EFFECT OF BIOSTIMULANTS ON PHYSIOLOGICAL AND QUALITY ASPECTS OF TOMATO UNDER DROUGHT STRESS



ABSTRACT
Drought stress is a major abiotic constraint limiting tomato (Solanum lycopersicum L.) productivity, particularly under changing climatic conditions. Biostimulants have lately been considered as a sustainable approach to improve plant stress tolerance by activating stress-responsive pathways. This study evaluated the potential of selected biostimulants—melatonin (100 µM), salicylic acid (1 mM), arbuscular mycorrhizal fungi (AMF), and plant growth-promoting rhizobacteria (PGPR) to enhance drought tolerance in two tomato varieties: Vellayani Vijai (tolerant) and Arka Vikas (susceptible). A pot experiment was conducted using a factorial completely randomized design. Drought was induced at the flowering stage, and physiological and quality attributes were assessed. Results showed significant improvements in all physiological and quality attributes upon biostimulant application in both the varieties. Melatonin treatment led to the highest chlorophyll stability index, photosynthetic rate, stomatal conductance and specific leaf area. Quality attributes such as total soluble solids and shelf life of tomato fruits were also significantly increased with biostimulants application. AMF and PGPR also contributed positively to the drought stress tolerance. This result reveals that biostimulants can be an effective and eco-friendly strategy for improving drought tolerance in tomato, offering a sustainable approach for climate resilience.
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INTRODUCTION
Drought stress is one the most severe environmental stresses affecting plant productivity. Water makes up 80–95% of a plant's fresh biomass and is essential to numerous physiological functions, including several aspects of plant growth, development, and metabolism (Seleiman et al. 2021). Tomato (Solanum lycopersicum L.) is one of the most widely cultivated and consumed crops in the world, primarily because it is essential to human nutrition as a fresh or processed food (Ganugi et al. 2023). The crop often suffers from various abiotic stress condition during long-season cultivation throughout the summer months which hinders tomato growth and compromises yield (Lu et al. 2017). Biostimulants which are organic or inorganic products increase plant growth and productivity by boosting tolerance to abiotic stresses. In this context, biostimulants have lately been considered as a sustainable approach to improve plant stress tolerance by activating stress-responsive pathways (Ganugi et al. 2023). 
The identification of the first plant melatonin receptor rendered the possibility to this regulatory molecule. A common approach for managing crop stress is the application of plant hormones, such as salicylic acid, to abiotically stressed plants (EL Sabagh et al. 2021). Arbuscular mycorrhizal fungi (AMF) not only facilitate the plants for easier nutrient absorption, but also help them develop defences against heavy metal toxicity and other stresses like salt, drought and temperature changes (Chandrasekaran et al. 2021). Plant growth promoting rhizobacteria alleviates the adverse effects of stress through the production of phytohormones and enhance plant defense systems (Shaffique et al. 2022). Thus, the present study was aimed to evaluate the effect of biostimulants on physiological and quality attributes of tomato under drought stress.
MATERIALS AND METHODS
Experimental site and materials
A pot culture experiment was conducted at College of Agriculture, Vellayani, Thiruvananthapuram. Tomato variety chosen were Vellayani Vijai and Arka Vikas. Melatonin and salicylic acid were purchased from HiMedia Ltd. Arbuscular Mycorrhiza Fungi and PGPR Mix I were collected from Department of Microbiology, College of Agriculture, Vellayani. An experiment with completely randomized block design was conducted with two factors and three replications. The first factor was the two tomato varieties (Tolerant – Vellayani Vijai and susceptible – Arka Vikas) and the second factor was the biostimulant treatments (Melatonin (100µM), Salicylic acid (1.0mM), AMF (10g/kg of soil), PGPR mix 1 (20g/kg of FYM) and control). Seedlings were maintained in portrays for a period of four weeks and then transplanted to 12 inch plastic pots containing red soil, farm yard manure and coir pith compost in the ratio of 1:1:1 (5kg/pot). AMF was applied as direct soil application during transplanting. Each pot was added with 20 g  of AMF biofertilizer. 20g of PGPR mix I was mixed with 1kg FYM which was used for the preparation of potting mixture. Melatonin and salicylic acid were applied as two foliar sprays at flower initiation stage. Water stress was then induced at flowering stage by withholding irrigation till the relative water content (RWC) of leaves reached upto 70%. All physiological observations were recorded at 70% RWC and the plants were rewatered for stress recovery.
Chlorophyll stability index
Two clean glass tubes were taken and five grams of representative leaf sample was placed with 50 ml distilled water. One tube was then subjected to heat in water bath at 56°C +1°C for exactly 30 minutes. The other tube was kept as control. The leaves were then ground in a mortar for five minutes with 100 ml of 80 per cent acetone. The slurry was then filtered with Whatman No.1 filter paper. This chlorophyll extract was further examined immediately for light absorption with spectrophotometer at 660nm. A parallel leaf sample of 5 g in another tube was estimated for chlorophyll content without heating simultaneously and light adsorption was measured with spectrophotometer at 660nm. The difference in the two readings was given as chlorophyll stability index (CSI). 

CSI = 

Photosynthetic rate and Stomatal conductance  
Photosynthetic rate and was stomatal conductance measured directly by using portable photosynthetic system (CIRAS-3 SW) available in Department of Plant Physiology, College of Agriculture, Vellayani. The values were expressed in µ mol CO2 m-2 s-1 and mmol H2O m-2 s-1, respectively.
Specific leaf area
	Fully expanded third leaf from the top (from the main stem apex) was collected. leaflets were separated, petioles were discarded and the leaf area was measured. Leaflets were dried at 100°C for 2 days and the dry weight was noted. SLA was calculated using the formula
SLA (cm2 g-1) = (Leaf area/ Leaf dry weight).
Total soluble solids
	The total soluble solids of the fruit samples were determined with a digital refractometer (Model: Model DG-NXT, ARKO India Ltd) at room temperature,2-3 drops of juice extracted from cut fruit was used and the value was expressed in °Brix units. The refractometer was washed with distilled water each time after use and dried with the help of blotting paper.
Shelf life
Three fruits from each treatment were randomly selected and kept in ambient condition until they remain fresh and at acceptable quality. Number of days taken by the fruits to get shrunken and lose firmness was recorded as shelf life in days.
Data analysis
	Using GRAPES software, all the variables were analysed using univariate analysis (ANOVA) (Gopinath et al. 2021). The least significant difference (LSD) was tested at a 5% probability level. 

RESULTS
Physiological attributes
Effect of biostimulants on physiological attributes are presented in table 1 and table 2. 
Vellayani Vijai (17.30 µmol CO₂ m⁻² s⁻¹) had higher mean photosynthetic rate than Arka Vikas (14.31 µmol CO₂ m⁻² s⁻¹), indicating varietal differences in stress tolerance. The interaction effect in Vellayani Vijai revealed that melatonin (20.13 µmol CO₂ m⁻² s⁻¹) and PGPR I (19.46 µmol CO₂ m⁻² s⁻¹) were superior to stress control. Similarly, in Arka Vikas, melatonin (14.82 µmol CO₂ m⁻² s⁻¹) and PGPR I (14.91 µmol CO₂ m⁻² s⁻¹) outperformed the stress control.
Vellayani Vijai (0.171 mmol H₂O m⁻² s⁻¹) also had higher mean stomatal conductance than Arka Vikas (0.120 mmol H₂O m⁻² s⁻¹). In Vellayani Vijai, melatonin (0.193 mmol H₂O m⁻² s⁻¹) and AMF (0.179 mmol H₂O m⁻² s⁻¹) recorded higher conductance than the stress control. Comparable trend was noted in Arka Vikas. Melatonin (0.122 mmol H₂O m⁻² s⁻¹) and AMF (0.114 mmol H₂O m⁻² s⁻¹) outperformed the stress control.  
Across the two varieties, Vellayani Vijay maintained a higher mean CSI (117.40%) compared to Arka Vikas (107.86%), suggesting that Vellayani Vijay is relatively more tolerant to drought stress in terms of chlorophyll stability. The varietal × treatment interaction revealed no significant difference in CSI. However, comparing the treatment means, melatonin recorded higher SLA which was on par with AMF and PGPR1 in both the varieties. And also all the combinations were superior to the stress control. 
Between the varieties, Arka Vikas (V2) showed higher SLA (278.46 cm² g⁻¹) than Vellayani Vijai (250.67 cm² g⁻¹), indicating that Arka Vikas maintained relatively larger leaf area per unit dry mass under stress. The varietal × treatment interaction revealed no significant difference in specific leaf area. However, comparing the treatment means, melatonin recorded higher SLA which was on par with AMF. 
Quality attributes
Effect of biostimulants on quality attributes are presented in table 3. 
Among the varieties, Vellayani Vijai recorded significantly higher TSS (6.83 °Brix) than Arka Vikas (6.49 °Brix), indicating that Vellayani Vijai maintains better soluble solid accumulation under stress conditions. Variety × treatment interaction revealed that in Vellayani Vijai, melatonin (7.10 °Brix) achieved the highest TSS, followed by AMF (7.05 °Brix) and PGPR I (7.01 °Brix), all markedly higher than stress control. Analogously, in Arka Vikas, melatonin (6.90 °Brix) and AMF (6.88 °Brix) maintained superior TSS relative to the stress controls, although the improvement was less pronounced than in Vellayani Vijai. 
Regarding shelf life, Vellayani Vijai maintained a longer shelf life (16.15 days) than Arka Vikas (10.59 days), indicating a better post-harvest tolerance to heat stress in Vellayani Vijai. Interaction studies indicated that in Vellayani Vijai, melatonin (18.67 days) and AMF (17.67 days) achieved the longest shelf life, significantly surpassing the stress control. A corresponding trend was noted in Arka Vikas. In Arka Vikas, melatonin (11.67 days) and AMF (10.67 days) also enhanced shelf life compared to the stress controls, although the magnitude of improvement was less than that observed in Vellayani Vijai. 

DISCUSSION:
Drought stress generally reduces photosynthetic rate and stomatal conductance due to stomatal closure, impaired CO₂ diffusion and oxidative damage to the photosynthetic apparatus. Among the treatments, melatonin recorded the highest percentage increase in net photosynthetic rate (48.47% and 22.39%) followed by PGPR1 and AMF, in Vellayani Vijai and Arka Vikas, respectively, compared to stress control. Also, melatonin recorded the highest percentage increase in stomatal conductance (28.67% and 24.49%), followed by AMF and PGPR1 (12.00% and 21.43%), in Vellayani Vijai and Arka Vikas, respectively, compared to stress control. Melatonin application was highly effective in sustaining gas exchange parameters by protecting chloroplast ultrastructure, enhancing Rubisco activity and regulating stomatal behavior. In tomato, exogenous melatonin has been shown to increase photosynthetic rate, stomatal conductance and chlorophyll stability under drought, thereby improving yield and fruit quality (Ibrahim et al., 2020). In rapeseed and maize, melatonin also alleviated drought effects by regulating ROS homeostasis and ABA signaling, ensuring optimal CO₂ assimilation (Dai et al., 2020; Ahmad et al., 2021). AMF inoculation contributed to higher photosynthetic efficiency by enhancing nutrient uptake, water status and osmotic adjustment, which indirectly stabilized stomatal conductance and carbon assimilation. In tomato, AMF symbiosis significantly improved photosynthesis and leaf water relations during drought (Chitarra et al., 2016). In other vegetable crops like cucumber and pepper, AMF colonization maintained photosystem II activity and gas exchange by improving phosphorus acquisition and modulating aquaporin expression (Ruiz-Lozano et al., 2012). PGPR inoculation also positively influenced gas exchange traits, likely through improved nutrient mobilization, production of phytohormones such as IAA and induction of systemic tolerance mechanisms. In tomato, PGPR strains have been reported to increase stomatal conductance and photosynthetic activity under drought stress by reducing oxidative damage and enhancing water-use efficiency (Ullah et al., 2016). 
Chlorophyll Stability Index (CSI) serves as a physiological marker for assessing stress tolerance, particularly under heat and drought conditions, as it reflects the plant's ability to preserve chlorophyll pigments under stress. In the present study, among the treatments, melatonin recorded the highest percentage increase in CSI followed by PGPR1 and AMF, compared to stress control. The higher stability observed under melatonin application was found consistent with its reported role in reducing ROS accumulation, maintaining chloroplast ultrastructure and preventing chlorophyll degradation in tomato under drought stress (Sun et al., 2020). By enhancing antioxidant activity and modulating gene expression related to photosynthetic machinery, melatonin-treated plants were able to retain pigment stability both at vegetative and reproductive stages. Similar effects have been demonstrated in cucumber and pepper, where melatonin foliar spray delayed chlorophyll breakdown during water deficit and salinity stress (Zhang et al., 2015). The effectiveness of PGPR I and AMF may be attributed to their roles in enhancing antioxidant defense, promoting nutrient uptake and reducing lipid peroxidation, all of which help in preserving chlorophyll molecules and delaying senescence (Hasanuzzaman et al., 2021; Alam et al., 2023). Specific Leaf Area (SLA) is a key trait reflecting the efficiency of light capture and carbon assimilation per unit leaf biomass, often used as an indicator of plant adaptability to stress (Poorter et al., 2009). Among the treatments, melatonin recorded the highest percentage increase in specific leaf area. The increase in SLA suggest that biostimulants enhance leaf expansion and reduce tissue density, potentially through improved water status, hormonal regulation and nutrient uptake (Zhang et al., 2015). Melatonin is known to enhance leaf cell division and elongation, regulate osmolyte accumulation and modulate hormonal balance (auxins and cytokinins), which contribute to improved SLA under stress in tomato (Zhang et al., 2015). AMF inoculation supports higher SLA by improving root water and nutrient uptake, leading to turgor maintenance and continued leaf expansion even under stress (Porcel et al., 2016). 
Total Soluble Solids (TSS) is vital for determining tomato flavor, processing potential and consumer acceptability. Among the treatments, melatonin recorded the highest percentage increase in total soluble solids (3.26% and 5.91%), followed by AMF and  PGPR1,  in Vellayani Vijai and Arka Vikas, respectively, compared to stress control. Melatonin promotes photosynthate translocation from source leaves to developing fruits, increasing sugar content and improving fruit sweetness under water deficit (Zhang et al., 2015; Debnath et al., 2018). AMF inoculation also facilitates better nutrient uptake, particularly phosphorus and magnesium, which support carbohydrate metabolism and accumulation in tomato fruits under drought (Porcel et al., 2016; Wang et al., 2020). Biostimulants significantly increased the shelf life of tomato fruits. Among the treatments, melatonin recorded the highest percentage increase in shelf life (51.46% and 20.75%), followed by AMF and  PGPR1  in Vellayani Vijai and Arka Vikas, respectively, compared to stress control. Melatonin delays fruit senescence by enhancing antioxidant systems, reducing lipid peroxidation and maintaining membrane integrity, which preserves firmness and prolongs storage in tomato and other horticultural crops (Budiarto et al., 2025). Similarly, AMF inoculation enhances water and nutrient uptake, improves osmotic adjustment and increases stress tolerance, contributing to extended postharvest shelf life in chilli fruits (Porcel et al., 2016; Mena-Violante et al., 2006). 
CONCLUSION
Our research showed that using biostimulants is an effective method to mitigate the adverse impacts of drought stress on physiology and quality of tomato under drought stress. Exogenous application of melatonin proved as a successful approach to mitigate the negative effect of drought by increasing the photosynthetic efficiency and quality traits in tomato. 
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Table 1: Effect of biostimulants on photosynthetic rate and stomatal conductance of tomato under water stress
	
Treatments
	Photosynthetic rate (µmol CO2 m-2 sec-1)
	Stomatal conductance (mmol H2O m-2 sec-2)

	
	Vellayani Vijay
(V1)
	Arka Vikas
(V2)
	Mean
(T)
	Vellayani Vijay
(V1)
	Arka Vikas
(V2)
	Mean
(T)

	Melatonin
	20.13 ± 1.184
	14.82 ± 0.280
	17.48 ± 3.012
	0.193 ± 0.009
	0.122 ± 0.002
	0.157 ± 0.039

	Salicylic acid
	16.89 ± 0.500
	14.04 ± 0.709
	15.46 ± 1.656
	0.163 ± 0.007
	0.117 ± 0.002
	0.140 ± 0.025

	AMF
	17.61 ± 0.698
	14.42 ± 0.765
	16.02 ± 1.869
	0.179 ± 0.005
	0.114 ± 0.003
	0.146 ± 0.036

	PGPR I
	19.46 ± 2.045
	14.91 ± 1.270
	17.19 ± 2.922
	0.168 ± 0.016
	0.119 ± 0.006
	0.143 ± 0.029

	Stress control
	13.56 ± 1.046
	12.11 ± 0.455
	12.84 ± 1.070
	0.150 ± 0.017
	0.098 ± 0.006
	0.124 ± 0.031

	Mean (V)
	17.30 ± 3.102
	14.31 ± 2.216
	
	0.171 ± 0.022
	0.120 ± 0.032
	

	SE(m) ±
	V= 0.23, T= 0.48, VxT= 0.68
	V= 0.002, T= 0.003, VxT= 0.005

	C.D (0.05)
	V= 0.65, T= 1.38, VxT= 1.95
	V= 0.005, T= 0.010, VxT= 0.014


















Table 2: Effect of biostimulants on chlorophyll stability index and specific leaf area of tomato under water stress
	
Treatments
	Chlorophyll stability index (%)

	Specific leaf area (cm2 g-1)

	
	Vellayani Vijay
(V1)
	Vellayani Vijay
(V1)
	Vellayani Vijay
(V1)
	Vellayani Vijay
(V1)
	Arka Vikas
(V2)
	Mean
(T)

	Melatonin
	82.63 ± 4.62
	67.01 ± 3.15
	74.82 ± 12.76
	297.04 ± 19.90
	318.23 ± 17.78
	307.63 ± 20.48

	Salicylic acid
	67.77 ± 2.70
	63.74 ± 2.98
	65.75 ± 3.37
	245.05 ± 4.58
	286.16 ± 14.47
	265.60 ± 24.48

	AMF
	69.30 ± 4.66
	66.00 ± 0.97
	67.65 ± 3.51
	269.97 ± 1.62
	308.50 ± 5.80
	289.24 ± 21.44

	PGPR I
	72.92 ± 0.44
	64.50 ± 2.89
	68.71 ± 4.97
	248.75 ± 7.70
	291.71 ± 9.67
	270.23 ± 24.79

	Stress control
	51.81 ± 2.38
	52.57 ± 2.73
	52.19 ± 2.33
	215.08 ± 18.66
	234.21 ± 57.56
	224.65 ± 39.68

	Mean (V)
	66.30 ± 3.77
	61.92 ± 3.12
	
	250.67 ± 35.04
	278.46 ± 41.50
	

	SE(m) ±
	V= 2.99, T= 6.34, VxT= 8.97
	V= 3.99, T= 8.47, VxT= 11.98

	C.D (0.05)
	V= 8.58, T= 18.19, VxT= NS
	V= 11.46, T= 24.30, VxT= NS










Table 3: Effect of biostimulants on total soluble solids and shelf life of tomato fruit under water stress
	
Treatments
	Total soluble solids (Brix)
	Shelf life (days)

	
	Vellayani Vijay
(V1)
	Arka Vikas
(V2)
	Mean
(T)
	Vellayani Vijay
(V1)
	Arka Vikas
(V2)
	Mean
(T)

	Melatonin
	7.10 ± 0.10
	6.90 ± 0.10
	7.00 ± 0.14
	18.67 ± 0.58
	11.67 ± 1.53
	15.17 ± 3.97

	Salicylic acid
	6.95 ± 0.03
	6.75 ± 0.03
	6.85 ± 0.11
	16.67 ± 0.58
	9.67 ± 0.58
	13.17 ± 3.87

	AMF
	7.05 ± 0.09
	6.88 ± 0.15
	6.96 ± 0.14
	17.67 ± 1.53
	10.67 ± 1.53
	14.17 ± 4.07

	PGPR I
	7.01 ± 0.09
	6.82 ± 0.03
	6.92 ± 0.12
	17.00 ± 1.00
	10.33 ± 1.15
	13.67 ± 3.78

	Stress control
	6.88 ± 0.10
	6.51 ± 0.02
	6.70 ± 0.21
	12.33 ± 1.53
	9.67 ± 1.15
	11.00 ± 1.90

	Mean (V)
	6.83 ± 0.29
	6.49 ± 0.50
	
	16.15 ± 3.02
	10.59 ± 1.65
	

	SE(m) ±
	V= 0.03, T= 0.07, VxT= 0.09
	V= 0.25, T= 0.52, VxT= 0.74

	C.D (0.05)
	V= 0.09, T= 0.19, VxT= 0.27
	V= 0.71, T= 1.50, VxT= 2.13





