


Ameliorative Effect of Copper Sulfate on Morphological Traits of Tomato (Solanum lycopersicum L.) under Salinity Stress

Abstract
Salinity stress is one of the most severe abiotic constraints limiting tomato (Solanum lycopersicum L.) production worldwide. The present investigation was conducted to evaluate the influence of CuSO₄ (copper sulfate) on the growth and morpho-agronomic performance of tomato cv. Pant Tomato-3 under varying levels of NaCl-induced salinity stress. The experiment was laid out in a Completely Randomized Design (CRD) with three replications. Treatments comprised four salinity levels (S1: 25 mM, S2: 50 mM, S3: 100 mM NaCl and a non-saline control) and four CuSO₄ concentrations (M1:5 ppm, M2: 10 ppm, M3:50 ppm, M4:100 ppm). Key morphological parameters assessed included plant height, stem diameter, number of branches, number of leaves and days to 50% flowering. Results demonstrated that increasing NaCl concentrations significantly suppressed all vegetative growth parameters in a dose-dependent manner, with S3 (100 mM) recording maximum reductions in plant height, stem diameter and number of branches compared to the control. Conversely, salinity stress delayed days to 50% flowering, with S3 recording additional days over the control. Application of CuSO₄ at 10 ppm proved most effective both as a standalone treatment and as a mitigation strategy under salinity stress, promoting the highest plant height, stem diameter and branch number, while partially restoring normal flowering phenology under mild to moderate stress. These findings suggest that CuSO₄ at 10 ppm holds promise as a growth-promoting and salinity-ameliorating agent in tomato cultivation, though its efficacy diminishes under severe ionic stress conditions.
Keywords: Solanum lycopersicum; copper sulfate; Salinity; Abiotic stress; Tomato
1. Introduction
Tomato (Solanum lycopersicum L.) is one of the most economically important vegetable crops cultivated globally (Singh et al., 2025), serving as a rich source of vitamins, antioxidants and minerals essential for human nutrition (Ali et al., 2020). It ranks among the most consumed vegetables worldwide and is integral to both subsistence and commercial agriculture across diverse agro-climatic zones. However, the expansion of tomato cultivation is increasingly threatened by soil salinity, which has emerged as a major abiotic stress factor severely constraining agricultural productivity in arid and semi-arid regions (Rosca et al., 2023).
Soil salinity affects approximately 800 million hectares of arable land worldwide and this figure continues to rise due to secondary salinization caused by poor irrigation management and climate change. Salinity stress imposes both osmotic and ionic toxicity on plants, leading to disruption of water relations, nutrient imbalance, oxidative damage and inhibition of photosynthesis. In tomatoes, NaCl-induced salinity has been well documented to reduce vegetative growth, delay reproductive development and ultimately diminish fruit yield and quality. Tomato is classified as moderately sensitive to salinity, with significant morphological and physiological impairment beginning at relatively low NaCl concentrations.
Copper (Cu) is an essential micronutrient required for plant growth and development, functioning as a cofactor of several key metalloenzymes involved in photosynthesis, respiration, lignin biosynthesis and antioxidant defense mechanisms (Schwartau et al., 2025). At optimal concentrations, copper enhances cell wall rigidity, promotes vascular development and contributes to improved stress tolerance. Copper sulfate (CuSO₄) is among the most widely used forms of copper supplementation in agriculture and its application at appropriate concentrations has been reported to stimulate growth and ameliorate certain abiotic stress responses in various crops (Rahul et al.,2025).
However, the interaction between CuSO₄ supplementation and salinity stress in tomato remains insufficiently explored. While several studies have investigated micronutrient supplementation as a strategy to mitigate salinity-induced damage, limited information is available on the morpho-agronomic responses of tomato cv. Pant Tomato-3- a commercially significant Indian variety to combined salinity-copper treatments. Understanding such interactions is critical for developing cost-effective and field-applicable strategies to sustain tomato productivity under salt-affected soils.
In view of the above, the present study was designed to evaluate the effect of varying concentrations of CuSO₄ on key morphological growth parameters of tomato cv. Pant Tomato-3 under graded levels of NaCl salinity stress. The specific objectives were to assess the impact of different NaCl concentrations on vegetative and reproductive morphological traits, determine the optimal CuSO₄ concentration for growth promotion and stress amelioration and identify the most effective combined treatment for mitigating salinity-induced growth inhibition.
2. Materials and Methods
2.1 Plant Material
Tomato (Solanum lycopersicum L.) cultivar Pant Tomato-3 was used as the experimental plant material. This variety was procured from Vegetable Research Center, G.B. Pant University of Agriculture and Technology, Pantnagar,
2.2 Experimental Design and Treatments
The experiment was conducted under controlled greenhouse conditions and laid out in a Completely Randomized Design (CRD) with three replications for each treatment combination. The experimental treatments comprised four levels of salinity (NaCl): S0 = Control (0 mM NaCl), S1 = 25 mM NaCl, S2 = 50 mM NaCl and S3 = 100 mM NaCl. Four concentrations of CuSO₄ were used: M1:5ppm, M2:10ppm, M3:50ppm and M4:100ppm. Treatments were applied as standalone (salinity alone and CuSO₄ alone) and as combined (salinity + CuSO₄) treatments. 
2.3 Morphological Parameters
Morphological traits such as plant height, number of branches, stem diameter and days to 50 % flowering were recorded for tomato variety (PT3) under all treatment combinations. Plant height was measured from the base of the stem to the topmost growing point using a measuring scale. Number of branches was recorded by counting all branches emerging from the main stem at the flowering stage. Days to 50 % flowering was noted when 50 % of the plants in a treatment group had initiated flowering. All measurements were carried in triplicate per treatment and mean values were used for statistical analysis.
2.4 Treatment Application
Seedlings were transplanted into pots @ 20 Days After Sowing (DAS) and salt stress was given @ 10 Days After Transplantation (DAT). CuSO₄ were applied as foliar sprayed @15 DAT. Combined treatments involved sequential application of salt stress followed by CuSO₄ treatment @15 DAT.
2.5 Statistical Analysis
Data collected for all parameters were subjected to two-way analysis of variance (ANOVA) using OPSTAT 2.0 software. Treatment means were compared using the Tuckey’s HSD test at the 5% probability level (p ≤ 0.05). Data are presented as mean ± standard error of three replications. 
3. Results and Discussion
3.1 Plant Height
Plant height is a primary indicator of vegetative vigor and overall crop growth status. In the present study, the control treatment recorded a mean plant height of 85 cm. Progressive and significant reductions in plant height were observed with increasing NaCl concentrations, with S1 (25 mM), S2 (50 mM) and S3 (100 mM) recording heights of approximately 75, 72 and 65 cm, respectively (Fig. 1). The maximum reduction was recorded under 100 mM NaCl, indicating a strong dose-dependent inhibitory effect of NaCl on vegetative elongation. These findings are consistent with researchers who reported that salinity-induced osmotic stress reduces turgor pressure and cell elongation, thereby stunting plant height in tomato.

Fig.1. Plant height (cm) of tomato variety PT3 under different treatments
CuSO₄ application as standalone treatments promoted plant height over the control, with M2 (10 ppm) recording the highest value of approximately 91 cm, exceeding the control. This growth-stimulating effect of copper at optimal concentrations may be attributed to its role in lignin biosynthesis, cell wall reinforcement and activation of growth-related enzymatic systems (Ref). Under salinity stress condition, 10 ppm CuSO4 showed near-complete recovery of plant height, closely approaching the control. However, recovery was progressively limited with increasing NaCl severity and S3+M4 recorded the lowest height (68 cm) among all combined treatments. These results suggest that while 10 ppm CuSO₄ can effectively mitigate mild to moderate salinity-induced growth inhibition in tomato, its ameliorative capacity is overcome at severe ionic stress levels. Similar trend in plant height was observed by Rahul et al. (2025) while applying CuSO4 in the form of nanoparticles in tomato.
3.2 Stem Diameter
Stem diameter is an important structural trait reflecting the plant's capacity for water and nutrient transport and its ability to support canopy load. The control recorded a stem diameter of 5.8 mm. NaCl treatments caused a significant concentration-dependent reduction in stem diameter, with S1, S2 and S3 yielding values of approximately 4.8, 4.7 and 3.9 mm, respectively (Fig. 2). The reduction in 100mM-treated plants reflects impaired cell division and expansion due to osmotic stress and ionic toxicity, consistent with the findings of Parvin et al. (2019) in salt-stressed tomato.
Among the CuSO₄ standalone treatments, 10 ppm CuSO4 again demonstrated the most pronounced growth-promoting effect, recording a maximum stem diameter of 6.2 mm. This may be linked to copper's involvement in the polymerization of lignin and suberin, critical components of stem vascular tissue development (Zhang et al., 2024). In CuSO4 treatment under salinity, S1+M2 recorded the best recovery, while S3+M4 recorded the minimum (4.0 mm), comparable to S3 alone. These results reaffirm that the beneficial effect of copper sulfate is most effective under mild to moderate salinity stress and that high ionic concentrations override CuSO₄-mediated structural improvements.

Fig.2. Stem diameter (mm) of tomato variety PT3 under different treatments 
3.3 Number of Branches


Fig.3. Number of branches of tomato variety PT3 under different treatments 

Branching is a key determinant of tomato plant architecture and a major contributor to fruit-bearing capacity. Control plants recorded approximately 18 branches per plant, which represents the maximum under non-stress conditions. Salinity treatments progressively reduced branch number, with S1, S2 and S3 yielding approximately 16, 14 and 12 branches, respectively (Fig. 3). The inhibitory effect of salinity on axillary bud outgrowth and lateral branching is well documented and has been attributed to altered cytokinin-to-auxin ratios and reduced photosynthate availability under salt stress (Kurepa et al., 2022).
CuSO₄ application alone positively influenced branching, with M2 (10 ppm) recording the highest branch number of approximately 20. The combined treatment S1+M2 restored branching to near-control levels (18 branches), demonstrating effective amelioration of mild salinity effects. However, S3+M4 recorded the minimum branch count (11) across all treatments, falling even below S3 alone, indicating potential antagonistic interactions or additive stress effects under severe salinity combined with high CuSO₄ concentrations. 
3.4 Days to 50% Flowering
Days to 50% flowering is a critical reproductive phenology parameter that directly influences the crop’s growing period and yield timing. The control recorded the earliest flowering at approximately 35 days after transplanting. NaCl treatments significantly delayed flowering in a dose-dependent manner: S1 (38 days), S2 (41 days) and S3 (45 days), with S3 imposing a delay of approximately 10 days over the control (Fig. 4). This delayed reproductive development under salinity is consistent with previous reports indicating that ionic stress suppresses floral initiation by disrupting hormonal signaling and photoperiodic perception in tomato (Ma et al., 2025).

Fig.4. Days to 50% flowering of tomato variety PT3 under different treatments 
CuSO₄ alone treatments showed negligible to slightly promoting effects on flowering time, with M1 and M2 recording 34 and 33 days, marginally earlier than the control. In combined treatments, S3+M1 exhibited the maximum delay, while most combined treatments ranged between 36 and 43 days- still elevated relative to control but showing partial normalization compared to salinity-alone treatments. The inability of CuSO₄ to substantially reverse salinity-induced flowering delays suggests that reproductive development pathways are more sensitive to ionic disruption and less responsive to copper-mediated physiological improvements compared to vegetative growth parameters (Chakraborty et al., 2019).
4. Conclusion
The present study clearly demonstrates that NaCl-induced salinity stress exerts a significant inhibitory effect on the morpho-agronomic performance of tomato cv. Pant Tomato-3, with all assessed vegetative growth parameters declining progressively with increasing salinity concentration and days to 50% flowering increasing correspondingly. Among all treatments evaluated, CuSO₄ at 10 ppm proved to be the most effective concentration, consistently recording the best values for plant height, stem diameter and number of branches both as a standalone treatment and as a salinity mitigation agent. Partial to near-complete recovery of growth parameters was achieved under mild to moderate salinity with 10 ppm CuSO₄ application. However, its ameliorative potential was substantially diminished under severe salinity (100 mM NaCl).
These findings highlight the potential of CuSO₄ supplementation at 10 ppm as a practical, low-cost strategy to enhance tomato growth and partially mitigate salinity stress damage in moderately salt-affected soils. Future research should focus on elucidating the biochemical and molecular mechanisms underlying CuSO₄-mediated salinity tolerance, including its effects on antioxidant enzyme activity, osmolyte accumulation and gene expression profiles. Additionally, field-level validation across different soil types and tomato genotypes can confirm the agronomic applicability of these findings.
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Table 1. Treatments with different salinity and CuSO4  application
	Treatment No.
	Specific Treatment Applied

	C
	Control (no treatment)

	S1
	NaCl treatments (25 mM) only

	S2
	NaCl treatments (50 mM) only

	S3
	NaCl treatments (100 mM) only

	M1
	CuSO₄ treatments (5 ppm) only

	M2
	CuSO₄ treatments (10 ppm) only

	M3
	CuSO₄ treatments (50 ppm) only

	M4
	CuSO₄ treatments (100 ppm) only

	S1+M1
	25 mM NaCl followed by 5 ppm CuSO₄

	S2+M1
	50 mM NaCl followed by 5 ppm CuSO₄

	S3+M1
	100 mM NaCl followed by 5 ppm CuSO₄

	S1+M2
	25 mM NaCl followed by 10 ppm CuSO₄

	S2+M2
	50 mM NaCl followed by 10 ppm CuSO₄

	S3+M2
	100 mM NaCl followed by 10 ppm CuSO₄

	S1+M3
	25 mM NaCl followed by 50 ppm CuSO₄

	S2+M3
	50 mM NaCl followed by 50 ppm CuSO₄

	S3+M3
	100 mM NaCl followed by 50 ppm CuSO₄

	S1+M4
	25 mM NaCl followed by 100 ppm CuSO₄

	S2+M4
	50 mM NaCl followed by 100 ppm CuSO₄

	S3+M4
	100 mM NaCl followed by 100 ppm CuSO₄








Days to 50% flowering
C	S1	S2	S3	M1	M2	M3	M4	S1+M1	S2+M1	S3+M1	S1+M2	S2+M2	S3+M2	S1+M3	S2+M3	S3+M3	S1+M4	S2+M4	S3+M4	35	38	41	45	34	33	35	38	37	40	44	36	39	43	37	40	44	39	41	42	Treatments
Days to 50% Flowering
Plant Height
C	S1	S2	S3	M1	M2	M3	M4	S1+M1	S2+M1	S3+M1	S1+M2	S2+M2	S3+M2	S1+M3	S2+M3	S3+M3	S1+M4	S2+M4	S3+M4	85	75	72	65	88	91	85	78	80	78	72	85	82	75	82	78	72	75	72	68	Treatments
Plant Height (cm)
Stem Diameter
C	S1	S2	S3	M1	M2	M3	M4	S1+M1	S2+M1	S3+M1	S1+M2	S2+M2	S3+M2	S1+M3	S2+M3	S3+M3	S1+M4	S2+M4	S3+M4	5.8	4.8	4.7	3.9	6	6.2	5.8	5.2	5.2	5	4.2	5.6	5.4	4.8	5.3	5	4.4000000000000004	4.9000000000000004	4.5	4	Treatments
Stem Diameter (mm)
Number of Branches
C	S1	S2	S3	M1	M2	M3	M4	S1+M1	S2+M1	S3+M1	S1+M2	S2+M2	S3+M2	S1+M3	S2+M3	S3+M3	S1+M4	S2+M4	S3+M4	18	16	14	12	18	19	18.2	16	17	16	13	18	17	14	17	16	13	14	13	11	Treatments
No. of branches



