


Copper Sulfate Nanoparticle Mediated Alleviation of Salinity Induced Yield Losses in Tomato (Solanum lycopersicum L.) 

ABSTRACT
Salinity stress is one of the most severe abiotic constraints limiting tomato (Solanum lycopersicum L.) production globally, particularly in arid and semi-arid regions. Based upon preliminary trials, this study investigated the potential of nano-copper sulfate (nano-CuSO4, 10 ppm) application in alleviating the detrimental effects of salt stress (100 mM NaCl) in the salinity-susceptible tomato variety Pant Tomato-3 (PT-3). A completely randomized design (CRD) experiment with three replications was conducted under polyhouse conditions. Four treatments were imposed, namely, control (C), salinity stress (S, 100 mM NaCl), nano-CuSO4 treatment (N, 10 ppm) and nano-CuSO4 treatment under salinity stress(T, 100 mM NaCl + 10 ppm nano-CuSO4). Key morphological and yield-related parameters like number of leaves per plant, number of trusses per plant, number of flowers per truss and number of fruits per plant were recorded at plant maturity. Results demonstrated that 100 mM NaCl significantly reduced all measured parameters compared to the control, confirming the salinity-susceptible nature of Pant T-3. Nano-CuSO4 only treatment (N) marginally enhanced growth and yield attributes relative to the control. Nano-CuSO₄ application under salinity (T) improved the number of trusses per plant by 46 % and fruits per plant by 29% over the salinity-only treatment (S). These findings suggest that nano-CuSO4 application at 10 ppm holds promise as a cost-effective strategy to improve tomato performance under moderate salinity stress conditions.
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1. INTRODUCTION
Tomato (Solanum lycopersicum L.) is one of the most economically important vegetable crops in the world, ranking fourth in global vegetable production. It is a rich source of vitamins, minerals, antioxidants and lycopene, making it a cornerstone of nutritional security in many regions (Singh et al., 2025). India's tomato sector has witnessed substantial expansion over the past two decades, with the annual production increasing from approximately 10.5 million metric tons in 2001-02 to 21 million metric tons in 2021-22, representing a two-fold increase. Moreover, productivity has also improved from 16.29 t/ha in 2001-02 to 26 t/ha by 2024-25 (National Horticulture Board, 2025). However, tomato production is increasingly threatened by abiotic stresses, with soil salinity constituting one of the most widespread and damaging constraints. Salt-affected soils currently span approximately 1.5 million hectares, representing nearly 10% of cultivated land globally, a figure projected to increase further owing to climate change, poor irrigation practices and overuse of agrochemicals (Kumawat et al., 2022).
Salinity stress impairs plant growth through three interrelated mechanisms, osmotic stress caused by reduced water potential in the root zone; ion toxicity arising from excessive accumulation of Na⁺ and Cl⁻ ions; and nutritional imbalance resulting from disrupted uptake of essential mineral elements (Balasubramaniam et al., 2023). These effects collectively manifest as reduced germination, stunted vegetative growth, diminished flowering and significant yield losses. Tomato, classified as a moderately salt-sensitive crop, exhibits marked cultivar-specific variation in its tolerance to NaCl-induced stress (Rahul et al., 2025).
Copper plays a crucial role in mitigating salinity stress in plants by supporting essential enzymatic activities and maintaining cellular homeostasis. As a micronutrient, it enhances antioxidant defenses and ion balance, helping crops withstand saline conditions (Imran et al., 2024). Copper application lowers sodium (Na+) accumulation while increasing potassium (K+), calcium (Ca2+), and magnesium (Mg2+) uptake, optimizing the Na+/K+ ratio for better osmotic adjustment (Rahul et al., 2025). It improves relative water content (RWC) and reduces water loss, aiding turgor maintenance in saline environments. Copper acts as a cofactor for superoxide dismutase (SOD), a key enzyme that neutralizes reactive oxygen species (ROS) produced under salinity-induced oxidative stress. This reduces lipid peroxidation and protects cell membranes, preserving photosynthetic efficiency and growth. Copper supplementation boosts catalase (CAT) and peroxidase (POD) activities, limiting damage in salt-stressed tissues (Shaikhaldein et al., 2024).
In recent years, nano-technology has emerged as a promising avenue for improving plant stress tolerance. Copper-based nano-particles, including nano-copper sulfate (nano-CuSO₄), have attracted increasing research interest owing to copper's essential role as a micronutrient and cofactor in key enzymatic systems including plastocyanin in the photosynthetic electron transport chain, superoxide dismutase (Cu/Zn-SOD) and cytochrome c oxidase, which collectively regulate oxidative stress defense, energy metabolism and cell wall lignification in plants (López-Lima et al., 2021). The high surface area-to-volume ratio and enhanced solubility of nano-CuSO₄ relative to bulk CuSO₄ facilitate superior bioavailability and tissue-level penetration, allowing effective micronutrient delivery even under osmotic stress conditions. At low concentrations, copper nano-particles have demonstrated stimulatory effects on germination, root elongation, chlorophyll synthesis and antioxidant enzyme activity without inducing phytotoxicity (Kausar et al., 2022).
The tomato variety Pant Tomato-3 (PT-3) is a widely cultivated determinate cultivar in the Indian sub-continent, valued for its early bearing and consistent yield under temperate to semi-arid agro-climatic conditions. Previous studies have identified PT-3 as relatively susceptible to salinity stress, recording notable reductions in vegetative growth, floral attributes and fruit yield under NaCl concentrations exceeding 50 mM (Rahul et al., 2025). Despite its agronomic importance, no study to date has examined whether exogenous nano-CuSO4 application can alleviate salinity-induced morphological and yield penalties in this cultivar. Understanding such interactions is critical for developing practical, low-input crop management strategies for salt-prone agricultural areas.
The present investigation was therefore undertaken to evaluate the standalone and under salinity effects of 100 mM NaCl and 10 ppm nano-CuSO4 on key morphological and yield-related traits of tomato var. Pant Tomato-3.
2. MATERIALS AND METHODS
2.1 Experimental Design and Plant Material
The experiment was conducted under controlled polyhouse condition at the College of Basic Sciences & Humanities, GBPUA&T, Pantnagar, India. Seeds of tomato var. Pant Tomato-3 were used as experimental material obtained from Vegetable Research Center (GBPUA&T), Pantnagar. Seedlings were raised in coco peat and transplanted at the 3-4 true-leaf stage into plastic pots (18 cm × 20 cm) filled with a soil: compost: manure mixture (3:1:1). A completely randomized design (CRD) with three replications and one plant per pot was grown.
2.2 Preparation and Application of Treatments
Stress and nanoparticle treatments were done 25 days after transplanting (DAT), once plants had established fully. Based on preliminary trials, four treatments were used, namely, Control (C, unstressed), Salinity stress (S) with 100 mM NaCl only, Nano-CuSO₄ treatment (N) at 10 ppm and nano-CuSO4 treatment under salinity stress (T, 100 mM NaCl + 10 ppm nano-CuSO₄). Between treatment intervals, plants were irrigated as per physiological requirement.
2.3 Morphological Parameters
The morphological parameters, namely, number of leaves per plant, number of trusses per plant, number of flowers per truss and number of fruits per plant were recorded in triplicate at the time of maturity.
2.4 Statistical Analysis
Data are presented as mean ± standard error (SE). All data were subjected to two-way analysis of variance (ANOVA) using OPSTAT 2.0. Differences between treatment means were assessed using Tukey’s Honestly Significant Difference (HSD) test at p ≤ 0.05. 
3. RESULTS AND DISCUSSION
3.1 Number of Leaves per Plant
[bookmark: _GoBack]Leaf number is a reliable indicator of vegetative growth capacity and is closely linked with a plant canopy's capacity to intercept photosynthetically active radiation. In the present study, salinity stress (S, 100 mM NaCl) caused a significant reduction in the number of leaves per plant in Pant Tomato-3 (51.6) compared to the control (60.6), representing a reduction of approximately 14.8%. Rosca et al. (2023) reported similar responses of tomato to moderate NaCl stress, where accumulation of Na⁺ and Cl⁻ ions disrupts cell division and expansion in developing leaf primordia and accelerated senescence shortens the functional lifespan of mature leaves. Reduced leaf number also represents an adaptive morphological response to limit transpirational water loss under osmotic stress (Qayyum et al., 2021).
Nano-CuSO4 treatment alone (N) marginally enhanced leaf number (65.8) relative to the control, possibly reflecting copper-mediated stimulation of cell division and enhancement of chloroplast biogenesis, given copper’s role as a structural component of plastocyanin and its involvement in thylakoid membrane integrity (Deng and Wang, 2023). Nano-CuSO4 treatment under salinity (T) showed partial recovery (57.2), significantly higher than salinity treated plants(S, p ≤ 0.05), suggesting that nano-CuSO₄ partially offsets salinity-induced suppression of leaf development. This recovery may operate through copper’s known role in activating Cu/Zn-SOD, thereby reducing ROS-mediated cellular damage under ionic stress. Similar morphological trend was reported by Faizan et al. (2021) while working on salinity stress mitigation in tomato using ZnO nanoparticles.  

Figure 1. Effect of different treatments on the number of leaves in tomato plants. The bar graph represents the mean(± SE)
3.2 Number of Trusses per Plant
The number of flower trusses per plant is a primary determinant of yield potential in tomato and is sensitive to disruptions in hormonal signalling and assimilate supply during the vegetative-to-reproductive transition. In this study, salinity stress markedly reduced the number of trusses (4.33) compared to the control (8.00), a reduction of 45.9%. Elevated salinity is known to interfere with gibberellin and cytokinin biosynthesis and signalling pathways that govern floral meristem initiation and the associated osmotic stress restricts photoassimilate allocation to reproductive sinks (Ghanem et al., 2009).

Figure 2. Effect of different treatments on the number of trusses per plant in tomato plants. The bar graph represents the mean(± SE) 
Tomato plant receiving nano-CuSO4 alone (N) showed a marginally higher truss number (8.67) than the control, possibly due to copper-enhanced photosynthetic electron transport supporting greater carbon fixation. Nano-CuSO4 treatment under salinity (T, 6.33) significantly outperformed S (p ≤ 0.05), demonstrating the ameliorative capacity of nano-CuSO4. This improvement likely reflects nano-CuSO4 mediated upregulation of antioxidant defence systems, which protects floral meristems from oxidative damage during salt-induced ROS accumulation (Singh et al., 2023). 
3.3 Number of Flowers per Truss
Flower number per truss reflects the reproductive potential of the plant and is sensitive to both ionic and osmotic components of salinity stress. The control plants of Pant Tomato-3 bore an average of 5.87 flowers per truss, reduced significantly to 4.13 under 100 mM NaCl, a decline of approximately 29.6%. Such reductions under NaCl stress have been attributed to impaired pollen viability, disrupted ovule development and inhibited floral bud initiation, as elevated ionic concentrations interfere with potassium-dependent processes essential for pollen germination and tube growth. Similar decline in flowers per truss was reported by Swati et al. (2024) while working on tomato.

Figure 3. Effect of different treatments on the number of flowers per truss in tomato plants. The bar graph represents the mean (± SE) 
The only nanoparticle treatment (N) yielded higher flower count per truss (6.20) than the control, while the T treatment (5.07) produced significantly more flowers per truss than treatment S (p ≤ 0.05). The beneficial effect of nano-CuSO4 in preserving floral integrity may operate through copper’s essential function in cytochrome c oxidase activity and membrane lipid stabilisation, reducing peroxidative damage to floral tissues under salinity-induced oxidative stress (Rehman et al., 2024). El-Sayed et al. (2025) reported that foliar or root application of copper nanoparticles at low dose (30 mg/L) optimizes benefits without toxicity.
3.4 Number of Fruits per Plant
The number of fruits per plant integrates the cumulative effects of stress on pollination success, fruit set and fruit retention, making it a comprehensive indicator of reproductive performance. In the present study, NaCl treatment (S) caused a marked reduction in fruits per plant from 28.67 (control) to 18.33, a decrease of 36.1%. This reflects the combined impact of reduced truss number, diminished flower count, impaired pollination and increased fruit drop under sustained ionic stress, consistent with earlier reports on Pant Tomato-3 under comparable NaCl concentrations. Similar decline under salinity stress was reported by Swati et al. (2024) in tomato plant.
The N treatment slightly elevated fruit number (30.00) relative to the control, possibly due to copper-enhanced reproductive enzyme activity and improved nutritional status of floral and fruit tissues. Nanoparticle treated plants under salinity (T, 23.66) significantly outperformed salinity treated plant (S, p ≤ 0.05), indicating effective stress mitigation by nano-CuSO4. The partial recovery in fruit number under T treatment may be linked to improved sink strength, reduced ROS-induced fruit abortion and copper-mediated stabilisation of cell wall architecture during early fruit development (Rosca et al., 2023).
Copper’s involvement in ethylene biosynthesis regulation may also be pertinent here, as salinity-induced ethylene overproduction is a recognized driver of premature fruit abscission; nano-CuSO₄ may modulate ACC oxidase activity, thereby attenuating stress-induced ethylene surges and improving fruit retention (Mattoo et al., 1992). Furthermore, copper’s role as a cofactor of several pectin-modifying enzymes suggests that adequate copper availability during early fruit development could preserve cell wall plasticity, facilitating normal cell expansion in developing fruit tissues even under moderate ionic stress conditions (Tiemann and Handa, 1994).

Figure 4. Effect of different treatments on the number of fruits per plant in tomato plants. The bar graph represents the mean (± SE) 
4. CONCLUSION
The present study establishes that 100 mM NaCl significantly inhibits the morphological and yield-related performance of tomato cv. Pant Tomato-3, reaffirming its susceptibility to moderate salinity stress. All measured parameters, namely, number of leaves per plant, trusses per plant, flowers per truss and number of fruits per plant, were markedly reduced under NaCl stress relative to the control. Exogenous foliar application of nano-CuSO4 at 10 ppm substantially mitigated these stress-induced reductions, with the nano treated plant under salinity (T) consistently and significantly outperforming the salinity-only treatment (S) across all parameters. The ameliorative effect of nano-CuSO4 is attributed to its role in enhancing antioxidant enzyme activity (particularly Cu/Zn-SOD), improving photosynthetic electron transport via plastocyanin and stabilising cellular membranes against ROS-induced oxidative damage under salt stress. These results indicate that nano-CuSO4 application at 10 ppm represents a viable, low-dose strategy to ameliorate salinity stress in the susceptible tomato cultivar Pant Tomato-3. Future investigations should examine optimal nano-CuSO4 dose-response relationships, evaluate effects across multiple salinity levels and elucidate the underlying biochemical and physiological mechanisms governing nano-CuSO4 mediated stress tolerance in tomato. From a broader agronomic perspective, the effectiveness of copper-based nanomaterials in this study also underscores the value of integrating micronutrient nanotechnology into conventional crop management frameworks for salt-affected soils, offering a targeted, low-input approach that could complement irrigation management and cultivar selection strategies in regions facing escalating soil salinity challenges.
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