


Identification of Promising Moisture Stress-Tolerant Genotypes in Fenugreek (Trigonella foenum-graecum L.) Using Seed Yield and Stress Tolerance Indices


Abstract
Moisture stress is one of the major abiotic constraints affecting crop productivity, and identification of genotypes capable of maintaining yield under limited moisture is an important objective of crop improvement programmes. The present investigation was undertaken to evaluate twelve fenugreek genotypes for seed yield performance under non-stress and moisture-stress conditions and to identify promising genotypes using different moisture stress tolerance indices. Seed yield per plant was recorded under both environments and the indices tolerance (TOL), mean productivity (MP), stress tolerance index (STI), stress susceptibility index (SSI) and geometric mean productivity (GMP) were estimated. Seed yield per plant ranged from 7.97 to 12.40 g under non-stress conditions and from 6.18 to 9.91 g under moisture-stress conditions. The mean seed yield decreased from 9.86 g under non-stress to 7.79 g under moisture stress, representing an average reduction of 21.09 per cent. AFG-4 recorded the highest seed yield under both non-stress (12.40 g) and moisture-stress (9.91 g) conditions. RMT-303 showed the lowest yield reduction (18.94%) and the lowest SSI (0.90). AFG-4 recorded the highest MP (11.16), STI (1.26) and GMP (11.09). Based on the combined performance of seed yield and stress tolerance indices, AFG-4 and RMT-303 were identified as comparatively promising genotypes, followed by Azad Metni, Hisar Mukta and HM-9. The results indicated substantial variability among the genotypes for response to moisture stress and demonstrated the usefulness of combining yield performance with multiple stress tolerance indices for genotype identification. The promising genotypes identified in the present study may be further evaluated across environments and moisture-stress levels for their potential utilization in fenugreek breeding programmes.
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1. Introduction
Fenugreek (Trigonella foenum-graecum L.) is an important annual seed spice and medicinal crop belonging to the family Fabaceae. It is cultivated for its seeds and tender leaves and has considerable importance because of its culinary, nutritional and medicinal uses. Fenugreek is also characterized by relatively broad adaptability; however, inadequate moisture availability can adversely affect growth, reproductive development and final seed yield.
Moisture stress is an important constraint to agricultural productivity, particularly in environments where irrigation facilities are limited or rainfall is insufficient and irregular. Genotypes differ considerably in their response to moisture stress, and the identification of genotypes capable of maintaining higher productivity under stress is therefore an important component of breeding programmes.
Evaluation of genotypes under both stress and non-stress environments provides useful information regarding yield potential and stress response. Several quantitative indices have been developed for this purpose. Tolerance (TOL) measures the difference between yield under non-stress and stress conditions, while mean productivity (MP) represents average productivity across the two environments. Stress susceptibility index (SSI) provides an estimate of relative susceptibility, whereas stress tolerance index (STI) and geometric mean productivity (GMP) are useful for identifying genotypes with desirable productivity under both favourable and stressful conditions. These indices have been used successfully for screening moisture-stress tolerance in fenugreek. 
Ahari et al. (2009) evaluated Iranian fenugreek landraces under moisture-stress and non-stress conditions and used TOL, MP, GMP, SSI and STI to assess drought tolerance. Their study demonstrated considerable differences among fenugreek landraces in grain yield and stress tolerance characteristics. More recently, Choudhary et al. (2022) evaluated 48 fenugreek genotypes under normal and staggered irrigation conditions and reported that MP, GMP and STI were effective for identifying high-yielding genotypes under both stress and non-stress conditions.  Therefore, the present study was undertaken with the objective of identifying promising moisture stress-tolerant genotypes of fenugreek based on seed yield under non-stress and moisture-stress conditions and different stress tolerance indices.
2. Materials and Methods
2.1 Plant Material
The experimental material consisted of twelve fenugreek genotypes in Organic Research Farm Department of Genetics and Plant Breeding, Institute of Agricultural Sciences, Bundelkhand University, Jhansi (U.P.), namely HM-350, RMT-361, RMT-303, GM-1, NRCSS-AM-2, AFG-4, AFG-2, HM-9, Hisar Mukta, CO-1, Azad Metni and Hissa Sonali.
2.2 Evaluation under Moisture Regimes
The genotypes were evaluated under two moisture regimes, namely non-stress and moisture-stress conditions. Seed yield per plant was recorded under both conditions. The yield under non-stress conditions was designated as Yp, whereas yield under moisture-stress conditions was designated as Ys.
2.3 Estimation of Moisture Stress Response
The percentage reduction in seed yield under moisture stress was calculated to assess the relative reduction in productivity between the two environments.
The following stress tolerance indices were used for evaluation:
 Tolerance (TOL):  
                                      TOL=Yp−Ys
Mean Productivity (MP):
                                      MP=Yp+Ys​/ 2

Stress Tolerance Index (STI):
                        STI=Yp×Ys​ / Ypˉ​2 
Stress Susceptibility Index (SSI):
                                SSI= 1−(Ys/Yp)​ / SI
where SI represents the stress intensity.
Geometric Mean Productivity (GMP):
                                         GMP= 
3. Results
3.1 Seed Yield under Non-Stress and Moisture-Stress Conditions
Considerable variation was observed among the twelve genotypes for seed yield per plant under both moisture regimes.
Under non-stress conditions, seed yield ranged from 7.97 to 12.40 g, with a mean of 9.86 g. The highest seed yield was recorded in AFG-4 (12.40 g), followed by RMT-303 (10.93 g), Azad Metni (10.75 g), Hisar Mukta (10.39 g) and HM-9 (10.13 g). The lowest seed yield was recorded in CO-1 (7.97 g), followed by NRCSS-AM-2 (8.06 g).
Under moisture-stress conditions, seed yield ranged from 6.18 to 9.91 g, with a mean of 7.79 g. AFG-4 recorded the highest seed yield (9.91 g), followed by RMT-303 (8.86 g), Azad Metni (8.35 g), Hisar Mukta (8.23 g) and HM-9 (8.17 g). The lowest seed yield was recorded in NRCSS-AM-2 (6.18 g).
Thus, moisture stress resulted in a reduction in seed yield in all genotypes.
3.2 Yield Reduction under Moisture Stress
The percentage reduction in seed yield ranged from 18.94 to 23.60 per cent, with a mean reduction of 21.09 per cent.
The minimum reduction was recorded in RMT-303 (18.94%), followed by HM-9 (19.35%), RMT-361 (19.79%) and AFG-4 (20.08%). The maximum reduction was recorded in Hissa Sonali (23.60%), followed by NRCSS-AM-2 (23.33%) and HM-350 (22.72%).
The relatively lower yield reduction in RMT-303 and AFG-4 indicated better maintenance of productivity under moisture-stress conditions.
3.3 Moisture Stress Tolerance Indices
The TOL values ranged from 1.59 to 2.49, MP from 7.12 to 11.16, STI from 0.51 to 1.26, SSI from 0.90 to 1.12, and GMP from 7.06 to 11.09.
AFG-4 recorded the highest MP (11.16), STI (1.26) and GMP (11.09). RMT-303 recorded high values of MP (9.90), STI (1.00) and GMP (9.84), along with the lowest SSI (0.90).
Azad Metni, Hisar Mukta and HM-9 also recorded comparatively high MP, STI and GMP values. In contrast, NRCSS-AM-2 and CO-1 showed relatively low values for these indices.
3.4 Identification of Promising Genotypes
The combined assessment of seed yield and stress tolerance indices identified AFG-4 and RMT-303 as comparatively promising genotypes. AFG-4 showed the highest yield under both environments and the highest MP, STI and GMP. RMT-303 showed the lowest percentage yield reduction and lowest SSI along with relatively high MP, STI and GMP.
Azad Metni, Hisar Mukta and HM-9 also showed comparatively desirable performance under moisture stress and were considered promising for further evaluation.
Table 1. Seed yield performance of fenugreek genotypes under non-stress and moisture-stress conditions
	S. No.
	Genotype
	Seed yield under non-stress (Yp, g plant⁻¹)
	Seed yield under moisture stress (Ys, g plant⁻¹)
	Yield reduction (%)

	1
	HM-350
	9.99
	7.72
	22.72

	2
	RMT-361
	9.40
	7.54
	19.79

	3
	RMT-303
	10.93
	8.86
	18.94

	4
	GM-1
	9.55
	7.53
	21.15

	5
	NRCSS-AM-2
	8.06
	6.18
	23.33

	6
	AFG-4
	12.40
	9.91
	20.08

	7
	AFG-2
	9.25
	7.30
	21.08

	8
	HM-9
	10.13
	8.17
	19.35

	9
	Hisar Mukta
	10.39
	8.23
	20.79

	10
	CO-1
	7.97
	6.38
	19.95

	11
	Azad Metni
	10.75
	8.35
	22.33

	12
	Hissa Sonali
	9.49
	7.25
	23.60

	
	Mean
	9.86
	7.79
	21.09


Yp = seed yield under non-stress conditions; Ys = seed yield under moisture-stress conditions.
Table 2. Moisture stress tolerance indices of twelve fenugreek genotypes
	S. No.
	Genotype
	Yp
	Ys
	TOL
	MP
	STI
	SSI
	GMP

	1
	HM-350
	9.99
	7.72
	2.27
	8.86
	0.79
	1.08
	8.78

	2
	RMT-361
	9.40
	7.54
	1.86
	8.47
	0.73
	0.94
	8.42

	3
	RMT-303
	10.93
	8.86
	2.07
	9.90
	1.00
	0.90
	9.84

	4
	GM-1
	9.55
	7.53
	2.02
	8.54
	0.74
	1.01
	8.48

	5
	NRCSS-AM-2
	8.06
	6.18
	1.88
	7.12
	0.51
	1.11
	7.06

	6
	AFG-4
	12.40
	9.91
	2.49
	11.16
	1.26
	0.95
	11.09

	7
	AFG-2
	9.25
	7.30
	1.95
	8.28
	0.69
	1.00
	8.22

	8
	HM-9
	10.13
	8.17
	1.96
	9.15
	0.85
	0.92
	9.10

	9
	Hisar Mukta
	10.39
	8.23
	2.16
	9.31
	0.88
	0.99
	9.25

	10
	CO-1
	7.97
	6.38
	1.59
	7.18
	0.52
	0.95
	7.13

	11
	Azad Metni
	10.75
	8.35
	2.40
	9.55
	0.92
	1.06
	9.47

	12
	Hissa Sonali
	9.49
	7.25
	2.24
	8.37
	0.71
	1.12
	8.29

	
	Mean
	9.86
	7.79
	2.08
	8.82
	0.80
	1.00
	8.76


Yp = yield under non-stress; Ys = yield under moisture stress; TOL = tolerance; MP = mean productivity; STI = stress tolerance index; SSI = stress susceptibility index; GMP = geometric mean productivity.


Table 3. Identification of comparatively promising moisture stress-tolerant fenugreek genotypes based on yield and stress tolerance indices
	S.No.
	Genotype
	Yp (g plant⁻¹)
	Ys (g plant⁻¹)
	MP
	STI
	GMP
	SSI
	Yield reduction (%)
	Category

	1
	AFG-4
	12.40
	9.91
	11.16
	1.26
	11.09
	0.95
	20.08
	Highly promising

	2
	RMT-303
	10.93
	8.86
	9.90
	1.00
	9.84
	0.90
	18.94
	Highly promising

	3
	Azad Metni
	10.75
	8.35
	9.55
	0.92
	9.47
	1.06
	22.33
	Promising

	4
	Hisar Mukta
	10.39
	8.23
	9.31
	0.88
	9.25
	0.99
	20.79
	Promising

	5
	HM-9
	10.13
	8.17
	9.15
	0.85
	9.10
	0.92
	19.35
	Promising

	6
	HM-350
	9.99
	7.72
	8.86
	0.79
	8.78
	1.08
	22.72
	Moderately promising

	7
	GM-1
	9.55
	7.53
	8.54
	0.74
	8.48
	1.01
	21.15
	Moderately promising

	8
	RMT-361
	9.40
	7.54
	8.47
	0.73
	8.42
	0.94
	19.79
	Moderately promising

	9
	Hissa Sonali
	9.49
	7.25
	8.37
	0.71
	8.29
	1.12
	23.60
	Moderate

	10
	AFG-2
	9.25
	7.30
	8.28
	0.69
	8.22
	1.00
	21.08
	Moderate

	11
	CO-1
	7.97
	6.38
	7.18
	0.52
	7.13
	0.95
	19.95
	Low

	12
	NRCSS-AM-2
	8.06
	6.18
	7.12
	0.51
	7.06
	1.11
	23.33
	Low



Table 4. Superior genotypes based on individual parameters
	Parameter
	Genotype showing desirable performance
	Value

	Highest Yp
	AFG-4
	12.40 g plant⁻¹

	Highest Ys
	AFG-4
	9.91 g plant⁻¹

	Lowest yield reduction
	RMT-303
	18.94%

	Lowest TOL
	CO-1
	1.59

	Highest MP
	AFG-4
	11.16

	Highest STI
	AFG-4
	1.26

	Lowest SSI
	RMT-303
	0.90

	Highest GMP
	AFG-4
	11.09



Discussion
         The present study revealed considerable variability among the twelve fenugreek genotypes for seed yield response to moisture stress. Mean seed yield decreased from 9.86 g under non-stress conditions to 7.79 g under moisture-stress conditions, representing an overall reduction of 21.09%. The reduction in seed yield under limited moisture availability indicates the adverse effect of water deficit on reproductive productivity. Similar reductions in yield under moisture stress have been reported in fenugreek and other crops, where water limitation adversely affected yield formation and yield components. Ahari et al. (2009) evaluated twenty Iranian fenugreek landraces under moisture-stress and non-stress conditions and observed significant differences among landraces for grain yield and drought response. Saxena et al. (2017) also reported significant genotypic variation for seed yield and several morpho-physiological traits in thirteen fenugreek genotypes exposed to water stress at different growth stages. Their study showed that water stress, particularly during the post-flowering stage, adversely affected seed yield. Similarly, Dadrasan et al. (2015) reported substantial reductions in fenugreek seed yield under moderate and severe deficit irrigation, confirming the sensitivity of reproductive productivity to inadequate water availability. The differential magnitude of yield reduction observed among the present genotypes indicates the existence of genetic variability for response to moisture stress. AFG-4 recorded the highest seed yield under both non-stress (12.40 g) and moisture-stress (9.91 g) conditions, suggesting that it maintained comparatively high productivity even when water availability was restricted. RMT-303 recorded the lowest percentage yield reduction (18.94%), indicating comparatively stable yield performance across the two moisture regimes. Such differences among genotypes have been reported in earlier fenugreek studies. Saxena et al. (2017) observed considerable variation among fenugreek genotypes for seed yield, number of pods, root and shoot traits and other physiological characters under different water-stress conditions. Saxena et al. (2017) further reported that some genotypes were able to maintain relatively higher yield under limited moisture, demonstrating genotypic differences in adaptation to water deficit. Chauhan et al. (2017) also observed differences among fenugreek genotypes for yield and yield attributes under drought conditions, with some genotypes maintaining relatively better seed yield under stress. Ghosaliya et al. (2024) similarly reported significant genotypic variation in seed yield and seed-quality traits under normal and water-stress conditions.
The results of the present investigation are also supported by more recent studies based on stress tolerance indices. Choudhary et al. (2017) evaluated 48 fenugreek genotypes under normal and staggered irrigation conditions and reported that MP, GMP and STI were effective in identifying genotypes with high yield under both stress and non-stress conditions, whereas TOL and SSI were useful for assessing the response to moisture stress. Choudhary et al. (2022) similarly reported that MP, GMP and STI were useful indicators for identifying high-yielding fenugreek genotypes under contrasting moisture regimes. Singh and Rajpoot (2022), while evaluating thirty fenugreek genotypes under two moisture regimes, also observed strong relationships between seed yield and drought tolerance indices and identified several genotypes with comparatively stable performance across environments. Harisha et al. (2023/2024) reported that GMP and STI were particularly useful for identifying moisture-stress-tolerant fenugreek varieties, with approximately 28.8% reduction in seed yield under stress. These findings are in agreement with the present study, in which AFG-4 recorded the highest MP, STI and GMP values.
       The performance of AFG-4 across several indices is particularly noteworthy. It recorded the highest MP (11.16), STI (1.26) and GMP (11.09), together with the highest seed yield under both moisture regimes. The simultaneous superiority for Yp, Ys, MP, STI and GMP suggests that its comparatively promising performance was not dependent on a single selection criterion. Fernandez (1992) proposed STI and GMP as useful criteria for identifying genotypes combining high yield potential with good performance under stress. Similarly, Rosielle and Hamblin (1981) demonstrated that mean productivity can be useful for selection when performance under both stress and non-stress conditions is considered. Fischer and Maurer (1978) developed the stress susceptibility index concept to quantify relative yield reduction under drought, providing a basis for comparing genotype responses across contrasting environments. Later studies have confirmed that the effectiveness of individual indices can vary with stress intensity and genotype performance. Golabadi et al. (2006), for example, reported that MP, GMP and STI were particularly useful under moderate stress, whereas other indices could provide additional discrimination under severe stress. RMT-303 showed a somewhat different but complementary response. It recorded the lowest yield reduction (18.94%) and the lowest SSI (0.90), while also maintaining relatively high MP (9.90), STI (1.00) and GMP (9.84). Thus, its selection is supported both by a low degree of relative yield reduction and by comparatively high productivity across the two moisture regimes. The concept of combining susceptibility and productivity criteria is supported by Fernandez (1992), who classified genotypes according to their yield performance under stress and non-stress environments and emphasized the usefulness of indices capable of identifying genotypes performing well under both conditions. Similar conclusions have been reported in chickpea, wheat and other crops, where combined consideration of Yp, Ys and multiple stress indices provided more reliable discrimination than reliance on a single index. Farshadfar et al. (2013) emphasized the importance of relationships and repeatability among drought tolerance indices, while Farshadfar et al. (2012) reported that several quantitative indices can be used together to identify drought-tolerant genotypes. Clarke et al. (1992) also demonstrated that different methods of quantifying drought tolerance may differ in their ability to discriminate among genotypes.
         The present findings further demonstrate the importance of interpreting TOL and SSI together with productivity-based indices. TOL measures the absolute difference between non-stress and stress yield, whereas SSI expresses the relative susceptibility of a genotype to stress. Lower values generally indicate comparatively lower susceptibility; however, a low TOL alone may also occur in a genotype having low yield potential. Therefore, selection solely on the basis of TOL or SSI may not always identify genotypes combining high productivity and stress tolerance. This limitation was also highlighted by Rosielle and Hamblin (1981) and Fernandez (1992). In the present study, CO-1 had the lowest TOL value (1.59), but its seed yield under both conditions was comparatively low and its STI and GMP values were also low. This illustrates why susceptibility indices should preferably be interpreted together with yield potential and productivity indices. Similar observations have been reported by Choudhary et al. (2017, 2022), who recommended the combined use of MP, GMP, STI and susceptibility-related indices for fenugreek. The physiological basis of genotypic differences in drought response may involve several mechanisms, including maintenance of tissue water status, root development, stomatal regulation, membrane stability and adjustment of photosynthetic activity. Mitra (2001) described drought resistance as a complex phenomenon involving drought escape, drought avoidance and drought tolerance mechanisms. Blum (2009) emphasized that crop productivity under drought depends on the plant's ability to effectively use available water rather than simply maximizing water-use efficiency. In fenugreek, Saxena et al. (2017) observed reductions in chlorophyll content and water potential under water stress along with significant genotypic variation in root and shoot characteristics. El-Hendawy et al. (2021) reported substantial genotypic variation in physiological and biochemical responses of fenugreek landraces to prolonged drought and subsequent rewatering, further demonstrating that drought response is genetically variable. Although physiological and biochemical traits were not included in the present analysis, the observed differences in seed yield and stress indices may reflect underlying differences in the ability of genotypes to maintain growth and reproductive development under limited moisture. Water availability during reproductive development is particularly important for final seed yield. Harisha et al. (2023/2024) reported significant effects of moisture stress imposed at flowering on morpho-physiological and yield-related traits in fenugreek, while Dadrasan et al. (2015) demonstrated that deficit irrigation substantially reduced fenugreek seed yield. Ghosaliya et al. (2024) also observed significant effects of water stress on seed characteristics and yield in fenugreek genotypes. These reports support the present observation that although all twelve genotypes experienced yield reduction under moisture stress, the magnitude of reduction varied among genotypes. Such variability provides an opportunity for selection and utilization of relatively better-performing genotypes in breeding programmes targeted toward moisture-limited environments. The combined interpretation of seed yield, yield reduction and stress tolerance indices identified AFG-4 and RMT-303 as comparatively promising genotypes in the present set of materials. AFG-4 combined the highest productivity under both environments with the highest MP, STI and GMP values, whereas RMT-303 combined high yield with the lowest yield reduction and SSI. Azad Metni, Hisar Mukta and HM-9 also showed comparatively favorable values for several parameters and may therefore be considered useful candidates for further evaluation. Similar approaches combining yield performance with multiple stress indices have been successfully used in fenugreek and other crops for identifying genotypes with desirable performance under contrasting moisture regimes. However, drought or moisture-stress tolerance is a complex trait and may be influenced by stress intensity, timing, environmental conditions and genotype × environment interaction. Therefore, the genotypes identified in the present study should be regarded as comparatively promising rather than conclusively drought-tolerant until their performance is validated across multiple environments, seasons and stress intensities.
Conclusion
The present investigation demonstrated considerable variability among twelve fenugreek genotypes for seed yield under non-stress and moisture-stress conditions. Moisture stress reduced seed yield in all genotypes, but the extent of reduction varied considerably. AFG-4 recorded the highest seed yield under both non-stress and moisture-stress conditions and also recorded the highest MP, STI and GMP. RMT-303 showed the minimum percentage reduction in seed yield and the lowest SSI, along with favourable MP, STI and GMP values. Therefore, AFG-4 and RMT-303 were identified as comparatively promising genotypes, followed by Azad Metni, Hisar Mukta and HM-9. These genotypes may be considered as potential genetic material for further evaluation under different levels of moisture stress and across environments. Their consistent performance, if confirmed through multi-environment testing, could be useful in breeding programmes aimed at improving moisture stress tolerance and yield stability in fenugreek.
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