



Foliar Melatonin Application Mitigates Salt Stress Effects on Wheat Photosynthesis, Antioxidant Activity and Grain Quality
ABSTRACT

 The present study was performed at the Farm of the Department of Laboratory, China. To evaluate the effects of pre-anthesis melatonin priming in alleviating the negative impact of post-anthesis salt stress on plant  growth, yield, and quality of two winter wheat (Triticum aestivum L..), Yangmai 16 from China and Imam from Sudan. Pre-anthesis wheat plants at nine-leaf-stage were separately treated with 500 μM of melatonin and after post-anthesis consequently exposed to 100 and 300 mM of NaCl. Five concentrations were used: CT: Control; S1: 100 mM NaCl only; S2: 300 mM NaCl only; S1+M: 100 mM NaCl +melatonin, S2+M: 300 mM NaCl + melatonin. The treatments were arranged in a Randomized Complete Block Design (RCBD) with four replications. Parameters measured under study were analyzed statistically using SPSS (SPSS Inc, Chicago, IL). Significantly different means of the measured data separated at the 0.05 probability level using Duncan’s Multiple Range Test (DMRT). The results demonstrated that post-anthesis salt stress led to a significant decrease in plant height, flag leaf area, fresh and dry weight of shoot and root, relative water content (RWC), while the pre-anthesis foliar application of melatonin alleviated these declines. Also, post-anthesis salt stress decreased chlorophyll, indole acetic acid (IAA), gas exchange and Chlorophyll fluorescence parameters contents, antioxidant activities, yield and yield components’ characters , protein and starch concentration, Ca+2 and K+ contents,  but pre-anthesis with 500 μM of foliar melatonin application improved these parameters. We also found that post-anthesis salt- stressed plants had elevated reactive oxygen species (ROS) malondialdehyde (MDA), hydrogen peroxide (H2O2) contents, superoxide (O2-),   sodium (Na+) contents, where pre- anthesis treated with melatonin lowered these parameters. Then, pre- anthesis treatment with 500 μM of foliar melatonin expected to be a best alternative to mitigate the negative effects of post-anthesis salts stress at plant growth yield and yield components and grain quality in wheat.
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1. Introduction
Soil salinity is a serious environmental risk for several countries across the globe. Global agricultural productivity is decreasing as a result of this process (Al-jughaif and Alobaidy, 2024). It affects about 7% of the planet’s land area. A high proportion of cultivated land is influenced by salt stress; 23% of cultivated land is salty, and 20% of irrigated area has secondary salinization (Singh et al., 2015; Sidra et al., 2024). Salinity causes osmotic stress, imbalance of ionic, and oxidative injure to plants, reduces plant ability to absorb water and nutrients from the soil, inhibits germination of seed, growth, and development, lead to the stunting of plant growth and leaves wilting, and, finally, causes a decline in crop production (Ismail et al., 2017) The ionic toxicity induced by high contents of Na+ and Cl− damages cells balance, raises the extent of membrane lipid harm, and reduce photosynthesis (Hoa et al.,2021) also leading to physiological drought by decreasing the osmotic potential of soil solution’s (Khan et al., 2019). Salinity stress prevents plants to take up water from the soil, leading to a decline in cellular water, which influence cell expansion and lead to accumulation of a high levels of reactive oxygen species (ROS), which influences normal plant growth (Khan et al., 2018). Plants have developed potential antioxidant enzymatic defense systems to battle oxidative stress and enhance their tolerance to salty conditions. The enzymatic system consist of catalase (CAT), guaiacol peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX),( Shen et al., 2021). 
Melatonin (MT, N-acetyl-5-methoxytryptamine) is an essential hormone of plant. In 1995, the melatonin was discovered in the plant kingdom (Dubbels et al. 1995) and now documented as a ubiquitous biomolecule synthesized in all kingdoms, from prokaryotes to eukaryotes, from animals to plants (Arnao and Hernandez-Ruiz 2014). Confirmations specify that melatonin is a plant master regulator that enhances plant growth (Park et al. 2021; Yu et al. 2021) and yield of crop (Zahedi et al. 2020). Furthermore, melatonin plays significant function in plant stress tolerance (Shafi et al. 2021). earlier studies mentioned that melatonin works in plant by regulating, activity of antioxidant enzymes, molecules of scavenging ROS, and stabilizing biological membranes (Debnath et al. 2019; Zhang et al. 2021).Exogenous application of melatonin stimulates salt stress tolerance via improving photosynthetic efficiency, metabolism of nitrogen, uptake of ion, and antioxidant defense system (Talaat andShawky 2022). There are also information that exogenous of melatonin improves crop salt tolerance by enhancing redox homeostasis, transcription factors, and plant hormones (Chen et al. 2021).

Wheat (Triticum aestivum L.) is most important cereal crop in several parts of the world recognized as the “king of cereals.” As a strategic crop, wheat is important for the global economy, production, food supply, and nutrition (Bashir et al., 2023; Sidra et al., 2024). It is one of the main species widely cultivated, providing food for over one-third of the world’s population. However, saline soils in arid and semi-arid areas of the world restrict food production (Kalsoom and Ahmed, 2023).
2. MATERIALS AND METHODS

2.1 Experimental design

The experiment was carried out at the Farm of the Department of Laboratory, China. Two winter wheat varieties (Yangmai 16) from China and (Imam) from Sudan, were grown in plastic pots (22cm in height and 25cm in diameter) filled with 7.5 kg of clay soil. The soil contained 13.1 g kg−1 organic matter, 1.1g kg−1 total N, 72.4 mg kg−1 available N, 41.9 mg kg−1 Olsen-P, 146.2 mg kg−1 available K. In order to meet the nutrient demands of the plants, 0.9 g N, 0.36 g P2O5, and 0.9 g K2O per pot were homogenously mixed into the soil before filling the pots; and another 0.3 g N per pot was applied with irrigation water at the jointing stage. Water was supplied sufficiently throughout the experiment to avoid the occurrence of drought stress. Before anthesis (at the nine-leaf stages), the plants were divided into two batches, one batch of the plants was non-treated with melatonin as (Control) and others batch of plants treated with 500 μM of foliar melatonin. 7 days after anthesis (DAA) five treatments were established: (I) Control (CT), (II) 100 mM of NaCl (S1), (III) 300 mM of NaCl (S2), (IV) 100 mM of NaCl + 500 μM  of melatonin (S1+M), (V) 300 mM of NaCl +500 μM melatonin (S2+M). The experiment was arranged in a randomized complete block design, with four replicates for each treatment. Namely, at least four pots for each treatment were used for each harvest or each measurement. At 90 days after sowing (DAS), plant samples were taken to study some growth parameters as plant height (cm), flag leaf area (cm2), fresh and dry weight of shoot and root (mg), photosynthetic pigments of leaves, relative water content (RWC).Yield and its components as spikes number/pot, spikes length (cm), grains number/ spike, grains weight/spike (g), grains yield/(g/ pot-1) , 1000 grains weight (g), biological yield/(g/pot-1) and harvest index (%) as well as nutritive value of the yielded grains as protein %, starch%, amylose % , amylopectin%, sodium, potassium and calcium percentages

2.2 Characters Measured
2.2.1 Plant height (cm)
Plant height was measured as an average height of five plants per plot at the taken from the soil surface to the tip of the flag leaf.
2.2.2 Flag leaf area (cm2)

 Was measured by the following formula: 

0.83 x leaf Length x leaf width

2.2.3 Relative water content (RWC) 

Was measured in the first fully expanded leaf (from the top) using the method of Yamasaki and Dillenburg, 1999()
.

RWC (%) =      Fresh weight - Dry weight x 100
                          Turgid weight - Dry weight

2.2.4 Chlorophyll concentration
Chlorophyll a, chlorophyll b concentrations were estimated using the method of Moran 1982()
 

2.2.5 Measurements of IAA contents

Indole acetic acid (IAA) in the wheat plant leaves were determined followed  the method described by Ke, Fang et al. 2015()
.
2.2.6 Measurement of reactive oxygen species (ROS)

Malonaldehyde (MDA) content, Hydrogen peroxide (H2O2) and superoxide (O2) in wheat leave were determined using the method of (Tan, etal., 2008). 
2.2.7 Assay of antioxidants enzymes

The activities of antioxidant enzymes, namely catalase (CAT), superoxide dismutase (SOD), peroxidase (POD) were assayed following the methods of Tan, etal., 2008()
 .
2.2.8 Gas Exchange Parameters 
“After post-anthesis of salt stress treatment, the latest fully expanded leaf were used for the gas exchange measurements fallowing the method of (Wang et al., 2011). The LI-6400 system (LI-COR Biosciences, Lincoln, NE, USA) was utilized to calculate photosynthesis rates (PN), stomatal conductance (Gs), transpiration rate (Tr) and intercellular CO2 concentration (Ci) from 8 a.m. to 11 a.m. Four leaves were taken as replicates from each treatment.
2.2.9 Chlorophyll Fluorescence 
After post-anthesis of salt stress treatments set, the plants were dark modified for at least 20 min prior to calculating leaf chlorophyll fluorescence in the latest fully expanded leaf (PAM chlorophyll fluorometer, M-series, Heinz Walz, Effeltrich, Germany). The actual PSII photochemical efficiency (ΦPSII), maximum photochemical efficiency (Fv/Fm), photochemical quenching (qP), and non-photochemical quenching of chlorophyll fluorescence (NPQ) were calculated. Four biological replicates (leaves from various plants in different pots) were used.
2.2.10 Protein isolation and quantification

Protein is analyzed as nitrogen on a Leco TruSpec carbon–nitrogen analyzer according to  method of Dawood and El-Awadi 2015()
.

2.2.11 Starch analysis
The isolation procedure of starch was done according to the method of Hurkman, McCue et al. 2003()
.
Measurements of amylose and amylopectin contents in wheat grains were determined as described by Ji, Wang et al. 2003()
.
2.2.12 Mineral content

The minerals content of the wheat grain (Na+, K+ , and Ca+2) were determined according to  method of  Dawood and El-Awadi 2015()

2.3. Statistical analysis

In this study, all data were shown as the mean values ± SD (standard deviations). At least

Four independent replicates were conducted for each experiment. Data were analyzed by the one-way ANOVA using SPSS (SPSS Inc., Chicago, IL). Significantly different means of the measured data were separated at the 0.05 probability level by the Duncan’s

Multiple Range Test. Different letters above the columns of tables and figures indicated to be statistically significant at the 0.05 level among treatments.

3. RESULTS

3.1 Effect of pre-anthesis foliar melatonin application on growth parameters under post-anthesis salt stress
All the measured growth parameters (plant height,  flag leaf area, fresh and dry weights of shoot and root) as well as relative water content (RWC) decreased as a result of application of the two salinity levels compare to control plants in the two varieties (Table 1). These decreases were significantly improved with pre-anthesis melatonin treatment, but, melatonin effect on plants stressed by salt was highest in Yangmai 16 compared to Imam, it was noted that pre-anthesis melatonin concentrations (500 μM) increased all examined growth parameters under 100 mM and 300 mM of post-anthesis salt stress. These results indicated that exogenous melatonin treatment could promote growth of wheat plants exposed to salinity. 

3.2 Effect of pre-anthesis foliar melatonin application on photosynthetic pigments under post-anthesis salt stress
The two post-anthesis applied salinity levels (S1 and S2) caused a decrease in all components of photosynthetic pigments (chlorophylls a, b ) and consequently chlorophyll a+b as well as chl a/ b ratio relative to the control plants  (Fig.1). Meanwhile, pre-anthesis plants with 500 μM of foliar melatonin caused significant increases in all components of photosynthetic pigments relative to the salt stress. It is imperative to mention that the enhancement effect of 500 mM melatonin on photosynthetic pigments was more pronounced in Yangmai 16 compared to Imam.

3.3 Effect of pre-anthesis foliar melatonin application on IAA content under post-anthesis salt stress 
 Two post-anthesis applied salinity levels (S1 and S2) caused significant decreases in indole acetic acid contents relative to the control plant in the two varieties compared to the control plants (Fig.2). On the other hand, pre-anthesis wheat plants with 500 μM of melatonin caused significant increases in IAA as compared with post-anthesis salt-stressed plants in the two wheat varieties (Fig.2).

Table 1. Effect of pre-anthesis foliar melatonin application on growth parameters of wheat plants grown under post-anthesis salt stress.

	
	
	
	
	Fresh weight (mg plant-1)
	Dry weight (mg plant-1)
	RWC (%)

	Variety
	Treatments
	Plant height (cm)
	Flag leaf area (cm2)
	Shoot
	Root
	Shoot
	Root
	

	Yangmai16
	CT
	70.33±2.10a
	48.27±0.33a
	39.22±0.62a
	8.67±0.23a
	13.86±0.50a
	2.87±0.16a
	78.36±0.71a

	
	S1
	59.71±2.01d
	29.03±0.63d
	29.81±0.50d
	3.86±0.19d
	7.35±0.27d
	1.98±0.02c
	67.55±1.40d

	
	S2
	55.25±2.35e
	27.45±0.88e
	25.19±0.66e
	3.15±0.17d
	5.64±0.17e
	1.24±0.10d
	64.50±0.94e

	
	S1+M
	68.36±0.49b
	43.60±0.67b
	36.44±0.75b
	7.78±0.25b
	10.31±0.33b
	2.43±0.16b
	75.46±0.78b

	
	S2+M
	66.28±1.67c
	41.87±0.53c
	35.08±0.59c
	5.80±0.38c
	8.60±0.46c
	2.31±0.17b
	70.67±1.81c

	Imam
	CT
	66.22±2.18a
	45.03±0.74a
	38.08±0.90a
	8.08±0.06a
	11.07±0.40a
	2.43±0.19a
	76.48±0.94a

	
	S1
	53.26±2.16d
	27.97±0.53d
	28.47±0.42d
	4.57±0.11d
	6.23±0.35d
	1.35±0.05c
	65.42±1.04d

	
	S2
	51.59±0.89e
	24.90±0.49e
	23.39±0.53e
	2.96±0.22e
	4.31±0.16e
	1.08±0.03d
	63.62±0.91e

	
	S1+M
	64.39±0.96b
	43.58±0.36b
	35.15±0.82b
	6.69±0.18b
	8.89±0.21b
	2.23±0.11a
	73.54±1.01b

	
	S2+M
	60.32±1.64c
	41.99±0.22c
	32.70±0.57c
	5.91±0.15c
	7.68±0.15c
	1.91±0.08b
	68.37±0.69c


 Different small letters in the same column refer to significant difference between treatments at P < 0.05   level
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Fig.1 Effect of pre-anthesis foliar melatonin application on contents of chlorophyll a, b, chlorophyll (a+b) and chl a/b ratio of wheat under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.0
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   Fig.2 Effect of pre-anthesis foliar melatonin application on indole acetic acid content of wheat under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.05.

3.4 Effect of pre-anthesis foliar melatonin application on gas exchange under post-anthesis salt stress
 Post-anthesis salt stress treatments (S1 and S2) decreased net photosynthetic rate (Pn), transpiration rate (Tr) and stomatal conductance (gs), but increased intercellular CO2 concentration (Ci) of the wheat varieties leaves when compared to the control plant (Fig. 3). However, pre-anthesis foliar melatonin treatment plants significantly increased the net photosynthetic rate (Pn), transpiration rate (Tr) and stomatal conductance (gs), but decreased intercellular CO2 concentration (Ci) when compared to salt- stressed plants, these parameters where more in the Yangmai 16 compared to Imam, these findings suggested that pre-anthesis melatonin treatmet played a positive role in protecting wheat plants photosynthetic apparatus against post-anthesis salt stress.
3.5 Effect of pre-anthesis foliar melatonin application on chlorophyll fluorescence under post-anthesis salt stress
As shown in (Fig.4) post-anthesis salt stress (S1 and S2), decreased the actual photosynthetic efficiency (ФPSII), photochemical quenching (qP), maximum photochemical efficiency (Fv/Fm), but increased the non-photochemical quenching (NPQ) compared to the control plants. Mean while, pre-anthesis melatonin treatment caused significant increases in photosynthetic efficiency (ФPSII), photochemical quenching (qP), maximum photochemical efficiency (Fv/Fm), but decreased the non-photochemical quenching (NPQ).These above mentioned parameters where more in Yangmai when compared to Imam variety.
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Fig.3 Effect of pre-anthesis foliar melatonin application on changes in contents of net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr) and intercellular CO2 concentration (Ci) in top leaf of wheat under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.05
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Fig. 4 Effect of pre-anthesis foliar melatonin application on changes in maximum photochemical efficiency (Fv/Fm), actual photosynthetic efficiency (Φpsll), photochemical quenching (qp), and non- photochemical quenching (NPQ) in top leaf of wheat under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.05
3.6 Effect of pre-anthesis foliar melatonin application on reactive oxygen species (ROS) under post-anthesis salt stress 

As important indicators of oxidative damage under environmental stresses, H2O2, O2˙¯, MDA were measured. MDA, O2˙¯ and H2O2 levels of the post-anthesis leaves were increased under salt stress in the two varieties relative to the control plants (Fig. 5). However, the pre-anthesis application of 500 μM melatonin remarkably alleviated these levels compared to salt-stressed plants. These facts confirmed that exogenous melatonin might alleviate salt stress-induced ROS accumulation and the subsequent oxidative damage in wheat plants

3.7 Effect of pre-anthesis foliar melatonin application on antioxidant enzymes activities under post-anthesis salt stress
Post-anthesis salt stress reduced the activity of CAT, SOD and POD of wheat leaves compared to the control in the two wheat varieties. In addition, pre-anthesis melatonin-treatment effectively improved the activities of three antioxidant enzymes compared to the salt stress plants (Fig.6).the activities of above mentioned enzymes were higher in the Yangmai 16 when compared by Imam. These results showed that melatonin might have essential effects on antioxidant enzymes activities which could be involved in alleviating salt stress-induced oxidative damage in wheat.
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Fig.5 Effect of pre-anthesis foliar melatonin application on changes in content of H2O2, MDA and O2- production rate of wheat plants under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.05.
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Fig.6 Effect of pre-anthesis foliar melatonin application on changes in activities of CAT, POD and SOD of wheat plants under post-anthesis salt stress. Data are means ±SD (n=3). Different small letters indicate significant difference between treatments at P < 0.05.

3.8 Effect of pre-anthesis foliar melatonin application on yield and yield components under post-anthesis salt stress
At harvest, spikes number/pot, spikes length (cm) , grains number/ spikes, grains weight/spikes (g), grains yield  (g/ pot), 1000 grains weight (g) , biological yield (g/ pot) and harvest index of wheat plant varieties were decreased under salt stress  as compared to the control plants (Table 2). On the other hand, 500 μM of foliar melatonin treatment caused significant increases in all the components of wheat varieties yield and yield components relative to salt stress. These facts indicated that exogenous melatonin alleviate salt stress-induced to the wheat plants yield.

3.9 Effect of pre-anthesis foliar melatonin application on protein percentage in yielded grains under post-anthesis salt stress
Table 3 shows that post-anthesis salt stress caused significant decreases in total protein contents of grains of wheat plant compared with control plant. These decreases were gradually with increased salinity level from 100 mM NaCl to 300 mM NaCl. In the meantime, 500 μM of melatonin treatment caused significant increases in protein contents of the yielded grains of wheat plant compared with their corresponding salt stress. A higher concentration of the grain yield protein was in Yangmai 16 and the lower concentration obtained in the Imam (Table 3). 
3.10 Effect of pre-anthesis foliar melatonin application on starch characteristics under post-anthesis salt stress
At maturity, the total starch content in the grain was significantly lowered by both S1. S2 of salt stress treatment relative to the CT plants in the two wheat varieties (Table 3). Additionally, melatonin-treatment effectively improved the starch content in yielded grain of wheat varieties. The amylose and amylopectin contents were significantly decreased by post-anthesis salt stress compared to the control plant; on the other hand, melatonin treatment remarkably increased amylose and amylopectin contents resulting in increased amylopectin/amylose ratio in the two wheat varieties.

Table 2. Effects of pre-anthesis foliar melatonin application on grain yield and yield components in wheat under post-anthesis salt stress during grain filling.

	variety
	Treatments
	Spikes No/pot
	Spike length (cm)
	Grains No/spike
	Grains weight/spike (g)
	Grain yield/(g pot-1)
	1000 grain weight (g)
	Biological yield (g pot-1)
	Harvest index (%)

	Yangmai16
	CT
	20.34±0.07a
	17.12±0.34a
	28.67±0.45a
	2.94±0.05a
	25.89±0.68a
	42.04±1.28a
	74.15±1.17a
	34.91±1.12a

	
	S1
	18.69±0.25
	7.13±0.36d
	21.78±0.56d
	1.73±0.02d
	18.45±0.69d
	32.76±1.09d
	63.76±1.22d
	28.62±0.87d

	
	S2
	18.19±0.02b
	6.77±0.56e
	20.98±0.69e
	1.44±0.05d
	15.67±0.68e
	30.12±1.15e
	60.01±1.56e
	26.11±1.05e

	
	S1+M
	20.27±0.04a
	15.91±0.41b
	26.43±0.45b
	2.69±0.01b
	23.16±1.16b
	39.14±1.23b
	72.18±1.38b
	32.08±0.31b

	
	S2+M
	20.24±0.06a
	13.78±0.40c
	24.45±0.76c
	2.08±0.06c
	20.88±0.65c
	36.70±1.05c
	67.82±0.89c
	30.79±0.75c

	Imam
	CT
	20.24±0.10a
	15.16±0.23a
	26.88±0.30a
	2.61±0.06a
	24.29±1.13a
	39.18±1.43a
	71.55±1.52a
	33.98±1.15a

	
	S1
	18.13±0.02c
	6.45±0.50d
	18.84±0.82d
	1.68±0.04c
	15.01±0.71d
	30.75±1.58d
	56.12±1.06d
	26.74±0.80d

	
	S2
	17.74±0.06d
	5.84±0.33e
	17.91±0.64e
	1.35±0.01c
	13.59±1.70e
	27.26±0.96e
	53.72±1.12e
	25.30±0.94e

	
	S1+M
	19.62±0.15b
	13.81±0.53b
	25.87±0.54b
	2.49±0.06a
	20.61±1.22b
	36.72±1.14b
	66.72±1.44b
	30.89±0.57b

	
	S2+M
	19.22±0.04b
	11.77±0.51c
	23.69±0.43c
	2.00±0.04b
	18.41±0.76c
	34.63±1.47c
	64.63±1.31c
	28.49±0.89c


Different small letters in the same column refer to significant difference between treatments at P < 0.05   level

3.11 Effect of pre-anthesis foliar melatonin application on mineral contents under post-anthesis salt stress

As shown in (Table 4). The two post-anthesis applied salinity levels ( 100 mM NaCl and 300 mM NaCl) caused significant and gradual increases in Na+ content accompanied by significant and gradual decreases in Ca+2 and K+ percentages of yielded grains  as well as ratios of K+/Na+ and Ca+2/Na+ comparative to the control plants in the two wheat varieties. In meantime pre-anthesis of 500 μM of melatonin caused significant decreases in post- anthesis Na+   percentages compared by increases in the percentages of K+ and Ca+2 as well as ratios of K+/Na+ and Ca+2/Na+ relative to  salt-stressed plants (Table 4). 

Table 3. Effects of pre-anthesis foliar melatonin application on contents of protein, starch, amylose, amylopectin and amylopectin /amylose ratio in mature wheat grain under post-anthesis salt stress.

	Variety
	Treatments
	Protein content (%)
	Starch content (%)
	Amylose content (%)
	Amylopectin content (%)
	Amylopectin/Amylose ratio

	Yangmai16
	CT
	14.10±0.80a
	65.15±1.39a
	20.63±1.43a
	47.59±1.93a
	2.31±0.039a

	
	S1
	10.70±0.41d
	57.76±2.15d
	16.11±1.46d
	40.33±2.03d
	2.50±0.026a

	
	S2
	9.14±1.06e
	55.02±1.16e
	15.17±1.36e
	39.61±2.24e
	2.61±0.032a

	
	S1+M
	13.90±0.35b
	63.65±2.32b
	18.66±1.25b
	45.21±1.89b
	2.42±0.030a

	
	S2+M
	12.03±0.46c
	61.67±2.61c
	17.33±1.47c
	44.20±2.26c
	2.55±0.036a

	Imam
	CT
	13.84±1.02a
	62.47±1.67a
	18.88±0.39a
	45.31±1.08a
	2.40±0.099b

	
	S1
	9.52±0.32c
	55.45±1.04d
	14.70±1.22d
	39.33±1.59d
	2.68±0.098b

	
	S2
	7.14±0.16d
	53.41±1.83e
	12.15±0.89e
	38.56±1.83e
	3.17±0.119a

	
	S1+M
	13.20±0.42a
	60.71±1.87b
	17.65±0.97b
	44.48±1.63b
	2.52±0.019b

	
	S2+M
	11.21±0.39b
	59.02±2.29c
	16.50±0.89c
	42.88±1.44c
	2.60±0.018b


Different small letters in the same column refer to significant difference between treatments at P < 0.05   level


4. DISCUSSION

The objective of this study was to test the hypothesis that pre-anthesis foliar melatonin application may improve post-anthesis salt stress tolerance of wheat plants. To achieve this goal, we examined the performances of plant growth, the yield and yield components, antioxidant enzyme activities, and the expression of photosynthesis pigments, mineral contents of wheat plants subjected to the post-anthesis salt stress regimes. We found that pre-anthesis foliar melatonin treatment could significantly alleviate the damage of post-anthesis salt stress to wheat plants, and thus improved salt tolerance during grain setting and filling stages

It is well known that salt stress clearly inhibits plant growth and consequence in the reduce of crop yield (Saddiq et al., 2021; Seleiman, et al., 2022). As higher plants, they have developed different strategies to response to various environmental stresses. Melatonin, as a kind of new plant growth regulator, is consideration to be involved in various biotic and a biotic stress responses (Chen, Mao et al. 2018
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. In the present study, the enhancement effect of melatonin on growth parameters of wheat plants under salt stress was investigated (Table 1). Previous studies have showed that melatonin might play an important regulatory role in plant growth and development Janas and Posmyk 2013( )
. In this study, the growth of wheat was markedly inhibited when exposed to salt stress; nevertheless the inhibition of growth was clearly relieved by melatonin treatment. Melatonin affects plant growth by effecting on growth regulation and ion homeostasis. It has been known that a biotic stress generally causes the reduce in leaf water status and the augment in osmotic regulators Bikson, Grossman et al. 2016( )
. In agreement with these results, we observed that salt stress led to a decrease in RWC. However, melatonin priming alleviated the decrease in leaf water status, indicating that melatonin might enhance the water absorbing or holding capacity (Table 1).
many studies have showed that melatonin may reduce the decline of the photosynthetic pigments under different environmental stresses Wei, McGrath et al. 2015( )
. These results were additional confirmed by our data (Fig.1). Under salt stress condition, the application of exogenous melatonin demonstrated higher level of photosynthetic pigments than the salt stressed plants. This practical decrease in pigments may be attributed not only to an improved degradation but also to an inhibited synthesis of chlorophylls due to salinity. It is well-known that sodium ions could interact with the negatively charged plasma membrane, which would lead to depolarization of the transmembrane potential and changes of H+-ATPase activity, and subsequently disrupt the uptake of some cations, such as Mg2+, impacting chlorophyll biosynthesis.
Table 4. Effects of pre-anthesis foliar melatonin application on contents of Na+, K+, Ca+2,  and K+/Na+, Ca+2/Na+ ratio in mature wheat grain under post-anthesis salt stress.
	Variety
	Treatments
	Na+ content (mg g-1DW)
	K+ content (mg g-1DW)
	Ca+2 content (mg g-1DW)
	K+/Na+ ratio
	Ca+2/Na+ ratio

	Yangmai16
	CT
	1.33±0.033c
	3.41±0.03a
	1.47±0.022a
	2.57±0.21a
	1.11±0.10a

	
	S11
	2.21±0.035a
	2.73±0.02b
	0.98±0.045b
	1.23±0.17c
	0.44±0.07d

	
	S2
	2.51±0.027a
	2.42±0.05b
	0.89±0.032c
	0.97±0.15d
	0.35±0.08e

	
	S1+M
	1.69±0.022b
	3.29±0.03a
	1.41±0.020a
	1.95±0.05b
	0.84±0.04b

	
	S2+M
	1.81±0.032b
	3.18±0.02a
	1.24±0.021a
	1.76±0.19b
	0.68±0.11c

	Imam
	CT
	1.21±0.030c
	3.30±0.038a
	1.33±0.018a
	2.72±0.23a
	1.10±0.12a

	
	S1
	2.09±0.055a
	2.62±0.023b
	0.87±0.020b
	1.25±0.16d
	0.42±0.06d

	
	S2
	2.39±0.012a
	2.27±0.025b
	0.78±0.037b
	0.95±0.19e
	0.33±0.08e

	
	S1+M
	1.57±0.033b
	3.18±0.022a
	1.28±0.010a
	2.02±0.15b
	0.82±0.05b

	
	S2+M
	1.69±0.022b
	3.07±0.027a
	1.12±0.047a
	1.81±0.22c
	0.66±0.38c


Different small letters in the same column refer to significant difference between treatments at P < 0.05   level

Data obtained in Fig (2) confirmed that IAA were significantly reduced in wheat leaves with increasing levels of post-anthesis salt stress (S1 and S2) when compared with those of the control (CT) plants. IAA as a phytohormone regulate the protective responses of plants against both biotic and a biotic stresses by means of synergistic or antagonistic actions with other hormones as GA3, BA and ABA referred to as signaling cross talk El-Bassiouny and Sadak 2015()
. Conversely, exogenous application of 500μM of melatonin caused considerable enhances in IAA as compared with salt-stressed plants. The promotive effect of melatonin on IAA concentrations were established on various plant species Sadak, El-Monem et al. 2012( )
.

Photosynthesis is the most important process influenced by salt stress and can lead to drops in crop yield (Ismaeil et al., 2022) “In our study, we found that salt stress significant decreased in the photosynthesis rate of both wheat varieties when compared with control plants. However, melatonin application significantly (P < 0.05) increased the photosynthetic rate of wheat plants (Fig. 3), suggesting that melatonin treatment plants demonstrates a higher ability to protect photosynthetic activity in response to a later salt stress quite than the establishment of a changed state. Our result also showed that stomatal conductance was reduced under salt stress, but after the application of .melatonin seems to alleviate a biotic stress-induced inhibition partially by increasing the photosynthetic efficiency of plants. Similar data were also obtained in a study of cold-stressed wheat seedlings  Bryan, Norman et al. 2014()
. In the present study of wheat varieties, melatonin increased the photosynthetic rate Pn and maintained higher stomatal conductance gs, transpiration rate Tr. Parameters of chlorophyll fluorescence are important indictors for photon conversion and electron transition processes in Photosystem II (PSII) of leaves and are very sensitive to a biotic stress (Sayed, 2003). Moreover, the maximal photochemistry efficiency (Fv/Fm) and the actual photochemistry efficiency (ФPSII), photochemical quenching qP of PSII were clearly depressed by salt stress, but non- photochemical quenching NPQ increased, at the same time; the melatonin application effectively alleviates the negative effect of salt on Fv/Fm, ФPSI, and qP (Fig.4), similar results was also obtained by (Ismaeil et al., 2024)
Several publications have demonstrated that melatonin alleviates ROS production caused by a biotic stress (Ritchie, Phipson et al. 2015
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. Constantly, our study suggested that salt stress increased ROS in wheat leaves; however the application of exogenous melatonin alleviated ROS accumulation (Fig. 5). MDA was consideration to be important indicators of oxidative injure impacting the membrane’s integrity Kena, Aud et al. 2014()
. In the present study, lower levels of MDA were observed in melatonin-treated plants under salt stress condition, which was inconsistent with the reduce of ROS creation, additional indicating that melatonin may protect cell membranes against oxidative damage caused by salt stress Bikson, Grossman et al. 2016()
. However, our study also demonstrated that a lower rate of cell death was found in melatonin-treated plants under salt stress condition, demonstrating that melatonin might alleviate cell death by reduce ROS accumulation under salt stresses in wheat plants (Fig 5).

To reduce the effect of ROS, plants have evolved various antioxidant systems to prevent accumulation of ROS (Ismaeil et al., 2024). In plants, melatonin has also been suggested to be a essential antioxidant that can scavenge oxygen free radicals efficientlyLi, Bing et al. 2018( )
. Several studies have showed that application of melatonin can enhance some antioxidant enzyme (such as POD, SOD, and APX) activities under a biotic stress condition in plants (Bikson, Grossman et al. 2016
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. Constantly, we confirmed that melatonin application improved the activities of CAT, SOD, and POD antioxidant enzymes in wheat plants under salt stress (Fig. 6). In the present study, the high activities of CAT, SOD and POD, under salt stress in the wheat leaves presence of melatonin could principally be due to the synergistic effects of the combination of salt stress and exogenous of melatonin.

Different levels of post-anthesis salt stress caused marked reduces in yield and yield components (Table 2). Increasing post-anthesis salt stress levels decreased yield and yield components of wheat plants in comparison with control plants. In agreement with our results, those funded on faba bean plantSh Sadak, Abdelhamid et al., 2015
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. These decreases may be due to the decreases in plant growth, photosynthetic pigments and disturbance in the nutrient balance. Conversely pre-anthesis application wheat plant with the melatonin alleviates the harmful effect of salt stress on yield and yield components (Table 2). These obtained data are in accordance with Sadak 2016
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. Melatonin treatment allowing plants to maintain a vigorous root system and enhanced photosynthetic activity so can alleviate growth inhibition and increased crop yield.

Concerning to the nutritional values of the wheat yielded grains, different levels of post-anthesis of salt stress caused significant decreases in crude protein contents compared to the control plants (Table. 3). As the photosynthetic pigments of wheat leaves decreased under salt stress ,thus may led to photo-assimilate decrease mainly reduction in protein content , and this might be due to the inhibitory effect of salt stress on chlorophyll synthesis Sadak 2016()
 .In the meantime, melatonin enhancement effect on photosynthetic pigments (Fig 1) might led to the increases in protein contents (Table.3)  . 

Starch in the endosperm of wheat plant is the main form of carbon reserves and comprises 60% to 75% of the final dry weight of the wheat grain Hurkman, McCue et al. 2003()
 . Therefore, biosynthesis and accumulation of starch in grain is also a key process determining grain yield and quality in wheat.Zhao, He et al. 2009()
. Our results in (Table 3) obviously showed that post-anthesis salt stress can decreased starch contents relative to the control plants, reduction in starch accumulation caused by post-anthesis salt stress could be associated with the decrease of the soluble starch synthase enzyme activities, which may have led to a reduced conversion of sucrose into starch and accordingly stored in the grain Hurkman, McCue et al. 2003()
., but pre-anthesis of melatonin application improved  the starch content. The main components of wheat starch granules are amylose and amylopectin. Luo and Peng 1999()
, reported that the amylose content was higher in large granules, whereas others have found that similar amylose contents exist in both small and large granules Dai, Peng et al. 2009( )
. The results (Table 3) in present study, was to determine the effect of pre-anthesis of foliar melatonin application on amylose and amylopectin content, and amylose: amylopectin ratio in wheat grain at post-anthesis stage under salt stress. Under salt stress (S1, S2) at post-anthesis amylopectin and amylase content stage, amylopectin to amylose ratio in the wheat grains significantly declined, compared to control plant, whereas, pre-anthesis melatonin treatment (500 μM) was advantage not only to biosynthesis and increases of starch but also to the regulation of starch composition such as  amylopectin to amylose ratio during grain configuration. On the other hand, further studies are needed in order to interpret the underlying mechanisms that how the pre-anthesis melatonin application acclimation is caused to sustain the grain yield and quality in wheat plants exposed to subsequent post-anthesis salt stress.
The reduction in K+ and Ca2+ were accompanied by increases in Na+ grain of wheat plant under the effect of salt stress (Table 4), this conclusion agrees with those reported by Dietze, Yu et al. 2012()
,who revealed that plants exposed to NaCl resulting in high amounts of Na+, while the uptake of K+ and Ca2+ is radically decreased.  K+/Na+ ratio in plants under salt stress conditions is considered as one of the important selection criteria for salt tolerance Ismaeil( et al., 2024)
. It was demonstrated that when faba bean plants take up high amounts of Na+, where the uptake of K+ and Ca2+ is significantly reduced in leaves and this decreases affect on the mineral contents of seeds lead to reduction of K+ and Ca2+ contents Aşık, Turan et al. 2009()
. However, foliar melatonin application treatments improved K + and Ca2+ content of wheat plant grains (Table 4). These enhancement effects might be due to that, melatonin may contribute to the maintenance of ion homeostasis through the control of the expression of ion channel genes under salt stress Dawood and Sadak 2014()
.
5. CONCLUSIONS
The present study clearly established that post-anthesis salt stress harmfully influenced the growth of wheat plants, while pre-anthesis treatment with 500 μM of melatonin efficiently alleviated negative causes on wheat plants. Moreover, it was revealed that under post-anthesis salt stress pre-anthesis exogenous of melatonin performed better in terms of relative water content (RWC), chlorophyll content, and indole acetic acid. In addition, pre-anthesis treatment with 500 μM of foliar melatonin promoted wheat plant development under post-anthesis salinity stress through enhancing leaf gas exchange and chlorophyll fluorescence and better preservation of ion balance between K+ , Ca+2 and  Na+, and promote enhanced photosynthesis of leaf and mitigated the oxidative damage through improving antioxidant enzymes activities to reduce ROS production. Also pre-anthesis melatonin application increased the yield and yield components of wheat plants under post-anthesis salt stress and improved grain quality through enhancing protein and starch of grain. Subsequently melatonin recommended as prospective amendments of pre-anthesis priming used for enhancement of post-anthesis salt stress throughout plant growth, yield, and quality in wheat.
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