).

Declarations 

Competing Interests  The authors declare no competing interests.

References

Alvar-Beltrán J, Heureux A, Soldan R, Manzanas R, Khan B, Marta 
AD (2021) Assessing the impact of climate change on wheat 
and sugarcane with the Aqua Crop model along the Indus River 
Basin, Pakistan. Agric Water Manag 253:106909. https://​doi.​org/​
10.​1016/j.​agwat.​2021.​106909

Bhusal N, Poudel RR, Panthi S, Khanal N (2021) Prospection of heat 
tolerance in the context of global warming in wheat for food secu-
rity. Chapter 8. Editor(s): Sareen S, Sharma P, Singh C, Jasrotia 
P, Singh GP, Sarial AK In: Woodhead Publishing Series in Food 
Science, Technology and Nutrition, Improving Cereal Productiv-
ity Through Climate Smart Practices. Woodhead Publishing. pp. 
123–143. https://​doi.​org/​10.​1016/​B978-0-​12-​821316-​2.​00008-X

CIMMYT (1988) From agronomic data to farmers recommendations: 
an economic training manual. Completely revised edition. Mex-
ico. D.F. pp. 31–33

Colak N, Kurt-Celebi A, Fauzan R, Torun H, Ahmet AF (2021) The 
protective effect of exogenous salicylic and gallic acids ame-
liorates the adverse effects of ionizing radiation stress in wheat 
seedlings by modulating the antioxidant defence system. Plant 
Physiol Biochem 168:526–545. https://​doi.​org/​10.​1016/j.​plaphy.​
2021.​10.​020

Delaqua D, Crarnier R, Berton RS, Corbi FCA, Coscione A (2021) 
Increase of selenium concentration in wheat grains through foliar 
application of sodium selenite. J Food Composit Anal 99:103886. 
https://​doi.​org/​10.​1016/j.​jfca.​2021.​103886

El Habti A, Fleury D, Jewell N, Garnett T, Tricker PJ (2020) Toler-
ance of combined drought and heat stress is associated with tran-
spiration maintenance and water-soluble carbohydrates in wheat 
grains. Front Plant Sci 11:568693. https://​doi.​org/​10.​3389/​fpls.​
2020.​568693

Elkelish AA, Soliman MH, Alhaithloul HA, El-Esawi MA (2019) 
Selenium protects wheat seedlings against salt stress-mediated 
oxidative damage by up-regulating antioxidants and osmolytes 
metabolism. Plant Physiol Biochem 137:144–153. https://​doi.​org/​
10.​1016/j.​plaphy.​2019.​02.​004

https://doi.org/10.1007/s42729-023-01268-6
http://prr.hec.gov.pk/jspui/handle/123456789/9478
http://prr.hec.gov.pk/jspui/handle/123456789/9478
https://doi.org/10.1016/j.agwat.2021.106909
https://doi.org/10.1016/j.agwat.2021.106909
https://doi.org/10.1016/B978-0-12-821316-2.00008-X
https://doi.org/10.1016/j.plaphy.2021.10.020
https://doi.org/10.1016/j.plaphy.2021.10.020
https://doi.org/10.1016/j.jfca.2021.103886
https://doi.org/10.3389/fpls.2020.568693
https://doi.org/10.3389/fpls.2020.568693
https://doi.org/10.1016/j.plaphy.2019.02.004
https://doi.org/10.1016/j.plaphy.2019.02.004


3535Journal of Soil Science and Plant Nutrition (2023) 23:3521–3536	

1 3

Fan Y, Lv Z, Zhang Y, Ma L, Qin B, Liu Q, Zhang W, Ma S, Ma C, 
Huang Z (2022) Pre-anthesis night warming improves post-anthe-
sis physiological activity and plant productivity to post-anthesis 
heat stress in winter wheat (Triticum aestivum L.). Environ Exp 
Bot 197:104819. https://​doi.​org/​10.​1016/j.​envex​pbot.​2022.​104819

FAO (Food and Agriculture Organization) Statistics (2021) Production, 
Trade and prices of commodities. Chapter 2. In: World Food and 
Agriculture 2021: Statistical Year Book. Food and Agriculture 
Organization of the United Nations Rome. pp. 11–22

Govt. of Pakistan (2021) Economic survey of Pakistan 2020-21. Min-
istry of Food and Agriculture Islamabad, Pakistan, Chapter. 2, 
pp. 17-43

Grieve CM, Grattan SR (1983) Rapid assay for determination of water 
soluble quaternary amino compounds. Plant Soil 70:303–307

Hasanuzzaman M, Bhuyan MHMB, Raza A, Hawrylak-Nowak B, 
Matraszek-Gawron R, Mahmud JA, Nahar K, Fujita M (2020) 
Selenium in plants: boon or bane? Environ Exp Bot 178:104170. 
https://​doi.​org/​10.​1016/j.​envex​pbot.​2020.​104170

Hossain A, Pramanick B, Bhutia KL, Ahmad Z, Moulick D, Maitra 
S, Ahmad A, Aftab T (2021) Emerging roles of osmoprotectant 
glycine betaine against salt-induced oxidative stress in plants: a 
major outlook of maize (Zea mays L.). Chapter 21. Editor (s): 
Aftab T, Hakeem KR Frontiers in Plant-Soil Interaction Academic 
Press. pp. 567–587. https://​doi.​org/​10.​1016/​B978-0-​323-​90943-3.​
00015-8

Hunt R (1978) Plant growth analysis. Edward Arnold, Institute of Ter-
restrial Ecology, Environment Research Council. The Lavenham 
Press Limited, Lavenhan, Suffolk England, pp 26–38

IPCC (Intergovernmental Panel on Climate Change) (2021) Summary 
for policymakers. In: Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group Ito the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change. Ed. 
Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berge 
S, Caud N, Chen Y, Goldfarb L, Gomis M, Huang M, Leitzell K, 
Lonnoy E, Matthews JBR, Maycock TK, Waterfield T, Yelekçi 
O, Yu R, Zhou B (Eds.). Publisher: IPCC Switzerland pp. 4–14

Islam MZ, Park BJ, Kang HM, Lee YT (2020) Influence of selenium 
biofortification on the bioactive compounds and antioxidant activ-
ity of wheat microgreen extract. Food Chem 309:25763. https://​
doi.​org/​10.​1016/j.​foodc​hem.​2019.​125763

Jabeen M, Ahmed SR, Ahmed M (2022) Enhancing water use effi-
ciency and grain yield of wheat by optimizing irrigation sup-
ply in arid and semi-arid regions of Pakistan. Saudi J Biol Sci 
29(2):878–885. https://​doi.​org/​10.​1016/j.​sjbs.​2021.​10.​018

Kamal MA, Saleem MF, Shahid M, Awais M, Khan HZ, Ahmed K 
(2017) Ascorbic acid triggered physiochemical transformations at 
different phenological stages of heat-stressed Bt cotton. J Agron 
Crop Sci 203(4):323–331

Liu D, Zou J, Meng Q, Zou J, Jiang W (2009) Uptake and accumula-
tion and oxidative stress in garlic (Allium sativum L.) under lead 
phytotoxicity. Ecotoxicology 18:134–143

Mustafa T, Sattar A, Sher A, Allah SU, Ijaz M, Irfan M, Butt M, 
Cheema M (2021) Exogenous application of silicon improves the 
performance of wheat under terminal heat stress by triggering 
physio-biochemical mechanisms. Sci Rep 11:23170. https://​doi.​
org/​10.​1038/​s41598-​021-​02594-4

Qaseem MF, Qureshi R, Shaheen H (2019) Effects of pre-anthesis 
drought, heat and their combination on the growth, yield and 
physiology of diverse wheat (Triticum aestivum L.) genotypes 
varying in sensitivity to heat and drought stress. Sci Rep 9:6955. 
https://​doi.​org/​10.​1038/​s41598-​019-​43477-z

Rizwan M, Ali S, Rehman MZU, Rinklebe J, Tsang DCW, Tack FMG, 
Abbasi GH, Hussain A, Igalavithana AD, Lee BC, Ok YS (2021) 
Effects of selenium on the uptake of toxic trace elements by crop 
plants: a review. Critic Rev Environ Sci Technol 51(21):2531–
2566. https://​doi.​org/​10.​1080/​10643​389.​2020.​17965​66

Saleem MF, Kamal MA, Anjum SA, Shahid M, Raza MAS, Awais M 
(2018) Improving the performance of Bt cotton under heat stress 
by foliar application of selenium. J Plant Nutr 41(13):1711–1723. 
https://​doi.​org/​10.​1080/​01904​167.​2018.​14596​94

Saleem MF, Kamal MA, Shahid M, Saleem A, Shakeel A, Anjum SA 
(2020) Exogenous selenium instigated physiochemical transforma-
tions impart terminal heat tolerance in Bt cotton. J Soil Sci Plant 
Nutr 20:274–283. https://​doi.​org/​10.​1007/​s42729-​019-​00139-3

Saleem MF, Kamal MA, Shahid M, Awais M, Saleem A, Raza MAS, 
Ma BL (2021) Studying the foliar selenium-modulated dynam-
ics in phenology and quality of terminal heat-stressed cotton 
(Gossypium hirsutum L.) in association with yield. Plant Biosys 
155(4):668–678. https://​doi.​org/​10.​1080/​11263​504.​2020.​17798​35

Sarkar S, Islam AKMA, Barma NCD, Ahmed JU (2021) Tolerance 
mechanisms for breeding wheat against heat stress: a review. 
South Afr J Bot 138:262–277. https://​doi.​org/​10.​1016/j.​sajb.​
2021.​01.​003

Schiavon M, Nardi S, Dalla F, Vecchia Ertani A (2020) Selenium bio-
fortification in the 21st century: status and challenges for healthy 
human nutrition. Plant Soil 453:245–270. https://​doi.​org/​10.​1007/​
s11104-​020-​04635-9

Scholander PF, Hammel HT, Hemmingsen EA, Bradstreet ED (1964) 
Hydrolytic pressure and osmotic potential in leaves of mangroves 
and some other plants. Proceedings of the National Academy of 
Sciences, USA, 52:119-125

Semida WM, Abd El-Mageed TA, Abdelkhalik A, Hemida KA, Abdur-
rahman HA, Howladar SM, Leilah AAA, Rady MOA (2021) 
Selenium modulates antioxidant activity, osmoprotectants, and 
photosynthetic efficiency of onion under saline soil conditions. 
Agronomy 11:855. https://​doi.​org/​10.​3390/​agron​omy11​050855

Shahid M, Saleem MF, Anjum SA, Shahid M, Afzal I (2017) Bio-
chemical markers assisted screening of Pakistani wheat (Triticum 
aestivum L.) cultivars for terminal heat stress tolerance. Pak J 
Agric Sci 54(4):837–845

Shahid M, Saleem MF, Saleem A, Raza MAS, Kashif M, Shakoor A, 
Sarwar M (2019) Exogenous potassium instigated biochemical 
regulations confer terminal heat tolerance in wheat. J Soil Sci 
Plant Nutr 19:137–147

Shahid M, Saleem MF, Saleem A, Sarwar M, Khan HZ, Shakoor A 
(2020) Foliar potassium induced regulations in glycine betaine 
and malondialdehyde were associated with grain yield of heat-
stressed bread wheat (Triticum aestivum L.). J Soil Sci Plant Nutr. 
https://​doi.​org/​10.​1007/​s42729-​020-​00250-w

Steel RGD, Torrie JH, Dickey D (1997) Principles and procedures of 
statistics, a biometrical approach, 3rd edn. McGraw Hill Book 
Company Inc., New York, pp 352–358

Tavanti TR, Melo AAR, Moreira LDK, Sanchez DEJ, Silva RDS, Silva 
RMD, Reis ARD (2021) Micronutrient fertilization enhances ROS 
scavenging system for alleviation of abiotic stresses in plants. 
Plant Physiol Biochem 160:386–396. https://​doi.​org/​10.​1016/j.​
plaphy.​2021.​01.​040

Trippe RC, Pilon-Smits EAH (2021) Selenium transport and metabo-
lism in plants: phytoremediation and biofortification implications. 
J Hazard Mater 404:124178. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2020.​124178

Wan M, Ali F, Qi M, Peng Q, Wang M, Bañuelos GS, Miao S, Li Z, 
Dinh QT, Liang D (2021) Insights into uptake, accumulation, and 
subcellular distribution of selenium among eight wheat (Triticum 
aestivum L.) cultivars supplied with selenite and selenite. Eco-
toxicol Environ Saf 207:111544. https://​doi.​org/​10.​1016/j.​ecoenv.​
2020.​111544

Wu C, Dun Y, Zhang Z, Li M, Wu G (2020) Foliar application of sele-
nium and zinc to alleviate wheat (Triticum aestivum L.) cadmium 
toxicity and uptake from cadmium-contaminated soil. Ecotoxicol 
Environ Saf 190:110091. https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​
110091

https://doi.org/10.1016/j.envexpbot.2022.104819
https://doi.org/10.1016/j.envexpbot.2020.104170
https://doi.org/10.1016/B978-0-323-90943-3.00015-8
https://doi.org/10.1016/B978-0-323-90943-3.00015-8
https://doi.org/10.1016/j.foodchem.2019.125763
https://doi.org/10.1016/j.foodchem.2019.125763
https://doi.org/10.1016/j.sjbs.2021.10.018
https://doi.org/10.1038/s41598-021-02594-4
https://doi.org/10.1038/s41598-021-02594-4
https://doi.org/10.1038/s41598-019-43477-z
https://doi.org/10.1080/10643389.2020.1796566
https://doi.org/10.1080/01904167.2018.1459694
https://doi.org/10.1007/s42729-019-00139-3
https://doi.org/10.1080/11263504.2020.1779835
https://doi.org/10.1016/j.sajb.2021.01.003
https://doi.org/10.1016/j.sajb.2021.01.003
https://doi.org/10.1007/s11104-020-04635-9
https://doi.org/10.1007/s11104-020-04635-9
https://doi.org/10.3390/agronomy11050855
https://doi.org/10.1007/s42729-020-00250-w
https://doi.org/10.1016/j.plaphy.2021.01.040
https://doi.org/10.1016/j.plaphy.2021.01.040
https://doi.org/10.1016/j.jhazmat.2020.124178
https://doi.org/10.1016/j.jhazmat.2020.124178
https://doi.org/10.1016/j.ecoenv.2020.111544
https://doi.org/10.1016/j.ecoenv.2020.111544
https://doi.org/10.1016/j.ecoenv.2019.110091
https://doi.org/10.1016/j.ecoenv.2019.110091


3536	 Journal of Soil Science and Plant Nutrition (2023) 23:3521–3536

1 3

Yang YJ, Tan SL, Sun H, Huang JL, Huang W, Zhang SB (2021) 
Photosystem I is tolerant to fluctuating light under moderate heat 
stress in two orchids Dendrobium officinale and Bletilla striata. 
Plant Sci 303:110795. https://​doi.​org/​10.​1016/j.​plant​sci.​2020.​
110795

Zhao K, Tao Y, Liu M, Yang D, Zhu M, Ding J, Zhu X, Guo W, Zhou 
G, Li C (2021) Does temporary heat stress or low temperature 
stress similarly affect yield, starch, and protein of winter wheat 
grain during grain filling? J Cer Sci 103408. https://​doi.​org/​10.​
1016/j.​jcs.​2021.​103408

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.plantsci.2020.110795
https://doi.org/10.1016/j.plantsci.2020.110795
https://doi.org/10.1016/j.jcs.2021.103408
https://doi.org/10.1016/j.jcs.2021.103408

	Does Exogenous Selenium Elicited Biochemical Regulations Make Economic Improvements in Terminally Heat-Stressed Bread Wheat? An Evidence from Marginal Analysis
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Experimental Material, Experimental Design, and Agronomic Practices
	2.2 Treatments
	2.3 Imposition of Treatments
	2.4 Observations Recorded
	2.5 Statistical Analysis

	3 Results
	3.1 Antioxidants, Osmo-Protectant, and Water Potential
	3.2 Turgor Potential, Spike Growth, and Yield
	3.3 Economic Analysis

	4 Discussion
	5 Conclusion
	Anchor 16
	Acknowledgements 
	References


