


Physiological Response of Chia (Salvia hispanica L.) to Water Stress under Foliar Application of Agrochemicals under Arid Conditions

ABSTRACT
A field experiment was carried out during the rabi season (October 2023- March 2024) to evaluate the effect of water stress on physiological parameters of chia (Salvia hispanica L.) under foliar application of agrochemicals in arid conditions. The experiment was laid out in a split plot design. There were three irrigation levels in main plot treatment viz., recommended irrigation (I0), one irrigation skip (I1) and two irrigation skips (I2) and four foliar applied agrochemicals viz., control (C0), thiourea (C1), potassium nitrate (C2) and salicylic acid (C3), in sub plot, replicated thrice. Chlorophyll content and relative water content (RWC) were recorded at 40 and 75 days after sowing (DAS). Results indicated that increasing water stress significantly reduced chlorophyll content and RWC, particularly at 75 days after sowing (DAS). Recommended irrigation (I0) recorded the highest chlorophyll content and RWC, whereas two irrigation skips resulted in the lowest values. Foliar application of potassium nitrate proved most effective, producing the highest chlorophyll content and RWC. The interaction of recommended irrigation and potassium nitrate (I0C2) found to be significant, recorded maximum physiological performance. The study concludes that potassium nitrate effectively mitigate negative effect of water stress under reduced irrigation by improving chlorophyll stability and leaf water status in chia in arid conditions.
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INTRODUCTION
Chia (Salvia hispanica L.), an annual herbaceous plant belonging to the family Lamiaceae, has gained global attention as a potential and underutilized crop due to its exceptional nutritional value, functional characters and adaptability to thrive under diverse agro climatic conditions. Chia was domesticated nearly 4,500 years ago in Mexico and Guatemala. Traditionally chia was an important component of the diet of ancient Mesoamerican civilizations, particularly the Aztecs and Mayans, owing to its ability to thrive under arid and semi-arid environments (Orona-Tamayo and Paredes-López, 2024). In recent decades, growing scientific evidence supporting its health promoting properties has led to the re-emergence of chia as a super food, resulting in its widespread cultivation across several countries, including Australia, Argentina and India.
From an agronomic view point, chia is well suited to marginal environments due to its moderate tolerance to abiotic stress conditions like drought, salinity and soil acidity (Harman et al., 2016). It can be grown successfully in sandy to clay soils with adequate drainage facility and requires relatively low inputs, making it a promising crop for water limiting regions. In India, chia cultivation has expanded in states such as Karnataka, Maharashtra, Gujarat, Madhya Pradesh and Rajasthan, where it is increasingly being cultivated as an alternative crop under rainfed and limited irrigation conditions. Despite its drought tolerance, chia growth and productivity are strongly influenced by the availability of soil moisture, particularly during critical crop growth stages (Muriithi et al., 2022).
Water is the major constitute of cell. Water stress affects crop physiology and productivity, making it one of the most important abiotic constraints worldwide. In chia, moisture deficit has been reported alter key physiological parameters such as chlorophyll content, photosynthetic rate, stomatal conductance, transpiration rate and leaf water potential significantly. Reduction in soil moisture limits water uptake by roots, leading to partial stomatal closure, decreased CO2 assimilation and impaired photosynthesis. Consequently, water stress adversely affects biomass accumulation, growth and ultimately seed yield (Choukri et al., 2024). Physiological responses to drought stress in chia also include changes in cellular metabolism, such as enhanced accumulation of osmolytes like proline and increased synthesis of stress-related proteins, which help in maintaining cell turgor, membrane stability and metabolic activity (Sanchez Rodriguez et al., 2012). However, water stress has been shown to reduce chlorophyll and carotenoid concentrations, impair photosystem efficiency and disturb plant water relations, ultimately affecting crop performance. 
In recent years, foliar application of some agrochemicals and plant growth regulators has emerged as an effective strategy in modulating plant physiological processes to alleviate the adverse effects of water stress. Exogenous application of substances such as salicylic acid, thiourea and potassium nitrate has been reported to improve photosynthetic efficiency, enhance antioxidant defense systems, control stomatal behavior and improve water use efficiency even under deficit irrigation (Harisha et al., 2023). These foliar interventions help maintain higher chlorophyll content, better leaf water status and improved gas exchange characteristics, thereby enabling plants to tolerate moisture stress more effectively.
Given the increasing importance of chia as an emerging crop in arid and semi-arid regions, there is a need to systematically evaluate the adverse effect of water stress on physiology of crop. Therefore, the present study was framed to investigate the effect of water stress on physiological parameters of chia (Salvia hispanica L.) under the foliar application of selected agrochemicals under deficit irrigation conditions.

MATERIALS AND METHODS
The experiment was conducted during rabi (winter season) from October 2023 to March 2024 at the Instructional Farm, College of Agriculture, Jodhpur (Rajasthan) India. Geographically, the site lies between 26°15' N to 26°45' N latitude and 73°00' E to 73°29' E longitude, at an elevation of 231 meters above mean sea level (MSL). The area falls within Rajasthan’s agro-climatic zone IA, known as the Arid Western Plains Zone. The experimental soil was sandy loam in texture, slightly alkaline (pH 8.31) and non-saline (EC 0.40 dS m-1). It was low in organic carbon (0.17%) and available nitrogen (150.53 kg ha-1), while available phosphorus (20.50 kg P2O5 ha-1) and potassium (319.65 kg K2O ha-1) were in the medium range. The experiment was laid out in split plot design (SPD). There were 12 treatment combinations and replicated three times. The main plot included three irrigation levels (recommended irrigation: I0, one irrigation skips: I1 and two irrigations skip: I2). The subplots comprised foliar application of four different agrochemicals, including thiourea @ 2% (C1), potassium nitrate @ 100 ppm (C2), salicylic acid @ 100 ppm (C3) and water spray as control (C0). The chia variety used for the study was JC-1.
The observations on chlorophyll and relative water content of leaves were recorded from five selected tagged plants from each plot at 40 and 75 days after sowing (DAS). 
The total chlorophyll content of chia leaves was determined at 40 and 75 days after sowing (DAS) using the method proposed by Arnon (1949). Fresh leaf samples (10 mg) were finely ground in 80% acetone with the help of a mortar and pestle to ensure complete pigment extraction. The resulting homogenate was centrifuged at 2000 rpm for 10 minutes and the clear supernatant was collected. The final volume of the extract was adjusted to 10 ml with 80% acetone. Absorbance of the chlorophyll extract was measured at 645 nm and 663 nm using a spectrophotometer.
Total chlorophyll (mg g-1 fresh weight) =


where A₆₄₅ and A₆₆₃ represent absorbance values at 645 and 663 nm, respectively, V is the final volume of the extract (ml), and W is the weight of the fresh leaf sample (g).
Relative water content (RWC) was estimated at 40 and 75 DAS to assess the plant water status under different treatments. RWC was determined by measuring the fresh weight (FW), turgid weight (TW) and dry weight (DW) of leaf samples. Freshly harvested leaves were immediately weighed to record FW. The samples were then immersed in distilled water for sufficient time to attain full turgidity, after which excess surface moisture was removed and TW was recorded. Subsequently, the samples were oven-dried at 70 ± 2 °C until a constant weight was obtained to determine DW.

All the data were subjected to statistical analysis by adopting appropriate method of analysis of variance for testing the significance of variation in experimental result. Wherever, the F value was found significant at 5% level of significance, the critical difference (CD) value was computed for making comparison among the treatment means.
RESULTS AND DISCUSSION
Effect of water stress
Water stress imposed through irrigation levels significantly influenced chlorophyll content of chia leaves at both 40 and 75 DAS. At 40 DAS, the highest chlorophyll content was recorded under recommended irrigation (I0, 1.440 mg g-1), which declined under one irrigation skip (I1, 1.357 mg g-1) and two irrigation skips (I2, 1.326 mg g-1), indicating reductions of 5.81% and 7.91%, respectively, compared to I0. At 75 DAS, the effect of water stress was more pronounced and statistically significant. Recommended irrigation (I0) recorded the maximum chlorophyll content (1.370 mg g-1), followed by one irrigation skip (I1, 1.183 mg g-1), while the lowest chlorophyll content was observed under two irrigation skips (I2, 1.040 mg g-1). Compared to I0, chlorophyll content declined by 13.65% under I1 and by 24.09% under I2, clearly indicating the adverse effect of increasing water stress on chlorophyll stability at later growth stages (Table 1). Similar reductions have been documented by Singh et al. (2018) and Raza (2021) affirming the vulnerability of photosynthetic pigments under drought.
Relative water content of chia leaves was significantly affected by irrigation levels at both 40 and 75 DAS. At 40 DAS, recommended irrigation (I0) recorded the highest RWC (56.77%), while lower values were observed under one irrigation skip (I1, 53.79%) and two irrigation skips (I2, 53.69%), representing reductions of 5.25% and 5.42%, respectively (Table 1).
At 75 DAS, the reduction in RWC due to water stress was more pronounced. The maximum RWC was recorded under I0 (73.40%), followed by I1 (64.22%) and I2 (55.95%). Compared to I0, RWC declined by 12.49% under I1 and by 23.78% under I2, clearly demonstrating the negative impact of increasing water stress on plant water status. Raza (2021)  demonstrated that adequate irrigation helps maintain higher RWC, thereby ensuring cell turgidity and proper functioning of photosynthetic machinery.
Effect of agrochemicals (stress mitigating)
Foliar application of stress-mitigating agrochemicals significantly enhanced chlorophyll content at both growth stages. Potassium nitrate (C2) recorded the highest chlorophyll content at 40 DAS (1.585 mg g-1) and 75 DAS (1.356 mg g-1), followed by salicylic acid (C3), thiourea (C1) and control (C0). The lowest chlorophyll content was consistently recorded under control treatment (1.187 mg g-1 at 40 DAS and 0.948 mg g-1 at 75 DAS) (Table 1). These results indicate that agrochemical application, particularly potassium nitrate, effectively enhanced chlorophyll synthesis and delayed chlorophyll degradation under both normal and stress conditions. 
Stress-mitigating agrochemicals significantly improved RWC at both stages. Potassium nitrate (C2) recorded the highest RWC at 40 DAS (57.65%) and 75 DAS (68.71%), followed by salicylic acid (C3), thiourea (C1) and control (C0). The lowest RWC values were consistently observed under control treatment, indicating poor water retention in the absence of stress mitigation. These results highlight the role of foliar-applied agrochemicals, especially potassium nitrate, in maintaining better leaf hydration under both normal and moisture-stress conditions. Similar results found by Kumar et al., 2013; Khan et al., 2015 and Rharbi et al., 2023, where exogenous application of agrochemicals improves antioxidant defense, stomatal regulation and photosynthetic activity, thereby maintaining physiological stability under drought stress. Potassium nitrate enhances osmotic adjustment, chlorophyll synthesis, nutrient translocation and water status and sustains photosynthesis under moisture stress (Ibrahim et al., 2017; Singh et al., 2025).
Interaction effect
The interaction between irrigation levels and agrochemicals significantly influenced chlorophyll content at 75 DAS. The highest chlorophyll content (1.526 mg g-1) was recorded under the combination of recommended irrigation with potassium nitrate (I0C2), which was statistically at par with I0C3. In contrast, the lowest chlorophyll content (0.736 mg g-1) was observed under two irrigation skips without agrochemical application (I2C0), indicating severe stress induced chlorophyll degradation. Across stress levels, agrochemical application helped maintain higher chlorophyll content compared to control, with potassium nitrate being most effective even under water stress conditions (Fig 1). The results are supported by Ávila et al. (2022) and Zhong et al. (2017) which suggest that nitrogen is a structural component of chlorophyll and it contributes to the protection of the photosynthetic apparatus through activation of the antioxidant system and osmotic adjustment. 
The interaction between irrigation levels and agrochemicals significantly influenced RWC at 75 DAS. The highest RWC (77.40%) was recorded under recommended irrigation combined with potassium nitrate application (I0C2), followed by I0C3 and I0C1. The lowest RWC (50.02%) was observed under two irrigation skips without agrochemical application (I2C0). Across all irrigation levels, potassium nitrate consistently maintained higher RWC, even under water stress conditions (I1 and I2), followed by salicylic acid (Fig 2). Potassium plays a crucial role in regulating stomatal opening and closing, osmotic adjustment and enzyme activation under water stress. Similarly salicylic acid stimulates the expression of stress-responsive genes, activate antioxidant defense systems and scavenge reactive oxygen species (ROS) generated under water stress conditions (Sahoo et al., 2025). Abd El–Mageed et al., 2017 also found similar results in soybean where application of higher levels of potassium fertilizer in arid environment improves plant water status by regulating stomatal conductance. These findings clearly demonstrate that adequate irrigation coupled with stress-mitigating agrochemicals, particularly potassium nitrate, plays a crucial role in sustaining leaf water status in chia under varying degrees of water stress.
CONCLUSION
Based on the study it is concluded that adequate irrigation is crucial for optimum physiological activity of chia. Moisture stress caused by skipping irrigations significantly  reduced chlorophyll content and relative water content of leaves resulted into impairing plant physiological performance. However, foliar application of stress mitigating agrochemicals, particularly potassium nitrate, effectively alleviated the adverse effects of water stress  under reduces irrigation by improving physiological activity and maintaining cellular water balance. Therefore, the integration of moderate deficit irrigation with foliar application of potassium nitrate emerged as the most profitable and resource efficient management strategy for chia cultivation under arid conditions.
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Table 1. Effect of irrigation and agrochemicals on Chlorophyll Content and Relative Water Content (RWC) in chia leaves.
	
Treatments
	Chlorophyll content(mg g-1)
	RWC (%)

	
	40 DAS
	40 DAS
	40 DAS
	75 DAS

	Irrigation

	I0: Recommended irrigations
	1.440
	1.370
	56.77
	73.40

	I1: One irrigation skip
	1.357
	1.183
	53.79
	64.22

	I2: Two irrigations skip
	1.326
	1.040
	53.69
	55.95

	SEm±
	0.029
	0.017
	0.66
	0.71

	CD at 5%
	NS
	0.065
	2.61
	2.79

	Agrochemicals (stress mitigating)

	C0: Control
	1.187
	0.948
	52.06
	60.37

	C1: Thiourea
	1.226
	1.212
	53.13
	63.39

	C2: KNO3
	1.585
	1.356
	57.65
	68.71

	C3: Salicylic acid
	1.498
	1.275
	56.15
	65.64

	SEm±
	0.024
	0.010
	0.57
	0.50

	CD at 5%
	0.070
	0.031
	1.71
	1.50

	Irrigation × Agrochemicals (stress mitigating)

	SEm±
	0.058
	0.018
	1.00
	0.87

	CD at 5%
	NS
	0.054
	NS
	2.59




Figure 1. Interaction effect of irrigation and agrochemicals on Chlorophyll content of Chia




Figure 2. Interaction effect of irrigation and agrochemicals on Relative water content of Chia



Chlorophyll content (mg/g) at 75 DAS	I0	C0	C1	C2	C3	1.1900000000000013	1.286	1.526	1.478	Chlorophyll content (mg/g) at 75 DAS	I1	C0	C1	C2	C3	0.91600000000000004	1.2149999999999987	1.3939999999999986	1.206	Chlorophyll content (mg/g) at 75 DAS	I2	C0	C1	C2	C3	0.73600000000000065	1.1339999999999986	1.1479999999999986	1.141	



Relative water content (%) at 75 DAS	I0	C0	C1	C2	C3	69.14	72.290000000000006	77.400000000000006	74.77	Relative water content (%) at 75 DAS	I1	C0	C1	C2	C3	61.94	63.4	67.8	63.74	Relative water content (%) at 75 DAS	I2	C0	C1	C2	C3	50.02	54.47	60.93	58.39	






