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Salinity is a global conundrum that negatively affects various biometrics of
agricultural crops. Jasmonic acid (JA) is a phytohormone that reinforces
multilayered defense strategies against abiotic stress, including salinity. This
study investigated the effect of JA (60 wM) on two wheat cultivars, namely ZM9
and YM25, exposed to NaCl (14.50 dSm~1) during two consecutive growing
seasons. Morphologically, plants primed with JA enhanced the vegetative
growth and yield components. The improvement of growth by JA priming is
associated with increased photosynthetic pigments, stomatal conductance,
intercellular CO,, maximal photosystem |l efficiency, and transpiration rate
of the stressed plants. Furthermore, wheat cultivars primed with JA showed
a reduction in the swelling of the chloroplast, recovery of the disintegrated
thylakoids grana, and increased plastoglobuli numbers compared to saline-
treated plants. JA prevented dehydration of leaves by increasing relative water
content and water use efficiency via reducing water and osmotic potential
using proline as an osmoticum. There was a reduction in sodium (Na™) and
increased potassium (K*) contents, indicating a significant role of JA priming
in ionic homeostasis, which was associated with induction of the transporters,
viz.,, SOS1, NHX2, and HVPI1. Exogenously applied JA mitigated the
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inhibitory effect of salt stress in plants by increasing the endogenous levels
of cytokinins and indole acetic acid, and reducing the abscisic acid (ABA)
contents. In addition, the oxidative stress caused by increasing hydrogen
peroxide in salt-stressed plants was restrained by JA, which was associated
with increased a-tocopherol, phenolics, and flavonoids levels and triggered
the activities of superoxide dismutase and ascorbate peroxidase activity. This
increase in phenolics and flavonoids could be explained by the induction of
phenylalanine ammonia-lyase activity. The results suggest that JA plays a key
role at the morphological, biochemical, and genetic levels of stressed and non-
stressed wheat plants which is reflected in yield attributes. Hierarchical cluster
analysis and principal component analyses showed that salt sensitivity was
associated with the increments of Nat, hydrogen peroxide, and ABA contents.
The regulatory role of JA under salinity stress was interlinked with increased JA
level which consequentially improved ion transporting, osmoregulation, and
antioxidant defense.

KEYWORDS

jasmonic acid, Nat transporter-related gene expression, nutrient homeostasis,

salinity, wheat

Introduction

Wheat (Triticum aestivum L.) is an important cereal crop
widely consumed globally as a valuable food. With a dramatically
increasing in the human population worldwide and to meet the
food demands, wheat production should increase by more than
60% to feed the 9.6 billion world population by 2050 (Tadesse
et al., 2019). The major constraints in wheat productivity are
abiotic stress such as water stress, heat, and salinity. Although
wheat is reported as a moderately salt-tolerant crop, the grain
yield could be reduced when the salinity is higher than 10 dSm ™!
(Munns et al., 2006). Therefore, enhancing wheat yield is the
ultimate goal of coping with the food security challenges under
changing climate conditions and limited resources.

Salt stress is one of the major environmental issues
encountered by plants. It has been determined that about 20%
(50 million hectares) of agricultural land is affected by salt stress
(Shrivastava and Kumar, 2015). Salt stress impacts the plants’
osmotic potential that affects the hydraulic conductivity through
reducting water uptake or affecting solute potential (Munns and
Tester, 2008). The prolonged exposure and high concentrations
of salt ions by plants disturb the Na™/KT/Ca™" homeostasis,
increase the release of reactive oxygen species (ROS), and the
oxidation of membrane lipids (Ahanger et al., 2017; Sehar et al.,
2019). This could cause injuries to the cellular structure of
chloroplast and mitochondria, ionic imbalance, and impairment
in water relations and photosynthesis, thereby inhibiting plant
growth and causing cell death (Sheteiwy et al., 2018; Sehar et al.,
2019).
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To handle the excessive accumulation of ROS and induced
oxidative damages, plant cells intricately synthesize enzymatic
antioxidants such as superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX) to scavenge ROS
(He et al.,, 2017; Ulhassan et al., 2019; Sheteiwy et al., 2021b).
The increased concentration of non-enzymatic antioxidants
such as osmoprotectants including proline (Ahmad et al,
2016), non-enzymatic antioxidants (tocopherols), secondary
metabolites such as total phenols and flavonoids (Mir
et al, 2018), and modulation of phytohormones such as
abscisic acid (ABA) and ethylene (Garcia de la Garma
et al., 2015) also contribute to alleviating salt stress. At the
cellular level, tolerant genotypes use different mechanisms
to adapt to salt stress by reducing NaT accumulation in
the cytoplasm and restricting its entry into the cell via
mediating Na™ extrusion using SOSI (salt overly sensitivel)
and Na' compartmentalization in the vacuole (Shi et al,
2003).

However, tissue tolerance via Na™T sequestration in shoots
is considered one of the essential mechanisms of salt
stress tolerance (Munns et al., 2016). Another salt tolerance
mechanism is Na™ exclusion from the cytosol by mediating
Na® uptake and movement in different organs and/or by
Nat compartmentation into the vacuole. Many transporters,
such as the high-affinity KT transporters (HKTI), plasma
membrane Nat/H™T exchanger (SOSI, SOS2, and SOS3), HT-
pyrophosphatase (HVP), and tonoplast Na*/HT antiporters
(NHX) have been reported to have an important role in
Na™ uptake mechanisms and transport pathway (Tuteja, 2007;
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Shavrukov, 2014). Hence, it is greatly essential to find a practical
approach to increase wheat tolerance against stress conditions.

Seed priming is being used to enhance seed germination
and crop yield under different environmental stresses (Sheteiwy
et al., 2018, 2019; Gao et al.,, 2020b; Dawood et al., 2021a,
2022; Basit et al,, 2022). During seed priming, seed metabolism
activation is controlled by the hydration level of seeds,
resulting in carbohydrates hydrolysis to be easily taken by the
embryo. Seed germination can improve the metabolic process
(pre-germinated) to stimulate radicle protrusion (Paparella
et al, 2015). During imbibition, seed priming limits the
endosperm resistance, nurtures the immature embryos, and
repairs membranes (Balestrazzi et al, 2011). In this way,
priming can enhance abiotic stress tolerance during dehydration
or soaking steps. Seed priming with phytohormones such as
jasmonic acid (JA) has been widely utilized to mitigate abiotic
stress effects and regulate physio-biochemical processes in plants
(Sheteiwy et al., 2018, 2021a).

Earlier studies have reported that seed priming with low
concentrations of JA can alleviate salt stress by improving water
potential (via increased synthesis of osmoregulators), reducing
Na™ accumulation in tissues, and promoting photosynthesis,
growth, and yield of several crops (Sheteiwy et al., 2018, 2021a).
For example, it has been reported that seed priming with JA
can improve the germination rate, seed vigor, photosynthetic
machinery, water use efficiency (WUE), relative water contents
(RWC), and metabolites accumulation in soybean (Sheteiwy
etal, 2021a), and rice cultivars (Sheteiwy et al., 2018). Similarly,
Al-harthi et al. (2021) have found that seed priming with JA
can alleviate salt stress in summer squash (Cucurbita pepo L.)
by upregulating the antioxidant (enzymatic and non-enzymatic)
defense system, ionic homeostasis, and pigmentation resulted in
higher biomass accumulation.

Hence, the purpose of the current study is to investigate
the potential roles of seed priming with JA in adapting the
physiological, cellular, and molecular mechanisms of wheat
plants exposed to high salt stress. We hypothesize that
the primed JA may modulate the osmoregulators, induce
the nutrients balance, produce endogenous phytohormones,
accumulate secondary metabolites, and stimulate antioxidant
defense machinery or stress-related transcripts of wheat plants
to improve growth, biomass accumulation, and photosynthetic
apparatus. Thus, seeds primed with JA may minimize the
effect of salt stress by scavenging the ROS accumulation and
improving wheat growth in saline stress conditions.

Materials and methods

Experimental design, plant growth, and
stress treatment

Field experiments were performed during the 2018/2019
and 2019/2020 growing seasons from November to June at
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the experimental farm of the Academy of Agricultural Science
(JAAS), Nanjing, Jiangsu, China (35.31°N 113.87 °E). The seeds
of two cultivars of spring wheat i.e. Zheng Mai9 (ZM9, salt-
sensitive) and Yang Mai25 (YM25, salt-tolerant), were brought
from the Seed Center of Nanjing, Jiangsu, China (JAAS).

Both cultivars selected in the current experiment were
widely cultivated in the delta of the Yangtz river of China, based
on their excellent traits, e.g., ZM9 with more resistance to wheat
diseases such as Fusarium head blight and powdery mildew,
YM25 with stronger resistance to lodging, and both showing
higher yield and better grain quality. The area has a humid
subtropical climate, and the mean temperature and humidity
of both growing seasons are shown in Supplementary Table S1.
The soil’s main properties were as follows: 24.9% clay; 55.6% silt;
19.5% sand. The soil chemical properties from 0 to 30 cm of the
experimental site were represented in Supplementary Table S2.
The plots’ size used in this study was 13 m? (3.25 x 4m),
with a distance between each ridge of 45 cm. The experiments
were performed using a complete randomized block design
(CRBD, factorial), with three biological replications and eight
treatments. The experiment field differs in salinity levels. The
plots with 4.6 dSm ™! were served as a control, and plots with
14.50 dSm™! were used as salinity stress. This salinity was
designed as high salt stress for wheat plants as it was comparable
to saline-alkaline lands in the coastal areas of Jiangsu Province,
China (Ju et al,, 2021). Salt soil plots were established by mixing
normal soil with salt (1:100). In order to confine the lateral
diffusion of salt with water movement among plots, a plastic
membrane was mulched on the ridges of each plot.

For the priming treatments, two levels of JA (0 and 60 wM)
were used. Prior to seed priming, diluted sodium hypochlorite
was used as a sanitizer solution of wheat grains for 15min
and then washed several times to remove any debrides of the
disinfectant. Then, the grains were divided into two sets, a group
soaked in distilled water representing the control, and the second
group was soaked in JA with a concentration of 60 pM at 15
°C in darkness for 24h (Sheteiwy et al., 2021a). The time and
the selected dose of JA were preliminarily tested and optimized.
The seeds were left to dry, and the sowing was performed in the
second week of November during the seasons (2018 and 2019).

The seeds were sown in rows at depth of 4cm and 20 cm
space between rows. The recommended amount of essential
fertilizers such as N (388 kg h—1), P (87.75 kg h~1), and K
(120kg h™1) was applied according to the soil fertility status.
The entire P and K fertilizers were provided before planting as
basal doses; however, the doses of N were completely applied
at the stem elongation and node formation stages (after 50
days from sowing). The water requirement was supplied to soils
based on the wheat growth stages, in which 15, 25, 30, and
25% were supplied to the soil at the initial stage, vegetative
growth, reproductive stage, grain filling stage, respectively of the
total water requirements. In comparison, the soil was naturally
dried during maturation (5%). Irrigation water was supplied and
pumped to the plots from a pond through pipes. The irrigation
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system has pipes buried in the soil at a specific depth and water
is pumped to enter these pipes for irrigation. This system was
equipped with a water meter to control the water flow to the
plots at the different growth stages. Other agricultural practices
for wheat production were similar to those applied by farmers’
practices in the Jiangsu region of China.

In order to determine the physiological, morphological,
and yield, 20 wheat plants with the same vigor were selected,
tagged in each plot, and used for the different analyses. The
morphological and physiological parameters were recorded after
60 days after sowing. Plant heights were measured from the
base to the tip of the plant shoot. The fresh weight (FW) and
dry weight (DW; dried in an oven at 80 °C for 24 h) of treated
plants were recorded. After the maturity of plants and spikes,
the spike/m?, grains/ spike, and weight of 100 grains were
estimated and it was determined during only the first growing
season (2018/2019).

Determination of photosynthetic
pigments, photosynthesis efficiency, and
transpiration

The leaf physiological traits such as stomatal conductance
(gs), transpiration rate (Ty), net photosynthetic rate (Pp),
and intercellular COy (C;) were determined using a portable
photosynthesis system (LI-6400; Lincoln, NE, USA) after 2h
of acclimation in the growth cabinet at 27 °C, 70% relative
humidity, the light intensity of 1000 u mol m~2s71 and COy
of 380 1L mol mol™! (Sheteiwy et al., 2021a). The chlorophyll
contents were measured spectrophotometrically using the
method described previously by Sheteiwy et al. (2018). Briefly,
the fresh leaf samples (0.2 g) were ground in 3 mL ethanol (95%,
v/v). The homogenate was centrifuged at 5,000 xg for 10 min and
the supernatant was extracted. The mixture was then determined
by monitoring the absorbance at the wavelengths 665, 649,
and 470 nm using a spectrophotometer (UV-2101/3101 PC;
Shimadzu Corporation, Analytical Instruments Division, Kyoto,
Japan). The chlorophyll fluorescence (CF) was measured by the
chlorophyll fluorometer (IMAG-MAXI, Heinz Walz, Effeltrich,
Germany) in the expanded leaves after dark adaptation for
15 min according to the methodology of Ali et al. (2015).

Ultrastructural changes in wheat leaves

To deeply observe the changes in the cellular structures
of the plant cell and major structural organelles in terms of
chloroplast, cell wall, and starch grain and their functions in
response to salt stress and JA priming, the leaf ultrastructural
changes were investigated using a protocol reported by Yang
et al. (2021) with slight modifications. Segments (6-8 per
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treatment) were randomly selected from wheat plants and
overnight immersed in glutaraldehyde (2.5%, v/v) and washed
four times with.1 M of phosphate-buffered saline (PBS), with
10-min intervals between each washing. Then, at 15-20 min
intervals, the samples were dehydrated in a graded series of
ethanol (50%, 60%, 70%, 80%, 90%, 95%, and 100%) and then
washed with absolute acetone for 20 min. The samples were
then assembled and fixed on copper grids to be scanned using
the transmission electron microscope (JEOL TEM-1230 EX), as
described by Yang et al. (2021).

Determination of Na* accumulation and
k* uptake in the different tissues of wheat

The Nat and KT contents of the blade, sheath, stem, and
roots of both wheat cultivars were recorded using the method
described by Zhao et al. (2014). The tissues were washed with
distilled water and then dried at 50 °C for 4 d. After that, the
dried samples were ground into a fine powder by liquid nitrogen
and digested in nitric acid (5mL) overnight. Then, Na™ and
KT contents of different tissues were monitored using a flame
photometer following the methodology of Zhao et al. (2014).

Determination of water-relation
parameters

The water relation parameters such as water potential
and osmotic potential were measured following the protocol
reported by Ahmed et al. (2013). Briefly, the segments of the fully
expanded leafy sample were macerated in a mortar. After extract
filtration, the sap was centrifuged at 10,000 x g for 10 minat 4 °C,
then the supernatant was used to estimate osmolality (c) using
a vapor pressure osmometer (Wescor Inc., Logan, UT, USA).
WUE was measured as the ratio between P, and Ty as described
by Jones (2013). Briefly, fresh eight of the leaf sample, and the
dry weight (for 48 h in an oven at 75 °C) were recorded and used
for the RWC determination. The leaf was then soaked for 24 h
in distilled H»O. The leaves were then dried using tissue paper
prior to turgid weight calculation and the RWC was measured.
The RWC was quantified in tissues using the equations of Barr
and Weatherley (1962) as follows:

Fresh weight — Dry weight

RWC (%) = 100

Turgid weight — Dry weight

Determination of H,O,, proline, phenolic
metabolism, and antioxidants profile

The hydrogen peroxide (H,O3) content was measured in the
root and shoot according to Halliwell et al. (1987). Briefly, the
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root and shoot samples (0.5 g) were macerated in trichloroacetic
acid (5.0mL of 0.1%), and the supernatant was mixed with
ImL of ImM KI, and the absorbance at the wavelengths
390 nm by using spectrophotometer was monitored. Proline was
determined in the root and shoot samples according to Sheteiwy
et al. (2021b). The leaf samples (100 mg) were homogenized in
3% sulfosalicylic acid (5mL) and centrifuged at 5,000 xg for
10 min. The supernatant was mixed with acid-ninhydrin and
acetic acid and boiled for 1 h at 100 °C followed by incubation in
an ice bath. The absorbance of chromophore-containing toluene
was monitored at 520 nm. Tocopherol in root and shoot samples
was recorded at 520nm following Backer et al. (1980). The
flavonoid content in root and shoot samples was determined
according to Zhishen et al. (1999). Total phenolic content in
root and shoot were quantified and calculated using gallic acid
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) as a
standard (Shohag et al., 2012).

The antioxidant enzyme activities, such as APX, SOD, and
Phenylalanine ammonia-lyase (PAL) were determined in the
leaf and root tissues spectrophotometrically at 290 nm by the
method of Sheteiwy et al. (2021a). Briefly, fresh leaf and root
samples (0.5 g) were homogenized in liquid nitrogen and then
macerated in K-phosphate buffer (8 mL, 50 mmol L™, pH
7.8) in ice-cold conditions. The extract was then centrifuged at
10,000 x g for 20 min at 4 °C where the supernatant was utilized
for the aforementioned enzyme activity measurements.

APX activity was determined following the methodology of
Nakano and Asada (1981). The reaction mixture was composed
of 1.4mL PBS (25 mmol L™! pH 7.0 + 2 mmol L™! ethylene
diamine tetra acetic acid (EDTA), 300 mmol L~ H,0,, 7.5
mmol L™ ascorbic acid 100 iL, and 100 L enzyme extractin a
total volume of 1.7 mL. APX enzyme was measured by noticing
the reduction percentage of the absorbance of ascorbic acid at
290 nm for 2 min. SOD activity was measured according to the
method of Giannopolitis and Ries (1977). The reaction mixture
contained 3mL 50 mmol L™! phosphate buffer (pH 7.8), 13
mmol L™! methionine, 1.22 mmol L™ riboflavin, 78.2 jwmol
L~! EDTA, 56 wmol L™! of Nitro blue tetrazolium (NBT) and
100 L extract. The mixture was illuminated and the reaction
was used to measure the inhibition of the photochemical
reduction of NBT at 560 nm. One unit of SOD was defined as
the amount required to inhibit the photoreduction of NBT by
50%. SOD activity was expressed as mg_1 protein as reported
earlier by Zhu et al. (2015).

Determination of hormones profile

The concentrations of cytokinins (CKs) were determined
according to the method of Rauf and Sadaqat (2007). The indole
acetic acid (IAA) was measured following the methodology of
Sheteiwy et al. (2021c). Abscisic acid (ABA) was quantified in
shoot and root tissues following the methodology of Gao et al.
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(2020a). For JA determination, frozen root and shoot samples
(200 mg) were ground into fine powder using liquid nitrogen.
The extracts were then centrifuged at 12000 x g for 10 min at 4
°C, and then JA was quantified using liquid chromatography-
mass spectrometry (Waters, Milford, Massachusetts, USA) as
described by Tsukahara et al. (2015).

Determination of relative gene
expression level

The transcript levels of NaT uptake and transport genes such
as SOSI-NHX2- HVPI were analyzed in leaf blade-, leaf sheath,
stem, and root tissues. The total RNA isolation was performed
using an RNA isolation (Takara Bio Inc., Shiga, Japan). cDNA
was synthesized using Primer Script RT reagent Kit (Takara Bio
Inc.) from 1 p g of total RNA in a 20 i L reaction, and diluted 4-
fold with water. SYBR premix EX Taq (Takara Bio Inc.) was used
to perform the quantitative real-time (QRT-PCR) analysis. The
frozen tissues (100 mg) were homogenized in liquid nitrogen
and qRT-PCR was performed following the methodology of
Gao et al. (2020b) using primers used previously by Darko
et al. (2017). ACT1 was used as a control to determine the
transcription level of the other studied genes. The PCR program
was the same as followed by Salah et al. (2015).

Statistical analysis

Two-way analysis of variance (ANOVA) was applied to
determine differences among treatments. The results were
described as the means of three replicates == SD. The data were
analyzed using the statistical package (IBM-SPSS, 19, USA).
Mean values were compared by applying Duncan’s multiple
range test at the.05 level of significance. Asterisks indicate
significant differences: *P < 0.05, **P<0.001, *** P<0.0001. The
Hierarchical Cluster Analysis (HCA) and Principle Component
Analysis (PCA) were performed through the SPSS program on
logig of the obtained data.

Results

Effect of JA priming on wheat growth
under salt stress

Results revealed that salt stress caused a significant (P <
0.05) reduction in growth and numbers of tillers in wheat
seedlings compared to the control seedlings (Table 1). The
reduction of shoot length, FW, and DW in response to salinity
reached 23, 40, and 44% in the ZM9 cultivar and 22, 45, and
44% in cultivar YM25, respectively, compared with the control.
Priming with JA resulted in improved plant height, FW, and
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TABLE 1 Effects of JA priming on plant height, FW, DW, number of tillers/plants, T, and P, of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under control and
salinity stress conditions during two consecutive growing seasons 2019 and 2020.

Treatments Plant height FW (g) DW (g) Number of Ty (mmol H,O Ph (wmol CO,
(cm) tillers m—2s~1) m—2s71)
plants—!
2019
ZM9 Ck 80.43 £ 2.0c 2.53 £0.15b 0.624 £ 0.03b 6.33 + 0.5b 6.29 £ 0.34bc 3.31 £0.38b
60 LM JA 91.50 £ 3.4b 3.36 £0.15a 0.831 £ 0.04a 7.33 £0.5a 8.32£0.13a 5.14£0.5a
S1 62.73 £+ 2.4e 1.50 4 0.10c 0.356 £ 0.03¢ 4.33 4+ 0.5¢ 3.41 & 0.20fg 2.20 £ 0.10c
S14+60 uM JA 71.23 £1.3d 2.16 £ 0.15b 0.540 £ 0.03b 5.66 £ 0.5b 5.49 £ 0.31de 3.08 £ 0.12b
YM25 Ck 80.83 £ 1.3¢ 2.59 + 0.14b 0.634 £ 0.02b 6.00 & 0.1b 5.61£0.51c-e 3.43 £0.19b
60 LM JA 96.33 £1.7a 3.63£0.15a 0.901 £ 0.03a 7.33 £0.5a 7.87 £0.32a 5.30 £0.39a
S1 63.83 £ 1.4e 1.43 £ 0.15¢ 0.348 £ 0.04c 4.00 £ 0.10c 3.60 + 0.49fg 1.92 £ 0.06¢
S1+60 u M JA 73.73 £1.1d 2.20+0.17b 0.533 £ 0.05b 6.00 + 0.3b 5.73 £0.32c-e 3.25+0.17b
2020
ZM9 Ck 79.53 £ 1.7¢ 2.56 + 0.3b 0.628 + 0.08b 6.00 + 0.3b 6.44 £ 0.5b 3.25+0.17b
60 WM JA 96.66 £ 2.2a 323+0.1a 0.798 £ 0.03a 7.66 £ 0.5a 7.63 £ 0.4a 534+0.52
S1 63.46 =+ 3.0e 1.50 £ 0.10c 0.367 £ 0.02¢ 4.66 £ 0.5¢ 3.28 £ 0.24g 2.38 £ 0.6¢
S14+60 uM JA 72.36 £2.2d 2.20 £ 0.10b 0.526 £ 0.03b 6.00 + 0.3b 510+ 0.21e 3.21£0.11b
YM25 Ck 80.53 £ 0.9¢ 2.56 £ 0.15b 0.627 £ 0.02b 6.33 + 0.5b 5.41 £ 0.50de 3.57 £ 0.16b
60 LM JA 95.06 £ 1.5ab 3.36 £ 0.68a 0.833 £ 0.16a 7.66 £ 0.5a 7.92 £ 0.30a 5.76 £ 0.9a
S1 61.36 £ 3.5¢ 1.53 +0.15¢ 0.377 £ 0.04¢ 4.33 +0.5¢ 4.07 £ 0.17f 2.06 £ 0.07¢
S14+60 wM JA 73.16 £2.9d 2.30 £ 0.10b 0.570 £ 0.01b 6.33 + 0.5b 5.92 £ 0.5b-d 3.23 £0.15b
Year (Y) Ns Ns ns ns b e
Cultivars (C) o Ns ns ns o e
Treat. (T) - ok - ok - ok
YxC - Ns ns ns — ox
YT i Ns ns ns b oex
CxT * Ns ns ns ek bl
YxCxT i Ns ns ns ek bl

Means sharing the same letters, for a parameter during a year, do not differ significantly at P < 0.05 among the studied factors after the Student-Newman-Keul test.

e

P <0.05; P <0.001; P <0.0001.

FW/DW, fresh/dry weight; T,, transpiration rate; P, net photosynthetic rate; Ck, control; S, salt treatment; JA, jasmonic acid.
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DW as well as tiller numbers in both wheat cultivars during both
growing seasons, compared to unprimed plants (Table 1).

Comparing both cultivars, the highest DW and FW values
were observed in the YM25 cultivar primed with JA in both
seasons. On the other hand, JA-primed plants of YM25 in 2019
and ZM9 in 2020 attained taller plants than the corresponding
non-primed plants. We noticed that both cultivars showed a
similar pattern of growth upon the treatment with 60 uM JA
(Table 1). Plant height, FW, DW, and the numbers of tillers were
significantly (P < 0.05) enhanced by JA priming under salt stress
compared to the salt-stressed plants of both cultivars during the
two growing seasons.

Effect of JA priming on photosynthetic
pigment, photosynthesis efficiency, and
transpiration rate under salt stress

As presented in Table I, and compared with the control,
P, and T, were enhanced in the salt-stressed primed with
JA compared to salt-stressed non-primed plants, which had
reductions in both traits. The primed plants of the cultivar
ZM9 showed the highest value of Tr in 2019, while the
cultivar YM25 produced the highest value of Tr in 2020
growing season (Table 1). A significant decrease was observed
in Cj, g, chlorophyll a (Chl a), Chl b, total chlorophyll,
and Chlorophyll fluorescence (FC) in the salt-stressed plants
compared to the control plants (Table 2). Interestingly, C;, gs,
Chl a, Chl b, carotenoids, and CF [represented by maximal PSII
photochemical efficiency (Fv/Fm)] were increased in the JA-
primed control compared to the non-primed seedlings (Table 2).
This could potentially mitigate the damaging effect of salinity
stress in both wheat cultivars; yet, still lower than the control
plants in both growing seasons.

JA priming reduced Na* accumulation
and improved K* uptake in wheat tissues

In comparison to the control plants (no salinity stress),
there were considerable increases in Na® concentrations in
different tissues of wheat (blade, sheath, stem, and roots) of
the two wheat cultivars in both growing seasons in response
to salt stress (Table 3). These cultivars showed the highest
accumulation of Na® content in the sheath but the lowest in
stems. In salt-stressed plants, Na® accumulation was higher
in the blades, followed by sheath, roots, and finally, stem in
both cultivars during the two experimental years. On average,
the increments of Na® content in blade, sheath, root, and
stem, were 184.0, 268.0, 227, and 201% in ZM9 and 172,
172, 96, and 133% in YM25, respectively, compared with their
corresponding controls.
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Interestingly, JA priming significantly (P < 0.05) restricted
the uptake of Nat, which resulted in reductions of Na™T in the
tissues of the tested wheat cultivars during the two growing
seasons (Table 3). In contrast, KT content was highly retarded
by salinity, mainly in blades (Table 3). Thus, the reduction of
KT reached 49, 40, 39, and 45% in the blade, sheath, stem,
and root tissues, respectively, in the ZM9 cultivar salt-stressed
plants compared to control plants of the same genotype. In the
YM25 cultivar, KT was reduced by 50, 30, 41, and 47% in the
blade, sheath, root, and stem tissues, respectively, compared to
the non-stressed control plants. JA retarded the reduction of K™
in different organs partially for more affected organs (blade and
sheath) and enhanced its content to be higher than the control
plants, especially for root (Table 3).

Effect of JA priming on water-relation,
water, and osmotic potential of wheat
under salinity stress

Plants exposed to salinity stress exhibited significant (P
< 0.05) reductions in the water and osmotic potential
of the studied wheat cultivars during the two growing
seasons compared with that in non-salinized control plants
(Figures 1A,B). On the other hand, JA priming significantly (P
< 0.05) increased the water and osmotic potential under saline
or non-saline conditions relative to their control. Salinization
of soil drastically decreased the RWC of both wheat cultivars
comparably throughout the two studied years (Figure 1C).
Although WUE was enhanced by salinity, priming in JA
profoundly alleviated the damaging impact of salinity on RWC
to be statistically highly significant relative to control. These
results suggest that JA plays a vital role in alleviating the damage
effects of salinity in wheat cultivars through regulating water
status and the osmoregulation process.

Influence of JA priming on H>O,, proline,
secondary metabolites, and antioxidants
profile in wheat tissues under salinity
stress

The H, O significantly (P < 0.05) increased in response to
salinity in the shoots and roots of both cultivars (Figures 2A,B).
JA treatment lowered the content of H,O, in roots of salt-
stressed plants effectively to be comparable to the control plants.
In contrast, the effect of JA on the reduction of shoots’ H, O, was
comparable to saline plants which were generally higher than
the control (Figure 2A). The specific activities of antioxidant
enzymes viz., SOD (Figures 2C,D), and APX (Figures 2E,F) of
both wheat cultivars increased by salinity stress in the different
tissues in both wheat cultivars. JA profoundly exacerbated the
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TABLE 2 Effects of JA priming on C;, g5, Chla and b, carotenoids, and CF (FV/Fm) of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under control and salinity stress

conditions during two consecutive growing seasons 2019 and 2020.

Treatments Cj (nmol CO, gs (mol H,O Chla (mg g'1 Chlb (mg g'l Carotenoids CF (FV Fm‘l)
mol_l) m~2 s_l) DW) DW) (mg g_:L DW)
2019 Ck 541.0 + 18cd 0.820 = 0.03¢ 0.176 = 0.04cd 0.151 4 0.07b 0.131 = 0.04e-g 0.793 = 0.05c-¢
ZM9
60 WM JA 627.33 + 16ab 1.19 4 0.04a 0.250 == 0.20a 0.180 = 0.02a 0.200 == 0.01b 0.926 = 0.02ab
S1 243.67 + 13f 0.363 = 0.05ef 0.143 £ 0.15f 0.120 = 0.09d 0.114 =+ 0.05gh 0.406 = 0.05gh
S14-60 LM JA 397.67 4 47¢ 0.520 +0.11d 0.160 =+ 0.01d-f 0.148 =+ 0.07bc 0.159 + 0.06¢d 0.756 + 0.03¢
YM25 Control 576.00 + 70b-d 0.773 £ 0.08¢ 0.183 + 0.02cd 0.146 = 0.08bc 0.144 + 0.04de 0.833 £ 0.02 b-e
60 LM JA 618.33 & 25ab 1204 0.11a 0.253 £ 0.03a 0.172 4 0.01a 0.220 £ 0.01a 0.953 £ 0.02 a
S1 224.33 + 50f 0.390 + 0.07d-f 0.150 % 0.01ef 0.111 +0.01d 0.123 4 0.05f-h 0.476 + 0.07 fg
S1460 WM JA 387.67 & 11e 0.510 £ 0.02d 0.178 £ 0.07cd 0.138 £ 0.02¢ 0.165 = 0.05¢ 0.816 £ 0.15b-e
2020 Ck 520.67 & 9d 0.720 = 0.06¢ 0.170 = 0.09c-e 0.149 = 0.07bc 0.130 + 0.01e-g 0.776 £ 0.15 de
ZM9
60 WM JA 608.33 = 24a-c 1.07 =+ 0.08ab 0.220 £ 0.01b 0.176 4 0.05a 0.203 = 0.02ab 0.896 = 0.01 a-c
S1 21833 & 11f 0.333 £ 0.05f 0.144 = 0.05f 0.112 £ 0.02d 0.110 £ 0.01h 0.343 £0.07 h
S1460 LM JA 405.00 + 18e 0.500 == 0.10de 0.173 £ 0.05¢d 0.154 4 0.07b 0.160 = 0.01cd 0.770 £ 0.02 ¢
YM25 Ck 541.33 + 71cd 0.713 = 0.06¢ 0.188 = 0.02¢ 0.143 = 0.08bc 0.141 £ 0.01d-f 0.886 =& 0.07 a-d
60 WM JA 661.67 & 52a 0.980 = 0.10b 0.240 = 0.01ab 0.167 & 0.09a 0.220 = 0.02a 0.970 & 0.01 a
S1 212.67 + 17f 0.346 + 0.07f 0.148 =+ 0.08ef 0.111 £0.01d 0.123 £ 0.05f-h 0.510 =+ 0.06f
S14+60 WM JA 369.67 =+ 54e 0.456 =+ d-f 0.177 + 0.06cd 0.141 = 0.07bc 0.170 & 0.01¢ 0.836 = 0.02b-e
Year (Y) Rl ek * ns ns *
Cultivars (C) R Ns R e ns e
Treat. (T) - ork - ork - ork
YxC b Ns ns ns ns e
YxT - - - % ns .
CxT ek Ns ns ns ns i
YXCxT ek * * ns ns i

Means sharing the same letters, for a parameter during a year, do not differ significantly at P < 0.05 among the studied factors after Student—Newman—Keul test.
P < 0.0001.

onx

P < 0.05 P < 0.001;

C;, intercellular CO»; g, stomatal conductance; Chl, chlorophyll; CE, chlorophyll fluorescence; Ck, control; S, salt treatment; JA, jasmonic acid.
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TABLE 3 Effects of JA priming on Na* concentration and K+ concentration in the leaf blade and sheath, stem, and root of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25,
salt-tolerant) under control and salinity stress conditions during two consecutive growing seasons 2019 and 2020.

Treatments Nat Concentration (mg g~1 DW) K+t Concentration (mg g1 DW)
Blade Sheath Stem Roots Blade Sheath Stem Roots
2019
ZM9 Ck 3.79 £ 0.01f 3.20 = 0.05¢ 3.75 £ 0.05¢ 5.65 & 0.14d-f 2312+ 0.67b 19.88 = 0.57bc 2531 +0.93¢ 18.89 & 0.57¢
60 LM JA 231+ 0.03g 1.98 + 0.10d 1.51+0.07g 3.41 £ 0.08g 2712+ 1.0a 26.01 £ 0.47a 34.38 £ 1.20ab 23.01 £ 0.58a
S1 10.24 £ 0.3ab 8.58 £ 0.21a 7.57 £ 0.09a 12.84 £0.57a 11.90 £ 0.58d 12.00 £ 0.39d 15.68 £ 0.57g 10.49 £ 0.60h
S1-+60 uM JA 4.79 £ 0.03d 3.36 = 0.06bc 4.02 £ 0.07¢d 6.16 = 0.12d 19.21 £ 0.94¢ 18.25 £ 0.05¢ 23.32 £ 0.69¢-f 20.64 = 0.55bc
YM25 Ck 3.65 £ 0.07f 321+ 0.10bc 3.84 = 0.10de 5.48 £ 0.12¢f 22.78 £ 0.38b 19.44 £ 0.59bc 24.69 £ 0.57cd 19.61 £ 0.33de
60 LM JA 221£0.11g 1.95 +£0.21d 1.68 = 0.07fg 3.53 £ 0.08g 26.68 £ 1.0a 26.35 £ 0.96a 35.05 = 2.09ab 23.01£0.22a
S1 9.96 £ 0.23bc 8.73 £0.25a 7.53£0.37a 12.82 £ 0.6a 11.58 £ 0.56d 13.68 % 0.50d 15.65 £ 1.57g 11.66 £ 0.51h
S1+60 WM JA 445 £0.19 3.41 £ 0.07bc 4.04 £ 0.09¢d 6.17 £ 0.04d 18.96 & 1.2¢ 18.96 & 1.15bc 21.34 = 1.06f 19.96 £ 0.64cd
2020
ZM9 Ck 3.70 £ 0.04f 3.19£0.01c 3.85 £ 0.09c-¢ 5.19 £ 0.25f 21.76 + 1.4b 21.34 £ 0.20b 24.32 £ 1.05¢c-¢ 18.33 £ 0.51g
60 LM JA 233 £0.04g 2.04£0.21d 1.69 % 0.09fg 3.36 £ 0.20g 2672 +2.34a 27.03 £0.3% 36.02 + 0.35a 2278 £0.67a
S1 1033 £ 0.16a 8.56 & 0.29a 7.65+0.23a 12.08 £ 0.7b 12.42 £ 0.89d 13.03 £ 0.67d 13.61 & 0.53gh 11.19 £ 0.28h
S14+60 WM JA 4.53 £ 0.24de 3.38 £ 0.06bc 410 £0.11c 6.09 = 0.11de 18.53 £ 0.67¢ 1855 + 1.27¢ 22.65 £ 2.18d-f 18.70 = 0.46fg
YM25 Ck 3.51 £ 0.13f 3.22£0.12bc 3.72£0.12¢ 5.12 £ 0.23f 21.68 + 1.35b 20.39 = 0.87bc 23.58 + 1.23¢-f 19.52 £ 0.54d-f
60 LM JA 2.17 £ 0.05g 2.08 £0.21d 1.79 % 0.09f 329 £021g 27.10 £ 049 2541+ 0.46a 33.31£091b 2322+034a
S1 9.85 % 0.30b 8.55+0.18a 723 £0.11b 11.49 £ 0.3¢ 12.64 % 0.56d 11.49 £ 0.76d 13.16 + 1.13h 11.57 £ 0.20h
S1-+60 WM JA 439 £0.21e 3.52£0.11b 3.92 £ 0.08c-¢ 5.73 £ 0.45d-f 17.84 £ 0.85¢ 19.60 = 0.55bc 22.05 £ 2.97ef 21.12 £ 0.65b
Year (Y) ns ok Ns ok s - ok ok
Cultivars (C) ns ok ok * - ok ok
Treat. (T) ns - oot ok
YxC ns s s
YT s - o o - -
CxT s - - - s - - -
YXCXT s - - - s - - -

Means sharing the same letters, for a parameter during a year, do not differ significantly at P < 0.05 among the studied factors after Student—Newman—Keul test.

P < 0.05 P < 0.001;

ot

P < 0.0001.

Na™, sodium; KT, potassium; Ck, control; S, salt treatment; JA, jasmonic acid.
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FIGURE 1

studied factors. Ck, control; S, salt treatment; JA, jasmonic acid.

Effects of JA priming on water potential (A), osmotic potential (B), relative water content [RWC, (C)], water use effciency [WUE, (D)] of two wheat
cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under control and salinity stress conditions during two consecutive
growing seasons 2019 and 2020. Means sharing the same letters, for a parameter during a year, do not differ significantly at P < 0.05 among the
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activities of the enzymes in the root and shoot higher than
their control.

In non-salinized and salinized plants, JA priming notably
enhanced SOD and APX activities compared to the non-
JA treated plants in root and shoot tissues of both cultivars
(Figures 2E,F). The stimulation power of JA on SOD and APX
activities was higher in the salinized plants than in non-salinized
ones. PAL activity was also enhanced in response to salinity
stress reaching > 6-fold in shoots or roots of the two wheat
cultivars throughout the two studied seasons. Further increment
of PAL activity was denoted for saline and non-saline plants
in plants receiving JA compared to their corresponding control
(Figures 2G,H).

The contents of proline (an important cell osmolyte) and
tocopherols (a non-enzymatic antioxidant) were progressively
boosted by salinity stress in the shoots and roots of the two
cultivars (Figures 3A-H). The study also included the effect of
salinity stress and priming with JA on secondary metabolites
of wheat plants. In this regard, flavonoids (Figures 3A,B) and
total phenols (Figures 3C,D) accumulated in response to salinity
stress in the shoots and roots of both wheat cultivars. JA
application had a regulatory role on higher biosynthesis of
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both metabolites compared to their corresponding control;
the highest content was denoted for the non-salinized plants
primed with JA. Likely, the antioxidant molecule, tocopherol,
was stimulated by soil salinization, and higher exacerbation
of tocopherol biosynthesis was also denoted by JA application
(Figures 3E,F). Further accumulation of proline could be
attributed to the priming of wheat plants with JA. For example,
the salinized plants primed with JA demonstrated the highest
accumulation capacity of proline in tissues (Figures 3G,H).

Influence of JA priming on hormonal
profile in wheat tissues under salinity
stress

The application of JA to wheat seeds caused significant
positive changes in hormonal homeostasis (Figure 4). In this
regard, the contents of CKs were dramatically (P < 0.05) reduced
(by 31.9-66.7%) in salt-stressed plants, especially in the shoots,
for both cultivars during both growing seasons (Figures 4A,B).
However, JA increased the content of CKs in shoots and roots of
non-stressed plants compared to the control plants. The JA not
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FIGURE 2

1 Ck 60 mMJA [ Salt treat. HIl 60 mMJA+ Salt Treat.

Effects of JA priming on the production of reactive oxygen species (H,O3) in the shoot (A) and root (B); SOD in the shoot (C) and root (D); APX
in the shoot (E) and root (F); PAL in the shoot (G) and root (H) of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25,
salt-tolerant) under control and salinity stress conditions during two consecutive growing seasons 2019 and 2020. Means sharing the same
letters, for a parameter during a year, do not differ significantly at P < 0.05 among the studied factors. SOD, superoxide dismutase; APX,
ascorbate peroxidase; PAL, phenylalanine ammonia-lyase; Ck, control; S, salt treatment; JA, jasmonic acid.
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only retrieved the contents of CKs in stressed plants higher than
their corresponding stressed plants in those not treated with JA
but also increased it to higher levels than in the non-stressed
plants (Figures 4A,B). Moreover, IAA was highly attenuated in
salt-stressed plants with approximately the same effect on both
tissues as well as the two tested cultivars during the two seasons
with a percent reduction of ~ 23% compared with non-salinized

plants (Figures 4C,D).
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JA curtailed the reduction of IAA contents in shoots
and roots to be higher than in control plants as well as
stimulated TAA contents of non-stressed plants, which
is recommended for both cultivars, tissues, and studied
growing seasons (Figures4C,D). Except for the stressed
shoots of YM25, endogenous JA contents in shoots and
roots were not affected by salinity stress shoots and roots
(Figures 4E,F). the application

Furthermore, exogenous
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Effects of JA priming on flavonoids in the shoot (A) and root (B); total phenols in the shoot (C) and root (D); tocopherol in the shoot (E) and root
(F); proline in the shoot (G) and root (H) of two wheat cultivars Mai9 (ZM?9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under control and
salinity stress conditions during two consecutive growing seasons 2019 and 2020. Means sharing the same letters, for a parameter during a year,
do not differ significantly at P < 0.05 among the studied factors. Ck, control; S, salt treatment; JA, jasmonic acid.

of JA significantly (P < 0.05) boosted the JA endogenous contents were noted in JA-primed plants exposed to the high

content in stressed and non-stressed plants to higher salt concentration.
levels than the control treatment (non-primed seeds). ABA was differentially affected by salinity stress; the

It is worth mentioning that the highest endogenous JA effect depended on the examined tissue and growing season
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Effects of JA priming on cytokinins in the shoot (A) and root (B); IAA in the shoot (C) and root (D); JA in the shoot (E) and root (F); ABA in the
shoot (G) and root (H) of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under control and salinity stress
conditions during two consecutive growing seasons 2019 and 2020. Means sharing the same letters, for a parameter during a year, do not differ
significantly at P < 0.05 among the studied factors. IAA, indole acetic acid; JA, jasmonic acid; ABA, abscisic acid; Ck, control; S, salt treatment.

(Figures 4G,H). The shoots of the two cultivars attained
significantly (P < 0.05) higher levels of ABA under salinity stress
regardless of the tested season. However, in the roots, salinity
stress reduced ABA contents in 2019 but increased it in 2020
for both cultivars. JA increased ABA contents of shoot tissues in
non-stressed plants compared to the corresponding treatment.
The levels of ABA in shoots of salinized plants treated with
JA were lower than in stressed plants but still higher than in
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non-stressed plants. ABA contents were significantly (P < 0.05)
enhanced in the roots of the non-stressed plant primed with
JA in the two growing seasons (Figure 4H). On the other hand,
JA treatment restrained the reduction of ABA levels in roots in
2019. During the growing season of 2020, the increased levels
of ABA were highly (P < 0.05) attenuated by salinity stress in
response to JA priming, yet the levels were higher than in control
plants (Figures 4G,H).
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Effects of JA priming on the relative expression of SOS1, NHX2, and HVP1 in leaf blade [(A—C) respectivelyl, in
stem [(G—I) respectively], and in the root [(J—L) respectively] of two wheat cultivars Mai9 (ZM9, salt-sensitive) and Yang Mai25 (YM25,
salt-tolerant) under control and salinity stress conditions during two consecutive growing seasons 2019 and 2020. Means sharing the same
letters, for a parameter during a year, do not differ significantly at P < 0.05 among the studied factors. Ck, control; S, salt treatment; JA, jasmonic
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Effects of JA priming on the relative
expression of SOS1, NHX2, and HVPI in
wheat tissues under salinity stress

Salinity stress differentially induced the expression levels of
SOSI based on the organ tested (Figure 5). Upon exposure to
high salt, the transcript levels of SOSI were significantly (P <
0.05) increased by 2-, 1.5-, 3.1-, and 4.2-fold in roots, stem, leaf
sheaths, and blades, respectively compared to the same tissues
of non-stressed plants (Figures 5A,D,G,]). Salinity stress induced
the expression level of NHX2 progressively by 5.8-, 3.3-, 3-, and
3-fold and HVPI by 1.6-, 1.92, 1.84-, and 1.92-fold for roots,

stems, and leaf sheaths, and blades, respectively compared to
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non-stressed plants. Priming of JA exhibited stimulatory effects
on the expression of SOSI, NHX2, and HVPI genes in wheat
plants under saline and non-saline conditions (Figure 5).

JA upregulated the ultrastructural
changes of chloroplast under salinity
stress

affected the ultra-structural

where the disintegration of

Salinity ~ dramatically
configurations of the cell,
plastid compactness in salinized wheat cultivars was the

resultant (Figure 6). Due to salinity stress, starch grains
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and ZM9 (1)].

Effect of JA priming on Spike /m? (A), grains/spike (B), and weight of 100 grains [g (C)]; the ultrastructure of the leaf of two wheat cultivars Mai9
(ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) under salinity stress, CK [without priming under normal conditions in YM25 (D) and
ZM9 (G)]; S1 [exposed to salinity without JA priming in YM25 (E) and ZM9 (H)]; JA priming+S1 [exposed to salinity with JA priming in YM25 (F)

and plastoglobuli particles were reduced alongside the loss
of the integrity of grana. Interestingly, the cultivar ZM9
exhibited swollen chloroplasts with non-well-developed and
sometimes, unrecognizable granum structures compared
to its corresponding control or the other wheat cultivar.
By combining JA priming and increased NaCl application
on plants, the oval
consistent with the regular configuration. In addition,

several numbers of starch grains and higher plastoglobuli

chloroplasts  were shaped, more

particles relative to deteriorated chloroplasts of saline

treatments were only found in the JA-treated plants

(Figure 6).
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Influence of JA priming on yield of wheat
cultivars under salinity stress

The number of spike/m?> and grains/spikes were
dramatically (P < 0.05) reduced by 25 and 21%, respectively, in
response to salinity stress compared with their relative control
(Figures 6A,B). The weight of 100 grains was slightly affected
by salinity stress with an 8% reduction in the cultivar ZM9
(Figure 6C). On the other hand, the same stress in the YM25
cultivar did not affect the weight. Intriguingly, JA significantly
(P < 0.05) increased the yield of non-stressed plants. Salinized-
wheat plants treated with JA highly mitigated the detrimental
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effects of salinity on wheat yield as compared with the unprimed
stressed plants.

Heat map and PCA analyses of traits
related to different treatments

All mean values of the morphological and biochemical
parameters were subjected to hierarchical clustering as a heat
map of five 5 clusters: Group (A) included ABA and H,O; (in
shoot and root), and Na™ content (in the root, stem, blade, and
sheath); Group (B) included IAA and CKs (in shoot and root),
and K1 (root, shoot, blade, and sheath); Group (C) included
JA, PAL and proline (in shoot and root), and SOD activity
(in roots); Group (D) included the expression of genes HVPI,
NHX2, and SOS1 (in the stem, root, and leaf sheath and blade)
and SOD activity (in the shoot); while Group (E) included APX
activity, tocopherol, flavonoids and total phenol (in shoot and
root) (Figure 7).

PCA analysis presented in Figure 8 indicated that the
variables of group A strongly connected with stressed plants
without JA priming, especially ABA. The group-B variables
were relatively strongly delineated with JA-primed non-stressed
plants (Figure 8) especially Ci, IAA, and cytokinin. On the other
hand, the group -C, and -D variables were relatively strongly
delineated with JA-primed salinity stressed plants especially
proline and SOD (shoot and root).

Discussion

Many studies found that the endogenous content of JA was
boosted under environmental stress. For instance, an enhanced
level of endogenous JA due to exposure to salinity stress was
demonstrated in many species (Kutik et al., 2004; Zbierzak et al.,
2010; Shanmugabalaji et al., 2013; Lohscheider and Bartulos,
2016; Mazur et al,, 2020). Thus, higher levels of JA may function
as a protection signal against salinity stress in plants (Wang
et al,, 2020). In the present study, the exogenous application
of JA induced multilayered defense mechanisms under salinity
stress throughout the two growing seasons. The application
of JA significantly increased growth and yields in response to
salinity stress, resulting in values close to the control plants
without salinity. In general, we found significant differences
among treatments (T) for all growth criteria. Except for the plant
height, the effect of the year (Y) was not significant, suggesting
stability in plant response to JA and/or salinity regardless of
the cultivar (C) tested. Similar responses to enhancing growth
parameters by JA under salinity stress were previously reported
in several species (Yuan et al., 2018; Ali et al., 2019; Liu et al,,
2019; Al-harthi et al., 2021; Sheteiwy et al., 2021a).

Notwithstanding, JA stimulated tolerance mechanisms
in salt-stressed plants by minimizing Na® absorption and
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translocation to foliar organs to a level comparable to non-
stressed plants. Thus, JA induced the exclusion mechanism for
rendering Na™ at a lower level under the salinity stress of
both wheat cultivars. Reduction of ion toxicity by exogenous
JA application could be the main regulatory role for several
biochemical pathways in the two wheat cultivars. Shahzad et al.
(2015) recorded Na™T exclusion by JA in the root by decreasing
Na* uptake, mediating salt tolerance in maize genotypes. Na™
accumulation detected in different organs of salt-stressed plants
is usually associated with a high reduction of Kt content,
reflecting the antagonistic effect of Na™ to KT, which is a
common metabolic feature under salinity stress (Javed et al,
2021). Thus, the metabolic processes associated with K™, such
as gs, WUE, and photosynthetic efficiency, are retarded in saline
environments (Al-harthi et al., 2021). In the current study, there
were significant differences in the acquisition of Na™ or K in
plant organs, except for blades, among cultivars, treatments, or
their interaction. The highly significant Y x C x T interaction
indicates the varying responses of genotypes to JA and salinity
in each season. The exogenous application of JA on salt-stressed
plants mainly retained Na™ and K* homeostasis, diminishing
ion toxicity, and its consequences. In conformity, the foliar
application of JA to the seedlings of strawberries and summer
squash plants increased KT content under salt stress (Faghih
et al., 2017; Al-harthi et al., 2021).

Plants instigate complex ion transporters to cope with salt
stress. In this work, the relative expression levels of genes
involved in Nat uptake, transport, and sequestration (SOSI,
NHX2, and HVPI) were upregulated in the blade, sheath, shoot,
and roots of the two wheat cultivars under salt treatment.
Salt stress caused the transcript level of SOSI to increase
to its highest in blades and the lowest in roots, and there
was a reverse trend in the case of NHX2. Such response
was accompanied by the highest increase in the percentage
of Na™ ions in the blade and the lowest increment of Na™
in roots, suggesting that sequestration of Na™ into vacuoles
may be an important component trait for the salt tolerance
mechanism in wheat. This response could be interpreted by
the enhanced levels of ABA, which reduce Na® exclusion
in roots and activate its translocation and accumulation in
leaves as was reported by Cabot et al. (2009). Similarly, Yu
et al. (2007) stated that ABA stimulates the expression of salt-
tolerant genes, HVPI and HVPI0, for Na*/H™ antiporter and
vacuolar HT -pyrophosphatases.

The key role of the NHX2 gene seems to be NaT
This that Nat
accumulation in the vacuoles in the different organs of

sequestration to the vacuole. suggests
salinized plants cannot protect the cytosol against excess Na™
as has been reviewed by Darko et al. (2017). The higher level of
HVPI reported in the salinized plants; herein, could be linked to
higher WUE observed in salt-stressed plants (Haq et al., 2019).
It has been demonstrated that HVPI acts as an influential pump
that activates the sequestration of toxic salts to the vacuoles.
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Cluster analysis showing data correlation clustered the metabolic activities to five clusters; Group A) included ABA (shoot and root), H,O; (shoot
and root), Na™ content (root, shoot, blade, and sheath), Group B) included IAA (shoot and root), cytokinins (shoot and root), and K+ (root, stem,
blade, and sheath), Group C) included JA (shoot and root), PAL (shoot and root), proline (shoot and root), and SOD activity of roots, Group D)
included the expression of genes HVP1, NHX2, and SOS1 of stem, root, leaf sheath, and leaf blade, as well as the SOD activity in the shoot, and
Group E) included APX activity (shoot and root), tocopherol (shoot and root), flavonoids (shoot and root), and total phenol (shoot and root). ABA,
abscisic acid; IAA, indole acetic acid; JA, jasmonic acid; PAL, phenylalanine ammonia-lyase; SOD, superoxide dismutase; APX, ascorbate
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Interestingly, a plant supplemented with JA exhibited a further
increase in SOSI1, HVPI, and NHX2 expression levels. These
observations indicate that Na™ exclusion components are
highly activated in salt-stressed plants by JA application. It has
been reported that JA can increase salinity tolerance through
activating NaT efflux and KT influx in tissues where exclusion
of Nat was sufficiently documented (Khan et al.,, 2020). In
harmony, the heatmap and PCA analyses highly recommended
the role of JA in a synergistic increase in the expression of
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SOS1, NHX2, and HVPI in plant organs in response to salinity.
Higher salinity levels increase Na® content in plant tissues,
which activates K-uptake via enhanced Na™ exclusion. In this
regard, Malakar and Chattopadhyay (2021) have reported that
when the concentration of salt increases, NHX mediates Nat
influx into the cytoplasm, affecting membrane depolarization
and triggering K efflux from the cytoplasm.

On the other hand, JA priming can restrain NaT
accumulation, which activates vacuolar K¥ influx without
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A principal component analysis (PCA) determines the degree of association within the treatments and variables of two wheat cultivars Mai9
(ZM9, salt-sensitive) and Yang Mai25 (YM25, salt-tolerant) primed with jasmonic acid (JA) and grown under salinity stress.

moving Na™. In this context, we suggest the priming role of
JA to be through upregulating the NHXs that mediate Na™
localization in vacuoles, which in turn modulate Nat toxicity
via using it as a cheap vacuolar osmoticum aid in osmotic
adjustment during salt stress (Shabala, 2013). Malakar and
Chattopadhyay (2021) have reported that NHXI and NHX2
genes instigate salinity tolerance through enhancing K™ level,
Kt to Na™ ratio, and reducing oxidative damage. In addition,
Andrés et al. (2014) have referred to ion exchangers, NHX1 and
NHX2 mediate KT uptake into vacuoles to regulate cell turgor
and stomatal function for higher transpiration rates.

Our results showed salinity-induced damage to the
chloroplast, grana lamellar organization, and chloroplast
swelling. Such damage was more pronounced in the wheat
salt-sensitive cultivar, ZM9. Several studies have reported
similar modifications in the lamellar organization (Papadakis
et al., 2007), swelling of chloroplast lamellae, and undefined
grana structure (Stefanic et al., 2013; Hameed et al.,, 2021).
Furthermore, wheat cultivar YM25 exhibited increases in
the numbers of plastoglobuli under salinity stress. Similar to
our results, salt stress induction enhanced the numbers of
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plastoglobuli and the disordering of the chloroplast envelope
of cucumber leaves (Shu et al, 2012). The enlargement of
plastoglobules reported in our study was associated with a
disintegration of the thylakoid structure. Bejaoui et al. (2016)
attributed the increase in the number and size of plastoglobuli
in salt-treated plants of Sulla carnosa to a disturbance of the
thylakoid membrane. Thus, salinity stress can prevent the
formation of thylakoid lamellae from plastoglobules which
reflects great damage to chloroplast and their membranes,
resulting in low efficiency of the photosynthetic moiety, and
thereby, retarding the growth of wheat plants. However, our
results indicated that wheat cultivars primed with JA showed a
reduction in the swelling of the chloroplast stroma and recovery
of the thylakoids grana compared to only saline-treated plants.
Ali et al. (2018) reported a similar recovery of chloroplast
ultrastructure in rapeseed by JA application under cadmium
stress. It is worth mentioning that the production of JA is
linked to plastoglobules which are recruited with JA precursors
and four enzymes involved in its production in chloroplasts
(Lundquist et al., 2012, 2013; Van Wijk and Kessler, 2017).
Under salinity stress, endogenous JA increments, however, are
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stimulated parallel to the enrichment of the salinized plants’
chloroplast with high plastoglobules number, while further
stimulation of endogenous JA under the interactive effect of JA
and salinity ascribed more efficient chloroplast ultrastructure
with a higher number of plastoglobules. It is worth noting that
the enhancement of endogenous JA in salinized plants combined
with JA application is the main regulatory defense strategy of
JA against salinity stress. Likely, the data of the current study
exhibited a reduction in shoots’ and roots’ CKs, but much more
so for shoots, accounting for early senescence, reduced pigment
content, and may be affected in plastids ultrastructure.

Thus, the observed changes in the endogenous CK contents
clearly indicated the involvement of these hormones in plant
stress responses. JA adjusted the CKs biosynthesis in different
organs under salinity stress to be higher than control plants
parallel to better leaves status and higher photosynthetic
machinery. Also, high levels of IAA parallel to improvement
of growth in response to JA application of stressed and non-
stressed plants could be associated with the regulatory role of
JA on hormonal homeostasis and induction of plant growth. So,
JA interacts with different kinds of hormones to regulate the
growth and development of plants such as auxin, cytokinin, and
ABA. These interactions may help to optimize the growth and
development of plants under abiotic stress conditions. Salinity
inhibited photosynthesis by reducing photosynthetic pigments
content, the maximal PSII photochemical efficiency (Fv/Fm),
Py, gs» and C;. On the other hand, there was an increase in the
photosynthetic efficiency with JA priming correlated with the
regulation of gs, photosynthetic rate, CO; transport rates, and
Chl biosynthesis. The photosynthetic-related traits, particularly
Fv/Fm, Py, and C; were also affected by Y, T, C, or their
corresponding interactions. In general, increasing gs and C;
by JA indicates a pivotal feature in fulfilling the requirements
of photosynthesis by increasing the photosynthetic rate that
ensures a high level of photoassimilates for the growing tissues,
enhancing salinity tolerance. Besides, the increased Fv/Fm
ratio by JA priming also measures the maximum efficiency of
photosystem II (PSII, the quantum efficiency), reflecting enough
energy for higher photosynthetic efficiency of wheat cultivars
under salinity stress (Maxwell and Johnson, 2000).

Similarly, Ghassemi-Golezani and Hosseinzadeh-
Mahootchi (2015) reported enhancements in Chl a and b,
and PSII (Fv/Fm) of safflower under the interactive effect of JA
combined with saline stress. We argue that the enhancement
of Chl a, Chl b, and carotenoids by JA under salinity stress can
also be denoted. Thus, this effect was recommended according
to the significant variation among treatments recorded without
any effect of Y x C or C x T on the studied parameters.

It has also been proposed that plastoglobules actively cope
with abiotic stress via the regulation of plastid development and
metabolic processes (Rottet et al., 2015). Our data demonstrated
that JA further increased a-tocopherol content in response to
salinity stress. This confirms that the pre-treatment of JA plays
an important role in preventing chloroplast degradation by
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enhancing the production of protective antioxidant compounds
(e.g., a-tocopherols) which tend to conserve membrane against
ROS (Bashandy et al., 2020; Younes et al., 2020) and hinder
photoinactivation of PSII (Havaux et al., 2005). In this regard,
plastoglobules are a sink of lipophilic antioxidants such as a-
tocopherol where main enzymes have been present in their
membranes (Wojtowicz et al., 2021). The data of current work
found that a-tocopherol content elevated parallel to a higher
number of plastoglobules as was reported by Wojtowicz et al.
(2021). Thus, JA instigates cellular signaling under salinity stress
through mediating a-tocopherol content.

The accumulation of Na™ in cells affects the water status and
osmotic potential of stressed plants, causing osmotic stress. In
this study, the negative impact of salinity on water status was
coined from a high reduction of RWC, but not WUE. Salinity
stress reduces gs and Ty which ultimately decreases WC (Pooja
et al., 2019). The salinized wheat cultivars exhibited a reduction
in osmotic potential, revealing plants cannot take up enough
water as the cells have low turgor, as reported by Soni et al.
(2021). Interestingly, the enhancement of WUE under salinity
stress in both cultivars could be associated with the reduction of
gs, Ci, and Ty, as illustrated by Sandhu et al. (2019). However, JA
priming improved RWC, osmotic potential, and WUE in wheat
plants treated with salinity, a trend observed in several other
studies (e.g., Yosefi et al., 2018; Taheri et al., 2020; Sheteiwy et al.,
2021a; Soni et al., 2021).

Nevertheless, JA treatment was not efficient enough to
return the osmotic and water potential of the salinized plants to
the level of the control plants. The maintenance of turgor under
the interactive effect of salinity and JA could be linked with
proline accumulation which acts as osmotica co-opted in salinity
stress tolerance (El-Sayed et al., 2014; Salimi et al., 2016; Taheri
et al.,, 2020). Thus, we can conclude that JA induces osmotic
adjustment, which reduces the osmotic potential by increasing
proline content that increases external osmolality, maintaining
water absorption, and various physiological processes associated
with water availability, which reduce osmotic stress.

ROS are generally accumulated in plant cells under stress
and are commonly documented for salinity. In that sense,
salinity stimulates electron flows to molecular oxygen (Dawood
et al, 2021b; Sofy et al., 2021), causing the enhancement
of different forms of ROS. For example, H,O, content is
enhanced under salinity stress as a secondary stress factor that
negatively affects wheat cultivars, causing an oxidative burst.
On the other hand, exogenous JA coupled with NaCl treatment
significantly reduced the level of HyO, in wheat seedlings.
This positive effect can be attributed to the potential ability of
JA to enhance antioxidant metabolites (e.g., tocopherols and
phenolics) and enzyme activities (SOD and APX). Similarly,
previous studies have shown that the application of JA effectively
suppressed the toxic effects of oxidative burst by enhancing
the ROS-scavenging potential of the antioxidant defense system
in stressed plants (Sirhindi et al., 2015; Ahmad et al., 2018;
Najafi kakavand et al, 2019; Bali et al., 2020; Lang et al,
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2020; Kamran et al, 2021). In addition, the activity of PAL
was upregulated in response to salinity stress alone or in
combination with JA, resulting in increased phenolic and
flavonoid contents, ultimately leading to enhanced tolerance to
salinity stress.

The heat map analysis clustered the metabolic activities of
wheat plants under the combined effects of salinity and JA
into five clusters (Figure 7), indicating that JA modulates the
salinity effect in wheat plants through different pathways. For
example, JA-treated plants retained Nat and K+ homeostasis
that reduces ion toxicity, which damages cell membranes, and
other cellular compartments. On the other hand, K™ is required
for several physiological and biochemical processes. Besides, JA
helps Na™ uptake, transport, and compartmentalize in vacuoles
to minimize its adverse effects on the biochemical processes in
the cytosol. This was facilitated by the accumulation of ABA
and the upregulations of genes such as SOSI and NHX2 that
help sequester Na™ from roots to the leaf vacuoles. Furthermore,
JA priming helps the recovery of chloroplast ultrastructure,
increasing the photosynthesis efficiency in salt-treated plants
more than in non-primed plants. Moreover, JA priming might
increase the efficiency of the photosynthesis process through
the regulation of g5, CO, transport rates, and Chl biosynthesis.
This was evident in the enhanced Fv/Fm ratio and the increased
growth and yields of wheat plants treated with both JA and
salts. Still, JA stimulates antioxidant defense machinery (e.g.,
tocopherols, phenolics, SOD, and APX) that scavengers the
ROS accumulation, improving wheat growth in the saline
stress environment.

Conclusions

The
significantly improved all plant growth parameters and

current study demonstrated that JA priming
yield traits of two wheat cultivars under control and saline
conditions. Moroever, co-stressors (tissue dehydration, osmotic
stress, and oxidative stress) encountered by plants under
salinity stress were also alleviated by JA treatment. This
mitigation effect can be explained by JA’s ability to enhance the
structural stability and functional activity of PSII, which was
reflected by the performance indices (gs, Ci, and Ty). JA also
increased Na™ exclusion and transportation in various organs
by upregulating several key genes potentially involved in Na™
uptake, transport and sequestration i.e. SOSI, NHX2, and HVPI.
The restriction of Na™ accumulation in organs under salt stress
was correlated with salt stress tolerance in wheat. Therefore,
upon subsequent exposure to salinity stress, seed priming
with JA can effectively mitigate stress-responsive criteria and
enhance plant tolerance to salinity stress in an eco-friendly
way. In this regard, the adoption of better agricultural practices
such as on-farm hormone seeds priming by agricultural sectors
could significantly have a potential for environmental stress
mitigation. Development of these sustainable practices will also
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ensure that high crop yield and quality are available to meet
total demand from agriculture.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

MS, AE-K, KE-T, and SA: conceptualization, methodology,
writing—reviewing and editing, and supervision. MS, WQ, HL,
and MD: data curation, writing—original draft preparation,
software, and investigation. ZU, HA, TM, SSus, VR, AE-K, IJ,
SSul, ME-E, KE-T, and SA: data curation, writing—original draft
preparation, methodology, visualization, and investigation. HA
and HY: software and validation. All authors contributed to the
article and approved the submitted version.

Funding

This research was supported by the Strategic Academic
Leadership Program of the Southern Federal University (Priority
2030). This work was also funded by Abu Dhabi Research Award
(AARE2019) for Research Excellence-Department of Education
and Knowledge (ADEK-007; Grant #: 215105) to KE-T and
Khalifa Center for Biotechnology and Genetic Engineering-
UAEU (Grant #: 12R028) to SA. This work was also supported
by the Nature Science Foundation for Excellent Young Scholars
of Jiangsu Province (BK20200057) to HL.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.886862/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpls.2022.886862
https://www.frontiersin.org/articles/10.3389/fpls.2022.886862/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sheteiwy et al.

References

Ahanger, M. A., Tomar, N. S, Tittal, M., Argal, S., and Agarwal, R. M.
(2017). Plant growth under water/salt stress: ROS production; antioxidants and
significance of added potassium under such conditions. Physiol. Mol. Biol. Plants
23,731-744. doi: 10.1007/s12298-017-0462-7

Ahmad, P., Abd Allah, E. F.,, Alyemeni, M. N., Wijaya, L., Alam, P., Bhardwaj, R.,
etal. (2018). Exogenous application of calcium to 24-epibrassinosteroid pre-treated
tomato seedlings mitigates NaCl toxicity by modifying ascorbate-glutathione
cycle nd secondary metabolites. Sci. Rep. 8, 13515. doi: 10.1038/s41598-018-
31917-1

Ahmad, P., Abdel Latef, A. A., Hashem, A., Abd Allah, E. F., Gucel, S.,
and Tran, L. S. P. (2016). Nitric oxide mitigates salt stress by regulating levels
of osmolytes and antioxidant enzymes in chickpea. Front. Plant Sci. 7, 347.
doi: 10.3389/fpls.2016.00347

Ahmed, I. M., Dai, H., Zheng, W., Cao, F., Zhang, G., and Sun, D. (2013).
Genotypic differences in physiological characteristics in the tolerance to drought
and salinity combined stress between Tibetan wild and cultivated barley. Plant
Physiol. Biochem. 63, 49-60. doi: 10.1016/j.plaphy.2012.11.004

Al-harthi, M. M., Bafeel, S. O., and El-Zohri, M. (2021). Gibberellic acid and
jasmonic acid improve salt tolerance in summer squash by modulating some
physiological parameters symptomatic for oxidative stress and mineral nutrition.
Plants 10, 2768. doi: 10.3390/plants10122768

Ali, A. Y. A., Ibrahim, M. E. H., Zhou, G., Nimir, N. E. A,, Jiao, X., Zhu, G.,
et al. (2019). Ameliorative effects of jasmonic acid and humic acid on antioxidant
enzymes and salt tolerance of forage sorghum under salinity conditions. Agron.
J. 111, 3099-3108. doi: 10.2134/agronj2019.05.0347

Ali, B, Gill, R. A, Yang, S, Gill, M. B, Farooq, M. A, Liu, D, et al
(2015). Regulation of cadmium-induced proteomic and metabolic changes by
5-aminolevulinic acid in leaves of Brassica napus L. PLoS One. 10, e0123328.
doi: 10.1371/journal.pone.0123328

Ali, E., Hussain, N., Shamsi, I. H,, Jabeen, Z., Siddiqui, M. H., and Jiang, L. X.
(2018). Role of jasmonic acid in improving tolerance of rapeseed (Brassica napus
L.) to Cd toxicity. J. Zhejiang Univ. Sci. B. 19, 130-146. doi: 10.1631/jzus.B1700191

Andrés, Z., Pérez-Hormaechea, J., Leidia, E. O., Schliickingb, K., Steinhorstb, L.,
McLachlanc, D. H,, et al. (2014). Control of vacuolar dynamics and regulation of
stomatal aperture by tonoplast potassium uptake. Proc. Natl. Acad. Sci. USA 111,
E1806-E1814. doi: 10.1073/pnas.1320421111

Backer, H., Frank, O., de Angells, B., and Feingold, S. (1980). Plasma tocopherol
in man at various times after ingesting free or ocetylaned tocopherol. Nutr. Rep.
Int. 21, 531-536.

Balestrazzi, A., Confalonieri, M., Macovei, A., and Carbonera, D. (2011).
Seed imbibition in Medicago truncatula Gaertn. Expression profiles of DNA
repair genes in relation to PEG-mediated stress. J. Plant Physiol. 168,706-713.
doi: 10.1016/j.jplph.2010.10.008

Bali, S., Kaur, P., Jamwal, V. L., Gandhi, S. G., Sharma, A., Ohri, P, et al.
(2020). Seed priming with jasmonic acid counteracts root knot nematode infection
in tomato by modulating the activity and expression of antioxidative enzymes.
Biomolecules. 10, 98. doi: 10.3390/biom10010098

Barr, H. D., and Weatherley, P. E. (1962). A re-examination of the relative
turgidity technique for estimating water deficit in leaves. Aust. J. Biol. Sci. 15,
413-428. doi: 10.1071/BI9620413

Bashandy, S. R., Abd-Alla, M. H., and Dawood, M. F. (2020). Alleviation of the
toxicity of oily wastewater to canola plants by the N2-fixing, aromatic hydrocarbon
biodegrading bacterium Stenotrophomonas maltophilia-SR1. Appl. Soil Ecol. 154,
103654. doi: 10.1016/j.aps0il.2020.103654

Basit, F., Ulhassan, Z., Mou, Q., Nazir, M. M., Huy, J., Hu, W, et al. (2022). Seed
priming with nitric oxide and/or spermine mitigate the chromium toxicity in rice
(Oryza sativa) seedlings by improving the carbon-assimilation and minimizing the
oxidative damages. Func. Plant Biol. doi: 10.1071/FP21268

Bejaoui, F., Salas, J., Nouairi, I, Smaoui, A., Abdelly C., Martinez-Force, E., et al.
(2016). Changes in chloroplast lipid contents and chloroplast ultrastructure in Sulla
carnosa and Sulla coronaria leaves under salt stress. J. Plant Physiol. 198, 32-38
doi: 10.1016/j.jplph.2016.03.018

Cabot, C., Sibole, J. V., Barcelo, J., and Poschenrieder, C. (2009). Abscisic acid
decreases leaf Nat exclusion in salt-treated Phaseolus vulgaris L. ]. Plant Growth
Regul. 28, 187-192. doi: 10.1007/s00344-009-9088-5

Darko, E., Gierczik, K., Hudak, O., Forgo, P., Pal, M., Turkosi, E., et al.
(2017). Differing metabolic responses to salt stress in wheat-barley addition
lines containing different 7H chromosomal fragments. PLoS One. 12, e0174170.
doi: 10.1371/journal.pone.0174170

Frontiersin Plant Science

21

10.3389/fpls.2022.886862

Dawood, M. F., Sohag, A. A. M., Tahjib-Ul-Arif, M., and Latef, A. A. H.
A. (2021b). Hydrogen sulfide priming can enhance the tolerance of artichoke
seedlings to individual and combined saline-alkaline and aniline stresses. Plant
Physiol. Biochem., 159: 347-362. doi: 10.1016/j.plaphy.2020.12.034

Dawood, M. F. A., Tahjib-Ul-Arif, M., Abdullah Al Mamun Sohag, A. A., and
Latef, A. A. H. A. (2022). Fluoride mitigates aluminum-toxicity in barley: morpho-
physiological responses and biochemical mechanisms. BMC Plant Biol. 22, 287
doi: 10.1186/s12870-022-03610-z

Dawood, M. F. A, Zaid, A., and Latef, A. A. H. A. (2021a). Salicylic acid spraying-
induced resilience strategies against the damaging impacts of drought and/or
salinity stress in two varieties of Vicia faba L. seedlings. J. Plant Growth Regul. 41,
1919-1942. doi: 10.1007/s00344-021-10381-8

El-Sayed, O. M., El-Gammal, O. H. M, and Salama, A. S. M. (2014).
Effect of ascorbic acid, proline and jasmonic acid foliar spraying on fruit set
and yield of Manzanillo olive trees under salt stress. Sci. Hort. 176, 32-37.
doi: 10.1016/j.scienta.2014.05.031

Faghih, S., Ghobadi, C., and Zarei, A. (2017). Response of strawberry plant cv.
‘camarosa’ to salicylic acid and methyl jasmonate application under salt stress
condition. J. Plant Growth Regul. 36, 651-659. doi: 10.1007/s00344-017-9666-x

Gao, C., El-Sawah, A. M., Ali, D. F. I, Hamoud, Y. A., Shaghaleh, H., and
Sheteiwy, M. S. (2020a). The integration of bio and organic fertilizers improve
plant growth, grain yield, quality and metabolism of hybrid maize (Zea mays L.).
Agronomy. 10, 319. doi: 10.3390/agronomy10030319

Gao, C., Sheteiwy, M. S., Han, J., Dong, Z., Pan, R, and Guan, Y., et.
al. (2020b). Polyamine biosynthetic pathways and their relation with the cold
tolerance of maize (Zea mays, L.) seedlings. Plant Sign. Behav. 15, 1807722.
doi: 10.1080/15592324.2020.1807722

Garcia de la Garma, J., Fernandez-Garcia, N., Bardisi, E., Pallol, B., Asensio-
Rubio, J. S., Bru, R, et al. (2015). New insights into plant salt acclimation: the roles
of vesicle trafficking and reactive oxygen species signaling in mitochondria and the
endomembrane system. New Phytol. 205, 216-239. doi: 10.1111/nph.12997

Ghassemi-Golezani, K., and Hosseinzadeh-Mahootchi, A. (2015). Improving
physiological performance of safflower under salt stress by application of salicylic
acid and jasmonic acid. WALIA J. 31, 104-109.

Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases I. Occurrence
in higher plants. Plant Physiol. 59, 309-314. doi: 10.1104/pp.59.2.309

Halliwell, B., Gutteridge, J. M., and Aruoma, O. I (1987). The
deoxyribose method, a simple ‘test tube’ assay for determination of rate
constants for reactions of hydroxyl radicals. Anal Biochem. 165, 215-219.
doi: 10.1016/0003-2697(87)90222-3

Hameed, A., Ahmed, M. Z., Hussain, T., Aziz, I, Ahmad, N., Gul, B., and Nielsen,
B. L. (2021). Effects of salinity stress on chloroplast structure and function. Cells.
10, 2023. doi: 10.3390/cells10082023

Hagq, R. F. U, Saeed, N. A., Ahmed, M., Arshad, Z., Mansoor, S., Habib, L, et al.
(2019). Barley vacuolar pyrophosphatase (HVP1) gene confers salinity tolerance
in locally adapted wheat (Triticum aestivum). Int. J. Agric. Biol. 22, 1338-1346.
doi: 10.17957/1JAB/15.1206

Havaux, M., Eymery, F., Porfirova, S., Rey, P., and Dormann, P. (2005). Vitamin
E protects against photoinhibition and photooxidative stress in Arabidopsis
thaliana. Plant Cell. 17, 3451-3469. doi: 10.1105/tpc.105.037036

He, F., Shen, H,, Lin, C,, Fu, H,, Sheteiwy, M. S., Guan, Y., et al. (2017).
Transcriptome analysis of chilling-imbibed embryo revealed membrane recovery
related genes in maize. Front. Plant Sci. 7, 1978. doi: 10.3389/fpls.2016.01978

Javed, S. A., Shahzad, S. M., Ashraf, M., Kausar, R., Arif, M. S., Albasher, G.,
etal. (2021). Interactive effect of different salinity sources and their formulations on
plant growth, ionic homeostasis and seed quality of maize. Chemosphere. 132678.
doi: 10.1016/j.chemosphere.2021.132678

Jones, H. G. (2013). Plants and Microclimate: A Quantitative Approach
to Environmental Plant Physiology. Cambridge: Cambridge University Press.
doi: 10.1017/CBO9780511845727

Ju, F., Pang, J., Huo, Y., Zhu, J,, Yu, K, Sun, L., et al. (2021). Potassium
application alleviates the negative effects of salt stress on cotton (Gossypium
hirsutum L.) yield by improving the ionic homeostasis, photosynthetic capacity
and carbohydrate metabolism of the leaf subtending the cotton boll. Field Crops
Res. 272, 108288. doi: 10.1016/j.fcr.2021.108288

Kamran, M., Wang, D., Alhaithloul, H. A. S., Alghanem, S. M., Aftab, T,
Xie, K., et al. (2021). Jasmonic acid-mediated enhanced regulation of oxidative,
glyoxalase defense system and reduced chromium uptake contributes to alleviation

frontiersin.org


https://doi.org/10.3389/fpls.2022.886862
https://doi.org/10.1007/s12298-017-0462-7
https://doi.org/10.1038/s41598-018-31917-1
https://doi.org/10.3389/fpls.2016.00347
https://doi.org/10.1016/j.plaphy.2012.11.004
https://doi.org/10.3390/plants10122768
https://doi.org/10.2134/agronj2019.05.0347
https://doi.org/10.1371/journal.pone.0123328
https://doi.org/10.1631/jzus.B1700191
https://doi.org/10.1073/pnas.1320421111
https://doi.org/10.1016/j.jplph.2010.10.008
https://doi.org/10.3390/biom10010098
https://doi.org/10.1071/BI9620413
https://doi.org/10.1016/j.apsoil.2020.103654
https://doi.org/10.1071/FP21268
https://doi.org/10.1016/j.jplph.2016.03.018
https://doi.org/10.1007/s00344-009-9088-5
https://doi.org/10.1371/journal.pone.0174170
https://doi.org/10.1016/j.plaphy.2020.12.034
https://doi.org/10.1186/s12870-022-03610-z
https://doi.org/10.1007/s00344-021-10381-8
https://doi.org/10.1016/j.scienta.2014.05.031
https://doi.org/10.1007/s00344-017-9666-x
https://doi.org/10.3390/agronomy10030319
https://doi.org/10.1080/15592324.2020.1807722
https://doi.org/10.1111/nph.12997
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1016/0003-2697(87)90222-3
https://doi.org/10.3390/cells10082023
https://doi.org/10.17957/IJAB/15.1206
https://doi.org/10.1105/tpc.105.037036
https://doi.org/10.3389/fpls.2016.01978
https://doi.org/10.1016/j.chemosphere.2021.132678
https://doi.org/10.1017/CBO9780511845727
https://doi.org/10.1016/j.fcr.2021.108288
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sheteiwy et al.

of chromium (VI) toxicity in choysum (Brassica parachinensis L.). Ecotoxic.
Environ. Saf. 208, 111758. doi: 10.1016/j.ecoenv.2020.111758

Khan, W. U. D., Tanveer, M., Shaukat, R, Ali, M. and Pirdad, F.
(2020). “An overview of salinity tolerance mechanism in plants” in Salt
and Drought Stress Tolerance in Plants. Signaling and Communication in
Plants, Hasanuzzaman, M., and Tanveer, M. (eds). (Cham: Springer) p. 1-16.
doi: 10.1007/978-3-030-40277-8_1

Kutik, J., Hola, D., Kocova, M., Rothova, O., Haisel, D., Wilhelmova, N., et al.
(2004). Ultrastructure and dimensions of chloroplasts in leaves of three maize (Zea
mays L.) inbred lines and their F-1 hybrids grown under moderate chilling stress.
Photosynthetica. 42, 447-455. doi: 10.1023/B:PHOT.0000046165.15048.a4

Lang, D, Yu, X,, Jia, X,, Li, Z., and Zhang, X. (2020). Methyl jasmonate improves
metabolism and growth of NaCl-stressed Glycyrrhiza uralensis seedlings. Sci.
Hortic. 266, 109287. doi: 10.1016/j.scienta.2020.109287

Liu, S., Zhang, P., Li, C., and Xia, G. (2019). The moss jasmonate ZIM-domain
protein PnJAZ1 confers salinity tolerance via crosstalk with the abscisic acid
signaling pathway. Plant Sci. 280, 1-11. doi: 10.1016/j.plantsci.2018.11.004

Lohscheider, J. N., and Bartulos, C. R. (2016). Plastoglobules in algae:
A comprehensive comparative study of the presence of major structural
and functional components in complex plastids. Mar. Genom. 28, 127-136.
doi: 10.1016/j.margen.2016.06.005

Lundquist, P. K., Poliakov, A., Bhuiyan, N. H., Zybailov, B., Sun, Q., and
van, Wijk, K. J. (2012). The functional network of the Arabidopsis plastoglobule
proteome based on quantitative proteomics and genome-wide coexpression
analysis. Plant Physiol. 158, 1172-1192. doi: 10.1104/pp.111.193144

Lundquist, P. K., Poliakov, A., Giacomelli, L., Friso, G., Appel, M., McQuinn,
R. P, et al. (2013). Loss of plastoglobule kinases ABC1K1 and ABC1K3 causes
conditional degreening, modified prenyl-lipids, and recruitment of the jasmonic
acid pathway. Plant. Cell. 25, 1818-1839. doi: 10.1105/tpc.113.111120

Malakar, P., and Chattopadhyay, D. (2021). Adaptation of plants to salt
stress: the role of the ion transporters. J. Plant Bioch. Biotech. 30, 668-683.
doi: 10.1007/s13562-021-00741-6

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence—a practical
guide. J. Exp Bot. 51, 659-668. doi: 10.1093/jexbot/51.345.659

Mazur, R, Gieczewska, K., Kowalewska, L., Kuta, A., Proboszcz, M., Gruszecki,
W. L, et al. (2020). Specific composition of lipid phases allows retaining an optimal
thylakoid membrane fluidity in plant response to low-temperature treatment.
Front. Plant Sci. 11, 723. doi: 10.3389/fpls.2020.00723

Mir, M. A, Sirhindi, G., Alyemeni, M. N., Alam, P, and Ahmad, P.
(2018). Jasmonic acid improves growth performance of soybean under nickel
toxicity by regulating nickel uptake, redox balance, and oxidative stress
metabolism. J. Plant Growth Regul. 37, 1195-1209. doi: 10.1007/s00344-018-
9814-y

Munns, R., James, R. A., Gilliham, M., Flowers, T. J., and Colmer, T. D. (2016).
Tissue tolerance: an essetial but elusive trait for salt-tolerant crops. Funct. Plant
Biol. 43,1103-1113. doi: 10.1071/FP16187

Munns, R, James, R. A., and Lauchli, A. (2006). Approaches to increasing
the salt tolerance of wheat and other cereals. J. Exp. Bot. 57, 1025-1043.
doi: 10.1093/jxb/erj100

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651-681. doi: 10.1146/annurev.arplant.59.032607.092911

Najafi kakavand, S., Karimi, N. and Ghasempour, H. R. (2019).
Salicylic acid and jasmonic acid restrains nickel toxicity by ameliorating
antioxidant defense system in shoots of metallicolous and non-metallicolous
Alyssum inflatum Nayr. Populations. Plant Physiol. Biochem. 135, 450-459.
doi: 10.1016/j.plaphy.2018.11.015

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867-880.

Papadakis, I. E., Giannakoula, A., Therios, I. N., Bosabalidis, A. M., Moustakas,
M., and Nastou, A. (2007). Mn-induced changes in leaf structure and chloroplast
ultrastructure of Citrus volkameriana (L.) plants. J. Plant Physiol. 164, 100-103.
doi: 10.1016/j.jplph.2006.04.011

Paparella, S., Aratjo, S. S., Rossi, G., Wijayasinghe, M., Carbonera, D., and
Balestrazzi, A. (2015). Seed priming: state of the art and new perspectives. Plant
Cell Rep. 34, 1281-1293. doi: 10.1007/s00299-015-1784-y

Pooja., Nandwal, A. S., Chand, M., Singh, K., Mishra, A. K., Kumar, A, et al.
(2019). Varietal variation in physiological and biochemical attributes of sugarcane
varieties under different soil moisture regimes. Ind. J. Exp. Biol. 57, 721-732.

Rauf, S., and Sadagat, H. A. (2007). Effects of varied water regimes
on root length, dry matter partitioning and endogenous plant growth
regulators in sunflower (Helianthus annuus L.). J. Plant Interact. 2, 41-51.
doi: 10.1080/17429140701422512

Frontiersin Plant Science

22

10.3389/fpls.2022.886862

Rottet, S., Besagni, C., and Kessler, F. (2015). The role of plastoglobules in
thylakoid lipid remodeling during plant development. Bioch. Biophys. Acta. 1847,
889-899. doi: 10.1016/j.bbabio.2015.02.002

Salah, M. S., Guan, Y., Cao, D., Li, J., Nawaz, A., Hu, Q., et al. (2015). Seed
priming with polyethylene glycol regulating the physiological and molecular
mechanism in rice (Oryza sativa L.) under nano-ZnO stress. Sci. Rep. 5, 14278.
doi: 10.1038/srep14278

Salimi, F., Shekari, F., and Hamzei, J. (2016). Methyl jasmonate improves salinity
resistance in German chamomile (Matricaria chamomilla L.) by increasing activity
of antioxidant enzymes. Acta Physiol. Plant 38, 1. doi: 10.1007/s11738-015-2023-4

Sandhu, D., Pudussery, M. V., Ferreira, J. F. S, Liu, X, Pallete, A,
Grover, K. K., et al. (2019). Variable salinity responses and comparative
gene expression in woodland strawberry genotypes. Sci. Horticul. 254, 61-69.
doi: 10.1016/j.scienta.2019.04.071

Sehar, Z., Masood, A., and Khan, N. A. (2019). Nitric oxide reverses glucose-
mediated photosynthetic repression in wheat (Triticum aestivum L.) under salt
stress. Environ. Exp. Bot. 161, 277-289. doi: 10.1016/j.envexpbot.2019.01.010

Shabala, S. (2013). Learning from halophytes: physiological basis and strategies
to improve abiotic stress tolerance in crops. Ann. Bot. 112, 1209-1221.
doi: 10.1093/a0b/mct205

Shahzad,. A. N., Pitann, B., Ali, H., Qayyum, M. F., Fatima, A., and Bakhat,
H. F. (2015). Maize genotypes differing in salt resistance vary in jasmonic acid
accumulation during the first phase of salt stress. J. Agron. Crop Sci. 201, 443-451.
doi: 10.1111/jac.12134

Shanmugabalaji, V., Besagni, C., Piller, L. E., Douet, V., Ruf, S., Bock, R.,
et al. (2013). Dual targeting of a mature plastoglobulin/fibrillin fusion protein to
chloroplast plastoglobules and thylakoids in transplastomic tobacco plants. Plant
Mol. Biol. 81, 13-25. doi: 10.1007/s11103-012-9977-z

Shavrukov, Y. (2014). “Vacuolar H* -PPase (HVP) genes in barley: Chromosome
location, sequence and gene expression relating to Na* exclusion and salinity
tolerance,” in Barley: Physical Properties, Genetic Factors and Environmental
Impacts on Growth, Hasunuma, K. (ed). (New York: Nova Science Publishers),
pp. 125-142.

Sheteiwy, M. S., Abd Elgawad, H., Xiong, Y. C., Macovei, A., Brestic, M., Skalicky,
M, et al. (2021c). Inoculation with Bacillus amyloliquefaciens and mycorrhiza
confers tolerance to drought stress and improve seed yield and quality of soybean
plant. Physiol. Plant. 172, 2153-2169.

Sheteiwy, M. S., Ali, D. F. I, Xiong, Y. C,, Brestic, M., Skalicky, M., Hamoud,
Y. A, et al. (2021b). Physiological and biochemical responses of soybean plants
inoculated with Arbuscular mycorrhizal fungi and Bradyrhizobium under drought
stress. BMC Plant Biol. 21, 195. doi: 10.1186/s12870-021-02949-z

Sheteiwy, M. S., An, J., Yin, M., Jia, X., Guan, Y., He, F., et al. (2019). Cold plasma
treatment and exogenous salicylic acid priming enhances salinity tolerance of
Oryza sativa seedlings. Protoplasma. 256, 79-99. doi: 10.1007/500709-018-1279-0

Sheteiwy, M. S., Gong, D., Gao, Y., Pan, R,, Hu, J., and Guan, Y. (2018). Priming
with methyl jasmonate alleviates polyethylene glycol-induced osmotic stress in rice
seeds by regulating the seed metabolic profile. Environ. Exp. Bot. 153, 236-248.
doi: 10.1016/j.envexpbot.2018.06.001

Sheteiwy, M. S., Shao, H., Qi, W., Daly, P., Sharma, A., et al. (2021a). Seed
priming and foliar application with jasmonic acid enhance salinity stress tolerance
of soybean (Glycine max L.) seedlings. J. Sci. Food Agric. 101, 2027-2041.
doi: 10.1002/jsfa.10822

Shi, H., Lee, B. H,, Wu, S. J.,, and Zhu, J. K. (2003). Overexpression of a
plasma membrane Na™ /H* antiporter gene improves salt tolerance in Arabidopsis
thaliana. Nat. Biotech. 21, 81-85. doi: 10.1038/nbt766

Shohag, M. J. I, Wei, Y., and Yang, X. (2012). Changes of folate and potential
other health promoting phytochemicals in legume seeds as affected by germination.
J. Agric. Food Chem. 60, 9137-9143. doi: 10.1021/jf302403t

Shrivastava, P., and Kumar, R. (2015). Soil salinity: a serious environmental issue
and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J.
Biol. Sci. 22, 123-131. doi: 10.1016/j.sjbs.2014.12.001

Shu, S., Guo, S. R, Sun, J., and Yuan, L. Y. (2012). Effects of salt stress
on the structure and function of the photosynthetic apparatus in Cucumis
sativus and its protection by exogenous putrescine. Physiol. Plant. 146, 285-296.
doi: 10.1111/§.1399-3054.2012.01623.x

Sirhindi, G., Mir, M. A,, Sharma, P., Gill, S. S., Kaur, H., and Mushtagq, R. (2015).
Modulatory role of jasmonic acid on photosynthetic pigments, antioxidants and
stress markers of Glycine max L. under nickel stress. Physiol. Mol. Biol. Plants 21,
559-565. doi: 10.1007/s12298-015-0320-4

Sofy, M., Mohamed, H., Dawood, M., Abu-Elsaoud, A., and Soliman, M. (2021).

Integrated usage of Trichoderma harzianum and biochar to ameliorate salt stress
on spinach plants. Arch Agron Soil Sci 1-22. doi: 10.1080/03650340.2021.1949709

frontiersin.org


https://doi.org/10.3389/fpls.2022.886862
https://doi.org/10.1016/j.ecoenv.2020.111758
https://doi.org/10.1007/978-3-030-40277-8_1
https://doi.org/10.1023/B:PHOT.0000046165.15048.a4
https://doi.org/10.1016/j.scienta.2020.109287
https://doi.org/10.1016/j.plantsci.2018.11.004
https://doi.org/10.1016/j.margen.2016.06.005
https://doi.org/10.1104/pp.111.193144
https://doi.org/10.1105/tpc.113.111120
https://doi.org/10.1007/s13562-021-00741-6
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.3389/fpls.2020.00723
https://doi.org/10.1007/s00344-018-9814-y
https://doi.org/10.1071/FP16187
https://doi.org/10.1093/jxb/erj100
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1016/j.plaphy.2018.11.015
https://doi.org/10.1016/j.jplph.2006.04.011
https://doi.org/10.1007/s00299-015-1784-y
https://doi.org/10.1080/17429140701422512
https://doi.org/10.1016/j.bbabio.2015.02.002
https://doi.org/10.1038/srep14278
https://doi.org/10.1007/s11738-015-2023-4
https://doi.org/10.1016/j.scienta.2019.04.071
https://doi.org/10.1016/j.envexpbot.2019.01.010
https://doi.org/10.1093/aob/mct205
https://doi.org/10.1111/jac.12134
https://doi.org/10.1007/s11103-012-9977-z
https://doi.org/10.1186/s12870-021-02949-z
https://doi.org/10.1007/s00709-018-1279-0
https://doi.org/10.1016/j.envexpbot.2018.06.001
https://doi.org/10.1002/jsfa.10822
https://doi.org/10.1038/nbt766
https://doi.org/10.1021/jf302403t
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1111/j.1399-3054.2012.01623.x
https://doi.org/10.1007/s12298-015-0320-4
https://doi.org/10.1080/03650340.2021.1949709
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sheteiwy et al.

Soni, S., Kumar, A., Sehrawat, N., Kumar, A., Kumar, N., Lata, C, et al.
(2021). Effect of saline irrigation on plant water traits, photosynthesis and
ionic balance in durum wheat genotypes. Saudi J. Biol. Sci. 28, 2510-2517.
doi: 10.1016/j.sjbs.2021.01.052

Stefanic, P. P., Koffler, T., Adler, G., and Bar-Zvi, D. (2013). Chloroplasts of salt-
grown Arabidopsis seedlings are impaired in structure, genome copy number and
transcript levels. PLoS One. 8, €82548. doi: 10.1371/journal.pone.0082548

Tadesse, W., Sanchez-Garcia, M., Assefa, S. G., Amri, A., Bishaw, Z., Ogbonnaya,
F.C, etal. (2019). Genetic gains in wheat breeding and its role in feeding the world.
Crop Breed. Genet. Genom. 1, €190005. doi: 10.20900/cbgg20190005

Taheri, Z., Vatankhah, E., and Jafarian, V. (2020). Methyl jasmonate improves
physiological and biochemical responses of Anchusa italica under salinity stress. S.
African J. Bot. 130: 375-382. doi: 10.1016/j.sajb.2020.01.026

Tsukahara, K., Sawada, H., Kohno, Y., Matsuura, T., Mori, I. C., Terao, T., et al.
(2015). Ozone-induced rice grain yield loss is triggered via a change in panicle
morphology that is controlled by ABERRANT PANICLE ORGANIZA-TION 1
gene. PLoS One. 10, €0123308. doi: 10.1371/journal.pone.0123308

Tuteja, N. (2007). Mechanisms of high salinity tolerance in plants. Methods
Enzymol. 428, 419-438. doi: 10.1016/50076-6879(07)28024-3

Ulhassan, Z., Gill, R. A., Huang, H., Ali, S., Mwamba, T. M., Ali, B,, et al. (2019).
Selenium mitigates the chromium toxicity in Brassicca napus L. by ameliorating
nutrients uptake, amino acids metabolism and antioxidant defense system. Plant
Physiol. Bioch. 145, 142-152. doi: 10.1016/j.plaphy.2019.10.035

Van Wijk, K. J., and Kessler, F. (2017). Plastoglobuli: plastid microcompartments
with integrated functions in metabolism, plastid developmental transitions,
and environmental adaptation. Annu. Rev. Plant Biol. 68, 253-289.
doi: 10.1146/annurev-arplant-043015-111737

Wang, J., Song, L., Gong, X., Xu, J., and Li, M. (2020). Functions of jasmonic
acid in plant regulation and response to abiotic stress. Int. J. Mol. Sci. 21, 1446.
doi: 10.3390/ijms21041446

Wojtowicz, J., Grzyb, J., Szach, J., Mazur, R., Gieczewska, K. B. (2021). Bean and
Pea plastoglobules change in response to chilling stress. Int. J. Mol. Sci. 22, 11895.
doi: 10.3390/ijms222111895

Frontiersin Plant Science

23

10.3389/fpls.2022.886862

Yang, S., Ulhassan, Z., Shah, A. M. Khan, A. R, Azhar, W., Hamid,
Y., et al. (2021). Salicylic acid underpins silicon in ameliorating chromium
toxicity in rice by modulating antioxidant defense, ion homeostasis and cellular
ultrastructure. Plant Physiol. Bioch. 166: 1001-1013. doi: 10.1016/j.plaphy.2021.0
7.013

Yosefi, M., Sharafzadeh, S., Bazrafshan, F., Zare, M., and Amiri, A. (2018).
Application of jasmonic acid can mitigate water deficit stress in cotton through
yield-related physiological properties. Acta Agrobot. 71, 1741. doi: 10.5586/aa.
1741

Younes, N. A, Dawood, M. F., and Wardany, A. A. (2020). The phyto-
impact of fluazinam fungicide on cellular structure, agro-physiological, and yield
traits of pepper and eggplant crops. Environ. Sci. Pollut. Res. 27, 18064-18078.
doi: 10.1007/s11356-020-08289-z

Yu,]. N., Huang, J., Wang, Z. N., Zhang, J. S., and Chen, S. Y. (2007). An Nat/H*
antiporter gene from wheat plays an important role in stress tolerance. J. Biosci. 32,
1153-1161. doi: 10.1007/s12038-007-0117-x

Yuan, F, Liang, X, Li, Y, Yin, S, and Wang, B. (2018). Methyl
jasmonate improves tolerance to high salt stress in the recretohalophyte
Limonium  bicolor.  Fun. Plant Biol. 46, 82-92. doi: 10.1071/
FP18120

Zbierzak, A. M., Kanwischer, M., Wille, C., Vidi, P. A., Giavalisco, P., Lohmann,
A., et al. (2010). Intersection of the tocopherol and plastoquinol metabolic
pathways at the plastoglobule. Biochem. J. 425, 389-399. doi: 10.1042/BJ20090704

Zhao, X., Wang, W., Zhang, F., Deng, J, Li, Z, and Fu, B. (2014).
Comparative metabolite profiling of two rice genotypes with contrasting salt stress
tolerance at the seedling stage. PLoS One. 9, €108020. doi: 10.1371/journal.pone.
0108020

Zhishen, J., Mengcheng, T., and Jianming, W. (1999). The determination of
flavonoid contents in mulberry and their scavenging effects on superoxide radicals.
Food Chem. 64, 555-559. doi: 10.1016/S0308-8146(98)00102-2

Zhu, L. W,, Cao, D. D., Hu, Q. J., Guan, Y. J., Hu, W. M., Nawaz, A., et al.
(2015). Physiological changes and sHSPs genes relative transcription in relation
to the acquisition of seed germination during maturation of hybrid rice seed. J. Sci.
Food Agric. 96, 1764-1771. doi: 10.1002/jsfa.7283

frontiersin.org


https://doi.org/10.3389/fpls.2022.886862
https://doi.org/10.1016/j.sjbs.2021.01.052
https://doi.org/10.1371/journal.pone.0082548
https://doi.org/10.20900/cbgg20190005
https://doi.org/10.1016/j.sajb.2020.01.026
https://doi.org/10.1371/journal.pone.0123308
https://doi.org/10.1016/S0076-6879(07)28024-3
https://doi.org/10.1016/j.plaphy.2019.10.035
https://doi.org/10.1146/annurev-arplant-043015-111737
https://doi.org/10.3390/ijms21041446
https://doi.org/10.3390/ijms222111895
https://doi.org/10.1016/j.plaphy.2021.07.013
https://doi.org/10.5586/aa.1741
https://doi.org/10.1007/s11356-020-08289-z
https://doi.org/10.1007/s12038-007-0117-x
https://doi.org/10.1071/FP18120
https://doi.org/10.1042/BJ20090704
https://doi.org/10.1371/journal.pone.0108020
https://doi.org/10.1016/S0308-8146(98)00102-2
https://doi.org/10.1002/jsfa.7283
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Association of jasmonic acid priming with multiple defense mechanisms in wheat plants under high salt stress
	Introduction
	Materials and methods
	Experimental design, plant growth, and stress treatment
	Determination of photosynthetic pigments, photosynthesis efficiency, and transpiration
	Ultrastructural changes in wheat leaves
	Determination of Na+ accumulation and k+ uptake in the different tissues of wheat
	Determination of water-relation parameters
	Determination of H2O2, proline, phenolic metabolism, and antioxidants profile
	Determination of hormones profile
	Determination of relative gene expression level
	Statistical analysis

	Results
	Effect of JA priming on wheat growth under salt stress
	Effect of JA priming on photosynthetic pigment, photosynthesis efficiency, and transpiration rate under salt stress
	JA priming reduced Na+ accumulation and improved K+ uptake in wheat tissues
	Effect of JA priming on water-relation, water, and osmotic potential of wheat under salinity stress
	Influence of JA priming on H2O2, proline, secondary metabolites, and antioxidants profile in wheat tissues under salinity stress
	Influence of JA priming on hormonal profile in wheat tissues under salinity stress
	Effects of JA priming on the relative expression of SOS1, NHX2, and HVP1 in wheat tissues under salinity stress
	JA upregulated the ultrastructural changes of chloroplast under salinity stress
	Influence of JA priming on yield of wheat cultivars under salinity stress
	Heat map and PCA analyses of traits related to different treatments

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


