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Drought stress severely reduces wheat productivity and affects grain quality. In this study 
the effects of combined application of salicylic acid (SA) and potassium (K) on yield and 
grain quality of wheat under drought stress condition was investigated. Winter wheat cultivar 
Minaminokaori was grown in pots in a greenhouse, and subjected to 3 levels of K (50, 100 
and 200 kg ha–1) fertilizer applications. The plants were foliar sprayed with SA (0.7 mM) at 
heading stage, and then imposed to the drought stress until grain maturity. Drought stress 
decreased grain yield by 41.1%, starch content by 10.2% and water-soluble pentosan content 
by 3.5% in comparison to well-irrigated control. However, grain crude protein content, total 
pentosan content and phytate phosphorus content were increased by 33.0%, 17.9%, and 
13.4% respectively. Under the same drought condition, the application of combined SA and 
high K levels has increased grain yield (13.3%), starch (12.2%) and water-soluble pentosan 
content (20.3%) compared to SA-untreated with low level of K fertilizer. In addition, SA 
application decreased the percentage of phytate phosphorus to total phosphorus under 
drought stress. These results suggested that combined treatment of SA foliar application and 
a higher doses of K fertilizer can partially improve wheat productivity, grain nutritional qual-
ity, particularly water-soluble pentosan that influences the bread-making quality, without 
increasing the anti-nutrient component phytate under drought stress condition.
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Introduction

Drought stress negatively affects plant growth and productivity, and threatens successful 
crop production more than other environmental stresses (Zhu 2002). Approximately 32% 
of wheat fields suffer from several types of drought stresses throughout their growth pe-
riod in developing countries (Morris et al. 1991). Drought stress at anthesis stage de-
creases pollination and therefore, number of grains per spike and grain yield is reduced 
(Ashraf 1998).

*Corresponding author; E-mail: saneoka@hiroshima-u.ac.jp
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Potassium (K) can play effective roles in the physiological processes of photosynthe-
sis, formation of carbohydrates and protein, transportation of water and nutrients, nitro-
gen (N) utilization, and stimulation of early growth in plants (Daniel et al. 2016; Lakudza-
la 2013). It controls stomata opening and enhances enzyme activation in plants, therefore 
it improves crop productivity (Yawson et al. 2011). Application of K enhances transporta-
tion of water, nutrients, and carbohydrates in plant tissue (De La Guardia and Benlloch 
1980). Under drought stress condition, leaf stomata fail to function actively in K-deficient 
plants, and subsequently, cause excessive water loss (Egilla et al. 2005). 

Salicylic acid (SA) is a plant growth regulator which enhances plant defense against 
various biotic and abiotic stresses through morphological, biochemical, and physiological 
mechanisms (War et al. 2011). SA alleviates the detrimental effects of different abiotic 
stresses by enhancing the internal level of various hormones in plants (Sakhabutdinova et 
al. 2003). Waseem et al. (2006) and Arfan et al. (2007) reported that SA is a conservative 
compound of some biotic and abiotic stresses and it functions primarily as a molecular 
signal for the adjustment of plants under abiotic stress conditions. According to Gunes et 
al. (2005) plant growth, transpiration rates, stomatal regulation and photosynthetic pro-
cesses, ion uptake, and transport, are regulated by SA.

Pentosan is a major fiber component of the non-starch polysaccharides in cereal, com-
monly referred to as flour gum or hemicellulose. Pentosan is an important component of 
bread dough in which they bind water and contribute to the formation of viscous dough 
(Buksa et al. 2010). Water-soluble pentosan has a positive effect on the bread-making 
quality of wheat flour (Courtin and Delcour 2002). Unlike pentosan, phytate is known as 
an anti-nutritional factor, because it binds with proteins and some important micronutri-
ents, such as Fe and Zn, and significantly reduces their availability (Raboy 2001).  
Although the adverse effects of drought on the contents of these compounds have been 
studied (Rakszegi et al. 2014; Patel and Singh 1998), the mechanism of improvement of 
these components under drought stress condition has not been examined.

Wheat is an important human food, and contributes to the world food security. It pro-
vides about 20% of the total dietary calories and proteins world-wide (Shiferaw et al. 
2013). It is well evident that environmental change threatens all human life by affecting 
crop productivity. We aimed to investigate whether productivity and grain quality of 
wheat can be improved by combined K and SA application. Therefore, the present ex-
periment was designed to evaluate the combined effects of SA and K on productivity, 
grain starch, crude protein, total pentosan, water-soluble pentosan, phytate P and mineral 
content of wheat under drought stress condition.

Materials and Methods

Plant material and growth conditions

This study was conducted in a vinyl greenhouse in the Graduate School of Biosphere Sci-
ence, Hiroshima University with natural sunlight and temperature. A commonly grown 
wheat cultivar in Japan, Minaminokaori, was used in this study. Pots (9 litter capacity) 
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were used and filled with 8.25 kg of a mixture of regosol, vermiculite, and peat moss 
(2:1:1 v/v). The chemical composition of this mixture was: 0.14% total N, 4.85 mg kg–1 
available P, and 65.73 mg kg–1 available K. Meanwhile dolomitic calcium magnesium 
carbonite (4.9 g pot–1) was mixed with the soil to adjust the pH (H2O) to 6.5. Potassium 
(K) treatment comprised of 3 levels: K1 (50 kg ha–1), K2 (100 kg ha–1) and K3 (200 kg 
ha–1). They were applied in pots, as  K1 (0.49 g pot–1), K2 (0.98 g pot–1), and K3 (1.96 g 
pot–1) as potassium sulfate. All 3 doses of K fertilizer and 4.32 g pot–1 of single super-
phosphate were applied to the soil after pot preparation. N fertilization (2.13 g urea pot–1) 
was carried out in 3 split doses, half dose of urea was applied prior to transplanting, and 
the remaining second and third splits of urea were applied at tillering and anthesis stages, 
respectively. Ten-day-old seedlings were transplanted into the pots (one plant per pot) and 
arranged in a randomized complete block design with 4 replicates. The plants were irri-
gated regularly with the tap water. Salicylic acid (SA; 2-hydroxybenzoic acid) treatment 
was carried out at the heading stage for both well-irrigated and drought stressed plants. 
SA thoroughly dissolved in heated distilled water, and 2 ml of 0.7 mM SA solution was 
carefully sprayed on wheat leaves using wheaton reagent sprayer (Cole-Parmer). To com-
pare the effect of SA treatment with those of non-treated plants, one set of plants was 
foliar sprayed with 2 ml of distilled water per plant (SA-untreated).

Drought treatments consisting of well-irrigated and drought stress conditions were 
imposed at the anthesis stage, by adjusting the soil water content to 18.0% and 9.0% for 
the well-irrigated, and drought stress conditions, respectively, using Time Domain Re-
flectometry (TDR-341F model, Fujiwara, Japan) digital moisture meter. The moisture 
content was regularly monitored with the TDR. The drought stress continued for 45 days 
until the crop reached harvesting maturity.

Grain yield

Spikes were collected from each plant at harvesting maturity and dried at 80 °C for 72 
hours.  They were threshed manually, and grain yield was recorded per plant and ex-
pressed in g per plant. 

Determination of starch, protein, total pentosan and water soluble pentosan content

For the determination of grain starch percentage, 80% ethanol was added to the powdered 
samples to remove sugars and then starch was extracted with perchloric acid. Anthrone 
reagent was added to the tubes containing extracted samples and then heated in boiling 
water bath. The absorbance was measured at 630 nm (Nag 2016). Crude protein was cal-
culated by multiplying the total N content by 5.47 (Fujihara et al. 2008) and the content 
is expressed as percent crude protein in dry weight. Total pentosan was measured follow-
ing the orcinol-HCl method where, finely ground samples were hydrolyzed with 2 N HCl 
in boiling water for 2.5 hours, and centrifuged. Then a specific amount of supernatant was 
transferred to new test tubes and reaction reagents (FeCl3 and Orcinol) were added and 
vortexed. The tubes were heated in boiling water for 30 minutes, cooled, and the absorb-
ance was measured using a spectrophotometer. Water-soluble pentosan was extracted by 
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hydrolyzing powdered samples in distilled water with shaking for 2 hours at 30 °C. Then, 
4 N HCl was added to the aliquots of the supernatant and placed in boiling water for  
2 hours, and allowed to cool, and water-soluble pentosan was estimated by a spectropho-
tometer, using FeCl3-orcinol reagents (Hashimoto et al. 1986). Pentosans content is ex-
pressed as mg per g dry weight of grains.

Determination of phytate phosphorus (Phy-P)

Phy-P was measured following the method described by Raboy and Dickinson (1984). 
Portions of powdered samples were extracted in extraction media (0.2 M HCl: 10%  
Na2SO4) overnight at 4 °C with shaking. Extracts were centrifuged, and Phy-P was ob-
tained as a ferric precipitate and assayed for P using ammonium molybdate reaction rea-
gent. The content is expressed as mg Phy-P in g dry weight of grains.

Determination of grain mineral contents

Samples of mature seeds were ground finely with a vibrating sample mill (TI-100, Heiko, 
Japan) and the contents of grain minerals were measured. Finely ground samples were 
digested by H2SO4/H2O2 (2:1, v/v) and the K content was measured using a flame pho-
tometer (ANA 135, Tokyo Photoelectric, Tokyo, Japan). Ca, Mg, and Zn were measured 
by an atomic absorption flame emission spectrophotometer (AA-6200, Shimadzu, Japan). 
The total P was determined by a UV-Spectrophotometer (U-3310, Hitachi Co. Ltd.  
Tokyo, Japan) following the molybdenum reaction solution method suggested by Chen et 
al. (1956). Inorganic Phosphorus (Pi) was extracted in trichloroacetic acid (12.5%) + 
MgCl2 (2 mmol /l) while stirring overnight, and Pi was measured colorimetrically (Raboy 
and Dickinson 1984). The total N was measured using the Kjeldahl method after sample 
digestion with concentrated H2SO4 and H2O2. All mineral contents are expressed as 
amount of mineral per g dry weight of grains, considering 11% moisture.

Statistical analysis 

All obtained data were subjected to statistical analysis of variance (ANOVA) using the 
SPSS statistical package version 22 (IBM Inc. USA), and treatment means were com-
pared using the Duncan Multiple Range Test at p = 0.05.

Results

Grain yield 

Grain yield was significantly decreased under drought stress condition. Application of SA 
resulted in a higher grain yield under well-irrigated as well as drought stress conditions 
compared to SA-untreated plants (Table S1*). A higher dose of K fertilization was more 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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effective under well-irrigated condition, while under drought stress it resulted in a slight 
increase in grain yield. K3 treatment increased grain yield in SA treated plants under both 
well-irrigated and drought stress conditions. The lowest grain yield was observed with K1 
treatment in SA-untreated plants under drought stress condition. Combination of SA + K3 
treatments increased grain yield by 14.2 and 13.3% compared to SA-untreated and K1 
treatment, under both well-irrigated and drought stress conditions, respectively. 

Grain starch, crude protein, pentosan and water soluble pentosan content

Drought stress reduced the starch content under all levels of K treatments, and the reduc-
tion was greater in SA-untreated plants (Table S1). Application of SA enhanced grain 
starch content under drought stress condition. Different levels of K fertilization did not 
affect grain starch content significantly. The lowest starch content was observed in SA-
untreated plants of K1 treatment, while combined SA and K3 treatments resulted in a 
higher starch content. SA + K3 treatments increased grain starch content by 12.2% under 
drought stress condition, compared to SA-untreated + K1 treatments. Crude protein con-
tent was recorded higher under drought stress condition. Application of SA did not affect 
grain crude protein content under well-irrigated condition, however it significantly in-
creased crude protein content under drought stress condition (Table S1). Different levels 
of K fertilization did not significantly affect grain crude protein content under well-irri-
gated as well as drought stress conditions. Application of SA in combination with K3 
treatment significantly increased grain crude protein under drought stress condition. The 
highest level of crude protein was observed under drought stress condition in SA treated 
plants with K3 treatment. SA + K3 treatments increased grain crude protein content by 
9.7% compared to SA-untreated + K1 treatments under drought stress condition. Total 
pentosan content was significantly increased under drought stress compared to well-irri-
gated condition irrespective of SA treatment and various levels of K fertilization. SA ap-
plication alone did not affect the total pentosan content under drought stress condition, 
while combined SA and K3 treatments slightly increased grain total pentosan content. 
SA + K3 treatments increased grain total pentosan content by 7.55% compared to SA-
untreated + K1 treatments under drought stress condition (Table S1). Water-soluble pen-
tosan content was slightly reduced under drought stress condition in SA-untreated plants 
where a low K fertilizer was also applied. Application of SA alone did not affect grain 
water-soluble pentosan content, while K3 treatment slightly enhanced water-soluble pen-
tosan content under both well-irrigated and drought stress conditions (Table S1). A higher 
value of water-soluble pentosan was observed with combined SA and K3 treatments. 
SA + K3 treatments increased grain water-soluble pentosan by 20.3% compared to SA-
untreated + K1 treatments under drought stress condition.

Phytate phosphorus (Phy-P) content

Drought stress increased grain Phy-P content by 13.4% compared to well-irrigated condi-
tion (Table S1). K3 treatment recoded the highest Phy-P content under drought stress 
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condition. SA application did not affect grain Phy-P content, significantly. However, com-
bined SA and K treatments influenced the percentage of Phy-P to total P. The percentage 
of Phy-P to total P content was remarkably decreased by SA + K3 treatments compared to 
SA-untreated under drought stress condition.

Grain minerals content

Grain mineral content was significantly influenced by SA and K application under drought 
stress condition (Table S2). The total K content in grains was higher in SA-treated plants 
under drought stress condition, while the lowest K content was observed under well-irri-
gated condition irrespective of SA and K treatments. The higher level of K (K3) did not 
enhance K content in SA untreated plants under well-irrigated condition, but SA applica-
tion with K3 and K2 treatments significantly increased K content under drought stress 
condition. Combined SA and K3 treatments resulted in the highest K content under 
drought stress condition. With respect to N, drought stress significantly enhanced grain N 
content. Higher total N content was observed in SA-treated plants under drought stress 
condition. Although various levels of K did not significantly affect total N content under 
well-irrigated condition, the combined SA and K3 treatments resulted in a higher value of 
total N content under drought stress condition compared to SA-untreated. Drought stress 
significantly increased grain P content. Different levels of K fertilization did not signifi-
cantly affect grain P content, however SA-treated plants recorded slightly higher grain P 
content under well-irrigated as well as drought stress conditions. Drought stress increased 
grain inorganic phosphorus (Pi) content. Different levels of K fertilization did not signifi-
cantly influence grain Pi content. While, SA application slightly increased grain Pi con-
tent particularly when it combined with K3 treatment. Grain Mg content was higher under 
drought stress condition irrespective of SA and K treatments. The combined SA and K3 
treatments recorded higher value of Mg content, however the difference was statistically 
insignificant. Grain Ca content increased under drought stress condition. K2 and K3 treat-
ments remarkably increased grain Ca content, and the highest Ca content was obtained 
under SA + K3 and SA + K2 treatments. Zn content was higher under drought stress condi-
tion irrespective of SA and K treatments. In general, SA + K3 treatments increased grain 
K, N, P, Pi, Mg, Ca and Zn contents of grains by 11.1, 9.6, 8.9, 15.3, 11.1, 42.3 and 4.0%, 
respectively, compared to SA-untrated + K1 treatments under drought stress condition.

Discussion

Application of SA either through seed soaking, adding to the nutrient solution, irrigating, 
or spraying was found to improve abiotic stress tolerance mechanisms in plants under 
environmental stress conditions (Gondor et al. 2016; Horvath et al. 2007; Khan et al. 
2015; War et al. 2011). Foliar application as spraying SA on leaves might be an appropri-
ate method to attenuate the adverse effects of post-anthesis drought stress. Potassium (K) 
is an influential macro-nutrient which plays a key role in improving plant water status, 
stomatal movements, enzyme activity, osmoregulation and membrane stability that may 
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help the plants to tolerate the adverse effect of drought stress (Ahmad et al. 2014; Jatav et 
al. 2014; Erel et al. 2015). In the present study the combined effect of SA foliar applica-
tion and various levels of K fertilization on wheat productivity and grain quality was 
evaluated. The results of present study indicated that drought stress at anthesis and grain 
filling stages considerably reduced grain yield. Decrease in grain yield under drought 
stress condition may be due to the reduction in the duration and rate of grain filling pro-
cesses which resulted in the production of small grains and consequently reducing grain 
yield. Machado et al. (1993) indicated that drought stress at near anthesis and grain filling 
stage decreased translocation of photosynthetic products, and resulted in wrinkled grains 
which decreased grain yield. In present study combined application of SA and adequate 
amount of K improved plant growth and grain yield of wheat greater than when SA and 
K were applied separately. K plays a vital role in plant growth and productivity by regu-
lating photosynthesis, stomatal opening, and transportation of assimilates from source to 
sink, enzyme activity and carbohydrate synthesis (Daniel et al. 2016; Yawson et al. 2011; 
Lakudzala 2013). SA is also essential for plant growth, physiological performance and 
crop productivity under abiotic stress conditions. It can regulate transpiration rates, sto-
matal regulation and photosynthetic processes, and ion uptake and transport in plants 
(Gunes et al. 2005; War et al. 2011). 

Starch is the most abundant component present in the grain endosperm of wheat (Line-
back and Rasper, 1988). Grain starch was remarkably reduced under drought stress condi-
tion. This reduction may have been due to a reduction in plant photosynthetic activity, and 
therefore carbohydrate synthesis. Saeedipour (2011) reported that drought stress during 
anthesis and grain filling significantly reduced starch content of wheat. An adequate level 
of K fertilizer alleviates the adverse effects of drought and increases grain starch under 
both well-irrigated and drought stress conditions (Zareian et al. 2014; Fayez and Bazaid 
2014). Application of SA in combination with K3, greatly enhanced grain starch content 
of wheat under well-irrigated and drought stress conditions. This increase in starch con-
tent, might be due to the combined effect of SA and K which regulated stomatal closure, 
improved photosynthetic activity, enhanced carbohydrate transportation from leaves to 
grains, and eventually resulted in a high grain starch content. Grain crude protein was 
increased under drought stress condition. Irrigation may decrease flour protein content by 
dilution of N with carbohydrates (Guttieri et al. 2005). Similarly, Singh et al. (2012) re-
ported a significant increase in protein content of wheat grains grown under rainfed con-
dition. An elevated level of K slightly increased crude protein under drought stress condi-
tion. Application of K improves plant N uptake and utilization, enzyme activity, and pro-
tein synthesis (Daniel et al. 2016; Lakudzala 2013). In present study, application of SA 
and K3 enhanced crude protein content in wheat under drought stress condition. Kumar et 
al. (1999) reported that SA treatment increased total protein in soybean grains, and this 
increase might be because of enhanced activity of nitrate reductase by SA application. 
Increase in grain protein content has a positive effect on nutritional and bread-making 
quality of wheat flour. Drought stress significantly increased grain total pentosan irre-
spective of SA acid and K treatments. K3 treatment slightly enhanced total pentosan con-
tent under drought stress condition. SA partially induced total pentosan content under 
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well-irrigated condition. Effect of K fertilization and SA treatment on grain pentosans 
under drought stress condition, was not reported by earlier researchers. It is assumed that 
under drought stress, plants produced less number of fertile tillers, and most of this non-
starch polysaccharides might be accumulated in grains. Chunxi et al. (2002) indicated 
that ecological environment was a crucial factor for pentosan content in wheat. Rakszegi 
et al. (2014) found that the content of arabinoxylan was generally increased by drought 
stress in drought sensitive varieties of wheat. The present study indicated that water-sol-
uble pentosan content was slightly lower under drought stress condition, particularly with 
K1 treated plants. Water-soluble pentosan increases the viscosity and the stability of dough 
foam structure. It helps in bigger loaf volume and a finer homogeneous bread crumb 
(Courtin and Delcour 2002). It was observed in present study that combined application 
of SA and a high dose of K fertilizer (K3 treatment) to some extent was enhanced carbo-
hydrate formation, and consequently, increased grain water-soluble pentosan content un-
der drought stress condition.

Phy-P (myo-inositol 1,2,3,4,5,6-hexakis phosphate) serves as seed storage for phos-
phorus, but this compound can contribute to the nutritional deficiencies when seeds are 
used as food (Rosa 1999; Raboy 2001). It binds with proteins and important minerals 
such as Fe, Ca and Zn, and reduces their availability (Raboy 2001) Phy-P content was 
increased with higher K fertilization and drought stress condition. Application of SA did 
not affect grain Phy-P content under drought stress condition, but interestingly, the per-
centage of Phy-P to total P content was reduced by SA application. In present study, the 
decrease in the percentage of Phy-P to total P content may explain the increase of Pi 
content under combined SA and K3 treatments. Thus, from present study, it was found 
that combined K and SA application may decrease the share of total P in Phy-P, and in-
creases bioavailability of Pi that may improve the grain nutritional quality.

Grain mineral content was affected by drought stress significantly. In present study K, 
N, P, Pi, Ca Mg, and Zn contents increased under drought stress condition. Except for Zn, 
this increase was greater in SA-treated plants where a high dose of K fertilizer (K3 treat-
ment) was also applied. SA and K levels had no effect on Zn content under drought stress 
condition. Combined application of SA and K3 treatment significantly increased grain K, 
N and Ca contents. Plant growth was reduced in drought stressed plants, and thus miner-
als might have been transported from older leaves to the meristematic tissues and devel-
oping grains. Raza et al. (2013) found that application of K improved the uptake of K, N, 
P and Ca in wheat under drought stress condition. Application of SA increased minerals 
contents in wheat under drought stress condition, and combined application of SA and a 
high dose of K fertilizer (K3 treatment) significantly increased grain K, N and Ca con-
tents. This increase in K, N and Ca contents in wheat might be linked with drought miti-
gating effects of SA treatment.  SA regulates ion uptake in plants, and it was observed that 
application of SA increased K, N, P and Mg content in maize under drought condition 
(Gunes et al. 2005). Alam (1994) revealed that drought stress increased N content in 
plants, and this increase was due to the accumulation of free amino acids that are not 
synthesized into protein. Patel and Singh (1998) also observed that under drought stress 
condition, most of the N and P was accumulated in grains. A higher of grain minerals 
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contents particularly N, K, Ca and Pi may improve the nutritional quality of bakery prod-
ucts specially, the bread which is consumed largely in developing countries. In present 
study, it was found that grain Pi content slightly increased under drought stress condition, 
and SA application resulted in a higher value of grain Pi content. There has been insuffi-
cient research work on effect of drought, and combined treatment of SA and K on grain 
Pi content but overall, a positive relation was observed between total P and Pi content in 
this study, which could be a reason for a relatively higher grain Pi content in SA applied 
plants. 

As a conclusion, drought stress significantly reduces grain yield and starch content, 
and increases antinutrient phytate P content in wheat. Application of a proper level of K 
and SA reduces the negative effects of drought stress and consequently improves wheat 
yield, grain minerals contents, grain starch content, crude protein content, and content of 
pentosans. Application of SA alone had no considerable influence on phytate P content of 
wheat. In general, the combined application of SA and appropriate levels of K can ame-
liorate the adverse effects of post anthesis drought stress, improves wheat productivity, 
and partially enhances grain minerals content, and nutritional quality.
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