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Abstract
A two-year study (rabi 2021–22 and 2022–23) was conducted at the University of Agricultural Sciences, Dharwad to evaluate twenty coriander (Coriandrum sativum L.) genotypes for drought tolerance based on physio-biochemical indices. The experiment was carried out under strip-plot design at two soil moisture regimes: well-irrigated and drought-induced. Drought stress caused a significant decline in relative water content, total chlorophyll content, chlorophyll stability index, and membrane stability index, whereas leaf proline accumulation increased markedly. Genotypes RCr-446, RCr-41, RCr-435, and RCr-728 demonstrated superior performance exhibiting higher RWC, chlorophyll content, CSI, MSI and elevated proline levels under both stress and non-stress conditions alongside the lowest stress susceptibility index, indicating their potential for drought tolerance.
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Introduction
Coriander (Coriandrum sativum L.) a widely cultivated seed spice of the family Apiaceae, is a diploid species (2n = 2x = 22) native to the Eastern Mediterranean and Southern European regions. It is extensively grown in India, Malaysia, the United Arab Emirates, Singapore, the United Kingdom, South Africa and Indonesia. India holds a dominant position in coriander cultivation and production, with a cultivated area of approximately 6.61 lakh ha with an annual production of 8.31 lakh metric tonnes (Malhotra et al., 2021). Major coriander-producing states in India include Rajasthan, Gujarat, Madhya Pradesh, Andhra Pradesh, Assam, Karnataka, Tamil Nadu, Odisha, and Uttar Pradesh. In Karnataka, coriander is cultivated primarily under rainfed conditions during both kharif and rabi seasons, occupying around 600 ha with a production of 300 metric tonnes (Malhotra et al., 2021). 
Coriander is valued for both its tender leaves and seeds. The leaves are commonly used in culinary applications such as sauces, chutneys and curries due to their characteristic aroma, while the seeds are utilized as a spice, especially for flavoring curries, pickles and soups. The aroma is attributed to essential oil content, which varies between 0.1 % and 1.0 % depending on genotype and origin. Coriander seeds also possess medicinal properties, serving as tonic, carminative, diuretic, stomachic and aphrodisiac agents. Furthermore, coriander oleoresin is employed as a flavoring agent and in pharmaceutical and perfumery applications. Despite its economic and culinary importance, coriander productivity in India remains low, with an average yield of 12.57 q ha⁻¹ and essential oil content ranging from 0.04 % to 0.8 %, which is considerably lower than that reported in European cultivars (1.4–1.7 %).
Coriander cultivation under rainfed conditions is particularly vulnerable to moisture stress due to erratic and unpredictable monsoonal rainfall. Drought stress, varying in intensity and growth phase occurrence, significantly limits crop performance and productivity. Drought is deleterious for plant growth, yield and mineral nutrition (Garg et al. 2004; Samarah et al. 2004) and is one of the largest limiting factors in agriculture (Reddy et al. 2004). The water deficit caused by drought hinders the physiological functions like metabolic processes as well as responses of various defense mechanisms. The physiological basis of drought tolerance is complex, involving alterations in nucleic acids, proteins, lipids, carbohydrates, mineral ions, hormones, free radicals and other molecular constituents (Wang et al., 2003). Plant responses to water stress vary depending on species, developmental stage, and the severity and duration of stress (Chaves et al., 2003). Water deficit leads to several biochemical and physiological modifications, including a decline in cellular osmotic potential (Bajji et al., 2001).
In this context, the present investigation aims to assess the impact of moisture stress on physiological traits in coriander genotypes to identify drought tolerant lines that can be exploited for improving yield under water-limited conditions.

Materials and methods
Twenty genotypes of coriander were evaluated under moisture stress and non-stress under strip plot design with three replications at Spice unit, MARS, University of Agricultural Sciences, Dharwad during rabi seasons of two consecutive years (2021-22 and 2022-23). The crop was raised and maintained as per package of practices for coriander recommended by University of Agricultural Sciences, Dharwad. Irrigation was given as and when required as per the recommendation by the crop under irrigated condition while for the stress plots, the drought was imposed artificially on the crop by skipping the irrigations alternatively after the establishment of crop until eight days prior to flower initiation and later, irrigation was completely withhold. The physio-chemical parameters such as relative leaf water content, chlorophyll content, chlorophyll stability index, membrane stability index and proline content were analysed at 60 DAS, while stress susceptibility index was analysed after the harvest of crop.
The relative water content (RWC) was determined according to the modified method of Bars and Weatherly (1992). Total chlorophyll in leaves and Chlorophyll stability index were determined by DMSO (dimethyl sulphoxide) method as devised by Hiscox and Israelstam (1979) and expressed in mg g-1 fresh weight basis and per cent respectively. The membrane stability index was determined using the method outlined by Premachandra et al. (1990), with modifications as proposed by Sairam (1994) and expressed in percentage. Proline content was determined by using acid ninhydrin reagent as per the method described by Bates et al. (1973) and expressed in µg g-1 fresh weight basis. Stress susceptibility index (SSI) was calculated following the method followed by Fischer and Maurer (1978).
	


Results and discussion
As a result of drought the leaf relative water content, total chlorophyll content and chlorophyll stability index differed significantly with respect to moisture levels, genotypes and their interaction effects (Table 1). Drought stress adversely impacts the water status of plants. Relative water content (RWC) serves as a reliable indicator for assessing the physiological water status and hydration level of plant tissues. It is widely recognized as a key parameter for quantifying the extent and severity of drought stress in plants. Therefore, a significant decrease in RWC was noticed under moisture stress condition in the present investigation. The mean RWC was significantly the highest under irrigation (75.57 %) as compared to stress (62.85 %). Further, among the genotypes, it was the highest in RCr-446 (77.35 %) and was on par with RCr-41 (77.11 %) and RCr-728 (76.52 %). Among the interactions also, RCr-446 registered significantly higher RWC (82.91 %) under non-stress condition followed by RCr-728 (81.73 %) and RCr-41 (81.50 %). While under stress condition of interactions, RCr-41 was found as the highest (72.73 %) being at par with RCr-446 and RCr-728 (71.80 and 71.32 %, respectively). The check varieties Vardevi-1 and DWD-3 had comparatively lesser RWC among genotypes (65.78 and 65.47 %, respectively) as well as interactions (73.33 and 73.47 % under non-stress and 58.23 and 57.47 % under stress, respectively). However, DCC-2 recorded significantly the lowest RWC among genotypes (62.23 %) and interactions (54.48 % under stress). Among interactions, their RWC was also significantly higher under irrigated condition while stress reduced RWC due to excess loss of tissue water through transpiration. Since, lower RWC closes stomata and thereby it might have reduced photosynthetic rate as observed in wheat (Shamsi, 2010). The findings of Nair (2006) revealed that the genotypes holding more tissue water, as indicated by high RWC, performed superior under drought stress conditions, which supports the trend of results obtained in the current investigation. The similar trend was also reported in coriander by Kalidasu et al., 2016 and Gholizadeh et al., 2018 confirming a corresponding decline in RWC with an increase in soil moisture stress.
Since chlorophyll is found to be an essential pigment for interception of light during photosynthesis, the dry matter production would be enhanced due to increased carbon assimilation and the destruction of this vital pigment under moisture stress is deleterious to dry matter production (Austin, 1989). Therefore, the total chlorophyll content (TCC) per gram of leaf of the plant showed characteristic differences for moisture stress regimes, genotypes and their interactions. A significantly higher mean TCC value was obtained under irrigated condition (1.73 mg g-1) when compared with drought effect (1.35 mg g-1). Among genotypes, RCr-446 reported significantly higher TCC (1.91 mg g-1) and was on par with RCr-41(1.87 mg g-1) and RCr-728 (1.83 mg g-1) and these were superior to all other genotypes. While it was reported as significantly the lowest under DWD-3 and DCC-3 (1.28 mg g-1 in both). Among interaction effects, RCr-446 also recorded significantly higher TCC under stress free condition (2.03 mg g-1) but was at par with RCr-41 (2.01 mg g-1), RCr-728 (1.99 mg g-1), ACr-1 (1.94 mg g-1) and RCr-435 (1.90 mg g-1). DWD-3 had significantly the lowest value (1.50 mg g-1). Under stress, RCr-446, RCr-41 and RCr-728 were only found to be significantly superior being on par with each other (1.79, 1.73 and 1.68 mg g-1, respectively). Meanwhile, the value was significantly the lowest in DCC-6 under limited irrigation (0.98 mg g-1). This could be due to diminished chlorophyll synthesis in moisture stress sensitive species growing under drought by the disruption of the fine structure of chloroplast and the instability of pigment protein complex and enhanced chlorophyllase activity (Nair, 2006). Lessening in chlorophyll content due to drought stress in coriander was noticed by Gholizadeh et al. (2018) and the decrease was less in tolerant genotypes than in sensitive types, which confirmed the result of the present investigation. A similar pattern of results was also reported by Nair (2006) under salt stress experienced genotypes.
The chlorophyll stability index (CSI) it is quite natural that genotypes with high CSI would perform better under moisture stress. The varieties grown under stress free condition showed significantly higher mean CSI (46.45 %) when compared with stress condition (43.28 %). The genotype RCr-41 registered the highest CSI among the genotypes (51.90 %) as well as interactions (52.74 and 51.05 % under non-stress and stress, respectively). This was significantly superior to all other genotypes as well as interactions under drought and was on par only with ACr-1 in irrigation (52.61 %). The index was significantly less under checks and therefore, DWD-3 and Varadevi-1 recorded 42.81 and 42.10 % of CSI, respectively among genotypes. While among interactions, DWD-3 registered 44.59 % of CSI under irrigation, followed by 44.01 % in Varadevi-1 and 41.03 % under stress followed by 40.19 %, respectively. DCC-2 reported the lowest CSI among genotypes (39.30 %), as well as among the interactions, 38.68 and 39.92 % in stress and non-stress conditions, respectively. The trend of CSI for moisture stress treatments have pointed to the exposure of crops to moisture stress at the reproductive stage severely declined the stability of chlorophyll pigments which might be due to the production of free radicals under stress condition at a larger rate that might have disintegrated the chloroplast membrane as opined by Sairam (1994) in wheat varieties.
	The per cent membrane stability index (MSI) and proline production per g fresh weight of plant at 60 DAS differed significantly with respect to moisture stress, genotypes and interactions (Table 2). Cell membranes are one of the first targets of many plant stresses and it is generally accepted that the maintenance of membrane integrity and stability under water stress conditions is a major component of drought tolerance in plants (Collado et al., 2010). These modifications occur mainly in drought sensitive plants and lead to a loss of semi permeable properties of the cell membrane which is the main reason of metabolic damages developed in water stress plants. Therefore, the integrity and stability of cell membrane in water deficit condition can be considered as a possible adaptive value indicative of stress registance. Membrane stability index (MSI) was estimated on per cent leakage of electrolytes i.e., relative stress injury. Therefore, as the membrane stability significantly decreased, the relative stress injury increased under water stress. Therefore, significantly higher mean MSI was recorded in non-stress condition (50.91 %) as compared to stress (42.41 %). Further, RCr-446 recorded significantly higher MSI among genotypes (56.18 %) as well as interactions (60.92 % under irrigation). This was on par with RCr-41 (55.33 %) and RCr-728 (55.05 %) among genotypes and only with RCr-728 (60.22 %) among interactions under irrigation. While in a drought situation, the index was found to be significantly the high in RCr-41 (52.30 %) and was on par with RCr-446 (51.44 %). The indices were significantly less under check varieties where DWD-3 reported 42.40 % among genotypes, 47.37 % under non-stress and 37.43 % under stress followed by Varadevi-1 (42.26, 46.61 and 37.90 %, respectively). However, DCC-2 reported significantly the lowest MSI among genotypes (38.01 %) as well as interactions (32.89 and 43.12 % under stress and non-stress respectively). The results are supported by the works of scientists like Pant et al., 2014; Mittal et al., 2006; Mittal, 2010; Karmakar et al., 2014 and Bajya et al., 2017.
Proline is an osmolyte as well as a potent antioxidant and potential inhibitor of cell death. Since an increase in proline content is a common response of plants to any stress, the results of the present investigation clearly indicated a higher rate of proline accumulation was found under water stress condition.  The mean proline content was found to be significantly high under stress (674.27 µg) when compared to non-stress (543.74 µg). The production of proline was significantly the highest under RCr-446 among genotypes (716.03 µg) as well as interactions (793.30 and 638.76 µg under stress and non-stress, respectively). This was followed by RCr-728 (701.76 and 628.35 µg) and RCr-41 (697.08 and 613.38 µg) among genotypes and interactions under irrigation respectively while under drought, it was followed by RCr-41 (780.78 µg). These were on par with each other and were significantly superior to all other genotypes and interactions. As compared to these, proline production was significantly less in checks where Varadevi-1 produced 573.49, 518.53 and 628.45 µg of proline among genotypes and interactions under stress free and stress conditions, respectively, followed by DWD-3 (553.02, 492.07 and 613.96 µg, respectively). On the other way, its content was significantly least under DCC-6 (508.07, 446.04 and 570.11 µg, respectively). In fact, under moisture stress, proline acts as an osmolyte and supports the plant to maintain tissue water potential by osmoregulation mechanism (Boggers et al., 1976). The increment in proline content in tolerant genotypes may be due to increased activity of Pyroline-5-Carboxylase reductase and reduced level of its oxidative enzyme proline oxidase as suggested by Rus-Aeverz and Guerrier (1994) in tomato. 
The stress susceptibility index (SSI) is a measure of yield stability. It indicated the reduction in yield caused by unfavorable environment compared to favorable (Table 2). Lower SSI values indicated lower differences in yield between normal and limited moisture conditions, in other words, more tolerance to drought. The genotype RCr-41 exhibited the lowest SSI (0.64), which was a clear indication of drought tolerance, followed by RCr-446 (0.65), RCr-435 (0.70), RCr-728 (0.77). These were significantly on par with each other and superior to all other genotypes. However, Varadevi-1 and DWD-3 showed significantly higher indices (0.96 and 1.21), the highest being in DCC-2 (1.39). Higher mean seed yield along with lower stress susceptibility index values was considered to identify and select the genotypes under drought condition. The results are supported by many scientists in coriander (Singh, 2007; Karmakar et al., 2014; Bajya et al., 2017 and Yadav, 2017).
Conclusion
Based on the results obtained, it may be concluded that drought retards the metabolic activity of different genotypes of coriander. Based on analysis of 20 coriander cultivars, it is concluded that there was substantial variation in tolerance to drought within coriander cultivars. With the present results, the physiological observations such as relative water content, total chlorophyll content, chlorophyll stability index and membrane stability index decreased and conversely, the proline content increased under stress condition than irrigated condition. Furthermore, lower stress susceptibility index indicated the higher tolerance against the drought. These parameters were found significantly superior in RCr-41, RCr-446, RCr-435 and RCr-728 among genotypes as well as under stress. This study may help understand some adaptive mechanisms developed by coriander cultivars and contribute to identify useful traits for coriander breeding programmes.
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Table 1.  Effect of moisture stress on relative water content, total chlorophyll content and chlorophyll stability index at 60 days after sowing among coriander genotypes (Pooled data)
	Stress level

Genotype
	

	
	Relative water content (%)
	Total chlorophyll content (mg g-1 f. w.)
	Chlorophyll stability index (%)

	
	I1
	I2
	Mean
	I1
	I2
	Mean
	I1
	I2
	Mean

	RCr-20
	77.99
	67.10
	72.54
	1.88
	1.51
	1.70
	48.30
	44.75
	46.53

	RCr-41
	81.50
	72.73
	77.11
	2.01
	1.73
	1.87
	52.74
	51.05
	51.90

	RCr-435
	78.92
	68.81
	73.87
	1.90
	1.63
	1.77
	49.59
	46.71
	48.15

	RCr-436
	78.19
	67.72
	72.96
	1.80
	1.55
	1.68
	49.00
	45.29
	47.14

	RCr-446
	82.91
	71.80
	77.35
	2.03
	1.79
	1.91
	50.54
	48.48
	49.51

	RCr-480
	75.93
	65.99
	70.96
	1.79
	1.55
	1.67
	45.82
	44.20
	45.01

	RCr-684
	74.63
	65.11
	69.87
	1.65
	1.38
	1.51
	46.25
	42.55
	44.40

	RCr-728
	81.73
	71.32
	76.52
	1.99
	1.68
	1.83
	49.75
	47.74
	48.74

	ACr-1
	78.17
	67.14
	72.66
	1.94
	1.64
	1.79
	52.61
	45.54
	49.07

	ACr-2
	76.84
	61.55
	69.19
	1.69
	1.34
	1.51
	48.02
	43.23
	45.63

	AGCr-1
	73.90
	61.14
	67.52
	1.53
	1.24
	1.38
	46.91
	42.63
	44.77

	CO-3
	75.40
	62.69
	69.05
	1.88
	1.51
	1.70
	45.56
	42.85
	44.20

	DCC-1
	72.32
	57.51
	64.91
	1.58
	1.08
	1.33
	43.34
	40.26
	41.80

	DCC-2
	69.98
	54.48
	62.23
	1.59
	1.02
	1.30
	39.92
	38.68
	39.30

	DCC-3
	70.29
	55.24
	62.77
	1.56
	1.00
	1.28
	42.22
	38.82
	40.52

	DCC-4
	71.12
	56.14
	63.63
	1.64
	1.04
	1.34
	42.74
	39.67
	41.20

	DCC-5
	73.55
	58.98
	66.27
	1.65
	1.24
	1.45
	44.06
	42.32
	43.19

	DCC-6
	71.17
	55.92
	63.55
	1.74
	0.98
	1.36
	43.03
	39.54
	41.28

	Varadevi-1 (check)
	73.33
	58.23
	65.78
	1.61
	1.19
	1.40
	44.01
	40.19
	42.10

	DWD-3 (check)
	73.47
	57.47
	65.47
	1.50
	1.06
	1.28
	44.59
	41.03
	42.81

	Mean
	75.57
	62.85
	
	1.73
	1.35
	
	46.45
	43.28
	

	For comparing
means of
	S.Em (±)
	C.D (0.05)
	S.Em (±)
	C.D (0.05)
	S.Em (±)
	C.D (0.05)

	Moisture stress
	0.17
	1.05
	0.01
	0.05
	0.22
	1.33

	Genotypes
	0.47
	1.35
	0.03
	0.08
	0.35
	1.00

	Interaction
	0.48
	1.39
	0.05
	0.13
	0.55
	1.59


                      I1: Non stress I2: Moisture stress
Table 2.  Effect of moisture stress on membrane stability index (%) and proline content at 60 days after sowing and stress susceptibility index among coriander genotypes (Pooled data)
	Stress level
Genotype
	Membrane stability index (%)
	Proline content (µg g-1 f. w.)
	Stress susceptibility index

	
	I1
	I2
	Mean
	I1
	I2
	Mean
	

	RCr-20
	54.12
	46.46
	50.29
	576.70
	718.57
	647.63
	0.85

	RCr-41
	58.35
	52.30
	55.33
	613.38
	780.78
	697.08
	0.64

	RCr-435
	57.27
	48.33
	52.80
	599.24
	746.91
	673.07
	0.70

	RCr-436
	54.84
	47.33
	51.09
	592.73
	737.15
	664.94
	0.91

	RCr-446
	60.92
	51.44
	56.18
	638.76
	793.30
	716.03
	0.65

	RCr-480
	51.02
	43.33
	47.17
	552.63
	673.59
	613.11
	1.24

	RCr-684
	51.37
	42.88
	47.13
	570.19
	694.20
	632.19
	1.05

	RCr-728
	60.22
	49.89
	55.05
	628.35
	775.17
	701.76
	0.77

	ACr-1
	57.50
	49.32
	53.41
	571.68
	700.39
	636.03
	0.92

	ACr-2
	49.99
	42.83
	46.41
	558.73
	680.01
	619.37
	1.19

	AGCr-1
	49.65
	42.62
	46.13
	534.02
	648.33
	591.17
	1.32

	CO-3
	51.66
	45.89
	48.77
	542.17
	662.36
	602.26
	1.02

	DCC-1
	46.61
	36.43
	41.52
	497.41
	620.29
	558.85
	1.23

	DCC-2
	43.12
	32.89
	38.01
	465.30
	592.44
	528.87
	1.39

	DCC-3
	43.21
	34.43
	38.82
	470.77
	600.07
	535.42
	1.34

	DCC-4
	43.73
	34.22
	38.98
	477.75
	609.25
	543.50
	1.29

	DCC-5
	46.45
	37.02
	41.73
	528.47
	640.14
	584.30
	1.01

	DCC-6
	44.27
	35.32
	39.80
	446.04
	570.11
	508.07
	1.34

	Varadevi-1 (check)
	46.61
	37.90
	42.26
	518.53
	628.45
	573.49
	0.96

	DWD-3 (check)
	47.37
	37.43
	42.40
	492.07
	613.96
	553.02
	1.21

	Mean
	50.91
	42.41
	 
	543.74
	674.27
	
	1.04

	For comparing
means of
	S.Em (±)
	C.D (0.05)
	S.Em (±)
	C.D (0.05)
	-

	Moisture stress
	0.071
	0.434
	1.06
	6.48
	-

	Genotypes
	0.383
	1.096
	6.21
	17.79
	-

	Interaction
	0.450
	1.287
	4.26
	12.20
	-


                           I1: Non stress          I2: Moisture stress

