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ABSTRACT 

	Background: Plants have developed several adaptive mechanisms to cope with salt stress, including the accumulation of compatible solutes such as proline. Plant Growth Regulators (PGRs) are also critical signaling molecules, helping plants mitigate salt stress through various physiological and developmental changes.
Aims: The present study highlights the effect of foliar application of signal molecules on morpho – physiological and biochemical parameters of rice under salinity stress. 

[bookmark: _GoBack]Methodology: This is a Randomized block design, carried out at Agricultural College Farm, Bapatla, Andhra Pradesh during kharif during 2023-24. The experiment was carried out with two contrast varieties (MCM103- Salt tolerant, as a check; BPT 5204- Salt susceptible) and with eight treatments viz., MCM 103 (Check variety) - T1, 0.25 mM/L of SNP - T2, 0.50 mM/L of SA -T3, 0.50 mM/L of BR -T4, 0.25 mM/L SNP+ 0.50 mM/L SA -T5, 0.25 mM/L SNP+ 0.50 mM/L BR -T6, 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR -T7 and No spray control -T8 in three replications. Root samples were meticulously extracted from each treatment plot at three developmental stages: maximum tillering, panicle initiation, and anthesis. Proline was selectively extracted from plant tissues using aqueous sulfosalicylic acid, and its concentration was quantified using the ninhydrin method. Lipid peroxidation was assessed by measuring malondialdehyde (MDA) levels in plant tissues.
Results: The present study revealed that the salt-tolerant MCM 103 recorded superior performance over salt salt-sensitive BPT 5204 under salinity stress. The foliar application of signal molecules had positive effects on leaf water potential, chlorophyll stability index, root dry weight and volume, proline, MDA, SOD, Catalase, Na+/K+ ratio.  The treatments considerably affected superoxide dismutase (SOD) activity. At maximum tillering, MCM 103 exhibited the highest SOD activity (1.86 U/g FW min⁻¹), with no significant changes observed in BPT 5204. In later stages, all treatments demonstrated elevated SOD activity, with the peak activity noted in plants treated with 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR, comparable to MCM 103. 
Conclusion: Among all the foliar treatments, the foliar application of 0.25 mM/L of Sodium nitroprusside + 0.50 mM/L of Salicylic acid + 0.50 mM/L of Brassinosteroids was found to be the best, significantly improved morpho–physiological and biochemical parameters and was consistent with MCM 103 under salinity stress
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1. INTRODUCTION
Soil salinity is a significant abiotic stressor, resulting from the excessive buildup of salts in the soil, which adversely affects crop growth and development. The two main factors contributing to the increasing salinisation of agricultural land are the rising mean sea level and inefficient irrigation practices (Negacz et al. 2022). High salt levels currently impact over 833 million hectares of land globally. Salinity degrades 6.73 million hectares of irrigated land in India. Salinity affects more than 10 percent of the world's agricultural land, posing a severe risk to global food security (FAO 2021). Rapidly changing climatic patterns have affected normal agricultural productivity and threatened global food security. The increasing human population has increased food consumption; increasing food demands required grain yield enhancements in cereal crops (rice, wheat, barley, maize). It is the need of the hour to develop rice cultivars compatible with climatic variations and sustain grain yield while curtailing the negative impacts of abiotic stress. Among all the abiotic factors, drought is the most detrimental, limiting almost 50% of rice productivity yearly (Hassan et al., 2023).
Nearly half of the world's population relies on rice, a crucial cereal crop, as a staple food. Asia is the largest rice producer, accounting for approximately 90 per cent of global rice production, with an annual yield of around 650 million tonnes cultivated on 145 million hectares of land (Gross and Zhao, 2014). Rice is cultivated under various climate and soil-water conditions, but environmental stressors significantly threaten its yield, necessitating  increased  production  to satisfy  the  demands  of  a  growing  population. Biotic and abiotic  stresses,  including  heat, salinity,  drought,  and cold,  severely  impact rice growth  and  yield,  posing  substantial  threats  to global  food security (Shalini et al., 2025). In India alone, rice production exceeded 135 million metric tonnes in the 2023 fiscal year. However, rice is highly sensitive to salt stress, tolerating salinity levels of around 3 dS m-1. Higher levels are associated with significant yield losses, especially during critical growth stages such as the seedling, early vegetative, and reproductive (booting) phases (Lutts et al. 1995 and Singh et al. 2009).
Rice plants face two primary challenges under saline conditions: osmotic stress and ionic stress. Upon exposure to saline environments, the plant experiences water and solute imbalances due to the reduction in the external solution's water potential. This results in rapid stomatal closure, leading to reduced CO2 assimilation and suppressed photosynthesis (Wegner et al. 2011). Ionic stress also happens when too many Na+ and Cl- ions build up and become toxic, which speeds up leaf senescence and could even kill the plant (Munns and Tester, 2008). Maintaining a balanced cellular concentration of Na+ and K+ is critical for plant survival under saline stress (Yang and Guo, 2018). Accumulation of osmolytes, lower osmotic potential, increased stomatal closure, inhibition of photosynthesis, and decreased water content in tissues are the physiological changes occurring in the rice plants. The biochemical responses are oxidative stress, high Na+ and Cl− content, changes in ion homeostasis, and metabolic changes. Molecular responses, including alterations in genes controlling tissue and cell growth, salt-responsive genes, genes controlling ion transport, genes involved in osmotic tolerance, reveal possible avenues for cultivating rice cultivars that are resistant to salt (Riaz et al., 2019).
Plants have developed several adaptive mechanisms to cope with salt stress, including the accumulation of compatible solutes such as proline. In areas with a lot of salt, plants can't make as much food, so their chloroplasts make more reactive oxygen species (ROS) like H2O2, O2-, 1O2, and OH‑. This causes oxidative stress. This oxidative stress can damage DNA, proteins, and lipids. So, plants use enzymes like superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) to get rid of ROS and keep redox homeostasis (Gill and Tuteja, 2010). 
Plant Growth Regulators (PGRs) are also critical signalling molecules, helping plants mitigate salt stress through various physiological and developmental changes (Pal et al. 2018). Brassinosteroids (BRs), which are polyhydroxylated, sterol-derived PGRs, have been shown to improve the activity of antioxidant enzymes under salt stress conditions. The exogenous application of BRs decreases the Na+ and Cl- ion content while increasing K+ and Ca+ levels, thereby enhancing physiological processes such as the maximum quantum efficiency of PSII, net photosynthetic rate, transpiration rate, stomatal conductance, and chlorophyll content (Yue et al. 2019), which helps alleviate the harmful effects of salinity. 
Similarly, Sodium Nitroprusside (SNP) acts as a signalling molecule by serving as a Nitric Oxide (NO) donor. Exogenous NO application has been found to enhance plant adaptation to various abiotic stresses, including salinity. NO treatment helps keep the right amount of Na+ and K+ in the cell, lowers osmotic stress by increasing the activity of antioxidant enzymes, and protects mitochondria from oxidative damage by increasing ATP synthesis, all of which lead to higher yield (Ali et al. 2017). Salicylic acid (SA), a phenolic compound, is another key endogenous growth regulator that helps plants cope with both biotic and abiotic stress. SA's exogenous application plays a critical role in reducing salinity stress by regulating ion uptake and transport, maintaining membrane permeability, preserving cellular redox homeostasis, and alleviating salinity-induced oxidative damage. SA also enhances the production of osmoprotectants like proline and glycine betaine (GB), which further aid in stress mitigation (Dolatabadian et al. 2009). Therefore, the exogenous application of signalling molecules may be a promising methodology to increase the productivity of paddy in the saline areas, where rice is grown especially BPT 5204.
2. materialS and methods 

	A field experiment was conducted during the kharif season of 2023-24 at the Agricultural College Farm in Bapatla, Andhra Pradesh. Geographically, the site is situated at 15°54′N latitude and 80°25′E longitude, with an elevation of 5.49 meters above mean sea level (MSL), approximately 8 km from the Bay of Bengal, within the Krishna Agro-Climatic Zone of Andhra Pradesh. Two rice varieties, differing in salt tolerance, were selected for the study. The variety BPT 5204, known to be salt-sensitive, was compared against MCM 103, a salt-tolerant variety used as a check to evaluate the effects of foliar-applied signal molecules on BPT 5204. The study employed a randomized block design with eight treatments: MCM 103 (control)  - T1, 0.25 mM/L of SNP - T2, 0.50 mM/L of SA -T3, 0.50 mM/L of BR -T4, 0.25 mM/L SNP+ 0.50 mM/L SA -T5, 0.25 mM/L SNP+ 0.50 mM/L BR -T6, 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR -T7, and an untreated control - T8, replicated three times under salinity conditions of 4 dSm-1. Foliar applications of the signal molecules were carried out at two key growth stages (before and after the reproductive phase). Data on various morpho-physiological and biochemical traits associated with salinity tolerance were collected at four growth stages: maximum tillering, panicle initiation, anthesis, and physiological maturity.
 	The leaf water potential was measured with a Dew Point Potentiometer (Meter group Decagon model: WP4C) and expressed in megapascals (MPa). The Chlorophyll Stability Index (CSI), which measures membrane integrity or chlorophyll stability under stress, was calculated using the Dimethyl sulfoxide (DMSO) method to compare light transmission differences between treated (incubated at 65°C for one hour) and untreated leaf samples (kept at ambient temperature). The chlorophyll extract's absorbance was measured at 652 nm with a spectrophotometer. The CSI was computed using the following formulas (Eqn. 1 and 2).
  		(Eqn.1)                                  
 	                          (Eqn.2)
 	
	Root samples were meticulously extracted from each treatment plot at three developmental stages: maximum tillering, panicle initiation, and anthesis. Following the meticulous washing of the roots under running water to eliminate soil particles, the samples were dried to a constant weight in a hot-air oven at 65°C for three days. Dry weights were measured in grams, and root images were obtained for analysis utilizing ImageJ software. The images were subsequently analyzed using the RhizoVision Explorer application to quantify root volume, expressed in cubic centimeters per plant.
 	Dried, pulverized plant material was subjected to digestion in a di-acid mixture and gently heated on a hot plate until the solution turned colorless. The solution was subsequently diluted to a final volume of 100 mL using distilled water. The sodium and potassium concentrations were quantified using a Flame Photometer (Elico, India) at a wavelength of 548 nm, with results reported in ppm. The photometer was calibrated for sodium and potassium at concentrations of 0–100 ppm and 0–1000 ppm, respectively, utilizing graded solutions of NaCl and KCl. The ppm values were subsequently converted to mg g⁻¹ on a dry weight (DW) basis. The digest was diluted to an appropriate concentration to guarantee the final reading ranged between 0 and 5 ppm. 
Proline was selectively extracted from plant tissues using aqueous sulfosalicylic acid, and its concentration was quantified using the ninhydrin method. The reaction of proline with ninhydrin in acidic conditions yielded a red complex, measured at 520 nm, and proline concentration was determined (Bates et al. 1973) using the following formula (eqn.3).
Proline (µg g-1 fresh weight)  				(Eqn.3)		         
Lipid peroxidation was assessed by measuring malondialdehyde (MDA) levels in plant tissues. The MDA content in leaves was determined via the thiobarbituric acid (TBA) reaction, as described by (Dionisio-Sese and Tobita, 1998). MDA concentrations were calculated by subtracting nonspecific absorbance at 600 nm from the absorbance at 532 nm, using an extinction coefficient of 155 mM⁻¹ cm⁻¹, and expressed in µmol g⁻¹ fresh weight.
Fresh leaf samples were ground with phosphate buffer, centrifuged at 10,000 rpm for 10 minutes, and the supernatant was collected. Superoxide dismutase (SOD) activity was assessed by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT). The absence of enzyme in the reaction mixture leads to maximum colour development, and the intensity of colour decreases as enzyme activity increases. Absorbance was read at 560 nm using a UV-VIS spectrophotometer in kinetic mode. The 50 Per cent inhibition of the reaction between riboflavin and NBT in the presence of methionine was defined as one unit of SOD activity, expressed as OD min⁻¹ g⁻¹. Catalase activity, measured by the decomposition of hydrogen peroxide, was recorded by monitoring the decrease in absorbance at 240 nm using a UV-VIS spectrophotometer. Enzyme activity was calculated as (Maximum absorbance - Minimum absorbance) × 60 × 2, and expressed as OD min⁻¹ g⁻¹.

3. results and discussion
3.1 Physiological parameters 
3.1.1 Leaf water potential
	The impact of foliar-applied signaling molecules on Leaf Water Potential (LWP) during salinity stress is illustrated in Table 1. During the maximal tillering stage, no significant differences were seen across the treatments. During the panicle initiation, anthesis, and physiological maturity stages, all foliar treatments demonstrated significantly elevated leaf water potential values relative to the control. The foliar application of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR yielded the greatest leaf water potential (LWP) values of -0.65, -0.70, and -0.77 MPa, closely resembling the performance of the control variety MCM 103. Conversely, the control demonstrated the lowest values of -0.89, -0.89, and -0.96 MPa at the corresponding stages. In both MCM 103 and BPT 5204, treated with 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR, leaf water potential (LWP) increased by 34.1 per cent, 35.2 per cent, and 35.1 per cent in MCM 103, and by 26.6 per cent, 21.7 per cent, and 19.8 per cent in BPT 5204, relative to untreated BPT 5204.
	The study found that leaf water potential decreased under salinity stress. Soluble sugars in plant cells act as osmolytes, playing a key role in regulating osmotic potential and leaf water potential. Increased salt concentration in the root zone reduces leaf water potential, negatively affecting various plant processes (Siringam et al. 2012). Similar reductions in leaf water potential have been reported in wheat (Ashraf and O’Leary 1996) and maize (Rodriguez 1997). Hormones acting as signal molecules can mitigate the adverse effects of abiotic stress, as observed by (Hasan 2011) in tomato cultivars under cadmium-induced stress and (Mimouni et al. 2016) in maize and tomato cultivars under salinity stress, aligning with the present study.
3.1.2 Chlorophyll stability index (CSI)
	The chlorophyll stability index (CSI) was markedly influenced by the foliar treatments at all growth stages (Table 1). During the maximum tillering stage, MCM 103 exhibited the highest CSI at 49.70 per cent, but no significant effects were noted in the sensitive variety BPT 5204. All treatments, save the 0.50 mM/L SA spray, significantly enhanced CSI during the panicle initiation, anthesis, and physiological maturity stages. The maximum CSI values of 61.10 per cent, 72.57 per cent, and 67.15 per cent were observed with the application of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR in BPT 5204, which were equivalent to MCM 103. The CSI in MCM 103 rose by 34.8 per cent, 27.2 per cent, and 139.1 per cent, whereas the identical treatment in BPT 5204 resulted in a CSI increase of 18.7 per cent, 17.0 per cent, and 115.0 per cent compared to untreated BPT 5204.
[bookmark: _Ref175230821][bookmark: _Ref175231973]Table 1. Influence of Signal molecules on Leaf Water Potential and Chlorophyll stability index in rice under salinity stress
	Treatments
	Leaf Water Potential (MPa)
	Chlorophyll stability index (Per cent)

	
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage

	T1
	-0.57
	-0.59*
	-0.58*
	-0.62*
	49.70
	69.37*
	78.86*
	74.67*

	T2
	-0.80
	-0.75*
	-0.77*
	-0.83*
	39.90
	59.75*
	69.46*
	41.07*

	T3
	-0.79
	-0.76*
	-0.78*
	-0.83*
	40.17
	58.55
	68.57
	38.65

	T4
	-0.77
	-0.74*
	-0.74*
	-0.79*
	38.62
	59.97*
	69.59*
	42.59*

	T5
	-0.78
	-0.72*
	-0.74*
	-0.79*
	39.29
	60.25*
	69.99*
	50.37*

	T6
	-0.75
	-0.72*
	-0.72*
	-0.78*
	39.90
	60.98*
	70.93*
	63.63*

	T7
	-0.77
	-0.65*
	-0.70*
	-0.77*
	38.78
	61.10*
	72.57*
	67.15*

	T8
	-0.75
	-0.89
	-0.89
	-0.96
	38.89
	51.47
	62.00
	31.23

	SE.m±
	0.02
	0.02
	0.03
	0.02
	1.62
	2.34
	2.27
	2.80

	CD(p=0.05)
	0.06
	0.06
	0.08
	0.07
	4.91
	7.11
	6.99
	8.49

	CV (%)
	4.72
	4.81
	6.03
	5.08
	6.90
	6.74
	5.68
	9.48



CSI indicates membrane stability under stress, with higher CSI associated with increased photosynthetic rates, dry matter production, and productivity (MadhanMohan et al. 2000). The study's findings agree with (Bipin et al. 2022), who observed decreased CSI under NaCl stress in Panicum miliaceum. Various studies, such as those by (Gursoy 2022), have shown that the exogenous application of plant growth regulators like SA and GA3 can enhance CSI in stressful environments, supporting the current findings.

3.2 Morphological Parameters
Marked disparities in root dry weight (RDW) were noted at every stage (Table 2). The check variety MCM 103 exhibited the highest RDW (1.02 g) at the maximum tillering stage, whereas BPT 5204 displayed no significant differences. The foliar application of 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR (1.62 g) and 0.25 mM/L SNP+ 0.50 mM/L BR (1.55 g) resulted in a significant enhancement of RDW at the panicle initiation stage, comparable to MCM 103 (1.71 g). During the anthesis stage, the treatment combinations of 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR (1.95 g), 0.25 mM/L SNP + 0.50 mM/L BR (1.93 g), and 0.50 mM/L SA (1.89 g) significantly enhanced RDW, consistent with MCM 103. RDW in MCM 103 rose by 42.2 per cent at panicle initiation and 48.6 per cent at anthesis, whereas the foliar application of 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR enhanced RDW by 34.9 per cent and 38.6 per cent compared to untreated BPT 5204 at the corresponding stages. The root volume exhibited a notable response to treatments at all growth stages (Table 2). During maximal tillering, MCM 103 demonstrated the greatest root volume (2.97 cc/plant), but BPT 5204 displayed no notable differences. All foliar treatments led to enhanced root volumes at the panicle initiation and anthesis stages. The foliar application of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR yielded the greatest root volume values (4.17 and 4.83 cc/plant, respectively), indicating increases of 43.7 per cent and 34.3 per cent compared to untreated BPT 5204. MCM 103 had even more significant enhancements in root volume of 52.9 per cent and 59.3 per cent at the corresponding stages.
[bookmark: _Ref175230851][bookmark: _Ref175231996]Table 2. Influence of Signal molecules on Root dry weight, and volume in rice under salinity stress
	
Treatments
	Root dry weight (g)
	Root Volume (cc plant-1)

	
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage

	T1
	1.02
	1.71*
	2.09*
	2.97
	4.43*
	5.73*

	T2
	0.61
	1.36
	1.67
	2.45
	3.82*
	4.47*

	T3
	0.60
	1.31
	1.58
	2.38
	3.76*
	4.33*

	T4
	0.61
	1.37
	1.88*
	2.40
	3.78*
	4.37*

	T5
	0.60
	1.41
	1.89*
	2.33
	3.88*
	4.57*

	T6
	0.59
	1.55*
	1.93*
	2.38
	4.00*
	4.77*

	T7
	0.61
	1.62*
	1.95*
	2.37
	4.17*
	4.83*

	T8
	0.61
	1.20
	1.41
	2.38
	2.90
	3.60

	SE.m±
	0.05
	0.10
	0.15
	0.08
	0.10
	0.22

	CD(p=0.05)
	0.17
	0.30
	0.44
	0.24
	0.29
	0.67

	CV (%)
	14.43
	11.77
	13.01
	5.55
	4.32
	8.33



The results align with those of (Chen et al. 2022), who found that salt-tolerant rice cultivars had higher root dry weights under salinity stress. BR treatment has also been shown to increase RDW in rice (Mu et al. 2022). Salinity stress decreases root dry weight due to ionic toxicity from Na+ and Cl-, leading to reduced root function (Taffouo et al. 2010). These results are consistent with the findings of (Netondo et al. 2004), who reported that decreased root dry weight reflects the energy costs associated with salt adaptation. Salt stress reduces root growth more than shoots, lowering root-to-shoot ratio and root system development (Ologundudu et al. 2014)

3.3 Biochemical Parameters
3.3.1 Proline
	Proline accumulation was markedly influenced by all treatments during the various growth phases (Table 3). At peak tillering, MCM 103 demonstrated the highest proline concentration (366.46 µg/g fresh weight), with no significant fluctuation observed in BPT 5204. The proline content markedly rose at panicle commencement, anthesis, and physiological maturity in all treatments, with the exception at physiological maturity with the application of 0.25 mM/L of SNP and 0.50 mM/L of SA. The administration of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR, akin to MCM 103, resulted in the greatest proline concentrations (628.80, 806.47, and 532.55 µg/g fresh weight), reflecting increases of 5.0 per cent, 5.4 per cent, and 5.6 per cent compared to untreated BPT 5204, respectively.
Proline accumulation under salinity stress helps modulate osmotic pressure and detoxify reactive oxygen species (Zhao et al. 2014). The results align with those of (Kibria et al. 2017), who observed higher proline content in salt-tolerant cultivars. The application of brassinosteroids has been shown to increase proline accumulation, as reported by (Chetana et al. 2014), corroborating the current findings. This may reflect its role in osmoregulation and antioxidant activity. Also, (Pai and Sharma 2023) and (Habib et al. 2016) found salicylic acid and SNP increased proline in salt-stressed rice seedlings.
[bookmark: _Ref175231341][bookmark: _Ref175232010]Table 3. Influence of Signal molecules on Proline and Malondialdehyde content in rice under salinity stress
	Treatments
	Proline (µg g-1 fr. wt.)  
	Malondialdehyde (µmol g-¹ fr. wt.)

	
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage

	T1
	366.46
	641.19*
	820.30*
	545.79*
	1.37
	1.29*
	0.99*
	1.16*

	T2
	281.33
	623.67*
	788.18*
	519.83
	1.74
	1.63*
	1.40*
	1.75*

	T3
	286.20
	616.40*
	787.90*
	517.82
	1.78
	1.76
	1.43*
	1.83*

	T4
	280.90
	625.46*
	791.17*
	521.29*
	1.53
	1.54*
	1.39*
	1.53*

	T5
	278.61
	625.99*
	794.62*
	523.28*
	1.63
	1.52*
	1.36*
	1.50*

	T6
	283.76
	627.11*
	795.45*
	524.31*
	1.60
	1.42*
	1.24*
	1.43*

	T7
	285.03
	628.80*
	806.47*
	532.55*
	1.77
	1.39*
	1.17*
	1.28*

	T8
	281.12
	593.05
	765.13
	504.25
	1.64
	1.92
	2.06
	2.02

	SE.m±
	6.32
	4.60
	4.97
	5.37
	0.07
	0.05
	0.06
	0.04

	CD (p= 0.05)
	19.16
	13.96
	15.08
	16.2
	0.22
	0.16
	0.17
	0.13

	CV (%)
	3.74
	1.28
	1.08
	1.78
	7.77
	5.89
	7.19
	4.87


3.3.2 Malondialdehyde (MDA)
The malondialdehyde (MDA) content exhibited notable variations at each stage (Table 3). MCM 103 had the lowest MDA accumulation (1.37 µmol/g fr. wt.) during maximum tillering, whereas BPT 5204 demonstrated no significant difference. In later stages, all treatments diminished MDA buildup, with the combination of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR exhibiting the lowest MDA level, comparable to MCM 103. This therapy decreased MDA content by 27.7 per cent, 43.2 per cent, and 36.0 per cent, whereas MCM 103 exhibited reductions of 33.0 per cent, 51.8 per cent, and 42.7 per cent compared to control BPT 5204 at panicle start, anthesis, and physiological maturity, respectively. 
Malondialdehyde (MDA), a marker of oxidative stress from ROS accumulation, decreases with exogenous phytohormone application (Jain et al. 2001). This study aligns with (Mu et al. 2022), showing reduced MDA with brassinolide. Similarly, salicylic acid and SNP lowered MDA levels (Kim et al. 2018 and Sanam et al. 2015), likely due to enhanced antioxidant enzyme activity and reduced ROS, mitigating oxidative damage under stress.
3.3.3 Catalase and superoxide dismutase enzymes activity
All treatments significantly affected catalase activity (Table 4). At maximum tillering, MCM 103 exhibited the highest catalase activity (47.84 U/g FW min⁻¹), with no significant difference observed in BPT 5204. In subsequent phases, all treatments demonstrated increased catalase activity, with exception of the 0.50 mM/L BR application. The peak catalase activity (52.54, 65.66, and 51.69 U/g FW min⁻¹) was seen with the treatment of 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR, equivalent to the check variety.
The treatments considerably affected superoxide dismutase (SOD) activity, as illustrated in Table 4. At maximum tillering, MCM 103 exhibited the highest SOD activity (1.86 U/g FW min⁻¹), with no significant changes observed in BPT 5204. In later stages, all treatments demonstrated elevated SOD activity, with the peak activity noted in plants treated with 0.25 mM/L SNP+ 0.50 mM/L SA+ 0.50 mM/L BR, comparable to MCM 103.
[bookmark: _Ref175231414][bookmark: _Ref175232042]Table 4. Influence of Signal molecules on catalase and super oxide dismutase activity content in rice under salinity stress
	Treatments
	Catalase Activity (U. g−1 FW min−1)
	Super oxide dismutase Activity (U. g−1 FW min−1)

	
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage
	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage

	T1
	47.84
	54.99*
	70.96*
	56.22*
	1.86
	2.38*
	2.85*
	1.89*

	T2
	36.98
	43.37*
	47.59*
	43.48*
	1.04
	1.86*
	1.92*
	1.66*

	T3
	34.14
	41.19
	44.53
	41.65
	1.39
	1.69
	1.88*
	1.55*

	T4
	34.05
	45.58*
	50.71*
	44.37*
	1.31
	1.88*
	2.02*
	1.69*

	T5
	36.59
	47.94*
	53.85*
	46.43*
	1.02
	1.95*
	2.16*
	1.75*

	T6
	34.72
	48.94*
	56.24*
	48.59*
	1.37
	1.99*
	2.35*
	1.79*

	T7
	35.03
	52.54*
	65.66*
	51.69*
	1.35
	2.11*
	2.69*
	1.81*

	T8
	36.78
	36.77
	40.12
	36.37
	1.11
	1.34
	1.32
	1.29

	SE.m±
	1.71
	1.53
	1.94
	1.79
	0.06
	0.12
	0.09
	0.07

	CD (p= 0.05)
	5.20
	4.65
	5.89
	5.44
	0.17
	0.35
	0.28
	0.20

	CV (%)
	8.02
	5.72
	6.27
	6.73
	6.89
	10.49
	7.51
	6.95



Catalase and SOD enzymes play a crucial role in mitigating oxidative damage caused by reactive oxygen species under salinity stress. The increased activity of these enzymes observed in this study agrees with the findings of (Sharma et al. 2013) and (Pan et al. 2013), who reported higher antioxidant enzyme activities in salt-tolerant rice varieties. The role of phytohormones in modulating antioxidant enzyme activity under stress conditions has been well-documented by Farhangjoo et al. 2020, Singh et al. 2007, and Abbas 2018, supporting the current results.
3.3.4 Na+/K+ ratio
Table 5. Influence of Signal molecules on Na+/K+ ratio in rice under salinity stress
	Na+/K+ ratio

	Maximum tillering stage
	Panicle initiation stage
	Anthesis stage
	Physiological maturity Stage

	0.73
	0.96*
	0.88*
	0.63*

	1.00
	1.23*
	1.22*
	1.37*

	0.87
	1.28
	1.28*
	1.54*

	0.96
	1.21*
	1.19*
	1.34*

	1.13
	1.18*
	1.18*
	1.05*

	0.87
	1.10*
	1.06*
	1.03*

	1.18
	1.05*
	0.95*
	0.71*

	0.92
	1.37
	1.77
	1.82

	0.03
	0.03
	0.03
	0.03

	0.08
	0.10
	0.09
	0.08

	4.97
	4.65
	4.30
	3.95



	Table 5 demonstrates that all treatments significantly influenced the Na+/K+ ratio at each stage. BPT 5204 exhibited no notable fluctuation, but MCM 103 registered the lowest Na+/K+ ratio (0.73) during the maximal tillering stage. In later phases, all treatments, with the exception of the 0.50 mM/L SA application during panicle onset, considerably decreased the Na+/K+ ratio. The foliar application of 0.25 mM/L SNP, 0.50 mM/L SA, and 0.50 mM/L BR yielded the lowest Na+/K+ ratios (1.05, 0.95, and 0.71) at the corresponding stages, indicating reductions of 23.5 per cent, 46.4 per cent, and 61.1 per cent relative to the control BPT 5204, akin to the check variety MCM 103. 
	Salt tolerance in plants is linked to maintaining Na⁺/K⁺ homeostasis (Yang and Guo, 2018). Under salinity, Na⁺ competes with K⁺, impairing osmoregulation, protein synthesis, and photosynthesis (Lodeyro and Carrillo 2015). Salt-sensitive varieties show higher Na⁺/K⁺ ratios due to lower K⁺ levels (Moradi and Ismail 2007 and Garg et al. 2002). Nitric oxide enhances vacuolar H⁺-ATPase, H⁺-PPase, and Na⁺/H⁺ exchange, improving tolerance (Zhang et al. 2006). Foliar 24-epibrassinolide sustains higher K⁺/Na⁺ ratios (Shahzad et al. 2021), and salicylic acid reduces Na⁺ accumulation under salt stress, supporting our findings (Kim et al. 2018).

4. Conclusion
This study demonstrated that the foliar application of 0.25mM/L SNP + 0.50mM/L SA + 0.50mM/L BR improved morpho-physiological and biochemical traits in the salt-sensitive variety BPT 5204 under salinity stress (4 dSm-1). This treatment can be recommended to farmers growing BPT 5204 in coastal areas, where salinity poses a significant challenge to achieving high yields.
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