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ABSTRACT
	Aims:
To evaluate the effect of exogenous calcium (Ca²⁺) on salinity-induced stress in soybean (Glycine max) and to determine its role in improving growth, physiological, and biochemical parameters contributing to salt tolerance.
Study Design:
A factorial pot experiment arranged in a completely randomized design (CRD) with three replications was conducted.
Place and Duration of Study:
Crop Physiology Division, Bangladesh Institute of Nuclear Agriculture (BINA), Mymensingh, and Subarnachar, Noakhali, during the 2023–2024 growing season.
Methodology:
Four soybean genotypes (Sem-05, Sem-08, Sem-11, and Binasoybean-6) were exposed to salinity stress (8 dS m⁻¹ NaCl) with foliar application of calcium sulfate (CaSO₄·2H₂O) at concentrations of 5, 10, and 15 mM. Growth, yield attributes, chlorophyll, proline, soluble sugar, malondialdehyde (MDA), and hydrogen peroxide (H₂O₂) contents were measured. Data were analyzed statistically using ANOVA, and treatment means were compared with the LSD test at a 5% level of significance.
Results:
Calcium application significantly mitigated the adverse effects of salinity across all genotypes. The 10 mM Ca treatment showed the most beneficial effects, increasing shoot and root biomass, chlorophyll content, and osmolyte accumulation while reducing MDA and H₂O₂ levels. Sem-11 and Binasoybean-6 exhibited superior tolerance, recording the highest yield (6.61 and 5.90 kg ha⁻¹, respectively) and lowest was in Sem-08 (1.51 kg ha⁻¹) under salinity with calcium application. Calcium supplementation improved Na⁺/K⁺ homeostasis and enhanced antioxidant enzyme activity, leading to reduced oxidative damage and improved physiological stability.
Conclusion:
Exogenous calcium application, particularly at 10 mM concentration, effectively enhances salt tolerance in soybean by stabilizing membranes, maintaining ion balance, and strengthening antioxidant defenses. This approach offers a cost-effective, non-genetic strategy to improve soybean productivity in saline-prone environments.
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1. INTRODUCTION 

Soil salinity is a major environmental stress limiting crop productivity worldwide, especially in irrigated areas where poor drainage and excessive irrigation cause salt accumulation. Soybean, an essential leguminous crop for global food security, is highly sensitive to salinity stress, which results in stunted growth, disrupted photosynthesis, ion imbalance, and reduced yield (Aboh & Eyong 2023). The increasing prevalence of salinity due to climate change and intensive agricultural practices poses a significant threat to soybean cultivation in saline-prone regions (Mahfuza et al., 2022).
Salinity stress primarily disrupts plant metabolism by accumulating toxic ions like sodium (Na⁺) and chloride (Cl⁻), impairing nutrient uptake, water relations, and enzyme activities (Munns & Tester, 2008). Additionally, prolonged salt exposure induces oxidative stress via reactive oxygen species (ROS) generation, causing cellular damage including lipid peroxidation, protein denaturation, and membrane destabilization (Hasanuzzaman et al., 2022). This oxidative damage overwhelms the plant’s antioxidant defense systems, further inhibiting growth (Hasanuzzaman et al., 2020).
Calcium (Ca²⁺) plays a pivotal role in plant stress signaling and tolerance. Exogenous calcium application has been reported to improve salt tolerance by maintaining ion homeostasis, enhancing antioxidant defenses, and stabilizing cellular structures under saline conditions (Feng et al., 2023). Calcium mediates key signaling pathways that regulate osmotic balance, activate stress-responsive genes, and interact with hormones such as abscisic acid (ABA) to mitigate salt-induced osmotic stress (Yang et al., 2023; Xiao & Zhou 2023). Hadi and Karimi (2012) highlight the importance of calcium in improving physiological resilience and cellular processes, ultimately supporting plant growth and productivity under saline conditions.
Previous studies have demonstrated that calcium application improves physiological traits like seed germination, root and shoot growth, photosynthesis, and nutrient uptake in soybean under salt stress (Hameed et al., 2025). However, the detailed molecular mechanisms by which calcium confers salt tolerance in soybean remain unclear. It is suggested that calcium influences antioxidant enzymes, ion transporters, and compatible solute accumulation such as proline, contributing to stress mitigation (Mahfuza et al., 2022).
This study investigates the role of exogenous calcium in enhancing soybean tolerance to salinity stress. It evaluates key biochemical responses, with emphasis on ion homeostasis and oxidative stress regulation, to clarify the mechanisms underlying calcium-mediated salt tolerance. The findings provide valuable insights for improving soybean productivity and developing effective management strategies in saline environments.
2. MATERIAL AND METHODS 
2.1 Plant Material and Treatment
[bookmark: _GoBack]On the basis of yield and yield contributing characters, three mutant lines (Sem-05, Sem-08 and Sem-11) one check variety of soybean Binasoybean-6 (high yielding, salt-tolerant) were used as planting materials for this experiment. The experiments of this study were conducted at the pot yard of crop physiology division BINA and Subarnochor, Noakhali. Sodium hypochlorite at 2.5% concentration was used for seed sterilization. After being germinated on filter paper in Petri Annex Anex Ayurs, four seedlings were transplanted to plastic pots (20 L). The salt-stress (8 dS m−1 NaCl) treatment will be started 40 days after sowing (DAS) (Guan et al., 2023) where all the pot is put in a saline solution of 7 days at reproductive stage. At the same time, calcium (Ca) in the form of CaSO4.2H2O (5, 10, and 15 mM) was sprayed on plant foliage every alternate day as treatment (Sharavdorj et al., 2022). The treatment combinations were: control (T1) water; 5 mM Ca (T2); 10 mM Ca (T3); 15 mM Ca (T4); 8 dS m−1 NaCl (T5); 8 dS m−1 NaCl + 5 mM Ca (T6); 8 dS m−1 NaCl + 10 mM Ca (T7); and 8 dS m−1 NaCl + 15 mM Ca (T8).
2.2 Assessment of Yield Contributing Parameters and Yield
The soybean was harvested at maturity. Yield data were recorded from each pot. Plant height was measured by scale after harvest. Total branch number plant−1, pod plant−1, seed pod−1 100 seed weight and grain weight plant−1 were counted from five plants per replication of each genotype of all the treatments. 
2.3 Chlorophyll content Determination
Chlorophyll content was measured using acetone extract method by spectrophotometer reading. (Lichtenthaler and Wellburn., 1983)
2.4 Proline content Determination
Proline content was measured as described previously by Bates et al. (1973). 
2.5 Soluble Sugar Determination
Soluble sugar content was measured according to Yoshida et al. (1976). 
2.6 Determination of Hydrogen peroxide (H2O2)
Hydrogen peroxide (H2O2) was estimated as described previously by Velikova et al. (2000).
2.7 Determination of Melondealdehyde (MDA)
Malondialdehyde (MDA) was estimated as described previously by Rao and Sresty (2000)
2.8 Statistical analysis
RStudio software was used for statistical evaluation of the collected data. The data were analyzed using the analysis of variance (ANOVA) technique and comparison of the mean difference was carried out by the least significant difference (LSD) test with a 5% level of significance.

3. results and discussion
3.1 Effect of Exogenous Calcium application on Shoot and root Growth under Salinity Stress
The effect of salinity (8 dS m⁻¹ NaCl) and foliar application of calcium (CaSO₄) on shoot length of soybean genotypes is presented in Fig. 1 (a). Salinity significantly reduced shoot length across all genotypes, with the most pronounced reduction observed in Bina soybean-6, which decreased from 21.33 cm under salinity stress (T1) to 25.38 cm upon calcium supplementation (T2). In contrast, Sem-08 exhibited the longest shoots under both saline (29.12 cm) and calcium-treated conditions (30.11 cm), while Sem-11 showed intermediate growth responses. Overall, calcium application partially mitigated the inhibitory effect of salinity on shoot elongation, indicating a protective role of exogenous calcium in maintaining vegetative growth.
	(a)[image: ]
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	Fig 1 (a), (b): Effect of salinity (8 dSm-1 NaCl) and foliar application of calsium on shoot-root length
plant-1.


Salinity-induced inhibition of shoot growth is often a consequence of ionic toxicity combined with osmotic stress, which together disrupt cell elongation and division by impairing turgor, ion homeostasis, and cell wall remodeling (Zhao et al., 2025). Calcium has been reported to stabilize cell membranes, regulate ion transport, and enhance osmotic adjustment under salt stress (Wang et al., 2019). The observed improvement in shoot length following calcium application aligns with previous findings in soybean and other crops, where calcium supplementation alleviated Na⁺-induced growth suppression (Valivand et al., 2021).
Root growth responses varied among the genotypes (Fig. 1 (b)). Bina soybean-6 displayed the highest root length under both T1 (14.9 cm) and T2 (13.9 cm), whereas Sem-08 consistently produced shorter roots (5.92 cm in T1 and 5.97 cm in T2). Sem-11 showed intermediate root elongation. Interestingly, root length in tolerant genotypes (e.g., Bina soybean-6) appeared less affected by salinity, suggesting a better adaptive root response to stress conditions. In contrast, susceptible genotypes exhibited stunted root growth.
Root elongation under salt stress is a critical adaptive trait, enabling plants to explore deeper soil layers for water and nutrients (Munns et al., 2016). Calcium likely contributes to root growth maintenance by regulating cell wall stability, mitigating Na⁺ toxicity, and enhancing root hydraulic conductivity (Feng et al., 2023). The differential response among genotypes underscores the importance of genetic variability in salt tolerance mechanisms.
The combined data suggest that exogenous calcium improves overall plant growth under salinity by enhancing shoot elongation and supporting root development, particularly in tolerant genotypes. These findings indicate that calcium not only stabilizes cellular structures but also modulates stress signaling pathways that mitigate salinity induced growth inhibition. Such calcium-mediated tolerance mechanisms have been documented in soybean and other crops, highlighting its potential as a practical agronomic intervention for saline soils (Zhu, 2016).
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	Fig 2: Effect of salinity (8 dSm-1 NaCl) and foliar application of calsium on shoot-root dry weight plant-1.



Exogenous calcium application significantly alleviated the adverse effects of salt stress (8 dSm-1 NaCl) on soybean growth, as evidenced by improvements in both shoot and root dry weights across multiple genotypes. Under saline conditions without calcium treatment, soybean plants showed marked reductions in biomass accumulation, indicating stress-induced growth inhibition. However, foliar application of calcium under salt stress markedly enhanced shoot biomass in all genotypes, with Sem-11 exhibiting the highest shoot dry weight increase from 4.63 g to 5.33 g. Similarly, Bina soybean-6 demonstrated a notable rise in shoot dry weight from 1.49 g under salt stress alone to 2.19 g with calcium treatment.
The root dry weight also responded positively to calcium supplementation under salinity, with Bina soybean-6 showing the greatest root biomass increment (from 1.81 g to 1.94 g). This suggests that calcium application supports root growth and function despite the ionic and osmotic challenges imposed by salt stress. The lowest root biomass was observed in Sem-11 under salt alone, yet it improved significantly following calcium application.
These findings align with established roles of calcium in mitigating salt stress in plants by stabilizing cell membranes and reducing oxidative damage (Hasanuzzaman et al., 2022). Calcium plays a crucial role in maintaining ion homeostasis under saline conditions by modulating ion transporters and restricting excessive Na+ influx while promoting K+ retention, which is essential for cellular functions (Hameed & Gechev, 2025). Moreover, calcium enhances antioxidant enzyme activities, including superoxide dismutase and peroxidase, thus alleviating oxidative stress caused by salt-induced reactive oxygen species accumulation (Yin et al., 2015; Adhikari et al., 2025).
The increased biomass under calcium treatment suggests improved photosynthetic capacity and osmotic regulation, which enables better growth under salinity (Mahfuza et al., 2022). In particular, the enhancement in root biomass is critical, as roots are the primary interface for water and nutrient uptake and must cope with the detrimental effects of salt accumulation. Previous studies have also demonstrated that calcium fortifies root cell walls and promotes pectin synthesis, restoring root growth under saline stress (An et al., 2014).
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	Fig 3: Effect of salinity (8 dSm-1 NaCl) and foliar application of calsium on total Chlorophyll content.


3.2 Total Chlorophyll content
The results clearly demonstrate that salinity stress (8 dS m⁻¹ NaCl) significantly reduced chlorophyll content across all soybean genotypes, with the most pronounced effect observed in Sem-08 (3.03) and the least in Binasoybean-6 (3.98), indicating inherent genotypic variation in salt tolerance. This chlorophyll degradation is a well-established consequence of salinity, often resulting from ion toxicity-induced chloroplast damage and increased chlorophyllase activity (AbdElgawad et al., 2020). However, the foliar application of calcium (CaSO₄) effectively mitigated this damage, leading to a significant increase in chlorophyll content in all genotypes. The ameliorative effect was most substantial in the sensitive Sem-08 (+10.6%), followed by Binasoybean-6 (+6.0%) and Sem-11 (+4.7%). This recovery can be attributed to calcium's vital role in stabilizing chloroplast membranes and maintaining photosynthetic efficiency under stress (Hu et al., 2018). Furthermore, calcium is known to regulate stomatal aperture and enhance the antioxidant defense system, thereby reducing oxidative stress and protecting photosynthetic pigments (Ahanger et al., 2018; Kumar et al., 2018). The superior performance and consistent ranking of Binasoybean-6, even under stress, confirm its robust genetic capacity for salinity tolerance, a trait that was further enhanced by calcium supplementation. These findings align with the concept that integrating agronomic practices, like nutrient management, with the use of resilient genotypes is a key strategy for sustainable crop production in saline environments (Hasanuzzaman et al., 2021).
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	Fig 4: Effect of salinity (8 dSm-1 NaCl) and foliar application of calsium on proline accumulation and total soluble sugar content 



3.3 Proline and total soluble sugar accumulation
Salinity stress (8 dS m⁻¹ NaCl) significantly induced the accumulation of osmolytes proline and total soluble sugars across all soybean genotypes, serving as a key mechanism for osmotic adjustment. The genotype Sem-11 exhibited the highest proline content (0.181 µ mol g⁻¹ FW), while Bina soybean-6 showed superior sugar accumulation (41.23 mg g⁻¹ FW), indicating intrinsic genotypic variation in stress response mechanisms. This suggests Sem-11 possesses a robust proline synthesis mechanism, known to Proline, being an amino acid that responds to stress, has the ability to accumulate under adverse environmental conditions and act as a signal for the transmission of stress memory to subsequent generations" (Mushtaq et al., 2025) while Bina soybean-6 demonstrates heightened efficiency in carbohydrate mobilization because Starch metabolism inhibition occurred in the reserve mobilization of germinating soybeans subjected to varying salt stress levels... germinating soybeans exposed to moderate salt stress countered the stress by amassing substantial quantities of sucrose (Zhang et al., 2025)
Foliar application of calcium (T2) further enhanced osmoprotectant accumulation, increasing average proline content from 0.167 to 0.178 µ mol g⁻¹ FW and average sugar content from 38.07 to 40.45 mg g⁻¹ FW. This ameliorative effect aligns with calcium's role as a secondary messenger in stress signaling pathways, upregulating genes involved in osmoprotectant biosynthesis (Rahman et al., 2016; Srivastava et al., 2013). Bina soybean-6 maintained the highest sugar accumulation under both conditions (43.29 mg g⁻¹ FW in T2), earning the statistical rank 'a'. The reduced standard deviation for proline from T1 to T2 indicates calcium application promoted more consistent osmotic responses across genotypes.
Overall, the enhanced accumulation of these osmolytes under calcium supplementation demonstrates crucial mitigation of ionic stress, supporting that exogenous calcium fortifies the biochemical defense system in soybeans and improves salinity resilience, consistent with studies on glycophytic crops (Hameed et al., 2025).
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	Fig 5: Effect of salinity (8 dSm-1 NaCl) and foliar application of calsium on Malondealdehyde (MDA) content  and Hydrogen peroxide (H2O2) content.



3.4 Melondealdehyde (MDA) content and Hydrogen peroxide content in soybean under saline condition and foliar calcium application
Salinity stress induced oxidative stress in all soybean genotypes, evidenced by increased malondialdehyde (MDA) and hydrogen peroxide (H₂O₂). Sem-08 showed highest susceptibility with greatest MDA (71.11 nmolg⁻¹FW) and H₂O₂ (0.085 µ mol g⁻¹ FW), indicating severe membrane damage. In contrast, Bina soybean-6 demonstrated inherent tolerance with lowest values for both MDA (61.32 n mol g⁻¹ FW) and H₂O₂ (0.065 µ mol g⁻¹ FW), highlighting genotypic variation in oxidative stress management (Hossain and Dietz, 2016; Sofy et al., 2020).
Foliar calcium application showed genotype-specific effects. While it didn't mitigate damage in sensitive Sem-08, it reduced H₂O₂ in tolerant Bina soybean-6 (0.065 to 0.061 µ mol g⁻¹ FW). Calcium activates antioxidant enzymes like SOD, CAT and POD that scavenge H₂O₂ and reduce lipid peroxidation (MDA) (Srivastava et al., 2013). The differential response underscores that calcium's efficacy is genotype-dependent, primarily enhancing antioxidant defense in resilient genotypes to maintain cellular integrity under salinity (Hameed et al., 2025). 

3.5 Interaction effect of genotypes and different level of saline condition
The interaction between genotype and calcium sulfate application under saline conditions (8 dS m⁻¹) significantly influenced yield and yield-related traits in soybean. From Table-1 among the treatments, Sem-11 with 10 mM Ca recorded the highest number of pods per plant (18.44 pods plant-1), followed by Binasoybean-6 with 10 mM Ca (17.21 pods plant-1) and Sem-08 control (18.67 pods plant-1). In contrast, Sem-08 under 8 dS m⁻¹ without calcium produced the lowest number of pods (6.83), and Sem-05 failed to survive under untreated and most treated saline conditions except for 10 mM Ca, where it produced 12.61 pods. Seeds pod-1 also improved under calcium treatment. The highest value (2.61) was recorded in Binasoybean-6 with 10 mM Ca, followed by Sem-11 (2.42) and Sem-11 control (2.40). Sem-05 at 10 mM Ca had the lowest (1.15), indicating a limited response. In terms of 100 seed weight, Binasoybean-6 with 10 mM Ca had the highest value (15.49 g), closely followed by its control (15.46 g), while Sem-08 without calcium and 

Table 1. Interaction effect of genotype and different level of salinity on yield and yield contributing parameters 
	Interaction
	Mutants/varieties
	Pods plant-1 (no.)
	Seeds pod-1 (no.)
	100 seed wt. (g)
	Seed yield (kg ha-1)

	8 dSm-1
	Sem-05
	-
	-
	-
	-

	
	Sem-08
	6.83 h
	1.67 gh
	6.03 h
	1.52 i

	
	Sem-11
	13..00 f
	2.27 d
	12.43 d
	5.95 c

	
	Binasoybean-6
	9.73 g
	2.11 e
	12.33 d
	2.86 g

	8 dSm-1 with T1
	Sem-05
	-
	-
	-
	-

	
	Sem-08
	6.78 h
	1.69 g
	6.00 h
	1.54 i

	
	Sem-11
	14.00 e
	2.51 b
	13.11 b
	6.13 b

	
	Binasoybean-6
	9.65 g
	2.15 e
	11.59 e
	5.78 cd

	8 dSm-1 with T2
	Sem-05
	12.61 f
	1.15 h
	8.08 g
	4.55 f

	
	Sem-08
	18.00 a
	2.21 d
	11.57 e
	5.36 d

	
	Sem-11
	18.44 a
	2.42 c
	13.66 b
	6.61 a

	
	Binasoybean-6
	17.21 b
	2.61 a
	15.49 a
	5.90 cd

	8 dSm-1 with T3
	Sem-05
	-
	-
	-
	-

	
	Sem-08
	5.78 i
	1.95 f
	6.10 h
	1.64 h

	
	Sem-11
	12.95 f
	2.31 cd
	12.15 d
	5.87 cd

	
	Binasoybean-6
	9.75 g
	2.08 ef
	11.84 e
	4.78 e

	Control
	Sem-05
	15.95 d
	2.13 e
	10.11 f
	6.35 b

	
	Sem-08
	18.67 a
	2.27 d
	11.97 c
	5.06 d

	
	Sem-11
	17.62 b
	2.40 c
	13.24 b
	6.65 a

	
	Binasoybean-6
	16.56 c
	2.53 a
	15.46 a
	5.85 cd

	F test
	-
	**
	**
	**
	**


**Significance at p<0.01 level of probability, T1= 5 mM Ca, T2=10 mM Ca, T3=15 mM Ca
T1 (5 mM Ca) recorded the lowest (6.03 g and 6.00 g, respectively). For seed yield, Sem-11 with 10 mM Ca showed the highest productivity (6.61 kg ha⁻¹), statistically comparable to its control (6.65 kg ha⁻¹) and Sem-11 with 5 mM Ca (6.13 kg ha⁻¹). The lowest yield (1.52 kg ha⁻¹) was observed in Sem-08 under salt stress without calcium. The results indicate that exogenous calcium sulfate application significantly enhanced yield and yield-contributing traits in soybean genotypes under salinity stress. Calcium not only improved pod number, seeds per pod, and seed weight but also helped certain sensitive genotypes (like Sem-05) partially recover under otherwise lethal saline conditions. Sem-11 consistently outperformed all other genotypes across treatments, especially under 10 mM Ca, suggesting strong inherent salinity tolerance further enhanced by calcium. This aligns with earlier results showing Sem-11 had better biomass and biochemical stability under salinity, both with and without calcium application. Calcium likely contributed to improved yield performance by:
· Stabilizing membranes and mitigating ion toxicity, particularly by limiting Na⁺ uptake and improving K⁺/Na⁺ selectivity.
· Enhancing enzyme activity involved in nutrient metabolism and seed development.
· Supporting reproductive development, as seen in increased pod and seed counts.
· [image: ]Reducing oxidative damage to reproductive tissues under stress.
Fig 6: Line chart showing the effect of salinity (8 dS m⁻¹) and different Ca treatments (T1=5 mM, T2=10 mM, T3=15 mM) on seed yield of four soybean genotypes. 
Binasoybean-6 also responded positively to calcium, particularly at 10 mM, where it showed the highest 100 seed weight and second-highest pod number, reflecting good physiological recovery under salinity. Meanwhile, Sem-08, though moderately tolerant, showed a limited response to calcium, and Sem-05 remained highly sensitive, though 10 mM Ca enabled minimal survival and seed production. Interestingly, 10 mM calcium sulfate appeared to be the most effective dose across all genotypes. While 5 mM gave marginal benefits, and 15 mM sometimes reduced yield components (likely due to osmotic imbalance or ion toxicity), 10 mM provided optimal enhancement of both vegetative and reproductive traits. Fig 6 shows how seed yield (kg ha⁻¹) changes across salinity and calcium treatments for each genotype. It is clearly saw that Sem-11 and Binasoybean-6 perform better under salinity, especially with 10 mM Ca. These findings suggest that foliar calcium sulfate application, particularly at 10 mM concentration, is an effective agronomic strategy to alleviate salinity stress in soybean, especially in genotypes with inherent stress tolerance like Sem-11 and Binasoybean-6. The marked improvement in yield parameters under calcium treatment highlights the nutrient’s contribution to maintaining ion balance, protecting reproductive tissues, and supporting assimilate partitioning, making it a promising agronomic strategy for securing soybean productivity in saline environments (Phang et al., 2008)
3.6 Correlation Analysis of Yield and Yield Contributing Parameters
[image: ]The correlation analysis among yield and yield-contributing parameters in soybean revealed strong positive relationships among all traits (Fig 7). Pods per plant showed the highest correlation with seed yield (r = 0.81), followed by 100-seed weight (r = 0.80), while seeds per pod had a moderate positive relationship (r = 0.63). Additionally, pods per plant were strongly correlated with 100-seed weight (r = 0.73), indicating that genotypes producing more pods also tend to have heavier seeds. These results suggest that pods per plant and seed weight are major determinants of soybean yield performance, particularly under salinity and calcium treatments. Genotypes that maintain pod production and higher seed weight under stress conditions may therefore exhibit greater yield stability. Similar findings were reported by Berhanu, Tesso, and Lule (2021), who observed significant positive correlations between pods per plant, seeds per pod, and 100-seed weight with overall yield in soybean genotypes. They concluded that these parameters could serve as reliable selection criteria in breeding programs. Likewise, Spoorthi et al. (2025) found that pods per plant and 100-seed weight had the strongest positive direct effects on yield across different seasonal conditions.









Fig 7: Correlation Analysis of Yield and Yield Contributing Parameters


The consistency of these findings reinforces that enhancing pod production and seed filling are key strategies for improving soybean productivity. Thus, selecting for these traits can effectively increase yield potential and adaptability under varying environmental stresses, including salinity.
3.7 Effect of salinity on yield and yield contributing characters
The field evaluation of four soybean genotypes (Sem-05, Sem-08, Sem-11, and Binasoybean-6) under natural saline conditions at Subornachor, Noakhali (salinity ~7.1 dS m⁻¹ at reproductive stage) revealed significant genotypic variation across all yield and yield-related parameters (Table 2). These findings provide important insights into the performance of selected genotypes under real-world stress environments and validate controlled condition results. Days to maturity differed significantly among genotypes, ranging from 110 days in Binasoybean-6 to 135 days in Sem-11. Sem-05 and Sem-11 exhibited longer growth durations (132 and 135 days, respectively), which may allow more time for reproductive development, although it can also expose plants to prolonged stress. 
Table 2: Yield and yield contributing parameters at Subornachor, Noakhali field condition (Salinity level approx. 6.1 dSm-1 at reproductive stage)
	Mutants/varieties
	Days to Maturity
	Plant Height (cm)
	Branches plant-1 (no.)
	Pods plant-1(no.)
	Seeds pod-1 (no.)
	Pod length (cm)
	100 seed wt. (g)
	Seed yield (kg ha-1)

	Sem-05
	132 b
	92 a
	5 a
	77 a
	4 a
	2.67 a
	15.66 a
	3048 a

	Sem-08
	115 c
	34 c
	2 c
	23 d
	3 b
	2.00 d
	15.71 a
	2302 d

	Sem-11
	135 a
	91 a
	5 a
	55 c
	4 a
	2.17 c
	11.30 c
	2779 c

	Binasoybean-6
	110 d
	67 b
	4 b
	72 b
	3 b
	2.33 b
	13.04 b
	2872 b

	CV(%) 
	14.12
	9.89
	14.23
	13.74
	14.31
	8.21
	11.22
	8.74

	F test 
	**
	**
	**
	**
	**
	**
	**
	**


**significance at 1% level of probability
In terms of plant height, Sem-05 (92 cm) and Sem-11 (91 cm) were significantly taller than Sem-08 (34 cm) and Binasoybean-6 (67 cm). Taller plant stature, especially in Sem-05 and Sem-11, may have contributed to better light interception and enhanced biomass partitioning to reproductive structures. Branch number per plant was also highest in Sem-05 and Sem-11 (5 branches), followed by Binasoybean-6 (4). Sem-08, in contrast, had only 2 branches, which may explain its poor pod and yield performance. More branches typically support greater pod development, aligning with the trend observed in pod number per plant, where Sem-05 (77) and Binasoybean-6 (72) outperformed others. Interestingly, Sem-11, though structurally strong, produced fewer pods (55), indicating a possible delay in reproductive efficiency under prolonged stress. For seeds per pod, Sem-05 and Sem-11 recorded the highest (4), whereas Sem-08 and Binasoybean-6 had 3, which is consistent with their reproductive vigor observed in previous stress trials. Similarly, pod length followed a comparable pattern, with Sem-05 (2.67 cm) having the longest pods, while Sem-08 exhibited the shortest (2.00 cm), reflecting the overall weak reproductive capacity of this genotype under salinity. In terms of 100-seed weight, Sem-05 (15.66g) and Sem-08 (15.71g) recorded the highest values, although Sem-08's weight advantage did not translate to higher yield due to fewer pods and seeds. Sem-11, in contrast, had the lowest seed weight (11.30 g), which may have reduced its final yield despite robust plant structure. The most critical trait, seed yield, was highest in Sem-05 (3048 kg ha⁻¹), followed by Binasoybean-6 (2872 kg ha⁻¹), Sem-11 (2779 kg ha⁻¹), and lowest in Sem-08 (2302 kg ha⁻¹). This result is particularly interesting for Sem-05, which previously showed high sensitivity to salt stress under controlled conditions. Its superior field performance may be attributed to moderate salinity levels, favorable soil buffering, or better adaptation under natural conditions. On the other hand, Sem-11, which consistently showed high biochemical and physiological tolerance in controlled studies, maintained a strong, though not highest, yield under field stress. Its long maturity duration and low seed weight might have limited its full yield potential. Binasoybean-6, a known salt-tolerant variety, demonstrated good field adaptability with high yield, acceptable maturity duration, and strong reproductive traits, confirming its potential as a reliable cultivar for saline environments. Sem-08, as seen in all prior analyses, remained the weakest performer, further validating its low salt tolerance.
These results confirm that genotype and environment interactions play a significant role in performance under salt-affected conditions. Genotypes like Sem-05, despite weak lab responses, can thrive in field settings, while consistent performers like Binasoybean-6 and Sem-11 offer stable yield potential under both controlled and natural salinity stress. The observed variability emphasizes the need for multi-location trials before genotype recommendation for salt-affected regions.
4. Conclusion
Exogenous calcium application, particularly at 10 mM concentration, effectively enhanced salt tolerance in soybean by improving growth, maintaining ion balance, and activating antioxidant defense systems. Calcium supplementation mitigated the harmful effects of salinity across all genotypes most notably in Sem-11 and Binasoybean-6 with significant increases in shoot and root biomass, higher chlorophyll and osmolyte content, and lower oxidative damage markers. These results demonstrate that calcium stabilizes cellular functions, reduces sodium toxicity, and promotes overall physiological stability under saline conditions. The study highlights calcium supplementation as a practical, cost-effective strategy for improving soybean resilience and productivity in salt-affected environments.
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