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Abstract

Salt stress is one of the major factors that decreases wheat yield. The aim of
this study is to examine the effects of K, SA, and GABA application on yield
components, grain yield, and nutrient uptake in high-salinity in wheat geno-
types. The research was conducted as a split plot based on a randomized
complete block design with three replications under normal as control, and
salinity (8 dS/m) conditions. The main plots included foliar application with
growth stimulants (K, SA, GABA, and control), and subplots encompassed
seven wheat genotypes. The salinity caused a 49.95% decrease in grain yield
compared to normal conditions. The Mihan genotype showed the highest
grain yield when treated with potassium (10970.6 kg/ha), GABA (11370.1
kg/ha), and salicylic acid (10650.1 kg/ha) under non-stress conditions. Fur-
thermore, under salinity conditions, the Mihan genotype sprayed with po-
tassium (7036.1 kg/ha) and GABA (5070.1 kg/ha) produced the maximum
grain yield. Foliar spraying with potassium and GABA in both conditions
improved the Fe, Cu, Zn, and Mn content in grains compared to control. Ex-
posure to salt stress caused a decrease in iron (50.05%), copper (27.86%),
and magnesium (18.86%) content in the seeds. Treatments with potassium
and GABA in both conditions increased the Fe, Cu, Zn, and Mn content in
grain. The highest nitrogen and potassium content and lowest sodium con-
tent in leaves were observed in Mihan genotype sprayed with K. Therefore,
foliar application of K and GABA can moderate the effects of salinity on
wheat.
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Introduction

Wheat (Triticum aestivum) is considered as the most significant grain crop
among all the cereals and ranked first globally among grain-producing
crops, especially for human consumption (1). Salinity stress impacts 6% of
the world's land, including 20% of arable land and 33% of irrigated land,
affecting global wheat yield significantly. By 2050, providing food to 2.3 bil-
lion people while dealing with the loss of agricultural land due to salinity
stress will be challenging (2).

Salinity stress causes osmotic stress and ion toxicity by increasing
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the assimilation of Na* ions and decreasing the Na*/K* ratio
due to lower osmotic potential within the plant roots. Fur-
ther, these ionic imbalance affects the uptake and
transport of other important essential mineral nutrients in
target cells and hamper the crucial plant processes and
functions (3). Salinity in soil can impact plant properties
such as nutrient absorption, growth, and yield (4). It also
increases reactive oxygen species production, causing oxi-
dative stress, lipid peroxidation, and nucleic acid damage,
ultimately reducing grain yield quality and quantity (5).

Cultivating salt-tolerant wheat cultivars through
phytomelioration is a cost-effective strategy to enhance
wheat productivity in salt-affected areas. The high intensi-
ty of salt stress severely affects membrane stability, chlo-
rophyll, and biomass in the early vegetative stages. This, in
turn, reduces tillering and grain yield during the reproduc-
tive stages (6).

Various studies have reported a decrease in wheat
grain yield caused by salt stress (7-9). Conversely, to
achieve global food security and sustainability, it is neces-
sary to identify salt-resistant genotypes and utilize them to
develop salt-tolerant wheat cultivars (10). Researchers
have used various physiological traits to screen for salt
tolerance in wheat crops. These traits include chlorophyll
reduction, relative water content, plant height, fresh and
dry weight of shoots and roots, photosynthesis rate, and
levels of Na*, K, and Ca? in the plant (11, 12). Shoot Na*,
shoot K, root Ca?', shoot K*/Na*, and root Na*/Ca? ratio
are the most crucial morphological markers to identify salt
tolerance in bread wheat (13).

Gamma-aminobutyric acid (GABA) is a four-carbon
non-protein amino acid produced by glutamate decarbox-
ylase from glutamic acid. GABA often accumulates rapidly
in plants in response to living and non-living stresses, in-
cluding drought, salinity, wounds, oxygen deprivation,
heat shock, and pathogen contamination (14). The positive
effect of GABA on increasing tolerance to environmental
stresses in plants has been documented in previous stud-
ies (15, 16).

Potassium (K) reduces water loss in plant tissues by
increasing the opening and closing of pores, keeping cells
from inflammation, increasing water use efficiency, and
reducing the effect of stress (17). Potassium plays im-
portant roles in plant physiology, including photosynthe-
sis, carbohydrate and protein formation, nutrient and wa-
ter transport, nitrogen utilization, and early growth stimu-

lation. Potassium promotes NO* absorption and amino
acid conversion to protein, increasing plant grain protein
content (18).

Salicylic acid is a molecule that elicits specific re-
sponses in response to biotic and abiotic stressors. This
phytohormone plays an important role in opening and
closing pores, nutrient uptake, protein and chlorophyll
synthesis, inhibiting ethylene biosynthesis, evapotranspi-
ration, photosynthesis, and osmotic regulation (19). There
are several reports on the role of salicylic acid in reducing
the effect of biological and non-biological stresses (20,
21).

The study of the combined effect of salinity and K
has shown that K deficiency increases salinity's negative
effects in photosynthesis (22). Hamid et al. (23) reported
that the pretreatment of wheat seeds with salicylic acid
under salinity stress produced stronger and larger seed-
lings and increased the plant's chlorophyll, soluble sugar,
and protein contents.

Paying attention to the increase in salinity in agri-
cultural fields, it is necessary to identify salinity-tolerant
cultivars with acceptable grain yield and find solutions to
adjust the effect of salinity stress on crops, such as differ-
ent foliar treatments. Therefore, the present study aimed
to evaluate the morpho-physiological characteristics of
wheat genotypes in different foliar spraying treatments
under normal and salinity stress conditions.

Materials and Methods
Experimental treatments and design

The study was conducted on a farm located in an agricul-
tural research station in Miandoab (at 36°58 'N and 46° 6'
and altitude of 1314 m above sea level) in North West Iran
during the two cropping years 2017-18 and 2018-19.

Experimental design

The research was conducted as a split plot based on a ran-
domized complete block design with three replications.
The main plots was salinity conditions (normal and soil
salinity (8 dS/m)). The sub plots consisted of foliar applica-
tion with growth stimulants (K, GABA, SA, and control), and
the sub-sub plots included seven genotypes (i.e., Orum,
Zare, Mihan, Heydari, MS-89-12, MS -89-13, and MS-91-14).

Field experiment

The land was first irrigated in late summer and plowed in
early autumn. Before planting, the soil of the test site was
sampled and analyzed from a depth of 0-30 cm. The re-
quired fertilizers were mixed according to the soil test and
placed 5-7 cm below the seeds in a row. The seeds were
disinfected with tebuconazole toxin (dS 2% Semiran Co.)
before sowing, and their density was considered for sow-
ing 450 seeds per square meter according to the region's
custom.

The amount of the applied fertilizer was based on
soil test results. The urea fertilizer (46%) in the amount of
160 kg ha* was applied in three stages (a 20 kg urea ferti-
lizer at the same time as preparing the land and before
planting as the basic fertilizer, 70 kg as a road fertilizer in
the tillering stage, and 70 kg in the shooting stage). In ad-
dition, potassium sulfate fertilizers (45%) and diammoni-
um phosphate at the rates of 80 and 100 kg ha were sim-
ultaneously used with planting, respectively.

The electrical conductivity (EC) and acidity (pH) of
irrigation water were measured by an electric conductivity
meter (JENWAY model 4310) and a pH meter (6991
Metrohm), respectively. Carbonate and bicarbonate were
also estimated by the sulfuric acid titration method and
using reagents (phenolphthalein and methyl), respective-
ly. Eventually, irrigation water and sodium (Na) were
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measured by complexometry and direct reading with the
CORNING M410 flame photometer.

Irrigation was performed in autumn for seed germi-
nation. After favorable environmental conditions, chemical
control was conducted against weeds using 2,4-D and
Fenoxaprop-p-ethyl (GOLSAM CHEMICALS Co., Gorgan
Iran) herbicides.

Application of treatments

At the end of stem elongation and beginning of spike
emergence, foliar spraying with potassium (2 per thousand
K20 (28%), according to the manufacturer's instructions),
salicylic acid (1 mM), and GABA (2.5 mM) were done. The

of leaf nitrogen was measured by the Micro-Kjeldahl Meth-
od.

Statistical analysis

Before analyzing variance, its assumptions were checked.
The data were analyzed using SAS 9.4, and mean compari-
sons were performed with Duncan's method (LSR).

Results

The results of saline and normal soil analyses are present-
ed in Table 1. In addition, Table 2 lists the chemical prop-
erties of water used for irrigation.

Table 1. Physical and chemical characteristics of soil in the experimental site (0-30 cm).

Available P Available K Available Fe Available Zn
Soil Texture Class pH EC (dS/m) Total N (%)
(mg/kg)
Normal Silt 8 0.81 0.12 11.2 250 6.24 0.74
Saline Silt 9 8.1 0.09 8.4 180 3.3 0.51

potassium used under the trade name Hygro Kaforce was
a product of the Tarim Ecological Company of Turkey,
which was dissolved and used at 40 cc in 20 L of water. The
salicylic acid used was a product of Merck, Germany,
which, after dissolving in pure ethanol, 0.138 g of it was
dissolved in a liter of distilled water and was sprayed at the
appointed time.

Gamma-aminobutyric acid (GABA) was obtained in
powder form from the Faculty of Sciences of Kharazmi
University (Tehran, Iran). In order to use GABA in the
amount of 2.5 mM, after dissolving it in distilled water in
the amount of 0.1128 g/L, it was used for spraying. Foliar
application was carried out once at the end of stem elon-
gation and the beginning of spike emergence.

Sampling and data collection

To measure the grain yield, whole experimental plots were
harvested, and after drying for four days, the grains in all
harvested spikes were weighed and recorded as grain
yield. The kernel number per spike was determined by
counting the grains on ten plants and ten spikes during
harvesting. The thousand-grain weight was also deter-
mined by hand-shelling ten random spikes from each plot.

Content of grain elements

To measure the concentration of grain nutrients after
physiological maturity and harvest, 30 g of the sample was
selected from each plot, and the amount of the grain ma-
terial was measured using the atomic absorption spectros-
copy method.

Content of leaf elements

To determine levels of Na* and K, young, fully expanded
leaves were detached from plants, and their fresh and ov-
en-dried weights were recorded. The dried leaf samples
were dissolved in a 1% solution of HNOs for digestion. An
aliquot of 25 mL solution was taken from 1% HNOssolution
in falcon tubes and digested on a hot plate for 4 h at 85 °C.
After digestion, the mixture was diluted with distilled wa-
ter to a 10-fold concentration and run through a flame
photometer (Sherwood, UK, Model 360) (24). The amount

Table 2. Chemical properties of irrigation water in experiments.

Water Property Value
EC (mmhos/cm (ecx10°)) 1.8
C032(megq/L) 0
HCO3 (meq/L) 8.4
Cl (meq/L) 11.1
pH 7.6
Ca* (megq/L) 4.8
Mg* (meq/L) 5.5
Na* (meq/L) 10.8

Grain yield and its component

The combined ANOVA revealed that the number of spike-
lets, number of grains, 1000 kernel weight, grain yield, and
harvest index were affected by Year, Salinity, Year x Salini-
ty, Foliar spray, Salinity x Foliar spray, Genotype, Salinity x
Genotype, Foliar spray x Genotype and Salinity x Foliar
spray x Genotype (Table 3).

Number of spikelets

Under normal conditions, the MS89-13 and Mihan geno-
types produced the highest number of spikelets per spike,
with an average of 34.1 and 32.2 grains, respectively, in
response to foliar potassium application. In contrast, the
Zare genotype under the salicylic acid foliar treatment had
the lowest spikelets per spike, with an average of 14.8
spikelets (Table 4).

Under salt stress, MS89-12 genotype treated with
GABA had the highest number of spikelets per spike (30.5
spikelets), followed by Orum, MS89-13, MS91-14 genotypes
sprayed with potassium and GABA, and Mihan and MS91-
14 genotypes treated with salicylic acid; The differences
were not significant. The Zare variety sprayed with GABA
had the lowest spikelet count (9.3 spikelets) (Table 4).

Number of grains

The research findings indicate that the Mihan genotype
had the highest number of seeds per spike, with an aver-
age of 64.2, 61.7, and 7.54 seeds for GABA and potassium
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Table 3. Combined analysis of variance for the effect of salinity and foliar spray on grain yield and its components of wheat genotypes.

Mean of Squares

S.0.v DF No. of Spikelets No. of Seeds 1000-Kernal Weight Grain Yield Harvest Index
Year (Y) 1 413.1** 3388.36™* 5022.02** 127298941.14* 6598.57**
Salinity (S) 1 973.08** 10021.5** 1470.86** 1421218366.74** 79.36**
YxS 1 231.1** 2568.57** 1741.74** 84869237.17* 2737.14**
R(YxS) 8 203.93 1698.16 4353.51 65361213.3 330231
Foliar spray (F) 3 19.46™* 235.98** 70.5** 4286019.36** 149.67**
YxF 3 1.44m 9.7 2.95™ 322483.5™ 32.81*
SxF 3 21.05** 47.7% 122.43** 3057071.47** 136.89**
YxSxF 3 1.36"™ 9.13™ 23.24" 212785.46" 10.87"
Errorl 24 191 13.87 13.72 167383.63 12.87
Genotype (G) 6 146.95** 1698.77** 2228.57** 54084467.51** 252.55**
YxG 6 4.23* 34.52" 44.710 155707.86** 14.33™
SxG 6 31.91* 416.48** 221.08** 16654405.16* 61.15*
YxSxG 6 5.66** 71.92** 69.08** 1368817.32** 10.93"
FxG 18 5.72** 115.8* 50.26* 3756186.66™* 77.3**
YXFxG 18 2,77 39.28™ 9.11™ 369792.02" 14.95™
SxXFxG 18 8.83* 147.19** 26.12** 2667942.44** 54.31**
YxSxFxG 18 1.75ns 20.23™ 6.79ns 219697.06™ 11.3™
Error2 192 5.24 67.35 16.03 651694.45 21.49
CV (%) 18.36 13.25 7.50 13.06 9.3
Symbols * and ** represent significance at 5 and 1% probability levels, respectively.
foliar application and non-foliar application treatments.  Grain yield

Heydari genotypes treated with GABA and Zare treated
with salicylic acid had the lowest number of seeds under
these conditions, with 28.5 and 27.5 grains, respectively
(Table 4).

Under salinity stress, the Mihan genotype sprayed
with GABA (40.7 grains) and salicylic acid (39.2 grains) had
a significantly higher number of seeds than other geno-
types. The Zare genotype sprayed with GABA (17.02 grains)
had the lowest number of grains per spike (Table 4).

Thousand kernel weight

The study found that MS89-12 and MS89-13 genotypes
treated with potassium (66.0 and 65.0 g, respectively),
GABA (65.3 and 70.0 g), and salicylic acid (69.2 and 64.8 g,
respectively) had the highest thousand kernel weight.
There was no significant difference between the men-
tioned treatments and the control treatment of foliar
spraying in genotypes MS89-12 and MS89-13 regarding
thousand seed weight. The minimum thousand kernel
weight was related to the Mihan genotype sprayed with
GABA and salicylic acid (45.0 and 46.2 g, respectively)
(Table 4).

Under salt stress conditions, the highest thousand
kernel weight was found in MS89-12 genotype foliar-
sprayed with potassium and GABA and MS89-13 genotype
foliar-sprayed with GABA with an average of 62.3, 62.5, and
60.7 g, respectively, while the unsprayed Zare genotype
produced the lowest thousand kernel weight (42.8 g)
(Table 4).

In this study, foliar application of potassium, GABA, and
salicylic acid in the Mihan genotype produced the highest
Grain yield with an average of 10970.6, 11370.1, and
10650.1 kg/ha, respectively. The difference between the
mentioned treatments with potassium foliar spraying in
the Zare genotype was non-significant. The lowest grain
yield in non-stress conditions was related to the Orum
genotype in the control treatment of foliar application
with an average of 5537.6 kg/ha, which was followed by
foliar treatments with potassium, GABA, and salicylic acid
in the Orum genotype. The results showed that under nor-
mal conditions, potassium foliar application in the Zare
genotype and GABA in the Mihan genotype significantly
increased grain yield compared to the corresponding con-
trol (Table 4).

Under the conditions of salinity stress, the Mihan
cultivar sprayed with potassium produced the maximum
grain yield with an average of 7036.1 kg/ha, and the Orum
cultivar in the treatment of no foliar application with an
average of 1877.3 kg/ha showed the minimum grain yield.
The results revealed that Orum and Zare genotypes foliat-
ed with GABA and Mihan with potassium and GABA in-
creased grain yield compared to the corresponding control
treatment (Table 4).

Harvest index

In this study, the highest harvest index under non-stress
conditions with an average of 50.50% was assigned to the
MS89-13 genotype under potassium treatment. In compar-
ison, the minimum of this trait was obtained with an
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Table 4. Mean comparison for the effects of salinity x foliar spray x genotypes interaction treatments on grain yield and its components.

Foliar No. ?f Sp‘ikelets No.. of §eeds 1000-Grain Weight Grain Yield Harvest Index
S!)ray- (:;::- (in spike) (in spike) (g) (Kg hat) (%)
ing Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress
Orum 24.57a-j 22.82a-k 44.33a-g 31.50e-i 48.33j-m 55.00c-k 5681.5h-k 2201.1pq 46.33a-f 35.67e-n
Zare 17.17f-1 14.35jkl 32.33d-i 26.00f-i 50.17g-m 44.33klm 10550.1abc 4029.7k-p 46.00a-g 34.83f-n
Mihan 33.22ab 21.20b-| 61.67ab 36.83c-i 46.83j-m 44.00lm 10970.6ab 7036.1e-i 43.50b-m 34.50g-n
P°$anfSi’ Heydari 19.32d-l  21.93a-k  34.00d-i 34.83c-i  50.00g-m  49.33h-m 6530.6f-j  4417.1k-n 38.17¢-n 34.00h-n
MS89-12 28.23a-g 26.97a-i 37.33c-i 33.33d-i 66.00ab 62.33a-e 8354.4def 4217.2k-p 44.17b-k 35.00f-n
MS89-13 34.05a 22.42a-k 46.50a-f 29.83e-i 65.00abc 57.67b-j 9229.3bcd 4533.3j-n 50.50ab 35.00f-n
MS91-14 24.57a- 24.68a-j 36.00c-i 32.33d-i 61.33a-f 59.33a-i 7655.8d-h 5245.1i-1 45.83a-g 36.83c-n
Orum 22.87a-k 24.65a-j 40.00c-h 35.00c-i 49.50h-m 54.00d-| 5776.4g-k 3948.4k-p 45.83a-g 36.83c-n
Zare 24.45a-k 9.3171 48.33a-e 17.17i 47.67j-m 44.17klm 9078.5bcd 4697.5j-m 46.67a-e 34.67g-n
Mihan 33.05abc 22.85a-k 64.17a 40.67c-h 45.00klm 44.67klm 11370.1a 5070.1i-m 45.83a-g 38.67c-n
GABA Heydari 16.73f-| 16.98f-| 28.50e-i 25.33ghi 48.67i-m 51.17f-m 8229.1def 4380.7k-n 37.50c-n 33.00k-n
MS89-12 25.33a-j 30.50a-d 34.67c-i 36.17c-i 65.33abc 62.50a-e 8841.5cde 5310.6i-1 45.17a-i 35.17e-n
MS89-13 28.78a-f 27.25a-h 37.17c-i 33.33d-i 70.00a 60.67a-g 9045.3bcde 3525.1l-q 44.17b-k 35.17e-n
MS91-14 27.60a-h 20.88c-l  41.33b-h 30.17e-i 59.83a-h 54.00d-| 7897.4def  4408.4k-n 47.33a-d 35.33e-n
Orum 25.35a-j 17.12fg-l 41.83b-h 25.17ghi 53.17e-m 51.83e-m 5668.5h-k 2306.50pq 48.00abc 56.00a
Zare 14.80i- 12.22kl 27.50fghi 21.83hi 50.00g-m 45.17klm 7595.2d-h 4180.4k-p 41.17bc-m 35.33e-n
Mihan 27.52a-h 22.60a-k  52.33a-d 39.17¢c-h 46.17klm 45.17klm  10650.1abc 3936.8k-p 46.00a-g 36.17d-n
Sa:cci)(/jlic Heydari 20.42d-1 17.68e-l 37.67c-i 29.67e-i 48.17jklm 46.17klm 7716.4d-g 4595.2j-n 43.17b-m 32.17mn
MS89-12 29.60a-e 21.87a-k  38.67c-h 32.00d-i 69.17a 52.50e-m 8262.8def  4198.2k-p 45.33a-h 33.50j-n
MS89-13 26.32a-j 16.10g-| 36.00c-i 22.67hi 64.83a-d 54.83c-| 7841.7def  4663.5]-m 42.50b-m 34.83f-n
MS91-14 26.28a-j 22.28a-k 37.33c-i 34.00d-i 61.83a-f 48.50i-m 7821.2def 4353.7k-n 43.83b-1 33.67i-n
Orum 20.28d-| 17.17f- 34.83c-i 24.17ghi 51.33f-m 52.50e-m 5537.9i-l 1877.3q 45.83a-g 32.33lmn
Zare 21.08b-1 14.33jkl 39.67c-h 27.67-i 49.50h-m 42.83m 7593.6d-h 2615.6n-q 45.00a-j 34.50g-n
Mihan 31.37a-d 19.88d-l 54.67abc 34.00d-i 51.33fg-m 44.83klm 9166.3bcd 4236.3k-0 45.50a-h 32.83k-n
Control  Heydari 17.07fg- 14.48jk| 31.33e-i 23.50hi 48.17j-m 46.33klm 8215.1def  3164.5m-q 38.17¢-n 28.67n
MS89-12 24.62a-j 22.32a-k 36.17c-i 29.00e-i 65.50abc 59.83a-h 8928.4cde 4127.4k-p 42.50b-m 29.33n
MS89-13 31.07a-d 15.55h-| 46.00a-f 22.83hi 60.67a-g  49.00h-m 8873.3cde 4001.4k-p 47.67a-d 28.83n
MS91-14 27.68a-h 19.48d-l 41.00c-h  27.33fghi 59.83a-h 53.50e-m 7576.5d-h 4202.5k-p 45.33a-h 32.00mn
Mean 25.19 19.78 40.76 29.83 55.47 50.89 8237.09 4122.43 44.14 34.81

GABA: Gamma-aminobutyric acid. Means in each column followed by similar letter(s) are not significantly different at the 5% probability level using Tukey’s mul-

tiple range test.

average of 38.17 and 37.50%, respectively, for the Heydari
genotype treated with potassium and GABA (Table 4).

Under salinity stress conditions, the highest harvest
index was assigned to the Orum genotype under salicylic
acid treatment (56.00%). While Heydari, MS89-12, and
MS89-13 genotypes showed the lowest harvest index un-
der foliar control treatment with an average of 28.67,
29.33, and 28.83, respectively (Table 4).

Concentration of grain elements and protein

Fe, Cu, Zn, Mg, Mn, and grain protein content were signifi-
cantly affected by the Year, Salinity, Year x Salinity interac-
tion, Foliar spray, Genotype, Salinity x Genotype, and Foli-
ar spray x Genotype. The two-way interactions between
Salinity x Foliar spray and the three-way interactions be-
tween Salinity x Foliar spray x Genotype were significant
on Fe, Cu, Zn, Mg, Mn, and grain protein content (Table 5).

Concentration of Fe

Under normal conditions, the genotype of Mihan sprayed
with salicylic acid had the highest grain Fe content with an
average of 181.0 mg. In these circumstances, the Heydari
and MS89-12 genotypes treated with salicylic acid and the
Zare genotype in the foliar spray control treatment had the
least Fe content in their grain, with an average of 161.5 mg.
Under normal conditions, potassium and GABA foliar ap-
plication on Zare, Mihan, MS89-12, and MS89-13 genotypes
could significantly increase Fe content compared to the
corresponding control.

Under salinity stress, MS89-12 and MS91-14 geno-
types sprayed with GABA produced the highest and lowest
Fe content in seeds with values of 132.3 and 115.7 mg, re-
spectively.

Under stress conditions, the foliar application of
GABA in genotypes MS89-12 and MS89-13 and the foliar
application of genotype MS91-14 with potassium and
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Table 5. Combine analysis of variance for the effect of salinity and foliar spray on grain nutrient and protein content of wheat genotypes.

Mean of Squares

Iron Copper Zinc
S.0.v DF Magnesium (Mg) Manganese (Mn) Protein Content
(Fe) (Cu) (zn)
Year (Y) 1 53353.44** 53353.44** 1412.86** 0.073** 0.073** 245575.13**
Salinity (S) 1 180144.04** 180144.04** 10960.1** 0.105** 0.105** 43361029.96**
YxS 1 14404.76** 14404.76** 54.24** 0.016** 0.016** 55591.21**
R(YxS) 8 26326.4 26326.4 613.72 0.035 0.035 2023411.60
Foliar spray (F) 3 37.88** 37.88** 51.35** 0.007** 0.007** 13846.47**
YxF 3 0.647" 0.647" 0.36™ 0.004" 0.004" 5410.15™
SxF 3 72.5** 72.5** 36.97** 0.004** 0.004** 5838.23ns
YxSxF 3 0.651™ 0.651" 0.408" 0.005" 0.005" 5097.07"
Error1l 24 0.472 0.472 0.40 0.003 0.003 5116.98
Genotype (G) 6 119.03** 119.03** 38.95** 0.001** 0.011** 489876.81**
YxG 6 0.843ns 0.843ns 0.214" 0.002" 0.002" 14109.0
SxG 6 102.61** 102.61** 62.31** 0.001** 0.001** 33594.64*
YXSxG 6 0.831* 0.831* 0.429" 0.001" 0.001" 2355.93™
FxG 18 116.76** 116.76** 56.58** 0.003** 0.003** 97733.79*
YXFxG 18 0.655" 0.655" 0.233" 0.003* 0.003* 8350.37™
SxFxG 18 64.89** 64.89** 66.14** 0.011** 0.021** 13279.41™
YxSxFxG 18 0.331™ 0.331" 0.225" 0.002" 0.002" 4005.66"
Error2 192 0.667 0.667 0.256 0.001 0.001 13441.96
CV (%) - 1.57 1.57 1.86 2.85 2.85 18.84

ns, not significant, * and ** significant at the 5% and 1% levels of probability, respectively.

salicylic acid significantly increased the Fe content of grain
compared to the corresponding control treatment
(Table 6).

Concentration of Cu

Under normal conditions, the highest grain copper content
was assigned to the Orum genotype sprayed with GABA
with an average of 30.18 mg, which was followed by MS89-
13 and Mihan genotypes sprayed with potassium and Hey-
dari genotype sprayed with GABA, and the difference be-
tween them was not statistically significant. In contrast,
the Zare genotype sprayed with salicylic acid had the low-
est copper content in seeds, with an average of 13.42 mg.
The findings indicated that the copper content in the grain
of all the examined genotypes treated with potassium was
significantly greater than in the control treatment
(Table 6).

Under salinity conditions, foliar application of po-
tassium in the Orum genotype with an average of 16.70 mg
had the maximum, and foliar application of genotype
MS89-13 with MS91-14 with an average of 10.78 mg ob-
tained the minimum amount of grain copper content. The
application of potassium through the leaves significantly
increased the copper content in the grain of the Orum gen-
otype under stress conditions, compared to the control
treatment (Table 6).

Concentration of Zn

According to the results, Heydari sprayed with salicylic
acid had the highest Zn content in the grain under normal
conditions, with an average of 24.17 mg. This treatment

was statistically at the same level as Heydari and MS89-12
genotypes sprayed with GABA, and the difference between
them was insignificant. The lowest grain Zn content, with
an average of 17.33 mg, was assigned to the Orum geno-
type sprayed with potassium. The Zn content of grains in
Mihan, MS89-12, MS89-13, and MS91-14 genotypes was
significantly increased by foliar spraying with GABA under
normal conditions compared to the corresponding control
(Table 6).

Under salinity stress conditions, the grain's maxi-
mum and minimum Zn content was assigned to genotype
MS89-12, sprayed with salicylic acid with an average of
41.67 mg, and genotype MS91-14 sprayed with potassium
with an average of 25.33 mg. Foliar spraying with potassi-
um in Orum, Zare, and Mihan genotypes caused a signifi-
cant increase in the Zn content of grains compared to the
corresponding control treatment under salinity stress con-
ditions (Table 6).

Concentration of Mg

Under no stress, genotype MS91-14 sprayed with GABA
had the highest Mg content of grains with an average of
0.2268 mg/g dry wt. The difference between the men-
tioned treatment and the Zare genotype cultivated in the
control treatment was negligible. The lowest grain Mg con-
tent was produced by Orum and Zare genotypes treated
with potassium (with an average of 0.1407 mg/g dry wt).
Mean comparisons also showed that under normal condi-
tions, there was no significant difference between foliar
treatments and corresponding control treatments in all
genotypes (Table 6).
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Table 6. Mean comparison for the effects of salinity x foliar spray x genotypes interaction treatments on grain nutrient and protein content.

Foli Iron (Fe) Copper (Cu) Zinc (Zn) Magnesium (Mg) Manganese (Mn)
s;r;ayr- f;:: (mgg*drywt) (mgg*dry wt) (mgg*drywt) (mgg*drywt) (mgg*drywt)
e Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress

Orum 163.8gh 116.8pq 27.47cde 16.70p 17.33x 37.67cd 0.1407bc 0.1405bc 167.2i-l 164.7k-p
Zare 168.3cd 121.0mn 26.85def 11.78wxy 19.83uv 36.83d 0.1407bc 0.1405bc 166.2j-m 193.8bc
Mihan 169.5¢ 121.0mn 29.18ab 12.85s-w 21.50qrs 37.17d 0.1795abc 0.1607abc 163.8l-q 158.5r-u

PO::Si_ Heydari 166.2ef 119.0no 27.95cd 13.08r-v 22.500-r 26.33jk 0.1552abc 0.1507abc 165.0-0 169.0h-k
MS89-12 167.2de 118.00p 28.57bc 11.77wxy 22.500-r 27.33j 0.1853abc 0.1708abc 171.7ghi 181.5d
MS89-13 163.8gh 116.8pq 29.95a 13.12r-v 21.50qrs 25.33kl 0.2137ab 0.1405bc 157.0tu 192.8bc
MS91-14 165.0fg 119.0no 25.40hijkl 12.70t-w 21.17st 38.83bc 0.1742abc 0.1608abc 155.8uv 182.7d
Orum 162.8hi 118.00p 30.18a 13.22rstu 20.67stu 26.67j 0.2077abc 0.1605abc 151.3vw 175.2efg
Zare 165.0fg 125.21 24.27Imn 13.18rstu 20.17tuv 32.33gh 0.1892abc 0.1427bc 158.2stu 202.3a
Mihan 171.7b 116.8pq 25.98fghi 15.13q 21.83p-s 31.50h 0.1982abc 0.1525abc 161.5n-t 162.5m-s

GABA Heydari 166.2ef 118.00p 29.18ab 13.15r-v 23.00m-p 27.33j 0.2193ab 0.1487abc 162.8l-r 142.8y

MS89-12 167.2de 132.3j 24.95ijkl 11.80wxy 23.83mn 34.67e 0.1892abc 0.1703abc 158.2stu 192.0c
MS89-13 169.5¢ 123.0m 25.45hijk 12.00vwx 22.67n-q 34.67e 0.2077abc 0.1430bc 148.0wx 197.0b
MS91-14 161.5i 115.7q 25.98fghi 10.78y 21.83p-s 34.00ef 0.2268a 0.1627abc 159.3q-u 173.0gh
Orum 162.8hi 120.0no 26.10fghi 12.18uvw 23.67Tmno 32.33gh 0.2137ab 0.1330c 163.8Im-q 163.51-q
Zare 168.3cd 118.00p 13.42rst 12.45t-w 23.00m-p 34.00ef 0.1885abc 0.1432bc 148.8wx 204.1a
Mihan 181.0a 123.0m 25.45hijk 12.17uvw 21.83p-s 30.17i 0.1982abc 0.1487abc 169.5hij 165.7j-n

sa:;‘é“c Heydari 16151  119.0no  26.63efg  1338rst  24.17lm  41.67a  0.795abc  0.1407Tbc  145.7xy 174.2fg
MS89-12 161.5i 118.00p 25.72fghij 10.98xy 22.500-r 34.00ef 0.1668abc 0.1525abc 167.2i-1 171.0ghi
MS89-13 168.3cd 116.8pq 25.53ghij 12.10u-x 21.33rst 32.33gh 0.1647abc 0.1432bc 163.8l-q 163.5lm-q
MS91-14 169.5¢ 120.0no 25.45hijk 12.92r-w 22.500-r 34.83e 0.1737abc 0.1428bc 160.2p-u 178.5def
Orum 165.0fg 120.0no 26.30fgh 12.85s-w 20.17tuv 31.33hi 0.1435bc 0.1428bc 161.5n-t 171.0ghi
Zare 161.5i 121.0mn 23.35n0 13.18r-u 22.500-r 33.33fg 0.2258a 0.1808abc 158.2stu 195.8bc
Mihan 163.8gh 121.0mn 24.62jklm 14.07qr 18.50wx 31.50h 0.1848abc 0.1525abc 155.8uv 160.70-t

Control  Heydari 165.0fg 128.5k 23.70mno 13.38rst 22.500-r 31.33hi 0.1930abc 0.1710abc 151.3vw 179.5de
MS89-12 165.0fg 118.00p 24.32klmn 12.07u-x 21.83p-s 32.50gh 0.2147ab 0.1703abc 160.2p-u 161.5n-t
MS89-13 167.2de 115.7q 25.62ghij 12.90s-w 20.17tuv 35.00e 0.2142ab 0.1602abc 150.2wx 202.3a
MS91-14 165.0fg 116.8pq 22.980 13.97rs 19.33vw 39.17b 0.1683abc 0.1405bc 146.8wxy 193.8bc

Mean 166.18 119.87 25.73 12.85 21.58 33.00 0.1877 0.1523 158.89 177.53

GABA: Gamma-aminobutyric acid. Means in each column followed by similar letter(s) are not significantly different at the 5% probability level using Tukey’s

multiple range test.

The Zare genotype under salinity stress conditions
showed the highest Mg content of seeds with an average of
0.1808 mg/g dry wt. The minimum Mg content was
achieved for the Orum genotype treated with salicylic acid
at an average of 0.1330 mg/g dry wt. The Mg content of the
examined genotypes was not improved by foliar spraying
under salinity conditions compared to the corresponding
control (Table 6).

Concentration of Mn

The highest Mn content in grains was found in genotype
MS89-12 grown under potassium foliar treatment (171.7
mg/g dry wt) and Mihan grown under salicylic acid foliar
treatment (169.5 mg/g dry wt) under normal conditions.
Under the above conditions, the foliar application on the

Heydari genotype with salicylic acid (145.7 mg/g dry wt)
registered the lowest Mn concentration. The manganese
content of grains in all genotypes evaluated was signifi-
cantly increased by potassium foliar application under
normal conditions compared to the corresponding control
(Table 6).

Foliar application with GABA and salicylic acid
(202.3 and 204.1 mg/g dry wt, respectively) of the Zare gen-
otype was able to achieve the highest manganese content
under salinity stress.

The Heydari genotype sprayed with GABA (142.8
mg/g dry wt) recorded the lowest content of the men-
tioned element. Under stress conditions, foliar spraying
with GABA, and salicylic acid on the Zare genotype and
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potassium on the MS89-12 genotype had significantly
higher grain manganese content than the control treat-
ment (Table 6).

Protein content

According to the mean comparison results, salicylic acid
foliar application in the Orum genotype had the highest
protein content, with an average of 13.02%, which was
followed by potassium foliar spraying in MS89-12 genotype
and foliar spraying of the Zare genotype with salicylic acid.
Foliar application of potassium in the Heydari variety, with
an average of 8.37%, had the lowest grain protein percent-
age (Fig. 1).

content with an average of 56.33 and 56.17 mg/g dry wt,
respectively, and the Orum genotype sprayed with salicylic
acid had the lowest leaf potassium content with an aver-
age of 42.00 mg/g dry wt. Under these conditions, foliar
application of Orum, Mihan, Heydari, MS89-12, and MS91-
14 genotypes with potassium significantly increased the
potassium content of leaves compared to the control
treatment.

Under salinity stress conditions, foliar application of
the Mihan genotype with potassium had the highest (30.00
mg/g dry wt) leaf potassium content. Zare and Mihan gen-
otypes (22.83 and 22.67 mg/g dry wt) had the lowest leaf
potassium content. Under salinity conditions, foliar
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Fig 1. Mean comparison for effects of foliar spray x genotypes interaction treat-

Concentration of leaves elements

The combined ANOVA revealed that the effect of the Year,
Salinity, Year x Salinity, Foliar spray, Genotype, Salinity x
Genotype, Foliar spray x Genotype, and Salinity x Foliar
spray x Genotype were significant for N, Na, and K content
of the leaf. The two-way interactions between Salinity x
Foliar spray were significant on Na and K content (Table 7).

Leaf nitrogen content

Under normal conditions, foliar application of the Mihan
genotype with GABA (3.00 mg/g dry wt) and foliar applica-
tion of the Heydari genotype with potassium (1.36 mg/g
dry wt) obtained the leaf's highest and lowest nitrogen
content, respectively. In this research, foliar spraying of
Orum, Zare, and Heydari genotypes with salicylic acid sig-
nificantly increased the leaf nitrogen content compared to
the corresponding control treatment (Table 8).

Under salinity stress, the Mihan genotype treated
with potassium (2.00 mg/g dry wt) had the highest leaf
nitrogen content, while the MS89-13 genotype in the foliar
control treatment (1.27 mg/g dry wt) had the lowest leaf
nitrogen content. The leaf nitrogen content in Orum, Mi-
han, and MS89-13 genotypes sprayed with potassium was
significantly higher than the corresponding control treat-
ment.

Potassium content

The results showed that the Mihan genotype sprayed with
potassium and GABA had the highest leaf potassium

Table 7. Combine analysis of variance for the effect of salinity and foliar
spray on leaf nutrient content of wheat genotypes.

Mean of Squares

Nitrogen Sodium Potassium
5.0V DF (Nf na) o
Year (Y) 1 10.13** 29.91** 2378.67**
Salinity (S) 1 38.36™ 80.81** 36708.76**
YxS 1 2.82** 7.69** 37.33**
R(YxS) 8 5.06 14.60 1012.81
Foliar spray (F) 3 0.351** 0.52** 137.41**
YxF 3 0.003" 0.006" 0.687 "
SxF 3 0.129" 0.355** 65.69**
YxSxF 3 0.001" 0.004" 0.071"
Errorl 24 0.001 0.004 0.439**
Genotype (G) 6 0.29** 0.466** 67.28**
YxG 6 0.002" 0.004 0.248"
SxG 6 0.177** 0.268** 42,77
YxSxG 6 0.001ns 0.002" 0.153 "
FxG 18 0.451** 0.191** 77.78**
YxFxG 18 0. 004 0.002" 0.515"™
SxFxG 18 0.394" 0.284** 72.07**
YxSxFxG 18 0.004" 0.002" 0.409 "
Error2 192 0.003 0.002 0.356**
CV (%) 2.63 1.21 1.64

ns, not significant, * and ** significant at the 5% and 1% levels of probability,
respectively.

https://plantsciencetoday.online


https://plantsciencetoday.online

Table 8. Mean comparison for the effect of salinity x foliar spray x genotypes interaction treatments on leaf nutrient content.

Nitrogen (N) (mg g* dry wt)

Sodium (Na) (mg g* dry wt) Potassium (K) (mg g* dry wt)

Foliar Spraying Genotype
Normal Stress Normal Stress Normal Stress
Orum 2.35defg 1.860pq 2.930pq 3.47k 54.17b 30.171
Zare 2.34defgh 1.61stuv 2.74st 3.69g-j 43.17ijk 28.67m
Mihan 2.14jkl 2.00mn 2.47v 3.70fghi 56.33a 30.00lm
Potassium Heydari 1.36xyz 1.74qrs 2.78rst 3.68hij 48.83d 27.00n
MS89-12 2.36defg 1.71rst 2.75st 3.62ij 51.83c 25.67n-q
MS89-13 2.40de 1.92nop 2.79rs 3.69g-j 47.33ef 29.33Im
MS91-14 2.55bc 1.54uvw 2.68tu 4.13bc 43.17ijk 26.50n0
Orum 2.24fghij 2.02lmn 3.06mn 4.10c 43.50ij 25.00pqr
Zare 2.23ghijk 1.29yz 2.96nopq 3.80def 43.50ij 22.83tu
Mihan 3.00a 1.60stuv 3.03mno 4.11bc 56.17a 22.67u
GABA Heydari 2.34defgh 1.20mean 2.87pqgr 4.06¢ 43.50ij 24.17rst
MS89-12 2.31efghi 1.71rst 2.69stu 3.82de 44.50hi 26.00nop
MS89-13 2.35defg 1.71rst 3.24 4.13bc 44.17hi 29.33lm
MS91-14 2.37def 1.42wxy 3.06mn 4.16bc 45.50gh 25.83n-q
Orum 2.24fghij 1.92nop 3.03mno 4.22b 42.00k 28.67m
Zare 2.56bc 1.60stuv 2.86qr 3.83de 43.50ij 26.50n0
Mihan 2.20hijk 1.82pqr 3.08m 4.08¢c 53.33b 25.330-r
Salicylic acid Heydari 2.68b 1.68st 3.311 3.70fghi 42.17jk 24.50qrs
MS89-12 2.21hijk 1.58tuv 2.61u 3.90d 43.17ijk 26.17nop
MS89-13 2.19ijk 1.48vwx 3.251 3.79d-g 43.17ijk 24.00-u
MS91-14 1.99mno 1.54uvw 2.75st 3.78efgh 47.67de 23.00tu
Orum 2.09klm 1.42wxy 2.98mnop 4.11bc 50.67c 26.00nop
Zare 2.23ghijk 1.63stu 2.70stu 3.79d-g 43.17ijk 25.330-r
Mihan 2.26fghij 1.92nop 3.06mn 3.68hij 51.83c 26.83n
Control Heydari 2.32efghi 1.58tuv 3.06mn 3.59j 45.50gh 23.17stu
MS89-12 2.34defgh 1.40wxyz 3.08m 3.69g-j 44.17hi 23.00tu
MS89-13 2.35defg 1.27z 2.78rst 4.11bc 46.17fg 25.00pqr
MS91-14 2.48cd 1.40wxyz 2.75st 4.36a 47.33ef 23.50stu
Mean 2.30 1.62 2.90 3.88 46.76 25.86

GABA: Gamma-aminobutyric acid. Means in each column followed by similar letter(s) are not significantly different at the 5% probability level using Tukey’s

multiple range test.

spraying with potassium significantly increased the con-
tent of this element in the leaves of all studied genotypes
(Table 8).

Sodium content

The results of the mean comparison showed that under
non-stressed conditions, Heydari foliar spraying salicylic
acid (3.31 mg) and genotype MS89-13 foliar spraying (3.24
mg) had the highest, and Mihan cultivar foliar sprayed with
potassium (2.47 mg) had the lowest sodium content. Un-
der normal conditions, potassium foliar application in Mi-
han, Heydari, and MS89-12 genotypes significantly re-
duced sodium content in leaves compared to the corre-
sponding control (Table 8).

Under salt stress conditions, the leaves' maximum
and minimum sodium content was observed with MS91-14
genotype under control treatment, and the Mihan geno-

type foliated with potassium had the lowest sodium con-
tent in the leaves (Table 8).

Discussion
Yield and yield component

The present study showed that the foliar spraying of po-
tassium, GABA, and salicylic acid could significantly in-
crease the grain yield in the Mihan genotype under non-
stress conditions compared to the corresponding control
treatment. Under salt stress conditions, grain yield de-
creased in all genotypes. Orum and Zare genotypes were
sprayed with GABA, and Mihan treated with potassium
increased grain yield compared to the corresponding con-
trol treatment.

The decrease in grain yield in the examined geno-
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types under salinity conditions in the current research can
be due to the negative effect of this stress on the compo-
nents of grain yield. In this study, salinity reduced the
number of spikelets per spike, the number of grains per
spike, and the thousand kernel weight by 21.47, 26.81, and
8.25%, respectively, compared to normal conditions,
which finally led to a decrease of 49.95% in grain yield.

One of the most concerning abiotic stresses on crop
plants is salinity. It can significantly impact their physio-
logical, morphological, and biochemical characteristics,
affecting how they absorb water and nutrients, their ability
to germinate and grow, photosynthesis, enzyme actions,
and, ultimately, their yield (4). In addition, the increase in
reactive oxygen species (ROS) production under salinity
stress causes oxidative stress, leading to lipid peroxidation
and damage to nucleic acids, ultimately decreasing the
quality and yield of grain (5).

Previous research has shown that the reproductive
phase of crops is highly vulnerable to abiotic stresses such
as salinity (25, 26), resulting in significant reductions in
yield for crucial crops like wheat (26). Additionally, salinity
conditions can decrease the rate of photosynthesis, bio-
mass accumulation, and the source sinks activity, ulti-
mately leading to premature aging of reproductive organs
and a negative impact on yield response factors (27).

Exposure to high levels of salt in the soil can lead to
a decrease in the number of fertile tillers, a reduction in
the number of spikelets per spike, a decrease in kernel
weight, and a negative impact on grain yield (7). According
to Hasan et al. (8), exposure to salinity stress at a rate of 15
dSm™ significantly reduces the number of grains per spike,
1,000-grain weight, and seed yield in tolerant and sensitive
wheat cultivars. Additionally, saline stress can lead to a
decrease in grain weight. This stress is caused by pollen
sterility, lower production of assimilates and reduced allo-
cation towards the economic parts of the plant (the
grains). A study on 151 synthetic wheat-breeding lines re-
vealed that salt stress is related to Na* toxicity, resulting in
a 20% reduction in total kernel weight and a 6% decrease
in starch content (9).

Also, the positive effect of potassium and GABA foli-
ar spraying treatments under normal conditions and salt
stress could be attributed to the positive effect of these
treatments in improving yield components.

The effect of salt stress is mitigated by various phys-
iochemical and biological mechanisms due to the availa-
bility of nutrients. Applying potassium to the leaves could
enhance photosynthesis, increase the effectiveness of an-
tioxidant enzymes, boost potassium uptake in plants, and
improve their ability to absorb sodium and survive in sa-
line conditions (28). The accumulation or transportation of
photosynthetic products might cause a difference in the
response of varieties to potassium fertilizer (29). The po-
tassium fertilizer was beneficial to the transportation and
accumulation of photosynthetic products for Mihan and
ultimately increased the grain yield.

Stress tolerance can be improved by using exoge-
nous GABA (30). GABA can function as a signaling molecule
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and a metabolite. The application of GABA has been prov-
en to alleviate stress by regulating sugar and proline me-
tabolism, reducing photosynthesis and mitochondrial ac-
tivity inhibition, and maintaining chloroplast integrity un-
der stress (31).

Application of GABA reduces Na* concentration,
increases K* concentration, amino acid, and organic acid
accumulation, promotes PAs production, inhibits their
metabolism (15), and increases unsaturated fatty acid con-
tent (y-linolenic acid) while reducing saturated fatty acid
content (32). Under the treatment of GABA, all these pro-
cesses enhance plant stress tolerance. In wheat, studies
have shown that GABA promotes salt tolerance by improv-
ing nitrogen and carbon assimilation (33), enhancing pho-
tosynthesis, antioxidant enzyme activity (32), and signal
transduction pathways. Studies have shown that GABA can
induce phenolic accumulation under NaCl stress and en-
hance antioxidant activity in barley seedlings (34). Kumar
etal. (35) experimented with examining the effect of GABA
on morphological characters and yielding attributes of salt
-stressed blackgarm (Vigna mungo). Also, the positive
effect of GABA foliar application on improving the growth
characteristics and economic performance of blackgarm
(Vigha mungo) and lentil cultivars (Lens culinaris Medik.),
respectively, in the studies of Al-Quraan and Al-Omari (36)
and Kumar et al. (35) was documented.

Our research has revealed that the salicylic acid
foliar application can increased grain yield for certain gen-
otypes in non-stressful conditions. Research has demon-
strated that applying SA externally to wheat can act as a
signaling molecule, prompting the plant's internal radical
detoxification system to activate (20). When SA is used on
wheat externally, it helps produce antioxidants by utilizing
ROS as a secondary messenger (21).

Our research found that applying salicylic acid to
wheat leaves did not improve the yield of grains in salinity
conditions. This phenomenon could be due to the different
reactions of genotypes, dosage, and time of foliar spraying
of this substance.

Concentration of grain elements and protein

Results revealed that the content of Fe, Cu, and Mg de-
creased by 27.86, 50.05 and 18.86%, respectively, in the
studied genotypes under salinity stress versus normal con-
ditions. While, the content of Zn and Mn elements in-
creased by 52.91% and 11.73%, respectively, compared to
the no stress treatment.

Salinity stress significantly affects grain quality
traits. The wheat (cv. Shatabdi) crop exposed to 200 mM
NaCl showed a 155, 10, and 20 increase in Na*, K*, and Ca*?
content under stress (37). According to Nadeem et al. (38),
salinity had a negative impact on the yield of wheat crops,
including the length of grains, test weight, and overall
grain yield. The mineral nutrient content, including K, Ca,
Fe, P, Zn, and Mg, was also negatively affected.

Excessive accumulation of salt ions such as Na*, Cl’,

Mg?*, and SO2-4 alters the composition of soil solution,
severely disturbing ionic harmony. Excessive accumulation
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of sodium disrupts the uptake of cationic nutrients such as
potassium or calcium, leading to a nutrient imbalance
(39). Furthermore, high sodium concentration reduces
potassium absorption, decreasing shoot growth. Similarly,

high levels of Cl” can impair nutrient uptake by disrupting
anion uptake (40).

The response of genotypes to foliar spraying treat-
ments varied depending on the content of grain elements
in this study. The Mihan genotype, which received salicylic
acid, had the highest Fe content under normal conditions;
the highest Cu, Zn, and Mg content was achieved in the
Mihan genotype treated with potassium. The Zare geno-
type grown in the foliar spraying control treatment had the
highest grain magnesium content. Under salinity stress
conditions, the MS89-12 genotype treated with potassium
had the highest Fe content, the Mihan genotype sprayed
with GABA showed the highest Cu and Mn content, the
Heydari genotype treated with salicylic had the highest Zn
content, and Zare treated with GABA achieved the highest
Mn in the grains.

The present study showed that foliar spraying with
potassium and GABA in both conditions improved the Fe,
Cu, Zn, and Mn content in grains compared to the corre-
sponding control.

Fe is a major nutrient that influences the formation
of chlorophyll in plants. As a result, a decrease in nutrient
uptake will likely cause a reduction in the uptake of Fe,
leading to less iron being stored in the shoot, particularly
in the grain. Copper is important for plant growth and
stress adaptability. It is needed for antioxidants, photosyn-
thesis, and nitrogen fixation (41). In this study on creeping
bentgrass, GABA application enhanced N, P, and Cu con-
tent in leaves under heat stress, suggesting that GABA may
enhance those elements (42).

Judaki etal. (43) found that when plants were ex-
posed to a salinity level of 8 dS/m, feeding them with K
between 1 to 2 mM significantly increased the uptake of Fe
and Cu in the shoots. Another report indicated that the use
of different levels of K in safflower under different salinity
levels increased the concentration of Cu (44).

It has been reported that GABA application in-
creased the levels of minerals, including potassium (K),
phosphorus (P), calcium (Ca), iron (Fe), manganese (Mn),
and zinc (Zn) in grains (45). In another study on rice, Xie et
al. (46) showed that GABA250 increased Na, Mn, Zn, and Fe
contents by 10.95%, 25.70%, 11.14%, and 43.30%, respec-
tively compared with control treatment. The present re-
search showed that the protein content of different geno-
types showed different reactions to foliar spraying treat-
ments, but in general, foliar spraying with salicylic acid led
to the improvement of grain protein. According to reports,
salicylic acid can increase grain protein levels by reducing
the amount of starch in the grain (47).

Concentration of leaf elements

The findings revealed that in leaves under salt stress, the
nitrogen and potassium content decreased by 29.56% and
44.69%, respectively, compared to normal conditions,
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while salt stress increased the sodium content of leaves by
33.79% compared to normal conditions.

Under normal conditions, the Mihan genotype
sprayed with GABA had the highest nitrogen and potassi-
um content in the leaves. Under salt stress conditions, the
Mihan genotype displayed the highest leaf nitrogen and
potassium content when potassium foliar was applied. It
should be noted that the lower sodium content of the
leaves under both conditions was attributed to the Mihan
genotype under K treatment. The present study revealed
that potassium foliar application increased the nitrogen
and potassium content of leaves and decreased the sodi-
um content compared to other treatments.

Genotypes that accumulated low sodium levels in
their leaves showed greater tolerance by controlling the
sodium fluxes and maintaining a high ratio of potassium to
sodium (48). This low accumulation of sodium ions has
been linked to either the exclusion of sodium ions from the
leaves or a reduced uptake of sodium ions from the roots.
Munns and Tester (6) reported that the removal of Na*
from the cytoplasm into the apoplast is due to a salt-
inducible Na*/H* antiporter located at the plasma mem-
brane. Researchers suggest that glycophytes tolerate salt
stress by maintaining an appropriate K*/Na* ratio (49). It is
also reported that if the K*/Na* ratio is high, a variety could
be categorized as salt-tolerant (50). It is demonstrated
from the results of this study that genotypes with low Na*
accumulation are more tolerant to salt stress, which aligns
with previous research findings (49). One possible reason
for the tolerance of the Mihan genotype in this research
may be its ability to absorb potassium and excrete sodium
effectively.

Conclusion

According to the findings, the Mihan cultivar had a higher
grain yield in non-stressful and stressful conditions than
the other cultivars examined. Additionally, applying potas-
sium, GABA, and salicylic acid to the Mihan cultivar in non-
stress conditions and applying potassium under salinity
stress conditions increased grain yield compared to the
control. In addition to producing a high grain yield, the
mentioned cultivar has also shown a good response to
foliar spraying treatments. The current study found that
salt stress decreased the levels of Fe, Cu, and Mg elements
in the grains. However, applying potassium and GABA in
both conditions improved the content of Fe, Cu, Zn, and
Mn. So, improving nutrient absorption and balance in
plants through potassium and GABA treatment is a viable
method for mitigating the effects of salinity stress. Out of
the cultivars studied, the Mihan cultivar displayed higher
levels of leaf potassium and lower levels of leaf sodium
compared to other genotypes. These results suggest that
the Mihan cultivar had a greater salt stress tolerance than
other cultivars. Finally, to improve grain yield under salt
stress conditions, appropriate varieties (such as Mihan)
and the application of foliar spraying of potassium and
GABA can be effective solutions.

Plant Science Today, ISSN 2348-1900 (online)



SALMANPOUR ETAL

Acknowledgements

We are very grateful to Islamic Azad University for its gen-

erous financial support.

Authors’ contributions

VS and SS carried out the experiment. MR and MK wrote
the manuscript with support from NA and MR.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of
interests to declare.

Ethical issues: None.

References

1.

10.

11.

Igbal MA, Junaid R, Wajid N, Sabry H, Yassir K, Ayman S. Rainfed
winter wheat (Triticum aestivum L.) cultivars respond differently
to integrated fertilization in Pakistan. Fresenius Environ
Bull. 2021;30:3115-21.

Zeeshan M, Lu M, Sehar S, Holford P, Wu F. Comparison of bio-
chemical, anatomical, morphological and physiological re-
sponses to salinity stress in wheat and barley genotypes defer-
ring in salinity tolerance. Agronomy. (2020a;10(1):127. https://
doi.org/10.3390/agronomy10010127

Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced
physiological and biochemical changes in plants: An omic ap-
proach towards salt stress tolerance. Plant Physiol Bio-
chem. 2020;156:64-77. https://doi.org/10.1016/
j.plaphy.2020.08.042

Cisse A, Arshad A, Wang X, Yattara F, Hu Y. Contrasting impacts
of long-term application of biofertilizers and organic manure on
grain yield of winter wheat in North China Plain. Agronomy.
2019;9:312. https://doi.org/10.3390/agronomy9060312

Kumari A, Kaur R. A review on morpho-physiological traits of
plants under phthalates stress and insights into their uptake
and translocation. Plant Growth Regul. 2020;91:327-47. https://
doi.org/10.1007/s10725-020-00625-0

Munns R, Tester M. Mechanisms of salinity tolerance. Ann Rev
Plant Biol. 2012;59:651-81. https://doi.org/10.1146/
annurev.arplant.59.032607.092911

Sorour SG, Aiad MA, Ahmed AA, Henash MIA, Metwaly EM, Alhar-
by H. Yield of wheat is increased through improving the chemi-
cal properties, nutrient availability and water productivity of
salt affected soils in the north delta of Egypt. Appl Ecol Environ
Res. 2019;17:8291-306. https://doi.org/10.15666/
aeer/1704_82918306

Hasan A, Hafiz HR, Siddiqui N, Khatun M, Islam R, Mamun AA.
Evaluation of wheat genotypes for salt tolerance based on some
physiological traits. J Crop Sci Biotechnol. 2012;18:333-40.
https://doi.org/10.1007/512892-015-0064-2

Dadshani S, Sharma RC, Baum M, Ogbonnaya FC, Léon J,
Ballvora A. Multi-dimensional evaluation of response to salt
stress in wheat. PLoS ONE. 2019;14:e0222659. https://
doi.org/10.1371/journal.pone.0222659

Munns R, Gilliham M. Salinity tolerance of crops - what is the
cost? New Phytol. 2015;208:668-73. https://doi.org/10.1111/
nph.13519

Amin MW, Aryan S, Samadi AF. ()Interpretation of morphophysi-
ological and biochemical responses of winter wheat under

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

12

diferent sodium chloride concentrations. J Crop Sci Biotechnol.
2023;26:563-71. https://doi.org/10.1007/s12892-023-00200-9

Ashraf MA, Hafeez A, Rasheed R et al. Evaluation of physiomor-
phological and biochemical responses for salt tolerance in
wheat (Triticum aestivum L.) cultivars. J Plant Growth Regul.
2023;42:4402-22. https://doi.org/10.1007/500344-023-10905-4

Qiu L. Evaluation of salinity tolerance and analysis of the allelic
function of HYHKT1 and HvVHKT2 in Tibetan wild barley. Theor
Appl Genet. 2011;122:695-703. https://doi.org/10.1007/s00122-
010-1479-2

Deewathanawong R, Nock JF, Watkins CB. y-aminobutyric acid
(GABA) accumulation in four strawberry cultivars in response to
elevated CO; storage. Postharvest Biol Technol. 2010;57(2):92-
96. https://doi.org/10.1016/j.postharvbio.2010.03.003

Yong B, Xie H, Li Z, Li Y, Zhang Y, Nie G et al. Exogenous applica-
tion of GABA improves PEG-induced drought tolerance positive-
ly associated with GABA-shunt, polyamines and proline metabo-
lism in white clover. Front Physiol. 2017;8:1107. https://
doi.org/10.3389/fphys.2017.01107

Khanna RR, Jahan B, Igbal N, Khan NA, AlAjmi MF, Rehman MT,
Khan MIR. GABA reverses salt-inhibited photosynthetic and
growth responses through its influence on NO-mediated nitro-
gen-sulfur assimilation and antioxidant system in wheat. J Bio-
technol. 2021;325:73-82. https://doi.org/10.1016/
j.jbiotec.2020.11.015

Imas P, Magan A. Potash facts in brief. International potash
Institue (IPI). Potash Research Institue of India; 2000. WWW.
IPIPOTASH.ORG

Blevins DG, Hiatt AJ, Lowe RH, Leggett JE. Influence of K on the
uptake, translocation and reduction of nitrate by barley seed-
lings. Agron J. 1978;70:393-96. https://doi.org/10.2134/
agron;j1978.00021962007000030007x

Ullah Khan S, Bano A, Jalal U, Gurmani AR. Abscisic acid and
salicylic acid seed treatment as potent inducer of drought toler-
ance in wheat (Triticum aestivum L.) Pak J Bot. 2012;44:43-49.

Fardus J, Matin MA, Hasanuzzaman M, Hossain MA, Hasanuz-
zaman M. Salicylic acid-induced improvement in germination
and growth parameters of wheat under salinity stress. J Anim
Plant Sci. 2018;28:197-207.

Agarwal S, Sairam RK, Srivastava GC, Meena RC. Changes in
antioxidant enzymes activity and oxidative stress by abscisic
acid and salicylic acid in wheat genotypes. Biol Plant.
2005a;49:541-50. https://doi.org/10.1007/510535-005-0048-z

Degl’'Innocenti E, Hafsi C, Guidi L, Navari-lzzo F. The effect of
salinity on photosynthetic activity in potassium-deficient barley
species. Plant  Physiology. 2009;166:1968-81.  https://
doi.org/10.1016/j.jplph.2009.06.013

Hamid H, Rehman K, Ashraf Y. Salicylic acid-induced growth
and biochemical changes in salt-stressed wheat. Commun Soil
Sci Plant Anal. 2010;41:373-89. https://
doi.org/10.1080/00103620903494343

ShavrukovY, Langridge P, Tester M. Salinity tolerance and sodi-
um exclusion in genus Triticum. Breed Sci. 2009;59:671-78.
https://doi.org/10.1270/jsbbs.59.671

Ehtaiwesh FA, Rashed HF. Growth and yield responses of libyan
hard wheat (Triticum durum Desf) genotypes to salinity stress.
Zawia Univ Bull. 2020;22:33-58.

Kalhoro NA, Rajpar |, Kalhoro SA, Ali A, Raza S, Ahmed M. Effect
of salts stress on the growth and yield of wheat (Triticum aes-
tivum L.). Am J Plant Sci. 2016;7:2257. https://doi.org/10.4236/
ajps.2016.715199

Khataar M, Mohammadi MH, Shabani F. Soil salinity and matric
potential interaction on water use, water use efficiency and

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.3390/agronomy9060312
https://doi.org/10.1007/s10725-020-00625-0
https://doi.org/10.1007/s10725-020-00625-0
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.15666/aeer/1704_82918306
https://doi.org/10.15666/aeer/1704_82918306
https://doi.org/10.1007/s12892-015-0064-2
https://doi.org/10.1371/journal.pone.0222659
https://doi.org/10.1371/journal.pone.0222659
https://doi.org/10.1111/nph.13519
https://doi.org/10.1111/nph.13519
https://doi.org/10.1007/s12892-023-00200-9
https://doi.org/10.1007/s00344-023-10905-4
https://doi.org/10.1007/s00122-010-1479-2
https://doi.org/10.1007/s00122-010-1479-2
https://doi.org/10.1016/j.postharvbio.2010.03.003
https://doi.org/10.3389/fphys.2017.01107
https://doi.org/10.3389/fphys.2017.01107
https://doi.org/10.1016/j.jbiotec.2020.11.015
https://doi.org/10.1016/j.jbiotec.2020.11.015
https://doi.org/10.2134/agronj1978.00021962007000030007x
https://doi.org/10.2134/agronj1978.00021962007000030007x
https://doi.org/10.1007/s10535-005-0048-z
https://doi.org/10.1016/j.jplph.2009.06.013
https://doi.org/10.1016/j.jplph.2009.06.013
https://doi.org/10.1080/00103620903494343
https://doi.org/10.1080/00103620903494343
https://doi.org/10.1270/jsbbs.59.671
.%20https:/doi.org/10.4236/ajps.2016.715199
.%20https:/doi.org/10.4236/ajps.2016.715199

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

yield response factor of bean and wheat. Sci Rep. 2018;8:2679.
https://doi.org/10.1038/541598-018-20968-z

El-Lethy SR, Abdelhamid MT, Reda F. Effect of potassium appli-
cation on wheat (Triticum aestivum L.) cultivars grown under
salinity stress. World Appl Sci J. 2013;26:840-50. https://
doi.org/10.5829/idosi.wasj.2013.26.07. 13527

Pettigrew WT. Potassium influences on yield and quality pro-
duction for maize, wheat, soybean and cotton. Physiol Plant.
2008;133:670-81. https://doi.org/10.1111/j.1399-
3054.2008.01073.x

Cao SF, Cai YT, Yang ZF, Zheng YH. MeJA induces chilling toler-
ance in loquat fruit by regulating proline and yaminobutyric
acid contents. Food Chem. 2012;133:1466-70. https://
doi.org/10.1016/j.foodchem.2012.02.035

Elbar OHA, Elkelish A, Niedbata G, Farag R, Wojciechowski T,
Mukherjee S et al. Protective effect of y-aminobutyric acid
against chilling stress during reproductive stage in tomato
plants through modulation of sugar metabolism, chloroplast
integrity and antioxidative defense systems. Front Plant
Sci. 2021;12:663750. https://doi.org/10.3389/fpls.2021.663750

Mekontso FN, Duan W, Cisse EHM, Chen T, Xu X. Alleviation of
postharvest chilling injury of carambola fruit by y-aminobutyric
acid: Physiological, biochemical and structural characteriza-
tion. Front Nutr. 2021;8:752583. https://doi.org/10.3389/
fnut.2021.752583

Kumari S, Nazir F, Jain K, Khan MIR. GABA and potassium modu-
lates defence systems, assimilation of nitrogen and carbon and
yield traits under salt stress in wheat. J Plant Growth Reg-
ul. 2023; https://doi.org/10.1007/s00344-023-10992-3

Ma Y, Wang P, Wang M, Sun M, Gu Z, Yang R. GABA mediates
phenolic compounds accumulation and the antioxidant system
enhancement in germinated hulless barley under NaCl
stress. Food Chem. 2019;270:593-601. https://doi.org/10.1016/
j.foodchem.2018.07.092

Kumar S, Jangde S, Priya T, Yashu BR. Effect of GABA on mor-
phology, yield and yield attributes in Black Gram (Vigna mungo
(L.) Hepper) under salt stress condition. International Journal of
Pure  Applied Biosciences. 2017;5:1223-28. https://
doi.org/10.18782/2320-7051.5927

Al-Quraan NA, Al-Omari HA . GABA accumulation and oxidative
damage responses to salt, osmotic and H,0, treatments in two
lentil (Lens culinaris Medik) accessions. Plant Biosystems- An
International Journal Dealing with all Aspects of Plant Biology.
2017;151(1):148-57.
https://doi.org/10.1080/11263504.2015.1115440

Tareq MZ, Hossain MA, Mojakkir MA, Ahmed R, Fakir MSA. Effect

of salinity on reproductive growth of wheat. Bangladesh J Seed
Sci Technol. 2011;15:111-16.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

13

Nadeem M, Tarig MN, Amjad M, Sajjad M, Akram M, Imran M.
Salinity-induced changes in the nutritional quality of bread
wheat (Triticum aestivum L.) genotypes. Agrivita. 2020;42:1-12.
https://doi.org/10.17503/agrivita.v42i1.2273

Gardner WK. Sodium, calcium and magnesium ratios in soils of
NW Victoria, Australia may restrict root growth and crop produc-
tion. J Plant Nutr. 2016;39:1205-15. https://
doi.org/10.1080/01904167.2014.999946

Geilfus CM. Chloride from nutrient to toxicant. Plant Cell Phys-
iol. 2018a;59:877-86. https://doi.org/10.1093/pcp/pcy071

Ravet K, Pilon M. Copper and iron homeostasis in plants: The
challenges of oxidative stress. Antioxidants and Redox Signal-
ing. 2013;19:919-32. https://doi.org/10.1089/ars.2012.5084

Li Z, Burgess P, Peng Y, Huang B. Regulation of nutrient accumu-
lation by y-aminobutyric acid associated with GABA priming-
enhanced heat tolerance in creeping bentgrass. Grass Research.
2022;2:5. https://doi.org/10.48130/GR-2022-0005

Judaki M, Shariatmadari H, Shivan M. Interaction of potassium
and boron on yield and absorption of trace elements in radish
(Raphanus sativus L.) under salinity stress. Greenh Gases: Sci
Technol. 2016;7(27):1-13. https://doi.org/10.18869/
acadpub.ejgcst.7.27.1

Azizabadi A, Golchin A, Delavar MA. The effect of potassium and
drought stress on growth indices and nutrient concentrations of
safflower leaves. Greenh Gases: Sci Technol. 2014;5(19):65-79.

Yang N, Wu H, Gan L, Zhu C. Effect of foliar application of y-
aminobutyric acid on yield and quality of wheat. Journal Article.
2018;33(3):8-20.

Xie W, Ashraf U, Zhong D, Lin R, Xian P, ZhaoT et al. Application
of y-aminobutyric acid (GABA) and nitrogen regulates aroma

biochemistry in fragrant rice. Food Sci Nutr. 2019;7:3784-96.
https://doi.org/10.1002/fsn3.1240

Khan NA, Nazar R, Igbal N, Anjum NA. Phytohormones and abi-
otic stress tolerance in plants. Springer: Berlin/Heidelberg, Ger-
many; 2012. https://doi.org/10.1007/978-3-642-25829-9

Saddiq MS, Afzal I, Basra SMA, Muhammad Ashraf SI. Sodium
exclusion affects seed yield and physiological traits of wheat
genotypes grown under salt stress. J Soil Sci Plant Nutr.
2020;20:1442-56. https://doi.org/10.1007/542729-020-00224-y

GencY, Oldach K, Taylor J, Lyons GH. Uncoupling of sodium and
chloride to assist breeding for salinity tolerance in crops. New-
Phytol. 2016;210(1):145-56. https://doi.org/10.1111/nph.13757

Tester M, Davenport R. Na+ tolerance and Na+ transport in high-
er plants. Ann Bot. 2003;91:503-27. https://doi.org/10.1093/aob/
mcg058

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1038/s41598-018-20968-z
https://doi.org/10.5829/idosi.wasj.2013.26.07.%2013527
https://doi.org/10.5829/idosi.wasj.2013.26.07.%2013527
https://doi.org/10.1111/j.1399-3054.2008.01073.x
https://doi.org/10.1111/j.1399-3054.2008.01073.x
https://doi.org/10.1016/j.foodchem.2012.02.035
https://doi.org/10.1016/j.foodchem.2012.02.035
https://doi.org/10.3389/fpls.2021.663750
https://doi.org/10.3389/fnut.2021.752583
https://doi.org/10.3389/fnut.2021.752583
https://doi.org/10.1007/s00344-023-10992-3
https://doi.org/10.1016/j.foodchem.2018.07.092
https://doi.org/10.1016/j.foodchem.2018.07.092
https://doi.org/10.18782/2320-7051.5927
https://doi.org/10.18782/2320-7051.5927
https://doi.org/10.1080/11263504.2015.1115440
https://doi.org/10.17503/agrivita.v42i1.2273
https://doi.org/10.1080/01904167.2014.999946
https://doi.org/10.1080/01904167.2014.999946
https://doi.org/10.1093/pcp/pcy071
https://doi.org/10.1089/ars.2012.5084
https://doi.org/10.1089/ars.2012.5084
https://doi.org/10.48130/GR-2022-0005
https://doi.org/10.48130/GR-2022-0005
https://doi.org/10.18869/acadpub.ejgcst.7.27.1
https://doi.org/10.18869/acadpub.ejgcst.7.27.1
https://doi.org/10.1002/fsn3.1240
https://doi.org/10.1007/978-3-642-25829-9
https://doi.org/10.1007/s42729-020-00224-y
https://doi.org/10.1111/nph.13757
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1093/aob/mcg058

