Genetic Variability, Diversity, and Oil Yield Performance of Indian Mustard Genotypes under Timely and Late Sowing in Doon Valley
ABSTRACT
Aim: The present study was conducted to assess the significance of genetic variability and diversity among genotypes of Indian mustard (Brassica juncea L.) under timely and late-sowing environments in the Doon Valley, Uttarakhand, India.
Study Design: Randomized block design with 3 replications of 30 genotypes of Indian mustard.
Place and Duration of Study: The field experiments were conducted at Jigyasa University during the rabi season of 2024-25. Thirty genotypes of Indian mustard (Brassica juncea L.) were sown on different dates of sowing, i.e., timely sowing on 30th October 2024 and late sowing on 30th November 2024.
Methodology: Thirty genotypes were grown under uniform agronomic practices with a spacing of 70 × 30 cm. Five representative plants per genotype per replication were selected to record data on growth, phenology, physiological indices (RWC, MSI, PELWL), leaf area index at different stages, and yield attributes, including seed and oil yields, ANOVA, genetic variability analysis (PCV, GCV, ECV, hBS, GAM), and diversity analysis through cluster analysis and intra- and inter-cluster distance.
Results: Analysis of variance indicated highly significant differences among genotypes for most of the traits under both sowing environments, indicating the presence of significant genetic variability. Oil content and oil yield per plant were higher with timely sowing, whereas late sowing resulted in significant reductions due to exposure to terminal heat stress during the flowering and seed-filling stages. Genotypes such as Varuna, RGN-48, RB-50, and Shivalik maintained comparatively higher oil content under late sowing, indicating relative tolerance to heat stress. Genetic variability analysis showed that phenotypic coefficients of variation were generally higher than genotypic coefficients, highlighting the influence of environmental factors, particularly under late sowing. High heritability coupled with moderate to high genetic advance was observed for several yield-contributing and physiological traits, suggesting significant gene action and the opportunity for effective selection. Genetic diversity analysis grouped genotypes into six clusters in both sowing environments, with a change in cluster composition under late sowing, suggesting interaction between genotype and environment. High inter-cluster distances indicated substantial genetic divergence, suggesting the potential use of genetically distant genotypes in hybridization programs.
Conclusion: The study confirmed that timely sowing provides a more favourable environment for growth, yield, and oil accumulation in Indian mustard, whereas late sowing induces terminal heat stress that adversely affects crop performance. The identified genetically diverse and heat-tolerant genotypes offer valuable breeding material for developing high-yielding, oil-rich, and temperature-resilient mustard cultivars for stress-prone environments.
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1.0 INTRODUCTION
Indian mustard (Brassica juncea L.) is one of the most significant edible oilseed crops in the genus Brassica and family Brassicaceae. India is the 3rd-largest producer of these oilseeds, accounting for 14% of worldwide production after Canada and China (Misra et al., 2008). In India, mustard oilseed crops are the most widely cultivated and economically important after soybeans (Misra et al., 2008). Indian mustard is primarily grown in agro-climatic zones, including the hill regions of the north-western & north-eastern regions and the plain regions of the southern region, under mixed climatic conditions, such as rainfed and irrigated agricultural systems (Misra et al., 2008). Among the several species of Rapeseed mustard, Indian mustard (Brassica juncea) is the dominant member, cultivated in 80% of areas. According to reports published by ICAR-Indian Institute of Rapeseed-Mustard Research, during FY 2023-24, Indian mustard was cultivated in 30.3% of the total oilseed area and contributed 33.2% of the overall oilseed yield in India. According to the report, rapeseed mustard recorded a high yield of 13.2 million tonnes (131.4 lakh tonnes) in FY 2023-24, exceeding the previous FY yield of 12.64 million tonnes (126.43 lakh tonnes), making it the largest oilseed-producing crop in India (ICAR–IIRMR, 2023–24). During the same FY, the productivity of Indian mustard reached approximately 1443 kg/ha, exceeding the previous FYs oilseed productivity, which was approximately 1314 kg/ha in India.  Among all mustard-producing states of India, Rajasthan sustain its top position, contributing approximately 45-49 %, after Haryana 12.44 %, Madhya Pradesh 11.32%, Uttar Pradesh 10.60% and West Bengal 7.53% respectively. Overall, approximately 74% of the mustard-producing region of India is irrigated, helping to maintain a consistent yield even under unfavourable environmental conditions.
Indian mustard productivity has become increasingly vulnerable to climate-induced temperature variability, particularly changes in sowing time that expose the crop to terminal heat stress during flowering and seed-filling stages. Delayed sowing frequently subjects the crop to high temperatures exceeding optimum thresholds during reproductive development, resulting in flower abortion, shortened grain-filling duration, reduced seed size, and substantial yield losses (Sharma et al.; Meena et al.; Chugh et al.). Terminal heat stress has been reported to reduce both seed yield and oil accumulation in mustard (Chugh et al.; Ramya Sree et al.).
Several studies indicated the presence of considerable genetic variability among Indian mustard genotypes for yield, oil content, and heat-responsive physiological traits under contrasting sowing environments (Gupta et al.; Kumari et al.; Devi et al.). Phenotypic expression of most traits is strongly influenced by environment, with phenotypic coefficients of variation generally exceeding genotypic coefficients; nevertheless, high heritability coupled with high genetic advance has been reported for seed yield, biological yield, and yield-contributing traits, indicating the scope for effective selection (Singh et al., Kumar et al.; Prasad et al.). Multivariate approaches, such as Mahalanobis D² analysis, have further revealed wide genetic divergence among genotypes, suggesting opportunities to exploit heterosis through the selection of genetically distant parents (Gupta et al.; Saleem et al.; Sur et al.).
Despite extensive research on yield traits and heat tolerance indices, limited integrated studies are available that simultaneously assess genetic variability, genetic diversity, and oil content of Indian mustard genotypes under both timely and late sowing environments, particularly under Doon Valley conditions. Oil content, although economically vital, often shows high heritability with low genetic advance, indicating complex genetic control and sensitivity to environmental stress, especially high temperature during seed development (Devi et al.; Lodhi et al.). Moreover, most studies have focused either on yield stability or stress indices, with comparatively less emphasis on understanding how terminal heat stress influences the divergence of genotypes for oil-related traits alongside yield attributes.
Therefore, there exists a clear research gap in comprehensively evaluating Indian mustard genotypes for genetic variability and diversity with special reference to oil content under contrasting sowing environments, particularly in regions prone to terminal heat stress. Understanding the magnitude of genetic divergence and identifying superior, genetically diverse genotypes under timely and late sowing conditions are essential for formulating effective breeding strategies aimed at developing high-yielding, oil-rich, and terminal heat-tolerant mustard cultivars. The present study addresses this gap by systematically analyzing genetic variability and diversity of Indian mustard genotypes under timely and late sowing environments in the Doon Valley, with special emphasis on oil content and its response to terminal heat stress.
2.0 METHODOLOGY
The present study was conducted to assess genetic variability and divergence in Indian mustard (Brassica juncea L.) under timely and late-sowing environments in the Doon Valley. The field experiments were conducted during the 2024-25 Rabi season on the campus of Jigyasa University. The experiment field is 18 kilometres from Dehradun. The geographically experimental site is situated at 640 meters above sea level, 31°21ʹ50ʺ N and 78°18ʹ27ʺ E.
Field experiments were designed using a randomized block design with three replications, as shown in Table 1. A total of 30 genotypes of Indian mustard (Brassica juncea L.) were evaluated. The experimental field covered a total area of 189 square meters (1,890,000 square centimetres), with plot dimensions of 21 meters in length (2100 centimetres) and 9 meters in width (900 centimetres). The crop was planted at a spacing of 0.7 meters (70 centimetres) between rows and 0.3 meters (30 centimetres) between plants within a row.
30 genotypes of Indian mustard were sown in two sowing environments, i.e. timely sowing on 30th October 2024 and late sowing on 30th November 2024, to study the impact of terminal heat stress on traits, especially yield and its attributes. Both field experiments were treated uniformly to ensure more emphasis on temperature variation.
The 5 best-performing plants of each genotype were selected across 3 replications for data collection. 23 traits were selected for study, i.e., Plant Height (PH), Length of main shoot (LMS), Primary Branches (PB), Secondary Branches (SB), Silique per plant (SPP), Silique on Main Shoot (SMS), Percent survival at 20 DAS (PS at 20 DAS), Percent survival at 30 DAS (PS at 30 DAS), Days to initial flowering (DIF), Days to 50% flowering (DFF), Leaf area index 30 DAS (LAI 30 DAS), Leaf area index 60 DAS (LAI 60 DAS), Leaf area index 90 DAS (LAI 90 DAS), Days to maturity (DM), Seed per silique (SPP), Oil content % (OC), Oil yield per plant (OYP), 1000-seed weight (TSW), Seed yield per plant (SYP), Biological yield per plant (BYP), Percent excised leaf water loss (PELWL), Relative Water Content (RWC), and Membrane stability index (MSI). 
Oil content (%) was estimated by the Soxhlet extraction method, wherein finely ground seed samples were extracted with petroleum ether (boiling range 40–60 °C). Oil percentage was calculated on a dry weight basis after solvent evaporation.
Statistical analyses were carried out using R and Python software environments. Analysis of variance (ANOVA) based on a randomized complete block design (RCBD), along with estimation of variability parameters such as genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), heritability (h²), and genetic advance as percent of mean (GAM), were performed in R. Correlation coefficients were further partitioned into direct and indirect effects on seed yield through path coefficient analysis using the path. analysis() function of the agricolae package.
Genetic divergence among genotypes was assessed using Mahalanobis D² statistics, and grouping of genotypes was accomplished through Tocher’s optimization clustering method employing the tocher() function available in the biotools package. Prior to statistical computations, Python was used for data cleaning, restructuring, and reproducible data handling using pandas dataframes. Overall data analysis was conducted using R version 4.4.1 (agricolae, metan) and Python version 3.12 (statsmodels, pandas, scipy).
Table 1: List of Genotypes of Indian Mustard (Brassica juncea L.) in RBD (Randomized Block Design).
	Row N.
	Replication-1
	Replication-2
	Replication-3

	
	Sr. N.
	Genotypes
	Sr. N.
	Genotypes
	Sr. N.
	Genotypes

	Row 1
	1
	Arawali
	30
	Vardan
	15
	PM-29

	Row 2
	2
	BR-40
	29
	Varuna
	14
	Patan Mustard

	Row 3
	3
	CS-54
	28
	Shivalik
	13
	Pusa Mahak

	Row 4
	4
	CS-60
	27
	RH-1230
	12
	Pusabold

	Row 5
	5
	Gujrat Mustard-2
	26
	RH-406
	11
	Maya

	Row 6
	6
	Geeta
	25
	RGN-48
	10
	Kranti

	Row 7
	7
	JD-6
	24
	RB-50
	9
	Krishna

	Row 8
	8
	Kanti
	23
	RGN-73
	8
	Kanti

	Row 9
	9
	Krishna
	22
	RCC-4
	7
	JD-6

	Row 10
	10
	Kranti
	21
	RH-119
	6
	Geeta

	Row 11
	11
	Maya
	20
	Pusa Vijay
	5
	Gujrat Mustard-2

	Row 12
	12
	Pusabold
	19
	Pusa Bahar
	4
	CS-60

	Row 13
	13
	Pusa Mahak
	18
	PM-30
	3
	CS-54

	Row 14
	14
	Patan Mustard
	17
	PM-24
	2
	BR-40

	Row 15
	15
	PM-29
	16
	PM-22
	1
	Arawali

	Row 16
	16
	PM-22
	15
	PM-29
	30
	Vardan

	Row 17
	17
	PM-24
	14
	Patan Mustard
	29
	Varuna

	Row 18
	18
	PM-30
	13
	Pusa Mahak
	28
	Shivalik

	Row 19
	19
	Pusa Bahar
	12
	Pusabold
	27
	RH-1230

	Row 20
	20
	Pusa Vijay
	11
	Maya
	26
	RH-406

	Row 21
	21
	RH-119
	10
	Kranti
	25
	RGN-48

	Row 22
	22
	RCC-4
	9
	Krishna
	24
	RB-50

	Row 23
	23
	RGN-73
	8
	Kanti
	23
	RGN-73

	Row 24
	24
	RB-50
	7
	JD-6
	22
	RCC-4

	Row 25
	25
	RGN-48
	6
	Geeta
	21
	RH-119

	Row 26
	26
	RH-406
	5
	Gujrat Mustard-2
	20
	Pusa Vijay

	Row 27
	27
	RH-1230
	4
	CS-60
	19
	Pusa Bahar

	Row 28
	28
	Shivalik
	3
	CS-54
	18
	PM-30

	Row 29
	29
	Varuna
	2
	BR-40
	17
	PM-24

	Row 30
	30
	Vardan
	1
	Arawali
	16
	PM-22



3.0 ENVIRONMENTAL CHANGES
The weekly temperature data recorded during the crop growth period of Indian mustard from 30 October 2024 to 16 April 2025 revealed a distinct and systematic pattern of thermal variation corresponding to different phenological stages of the crop under timely sowing conditions. During Weeks 1–2, the crop experienced relatively high temperatures, with maximum temperatures ranging from 31 to 35 °C and minimum temperatures between 15 and 20 °C. The mean maximum temperature during this period remained above 29 °C, indicating warm conditions conducive to rapid early growth. Week 3–10 exhibited a gradual decline in temperature. Maximum temperatures steadily decreased from 27–29 °C in mid-November to 19–23 °C by early January. Simultaneously, minimum temperatures declined sharply, reaching their lowest values of 4–6 °C during mid-December to early January (Weeks 7–11). The mean minimum temperature dropped to around 5–8 °C. Week 11–17 showed temperatures began to show a gradual upward trend. Maximum temperatures increased from 22–25 °C to 28–29 °C, while minimum temperatures rose from 7–9 °C to 10–13 °C. This moderate rise in temperature. Week 18–25 indicated maximum temperatures increased sharply from 29 °C in late February to 39–41 °C by mid-April, while minimum temperatures rose steadily from 13–15 °C to 22–26 °C. Mean maximum temperatures exceeded 34 °C during the final weeks, indicating exposure to terminal heat stress, which may accelerate crop maturity and potentially affect seed quality and oil accumulation.
Table 2: Weekly temperature exposure (maximum, minimum, and mean) during the crop growth period of Indian mustard (30 October 2024 to 16 April 2025).
	Week N.
	Date Range
	Max. Tmax (°C)
	Min. Tmax (°C)
	Max. Tmin (°C)
	Min. Tmin (°C)
	Mean Tmax (°C)
	Mean Tmin (°C)

	1
	30/10–05/11/2024
	35
	31
	20
	15
	33.29
	16.71

	2
	06/11–12/11/2024
	31
	28
	19
	17
	29.43
	18.14

	3
	13/11–19/11/2024
	27
	22
	17
	10
	24.86
	14.29

	4
	20/11–26/11/2024
	29
	26
	13
	10
	27.43
	10.86

	5
	27/11–03/12/2024
	29
	26
	11
	8
	27.29
	9.71

	6
	04/12–10/12/2024
	27
	21
	12
	6
	23.57
	8.29

	7
	11/12–17/12/2024
	23
	21
	7
	4
	21.86
	5.43

	8
	18/12–24/12/2024
	23
	13
	9
	5
	20.14
	6.86

	9
	25/12–31/12/2024
	23
	13
	13
	7
	16.86
	9.57

	10
	01/01–07/01/2025
	19
	12
	9
	8
	15.43
	8.14

	11
	08/01–14/01/2025
	22
	15
	10
	4
	17.71
	7.00

	12
	15/01–21/01/2025
	25
	15
	11
	6
	19.43
	8.57

	13
	22/01–28/01/2025
	25
	23
	9
	5
	23.57
	7.43

	14
	29/01–04/02/2025
	23
	20
	11
	7
	21.86
	9.43

	15
	05/02–11/02/2025
	27
	23
	10
	8
	25.00
	9.00

	16
	12/02–18/02/2025
	28
	24
	11
	9
	25.86
	10.14

	17
	19/02–25/02/2025
	28
	23
	13
	10
	25.29
	11.00

	18
	26/02–04/03/2025
	29
	21
	17
	10
	24.86
	13.57

	19
	05/03–11/03/2025
	32
	23
	17
	8
	28.43
	13.14

	20
	12/03–18/03/2025
	32
	24
	17
	12
	29.43
	14.71

	21
	19/03–25/03/2025
	37
	32
	17
	14
	34.14
	15.57

	22
	26/03–01/04/2025
	39
	30
	21
	15
	34.57
	17.43

	23
	26/03–01/04/2025
	39
	35
	20
	14
	36.71
	16.71

	24
	02/04–08/04/2025
	41
	35
	26
	19
	38.57
	22.00

	25
	09/04–16/04/2025
	41
	38
	26
	22
	39.57
	24.71

	Source: https://www.accuweather.com/en/in/sherpur/3008767/weather-forecast/3008767
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Fig. 1: Weekly temperature variation (°C) from 30 October 2024 to 16 April 2025.
The stage-wise temperature data presented in Table 03 reveal marked differences in the temperature experienced by Indian mustard under timely and late sowing conditions, particularly during critical phenological stages. These variations highlight the contrasting exposure of the crop to cold and heat stress depending on sowing time.
During the germination stage, timely sown mustard experienced comparatively higher temperatures, with maximum temperatures ranging from 31 to 35 °C and minimum temperatures between 15 and 20 °C, creating favourable conditions for rapid seed germination and early establishment. On the other hand, late-sown crops were exposed to cooler conditions, with maximum temperatures limited to 24–29 °C and minimum temperatures declining to 8–12 °C, which may have slowed germination and early seedling vigour.
At the seedling stage, timely sown plants continued to experience relatively stable and moderate temperatures (maximum 28–31 °C, minimum 17–19 °C), supporting steady vegetative growth. However, late-sown plants exposed to lower minimum temperatures (5–8 °C), indicating early exposure to cold stress that could adversely affect seedling development and physiological activity.
During the vegetative (rosette) stage under timely sowing, temperatures decline gradually, with minimums reaching 8 °C, indicating the onset of winter conditions. Late sowing, however, experienced a sharper drop in minimum temperature (as low as 4 °C), suggesting increased cold stress during this crucial biomass accumulation phase.
At the stem elongation (bolting) stage, both sowing environments were influenced by cooler temperatures; however, late-sown crops showed slightly higher minimum temperatures (6 °C) compared to timely-sown crops (4 °C). Despite this, variability in maximum temperatures indicates an unstable thermal regime, which may affect internode elongation and assimilate partitioning.
During the flowering stage, which is highly sensitive to high temperatures, timely sown crops experienced cooler conditions, with maximum temperatures as low as 12–23 °C and minimum temperatures around 4–13 °C, conditions generally favourable for pollen viability and flower retention. On the other hand, late-sown crops were exposed to relatively higher maximum temperatures (20–27 °C) and lower minimum temperatures (5–11 °C), indicating a temperature range that could negatively influence reproductive stages.
During pod formation, temperatures increased under both sowing conditions; however, late sowing recorded higher maximum temperatures (23–28 °C) and comparatively warmer nights (9–13 °C) than timely sowing. This warmer environment during pod development in late-sown crops may accelerate pod growth but can also shorten the effective duration of pod development.
At the seed filling stage, timely sown crops were exposed to moderate temperatures (maximum 23–28 °C, minimum 8–11 °C), conditions generally conducive for proper seed filling and oil biosynthesis. In contrast, late-sown crops experienced elevated maximum temperatures up to 32 °C, indicating the onset of terminal heat stress, which may reduce seed weight and oil accumulation.
Table 03: Temperature (°C) Variations Across Growth Stages of Timely and Late Sown Indian Mustard (Brassica juncea)
	Growth Stages
	Timely Sowing
	Late Sowing

	
	Max. Tmax (°C)
	Min. Tmax (°C)
	Max. Tmin (°C)
	Min. Tmin (°C)
	Max. Tmax (°C)
	Min. Tmax (°C)
	Max. Tmin (°C)
	Min. Tmin (°C)

	Germination
	35
	31
	20
	15
	29
	24
	12
	8

	Seedling Stage
	31
	28
	19
	17
	24
	21
	8
	5

	Vegetative (Rosette) Stage
	29
	22
	17
	8
	23
	12
	13
	4

	Stem Elongation (Bolting)
	27
	21
	12
	4
	25
	15
	11
	6

	Flowering Stage
	23
	12
	13
	4
	27
	20
	11
	5

	Pod Formation
	25
	15
	11
	5
	28
	23
	13
	9

	Seed Filling Stage
	28
	23
	11
	8
	32
	21
	17
	8

	Physiological Maturity & Harvesting Stage
	37
	23
	17
	4
	41
	29
	26
	14
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Fig. 2: The graph shows growth stage-wise variation in maximum, minimum, and mean temperature under timely and late-sowing environments

4.0 RESULT AND DISCUSSION
4.1 Evaluation of Impact of terminal heat stress on performance of Oil Traits and Heat Susceptibility under Timely (Optimal) and Late (Stress) Sowing Conditions
Terminal heat stress caused by late sowing, influencing oil yield productivity per plant in Indian mustard (Brassica juncea L.). During the late-sown genotypes of Indian mustard, increased temperatures during the flowering and seed-filling stages severely affect photosynthesis, assimilate translocation, and lipid biosynthesis, leading to reduced oil content and oil yield per plant (Sharma et al., 2013; Chugh et al., 2022). As reported in many studies, late-sown Indian mustard crops exhibit a short grain-filling duration and early senescence before maturation, resulting in negligible seed filling and reduced oil content (Ahmed et al., 2019).
Some genotypes of Indian mustard exhibit better MSI (Membrane Stability Index), RWC (Relative Water Content), comparatively lower reduction in oil yield per plant, showing their adaptation and stable performance under terminal heat stress (Ram et al., 2014; Ahmed et al., 2019).
The Heat Susceptibility Index (HIS) is the most widely used and reliable yield-based index for evaluating tolerant genotypes of Indian mustard under terminal heat stress. A lower HIS value indicates greater stability, whereas a higher value indicates greater susceptibility to temperature stress (Sharma et al., 2013; Chugh et al., 2022). The study indicates an inverse relationship between oil yield and HSI, suggesting that genotypes with low HSI sustain higher productivity under a late-sowing environment (Anita et al., 2023). HIS is an effective tool for screening the most tolerant and productive genotypes under heat stress (Chugh et al., 2022).
Table 4 presents a comparative study of 30 Indian mustard genotypes for oil content percentage, oil yield per plant, reduction in oil content percentage & oil yield per plant, and heat susceptibility index under timely and late sown environments.
4.1.1 Oil Content (%)
Oil content percentage, among 30 genotypes of Indian mustard, ranged from 41.17 to 42.27% with a mean of 41.64% under a timely sowing environment, suggesting stable performance under non-stress conditions. The coefficient of variation (CV) was comparatively low (0.841%), indicating high stability of productivity in favourable conditions.
Oil content percentage under late-sowing conditions ranged from 36.50 to 41%, with a mean of 38.18%. The increased coefficient of variation (CV) of 2.695% indicates significant genotypic variability in oil content under terminal heat stress. Percent reduction in oil content under terminal heat stress ranged from 3% (Varuna) to 12% (RH-119), with a mean reduction of 8%, suggesting genotype sensitivity to heat stress during reproductive and seed-filling stages.
4.1.2 Oil Yield per Plant (g)
Under a timely sowing environment, the oil yield per plant ranged from 7.26 g to 9.04 g, with a mean value of 8.10 g, while under late sowing, the oil yield per plant ranged from 2.71 g to 4.07 g, with a mean of 3.35 g. The significant reduction in oil yield per plant under late sowing is indicated by a percent reduction ranging from 50% to 67%, with a mean of 59%. The coefficient of variation (CV) increased from 4.841% (timely sowing) to 9.52% under a late sowing environment due to terminal heat stress.
4.1.3 Heat Susceptibility Index (HSI)
The heat susceptibility index (HIS) ranged from 2.256 to 0.085, with a mean of 0.17. Some genotypes of Indian mustard, such as CS-60 (0.085), Arawali (0.098), and CS-54 (0.105), had lower HSI, indicating better capability to tolerate heat stress, whereas high HSI was recorded in Kranti (0.256), Kanti (0.231), and Varuna (0.226), indicating their sensitivity toward heat stress. The high coefficient of variation (24.015%) of HIS highlight’s significant genetic variability for temperature stress among 30 genotypes of Indian mustard, which is very helpful for the selection and breeding of heat-tolerant Indian mustard.
Overall analysis indicated that late sowing lead to significant terminal heat stress resulted in huge reduction productivity in terms of Oil yield/plant.
 Table 4: Oil content, oil yield per plant, percent reduction, and heat susceptibility index (HSI) of Indian mustard (Brassica juncea L.) genotypes under timely and late sowing conditions.
	S. N.
	Genotype
	OC (%)- TS
	OC (%)-LS
	OC Red. (%)
	OYP
(g)-TS
	OYP
(g)-LS
	OYP Red. 
(%)
	HSI (Oil) 

	1
	Arawali
	41.17
	37.13
	10%
	7.53
	3.68
	51%
	0.098

	2
	BR-40 
	41.37
	38.23
	8%
	7.57
	3.56
	53%
	0.116

	3
	CS-54
	42.07
	38.03
	10%
	8.45
	4.07
	52%
	0.105

	4
	CS-60 
	41.73
	37.23
	11%
	8.03
	4.02
	50%
	0.085

	5
	Gujrat Mustard-2
	41.17
	36.83
	11%
	8.30
	3.10
	63%
	0.213

	6
	Geeta
	41.27
	37.33
	10%
	7.86
	3.63
	54%
	0.124

	7
	JD-6
	41.97
	39.00
	7%
	8.02
	3.54
	56%
	0.144

	8
	Kanti
	41.73
	38.23
	8%
	8.34
	2.96
	64%
	0.231

	9
	Krishna
	41.53
	37.63
	9%
	7.65
	3.36
	56%
	0.148

	10
	Kranti
	41.80
	38.50
	8%
	8.20
	2.71
	67%
	0.256

	11
	Maya
	42.13
	38.60
	8%
	8.74
	3.55
	59%
	0.181

	12
	Pushabold
	41.53
	39.30
	5%
	8.02
	3.36
	58%
	0.168

	13
	Pusa Mahak
	41.27
	37.03
	10%
	7.83
	3.05
	61%
	0.197

	14
	Patan Mustard
	41.17
	36.50
	11%
	8.01
	3.09
	61%
	0.200

	15
	PM-29
	41.37
	38.23
	8%
	7.84
	3.44
	56%
	0.148

	16
	PM-22 
	42.03
	38.03
	10%
	8.36
	3.76
	55%
	0.136

	17
	PM-24 
	41.37
	37.33
	10%
	8.02
	3.52
	56%
	0.147

	18
	PM-30
	41.57
	37.53
	10%
	8.18
	3.44
	58%
	0.166

	19
	Pusa Bahar
	41.27
	38.13
	8%
	7.26
	2.96
	59%
	0.179

	20
	Pusa Vijay
	41.37
	38.23
	8%
	7.93
	3.26
	59%
	0.176

	21
	RH-119
	41.70
	36.60
	12%
	8.16
	3.03
	63%
	0.215

	22
	RCC-4
	41.60
	37.53
	10%
	7.94
	3.18
	60%
	0.186

	23
	RGN-73
	41.17
	38.03
	8%
	8.40
	3.52
	58%
	0.167

	24
	RB-50
	42.10
	39.37
	6%
	8.30
	3.36
	60%
	0.182

	25
	RGN-48
	42.27
	40.00
	5%
	8.12
	3.05
	62%
	0.210

	26
	RH-406
	42.07
	38.70
	8%
	7.76
	3.22
	58%
	0.171

	27
	RH-1230
	41.53
	39.20
	6%
	7.86
	2.90
	63%
	0.217

	28
	Shivalik
	41.77
	39.30
	6%
	8.60
	3.54
	59%
	0.175

	29
	Varuna
	42.23
	41.00
	3%
	9.04
	3.26
	64%
	0.226

	30
	Vardan
	41.77
	38.60
	8%
	8.82
	3.48
	61%
	0.192

	Mean
	41.64
	38.18
	8%
	8.10
	3.35
	59%
	0.17

	Max
	42.27
	41.00
	12%
	9.04
	4.07
	67%
	0.26

	Min
	41.17
	36.50
	3%
	7.26
	2.71
	50%
	0.09

	SD
	0.350
	1.029
	0.020
	0.392
	0.320
	0.041
	0.041

	SE
	0.064
	0.188
	0.004
	0.072
	0.058
	0.008
	0.008

	C.V.
	0.841
	2.695
	24.611
	4.841
	9.529
	7.052
	24.015

	TS = timely sowing; LS = late sowing; OC = oil content; OYP = oil yield per plant; HSI = heat susceptibility index.



4.2 Analysis of Variance (ANOVA) for Morphological, Phenological, Yield, and Physiological Traits in Indian Mustard under Timely and Late Sowing Environments
Analysis of variance (ANOVA) performed on 23 traits of 30 genotypes of Indian mustard under timely (TS) and late sowing (LS) environments showed the presence of significant genetic variability and distinct environmental response.
4.2.2 Effect of Replications
Under a timely sowing environment, most of the traits were showing non-significant replication effects, indicating proper experimental precision. Significant replication effects were observed in some trats such as silique per plant, silique on main shoot, flowering traits, oil content, physiological traits (PELWL, RWC, MSI), and leaf area index under late sowing environments, suggesting environment heterogeneity under temperature stress.
4.2.3 Treatment (Genotype) Effects 
4.2.3.1 Growth Traits
Growth traits such as plant height (PH) and length of main shoot (LMS) exhibit highly significant treatment mean squares (P ≤ 0.01) in both timely and late sowing environments, indicating significant genetic variability. Primary branches (PB) exhibit non-significant variation under timely sowing, whereas significant under late sowing. Secondary branches (SB) had significant differences at the 5% level in both sowing environments, suggesting average genetic control. 
4.2.3.2 Yield-Attributing Traits
Yield traits such as silique per plant (SPP) and silique on main shoot (SMS) showed very highly significant F-values under both sowing environments, suggesting robust genetic variability even under stress conditions. Seeds per silique (SPS) exhibit significant differences between environments, suggesting that genetic variability in reproductive efficiency is governed by sowing time.
4.2.3.3 Survival and Phenological Traits
Percent Survival (PS) at 20 & 30 DAS shows highly significant treatment effects in timely and late sowing environments. Flowering traits, including days to initiation of flowering (DIF), days to 50% flowering (DFF), and days to maturity (DM), showed highly significant variation under both sowing environments, suggesting distinct sensitivity of genotypes in response to sowing time.
4.2.3.4 Seed Yield and Yield-Related Traits
Seed yield per plant exhibits non-significant differences in the timely sowing environment, indicating uniform performance under favorable conditions, whereas treatment effects become significant under late sowing conditions, indicating enhanced genetic variability in yield performance due to stress. Biological yield per plant (BYP) exhibits significant variation at 5% in both sowing environments, suggesting moderate genetic variability. 1000-seed weight (TSW) exhibits highly significant F-values in both sowing environments. The zero mean-squared error leads to infinite F-values, reflecting a stronger treatment effect and greater experimental precision for this trait.
Oil content (OC) and oil yield per plant (OYP) showed highly significant treatment effects in both sowing environments, suggesting significant genetic variability for productivity and sensitivity toward sowing time.
4.2.3.5 Physiological Traits
Physiological traits such as percent excised leaf water loss (PELWL), relative water content (RWC), and membrane stability index (MSI) exhibit highly significant differences among genotypes in both sowing environments. Very low mean square error resulted in infinite F-values.
4.2.3.6 Leaf Area Index (LAI)
Highly significant treatment effect exhibited by Leaf area index at 30, 60, and 90 DAS in both sowing environments. Infinite F-values of LAI at certain stages in late sowing due to zero error variance.

Table 5: Analysis of variance (ANOVA) of twenty-three traits of thirty genotypes of Indian mustard under timely and late sowing environments
	Trait
	Sowing Environment 
	Replication MS (df=2)
	F (Rep)
	Treatment MS (df=29) 
	F (Treat)
	Error MS
(Df=58)

	PH (cm)
	TS
	114.01
	1.19
	638.61
	6.64**
	96.11

	
	LS
	56.04
	1.26 (NS)
	154.92
	3.49**
	44.37

	LMS (cm)
	TS
	2.01
	0.89
	150.16
	66.33**
	2.26

	
	LS
	43.6
	197.56**
	79.52
	360.33**
	0.22

	PB (Nos.)
	TS
	5.34
	2.4
	2.15
	0.97 (NS)
	2.23

	
	LS
	0.21
	0.10 (NS)
	2.65
	1.24**
	2.13

	SB(Nos.)
	TS
	1.01
	0.72
	2.69
	1.90*
	1.41

	
	LS
	0.54
	0.38 (NS)
	2.15
	1.50*
	1.44

	SPP (Nos.)
	TS
	141.38
	619.12**
	1216.34
	5326.58**
	0.23

	
	LS
	192.68
	266.22**
	2885.91
	3987.41**
	0.72

	SMS (Nos.)
	TS
	66.81
	57.80**
	50.08
	43.32**
	1.16

	
	LS
	87.3
	97.25**
	65.73
	73.22**
	0.9

	PS @ 20 DAS
	TS
	806.04
	5.28**
	549.12
	3.59**
	152.8

	
	LS
	0.86
	0.02 (NS)
	292.64
	5.55**
	52.71

	PS @ 30 DAS
	TS
	900.95
	7.22**
	617.16
	4.95**
	124.72

	
	LS
	26.76
	0.40 (NS)
	198.63
	2.96**
	67.14

	DIF (Nos.)
	TS
	38.54
	34.44**
	37.72
	33.70**
	1.12

	
	LS
	56.21
	67.58**
	11.76
	14.14**
	0.83

	DFF (Nos.)
	TS
	40.88
	44.25**
	39.41
	42.67**
	0.92

	
	LS
	63.54
	72.39**
	9.56
	10.89**
	0.88

	DM (Nos.)
	TS
	35.34
	54.94**
	20.71
	32.20**
	0.64

	
	LS
	49.88
	31.82**
	8.27
	5.28**
	1.57

	SPS (Nos.)
	TS
	12.14
	10.30**
	4.98
	4.22**
	1.18

	
	LS
	5.91
	7.02**
	4.08
	4.85**
	0.84

	OC (%)
	TS
	15.55
	208.96**
	0.37
	4.95**
	0.07

	
	LS
	3.31
	1181.38**
	3.18
	1134.15**
	0.003

	OYP (g)
	TS
	3.86
	151.69**
	0.46
	18.16**
	0.03

	
	LS
	1.86
	28.73**
	0.31
	4.74**
	0.06

	TSW (g)
	TS
	0.1
	16.00**
	0.32
	992.00**
	0

	
	LS
	0.1
	80.00**
	0.28
	48.00**
	0

	BYP(g)
	TS
	237.47
	3.50*
	117.55
	1.73*
	67.94

	
	LS
	321.09
	7.19**
	52.07
	1.17*
	44.69

	PELWL (%)
	TS
	0.92
	393.90**
	9.18
	3923.35**
	0.002

	
	LS
	0.83
	902.88**
	12.83
	14014.33**
	0.001

	RWC (%)
	TS
	4.49
	2677.50**
	34.26
	20449.79**
	0.002

	
	LS
	4.81
	3127.73**
	32.39
	21079.07**
	0.002

	MSI (%)
	TS
	4.92
	9109.09**
	39.1
	72383.47**
	0.001

	
	LS
	3.78
	1723.15**
	15.21
	6926.56**
	0.002

	LAI (30 DAS) 
	TS
	0.026
	7921.00**
	0.041
	12375.00**
	0.000003

	
	LS
	0.027
	∞ **
	0.013
	∞ **
	0

	LAI (60 DAS)
	TS
	0.277
	8108.86**
	0.564
	16497.29**
	0.000034

	
	LS
	0.21
	21846.78**
	0.33
	34243.41**
	0.00001

	LAI (90 DAS)
	TS
	0.3
	264.00**
	0.189
	992.00**
	0

	
	LS
	0.24
	∞ **
	0.29
	∞ **
	0

	SYP(g)
	TS
	13.14
	1.58 (NS)
	6.1
	0.73 (NS)
	8.34

	
	LS
	13.51
	2.39 (NS)
	8.26
	1.46**
	5.65

	∞ indicates an infinite F-value due to zero error mean square, reflecting extremely high treatment or replication effects.
** = Significant at 1% level (P ≤ 0.01)
* = Significant at 5% level (P ≤ 0.05)
NS = non-significant

	PH- Plant Height
LMS—Length of Main Shoot
PB—Primary Branch
SB- Secondary Branch
SPP- Silique per Plant
SMS- Silique on Main Shoot
PS@20 DAS—Percent Survival at 20 Days of Sowing
PS@30 DAS—Percent Survival at 30 Days of Sowing
DIF- Days to Initiation of Flower
DFF- Days to 50% Flowering
SS- Seed/Silique
SYP—Seed Yield/Plant
OC-Oil Content Percentage
OYP-Oil Yield/Plant
	TSW-1000-Seed Weight
BYP—Biological Yield/Plant
HI- Harvest Index
PELWL—Percent Excised Leaf Water Loss
RWC—Relative Water Content
MSI-Membrane Stability Index
TS- Timely Sowing
LS- Late Sowing




Overall, ANOVA showed that most morphological, phenological, yield, and physiological traits showed significant to highly significant genetic variability in both sowing environments. The extent of treatment effects was generally greater in a late-sowing environment, suggesting that genotypic differentiation increased due to heat stress.


4.3 Genetic Variability Analysis of Indian Mustard under Timely and Late Sowing Environments
Several studies were conducted on the sowing of Indian mustard genotypes under timely and late sowing environments, indicating that the phenotypic coefficient of variation (PCV) was higher than the genotypic coefficient of variation (GCV) for most of traits, suggesting the impact of environmental aspects on traits expression particularly under terminal heat stress in late sowing environment (Gupta et al., 2023; Kumari et al., 2018). Across both environments, some of the traits, such as seed yield and biological yield per plant, show a narrow gap between PCV and GCV, suggesting significant genetic control and stable performance (Singh et al., 2018; Kumar et al., 2020).
The environmental coefficient of variation (ECV) was higher for most traits, especially yield and its contributing characters, under late-sowing conditions, indicating environmental intervention due to terminal heat stress (Pandey et al., 2024). Several traits maintain moderate ECV values, indicating the presence of genetic variability under heat stress (Meena et al., 2013).
Traits such as seed yield per plant, biological yield, number of siliquae per plant, secondary branches, and 1000-seed weight exhibit high broad-sense heritability (h²BS) in both sowing environments, suggesting these traits are mostly controlled by genetic factors (Gupta et al., 2023; Patel et al., 2021). 
In some cases, high broad-sense heritability (h²BS) coupled with genetic advance as percent of the mean (GAM) in traits like seed yield, biological yield and primary & secondary branches, indicating the significance of gene action and direct selection for genetic improvement under timely and late sowing environments (Kumari et al., 2018; Sur et al., 2023).
Table 6 shows the genetic variability parameters, including genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), environmental coefficient of variation (ECV), broad-sense heritability (h²BS), and genetic advance as percentage of mean (GAM), which were assessed for 23 traits of 30 genotypes of Indian mustard under timely and late sowing environments to evaluate extent of genetic variation and opportunity of effective selection.

4.3.1 Extent of Variability (GCV and PCV)
The extent of PCV and GCV was moderate to high under timely sowing for traits such as plant height, length of main shoot, percent survival (20 and 30 DAS), silique per plant, silique on main shoot, membrane stability index, leaf area index (30 and 60 DAS), and percent excised leaf water loss (PELWL), suggesting existence of significant genetic variability. Some traits, such as MSI (%), PS @ 30 DAS, and LAI, showed greater variability.
In a late-sowing environment, silique per plant, silique on main shoot, oil content, oil yield per plant, seed yield per plant, and MSI showed greater variability due to terminal heat stress. High GCV and PCV were observed in SPP, MSI, LAI 90 DAS, and seed yield per plant, indicating their sensitivity to heat stress and providing an opportunity to screen for stress-tolerant genotypes.
In most traits, PCV is higher than GCV under both sowing environments, as indicated in Table 6 and supported by past studies (Gupta et al., 2023; Kumari et al., 2018).
4.3.2 Heritability (Broad Sense)
Most traits showed high heritability (>60%) under both timely and late sowing environments, indicating that variation is mostly controlled by genetic factors rather than environmental factors. Length of main shoot, silique per plant, silique on main shoot, thousand-seed weight, physiological traits (PELWL, RWC, MSI), and leaf area index exhibited very high heritability values (≈99–100%) in both sowing environments, suggesting robust genetic control. Other traits, such as primary branches and biological yield per plant, showed low heritability under a late-sowing environment, indicating strong environmental influence and a lower opportunity for direct selection.


4.3.3 Genetic Advance as Percentage of Mean (GAM)
GAM stipulates assumed improvement through selection. High GAM with high heritability indicates the significance of gene action and a better opportunity for selection. Under a timely sowing environment, length of main shoot, the silique per plant, percent survival at 30 DAS, MSI, LAI (30 and 60 DAS), and PELWL, exhibit high GAM values indicating a significant opportunity for selection. MSI exhibits exceptionally high GAM, indicating the best trait for stress tolerance breeding. In a late-sowing environment, traits such as silique per plant, silique on main shoot, oil yield per plant, seed yield per plant, MSI, and LAI showed high GAM values, suggesting an opportunity for efficient selection under stress conditions.
Table 6: Genetic variability analysis of twenty-three traits of thirty genotypes of Indian mustard under timely and late sowing environments
	Trait
	Sowing Environment 
	GCV 
	PCV 
	ECV 
	hBS
	GAM 

	PH (cm)
	TS
	10.8846
	11.8096
	7.94
	84.95
	20.6662

	
	LS
	6.260
	7.410
	6.870
	71.400
	10.890

	LMS (cm)
	TS
	15.7506
	15.8707
	3.38
	98.49
	32.2008

	
	LS
	16.530
	16.550
	1.510
	99.700
	34.010

	PB (Nos.)
	TS
	2.6164
	13.9406
	24.57
	53.52
	1.0116

	
	LS
	10.130
	22.870
	35.510
	19.600
	9.250

	SB(Nos.)
	TS
	8.4526
	12.2659
	15.40
	47.49
	11.9991

	
	LS
	6.800
	11.810
	16.720
	33.100
	8.060

	SPP (Nos.)
	TS
	6.7976
	6.7983
	0.16
	99.98
	14.0018

	
	LS
	21.060
	21.060
	0.580
	99.970
	43.380

	SMS (Nos.)
	TS
	8.5942
	8.6951
	2.29
	97.69
	17.4986

	
	LS
	13.960
	14.060
	2.850
	98.600
	28.560

	PS @ 20 DAS
	TS
	16.5423
	19.4718
	17.79
	72.17
	28.9503

	
	LS
	15.650
	17.280
	12.700
	82.000
	29.190

	PS @ 30 DAS
	TS
	21.6338
	24.219
	18.86
	79.79
	39.8085

	
	LS
	13.100
	16.110
	16.220
	66.200
	21.960

	DIF (Nos.)
	TS
	8.3471
	8.4738
	2.53
	97.03
	16.938

	
	LS
	5.420
	5.630
	2.590
	92.900
	10.770

	DFF (Nos.) 
	TS
	7.3786
	7.4666
	1.98
	97.66
	15.0207

	
	LS
	4.210
	4.420
	2.320
	90.800
	8.270

	DM (Nos.)
	TS
	1.7353
	1.7629
	0.54
	96.89
	3.5188

	
	LS
	1.110
	1.230
	0.930
	81.100
	2.060

	SPS (Nos.)
	TS
	7.9172
	9.0631
	7.64
	76.31
	14.2473

	
	LS
	8.480
	9.520
	7.490
	79.400
	15.570

	OC (%)
	TS
	0.7514
	0.8412
	0.66
	79.78
	1.3826

	
	LS
	2.690
	2.700
	0.140
	99.900
	5.550

	OYP (g)
	TS
	4.7057
	4.8408
	1.97
	94.49
	9.4231

	
	LS
	8.460
	9.530
	7.580
	78.900
	15.490

	TSW (g)
	TS
	7.8295
	7.8295
	0.00
	100.00
	16.1287

	
	LS
	7.900
	7.900
	0.000
	100.000
	16.270

	BYP (g)
	TS
	7.1257
	10.969
	14.44
	42.2
	9.5358

	
	LS
	4.350
	11.550
	18.540
	14.200
	3.370

	PELWL (%)
	TS
	8.9636
	8.9647
	0.25
	99.97
	18.4627

	
	LS
	9.460
	9.460
	0.140
	99.990
	19.480

	RWC (%)
	TS
	3.7672
	3.7673
	0.05
	100.00
	7.7602

	
	LS
	3.690
	3.690
	0.040
	100.000
	7.600

	MSI (%)
	TS
	23.1282
	23.1284
	0.15
	100.00
	47.6438

	
	LS
	20.940
	20.940
	0.440
	99.990
	43.120

	LAI 30 DAS
	TS
	13.7141
	13.7147
	0.21
	99.99
	28.2499

	
	LS
	12.350
	12.350
	0.000
	100.000
	25.430

	LAI 60 DAS
	TS
	12.1665
	12.1668
	0.16
	99.99
	25.0622

	
	LS
	12.140
	12.140
	0.110
	100.000
	25.000

	LAI 90 DAS
	TS
	5.3753
	5.3753
	0.00
	100.00
	11.0732

	
	LS
	9.770
	9.770
	0.000
	100.000
	20.130

	SYP (g)
	TS
	4.2968
	7.0901
	14.36
	86.73
	5.3643

	
	LS
	9.670
	17.190
	24.620
	31.600
	11.200

	Classification Criteria:
GCV / PCV: Low: < 10%, Moderate: 10–20%, High: > 20%
Heritability (h², broad sense): Low: < 30%, Moderate: 30–60%, High: > 60%
Genetic Advance as a Percentage of Mean (GAM): Low: < 10%, Moderate: 10–20%, High: > 20%

	PH- Plant Height
LMS—Length of Main Shoot
PB—Primary Branch
SB- Secondary Branch
SPP- Silique per Plant
SMS- Silique on Main Shoot
PS@20 DAS—Percent Survival at 20 Days of Sowing
PS@30 DAS—Percent Survival at 30 Days of Sowing
DIF- Days to Initiation of Flower
DFF—Days to 50% Flowering
SS- Seed/Silique
SYP—Seed Yield/Plant
OC-Oil Content Percentage
OYP-Oil Yield/Plant
	TSW-1000-Seed Weight
BYP—Biological Yield/Plant
HI- Harvest Index
PELWL—Percent Excised Leaf Water Loss
RWC—Relative Water Content
MSI-Membrane Stability Index
TS- Timely Sowing
LS-Late Sowing








The consolidation of analysis revealed that traits such as length of main shoot, silique per plant, silique on main shoot, membrane stability index, leaf area index, oil yield per plant, and seed yield per plant keep high genetic variability, heritability, and genetic advance under a late sowing environment. These traits can be used in a selection program to develop stress-tolerant Indian mustard genotypes.

4.4 Genetic Diversity Analysis
Genetic variability analysis has been widely used to assess the magnitude of genetic divergence among Indian mustard genotypes, using techniques such as D2 statistics and cluster analysis. In cluster analysis, Indian mustard genotypes were grouped into multiple clusters in both sowing environments, indicating significant genetic diversity (Gupta et al., 2023; Kumari et al., 2018).
Cluster mean performance indicated the best performance of specific traits within and between clusters, reflecting differential trait contributions among traits (Singh et al., 2014; Tarkeshwar et al., 2022). Changes in the pattern of clusters in both sowing environments indicated the impact of temperature stress on traits and genotypes' performance (Gupta et al., 2023).
4.4.1 Cluster Mean Performance of Indian Mustard Genotypes under Timely and Late Sowing Environments
As indicated in Table 7, the cluster mean analysis was performed on 23 traits of 30 Indian mustard genotypes, grouped into 6 clusters in both sowing environments, indicating significant inter-cluster variation for morphological, phenological, yield, and physiological traits. These variations clearly indicated the genetic potential of clusters and their ability to tolerate terminal heat stress.
4.4.1.1 Morphological Traits
In a timely sowing environment, Cluster5 showed the highest mean value of length of main shoot (57 cm) and plant height (166.17 cm), Cluster6 exhibited maximum silique per plant (322.17) and silique on the main shoot (49.83), and Clusters 3 & 4 exhibited a high number of silique and primary & secondary branches. On the other hand, under late sowing, a decrease in mean values of all morphological traits was observed in all clusters; however, cluster 5 maintained relatively higher silique per plant (239.67) and secondary branches (8.00).
4.4.1.2 Survival and Phenological Traits
Under timely sowing, clusters 2 and 5 exhibited the highest percent survival at 20 & 30 DAS, respectively. Cluster 6 showed delayed flowering and maturity. In a late-sowing environment, early flowering and maturity were observed among all clusters. Cluster III exhibited relatively higher percent survival and stable flowering, indicating adaptation to stress.
4.4.1.3 Yield and Physiological Traits
The mean oil content (OC) across all clusters was relatively stable, ranging from 41.47 to 41.84 under timely sowing, suggesting minimal genotypic variation. Oil yield per plant (OYP) indicated inter-cluster differences, with Cluster 6 exhibiting the highest oil yield per plant (8.45 g), followed by Clusters 5 and 2. In late sowing, oil content and oil yield significantly decreased in all clusters; however, clusters 5 and 6 maintained higher oil content and yield, suggesting better tolerance to terminal heat stress.
Seed yield per plant shows a similar trend under timely sowing conditions. Cluster 5 (21.50 g) and Cluster 2 (20.60 G) indicated the highest seed yield. In the late-planting group, seed yield decreased across all clusters; however, cluster 6 (10.33) maintained a comparatively higher seed yield.
Clusters 2 & 5 showed higher RWC and MSI values under timely sowing, whereas in late sowing, both were decreased in all clusters. 
4.4.1.4 Leaf Area Index 
LAI at 30, 60, and 90 DAS was higher under timely sowing, whereas there was a significant decrease in the late sowing environment.
4.4.1.5 Overall Interpretation
Overall, the cluster mean analysis revealed that Clusters 5 and 6 under timely sowing performed better in growth, yield, and physiological traits, making them ideal candidates for high-yield breeding under optimal conditions. In late sowing, Clusters 5, 6, and 3 showed better performance in yield and stress-related physiological traits, indicating their potential as sources of temperature-stress tolerance.

Table 7: Cluster mean performance for twenty-three traits of thirty genotypes of Indian mustard under timely and late sowing environments
	Sowing Environment
	Cluster
	No of genotypes
	PB 
(cm)
	LMS (cm)
	PB (Nos.) 
	SB (Nos.) 
	SPP (Nos.)
	SMS (Nos.)
	PS @ 20 DAS
	PS @ 30 DAS 
	DIF (Nos.) 
	DFF (Nos.)
	DM (Nos.) 
	SPS (Nos.)

	TS
	1
	5
	117.467
	44.267
	5.933
	7.467
	268.933
	43.800
	54.889
	46.223
	41.667
	48.667
	148.133
	15.800

	LS
	1
	8
	94.67
	28.38
	4.58
	6.83
	125.00
	32.92
	48.47
	43.89
	34.67
	40.00
	134.54
	12.21

	TS
	2
	5
	119.733
	39.467
	6.667
	8.200
	276.133
	43.400
	82.221
	72.444
	40.667
	46.533
	148.867
	15.000

	LS
	2
	7
	94.43
	30.81
	3.52
	7.24
	136.05
	32.76
	59.52
	51.43
	35.90
	40.57
	134.71
	12.33

	TS
	3
	9
	117.111
	42.926
	5.667
	7.926
	311.556
	49.704
	67.777
	58.519
	43.593
	50.519
	149.333
	13.741

	LS
	3
	2
	100.83
	31.50
	5.17
	7.50
	95.50
	20.17
	70.56
	63.89
	35.00
	40.67
	134.83
	12.50

	TS
	4
	7
	129.143
	47.619
	6.238
	7.619
	299.000
	47.143
	77.619
	66.190
	39.524
	45.857
	149.381
	13.190

	LS
	4
	8
	96.50
	31.04
	4.21
	7.04
	161.54
	34.63
	60.56
	53.89
	35.46
	40.96
	135.67
	12.17

	TS
	5
	2
	166.167
	57.000
	5.833
	7.833
	309.500
	48.333
	77.223
	71.665
	40.000
	48.000
	149.500
	13.500

	LS
	5
	4
	104.00
	37.25
	3.50
	7.67
	185.50
	37.75
	58.33
	50.28
	34.92
	39.67
	133.42
	12.67

	TS
	6
	2
	115.000
	42.500
	6.500
	6.500
	322.167
	49.833
	45.555
	24.998
	47.333
	54.333
	149.000
	14.667

	LS
	6
	1
	101.33
	30.00
	4.00
	8.00
	239.67
	38.00
	51.11
	44.44
	33.67
	39.67
	134.67
	10.67



Table? Continued ….
	Sowing Environment
	Cluster
	No of genotypes
	OC
(%)
	OYP (g)
	TSW (g)
	BYP (g)
	PELWL (%)
	RWC (%)
	MSI
(%)
	LAI 30 DAS
	LAI 60 DAS
	LAI 90 DAS 
	SYP (g)

	TS
	1
	5
	41.593
	7.719
	4.207
	56.340
	20.053
	90.083
	16.000
	0.774
	3.139
	4.466
	19.000

	LS
	1
	8
	38.61
	3.28
	3.94
	36.39
	22.15
	89.74
	10.53
	0.57
	2.81
	3.28
	9.83

	TS
	2
	5
	41.840
	8.183
	4.267
	60.773
	18.947
	91.813
	18.707
	0.862
	3.643
	4.670
	20.600

	LS
	2
	7
	37.75
	3.30
	3.90
	35.91
	22.24
	87.63
	10.79
	0.50
	2.57
	3.09
	9.48

	TS
	3
	9
	41.563
	8.127
	4.044
	57.748
	19.178
	89.435
	14.726
	0.836
	3.475
	4.684
	20.185

	LS
	3
	2
	39.75
	2.98
	4.32
	30.38
	19.18
	90.47
	15.32
	0.54
	2.86
	3.25
	7.33

	TS
	4
	7
	41.662
	8.128
	4.124
	55.271
	20.086
	89.410
	15.924
	0.907
	3.889
	4.680
	20.095

	LS
	4
	8
	37.99
	3.42
	3.65
	36.14
	21.34
	88.33
	10.06
	0.53
	2.72
	3.06
	9.42

	TS
	5
	2
	41.633
	8.350
	4.617
	54.817
	17.983
	90.667
	10.333
	0.965
	3.890
	4.990
	21.500

	LS
	5
	4
	37.88
	3.57
	3.69
	37.91
	22.81
	90.87
	10.28
	0.56
	2.89
	3.47
	11.08

	TS
	6
	2
	41.467
	8.453
	3.817
	55.083
	20.683
	84.725
	15.050
	0.835
	3.387
	4.730
	20.000

	LS
	6
	1
	37.33
	3.63
	3.87
	37.73
	23.00
	87.60
	10.63
	0.47
	1.99
	2.80
	10.33

	PH- Plant Height
LMS—Length of Main Shoot
PB—Primary Branch
SB- Secondary Branch
SPP- Silique per Plant
SMS- Silique on Main Shoot
PS@20 DAS—Percent Survival at 20 Days of Sowing
PS@30 DAS—Percent Survival at 30 Days of Sowing
DIF- Days to Initiation of Flower
DFF—Days to 50% Flowering
SS- Seed/Silique
SYP—Seed Yield/Plant
OC-Oil Content Percentage
OYP-Oil Yield/Plant
	TSW-1000-Seed Weight
BYP—Biological Yield/Plant
HI- Harvest Index
PELWL—Percent Excised Leaf Water Loss
RWC—Relative Water Content
MSI-Membrane Stability Index
TS- Timely Sowing
LS-Late Sowing








4.4.2 Intra- and Inter-Cluster Distances 
Assessment of intra-cluster distance showed lower values, suggesting genetic similarity among genotypes within the same cluster, whereas inter-cluster distances were higher, indicating significant genetic divergence among clusters (Singh et al., 2018; Choudhary et al., 2004). The highest inter-cluster distance between cluster pairs indicated that genotypes belonging to the divergent cluster could breed advanced recombinants through hybridization (Kumari et al., 2018; Sur et al., 2023).
4.4.2.1 Intra-Cluster Distances (Genetic Homogeneity within Clusters)
In a timely sowing environment, intra-cluster distances ranged from 16.76 (Cluster 1) to 32.36 (Cluster 6), indicating that Cluster 2 had the highest intra-cluster uniformity, while Cluster 6 was relatively heterogeneous. Ranges of intra-cluster distance exhibit moderate genetic variability within a cluster.
Intra-cluster distances were low, ranging from 0 (Cluster 1) to 22.54 (Cluster 6) under a late sowing environment. A zero intra-cluster distance indicates the presence of a single genotype or a very similar genotype within a cluster. Overall, decreased intra-cluster distance in a late-sowing environment restricted genetic variability within the cluster.
Late sowing conditions led to greater genetic uniformity within clusters, whereas timely sowing allowed broader expression of genotypic variability within the same cluster.
4.4.2.2 Inter-Cluster Distances (Genetic Divergence among Clusters)
Inter-cluster distance ranged from 23.11 (Cluster 3 × Cluster 4) to 79.61 (Cluster 5 × Cluster 6) under a timely sowing environment. Cluster 5 and Cluster 6 showed maximum divergence, suggesting these clusters are genetically different and could be valuable parents in a breeding program to generate greater variability through hybridization.
Under a late sowing environment, the inter-cluster distance increased significantly, ranging from 17.77 (Cluster 1 × Cluster 2) to a very high 148.27 (Cluster 3 × Cluster 6). The highest divergence was observed between Cluster 1 × Cluster 6 (115.08) and Cluster 2 × Cluster 6 (104.63). This significant increase in inter-cluster distance highlights the impact. of heat stress.
Table 8: Intra- and Inter-Cluster Distances under Timely Sowing Environments
	 
	Cluster1
	Cluster2
	Cluster3
	Cluster4
	Cluster5
	Cluster6

	Cluster1
	22.45
	
	
	
	
	

	Cluster2
	39.46
	16.76
	
	
	
	

	Cluster3
	46.80
	42.12
	26.87
	
	
	

	Cluster4
	44.75
	28.35
	23.11
	24.92
	
	

	Cluster5
	73.51
	61.17
	54.09
	40.57
	29.65
	

	Cluster6
	59.31
	77.43
	42.41
	60.46
	79.61
	32.36



Table 9: Intra- and Inter-Cluster Distances under Late Sowing Environments
	 
	Cluster1
	Cluster2
	Cluster3
	Cluster4
	Cluster5
	Cluster6

	Cluster1
	0
	
	
	
	
	

	Cluster2
	17.77
	12.56
	
	
	
	

	Cluster3
	45.23
	46.93
	16.76
	
	
	

	Cluster4
	40.02
	25.86
	69.78
	11.87
	
	

	Cluster5
	63.23
	51.26
	94.37
	26.82
	18.23
	

	Cluster6
	115.08
	104.63
	148.27
	79.59
	55.68
	22.54



4.4.3 Cluster Composition and Identification of Representative Genotypes under Timely and Late Sowing Environments
The cluster composition of Indian mustard genotypes (Table 10) indicates a total of 6 clusters with diverse compositions of genotypes under both sowing environments. Under timely sowing, Cluster 1 contains five genotypes; under late sowing, the same cluster contains eight genotypes, indicating greater similarity among these genotypes under stress conditions. On the other hand, Cluster 3, which contained the maximum number of genotypes under timely sowing, was decreased to only two genotypes (Kranti and Varuna) under late sowing. Cluster 6 contains very few genotypes in both sowing environments, with only one genotype in late sowing. This variability in cluster membership suggests the presence of genotype × environment interaction, a crucial consideration for selection in breeding programs targeting stress tolerance.
Table 10: Cluster Composition of Indian Mustard Genotypes under Timely and Late Sowing Environments
	Cluster N. 
	Genotypes (Timely Sowing)
	Genotypes (Late Sowing)

	Cluster1
	Arawali, CS-60, Pusa Bahar, RGN-48, Krishna
	Arawali, Vardan, Shivalik, RH-119, RB-50, RGN-48, RH-406, RH-1230

	Cluster2
	BR-40, RH-406, Kranti, Kanti, Varuna
	BR-40, Pusa Bold, Patan Mustard, PM-29, RCC-4, Gujrat Mustard-2, Krishna

	Cluster3
	CS-54, JD-6, PM-30, RH-1230, Geeta, Pusa Vijay, Patan Mustard, PM-24, Vardan
	Kranti, Varuna

	Cluster4
	Maya, PM-29, PM-22, Pusa Bold, Pusa Mahak, RH-119, RCC-4
	CS-54, PM-24, JD-6, Pusa Mahak, Maya, Pusa Vijay, PM-30, Pusa Bahar

	Cluster5
	RGN-73, RB-50
	CS-60, PM-22, RGN-73, Kanti

	Cluster6
	Shivalik, Gujrat Mustard
	Geeta



The identification of the most and least representative genotypes within each cluster (Table 11) provided new insights into cluster structure and internal homogeneity. Under timely sowing, genotypes such as RGN-48 (Cluster 1), Kranti (Cluster 2), PM-30 (Cluster 3), Pusa Bold (Cluster 4), RGN-73 (Cluster 5), and Gujrat Mustard-2 (Cluster 6) were identified as the most representative genotypes.
Under late sowing, genotypes such as RH-1230, BR-40, Kranti, Maya, PM-22, and Geeta were identified as the cluster's most representative genotypes. The presence of Geeta as the sole genotype in Cluster 6 under late sowing indicates pronounced divergence and a unique response to stress, underscoring its potential importance for stress-specific breeding strategies.
[image: ]
Fig. 3: Dendrogram showing genetic diversity among Indian mustard (Brassica juncea L.) genotypes under a timely sowing environment, constructed using Mahalanobis’ D² statistics and Ward’s minimum variance clustering method. The scale represents radial linkage distance, where higher values indicate greater genetic divergence among genotypes. Coloured branches indicate distinct genetic clusters identified by multivariate analysis of quantitative, physiological, and yield-related traits. 
[image: ]
Fig. 4: Dendrogram showing genetic diversity among Indian mustard (Brassica juncea L.) genotypes under a late sowing environment, constructed using Mahalanobis’ D² statistics and Ward’s minimum variance clustering method. The scale represents radial linkage distance, where higher values indicate greater genetic divergence among genotypes. Coloured branches indicate distinct genetic clusters identified by multivariate analysis of quantitative, physiological, and yield-related traits.

[bookmark: _GoBack]Table 11: Most and Least Representative Genotypes under Timely and Late Sowing Environments
	Cluster N.
	Genotypes (Timely Sowing) 
	Genotypes (Late Sowing)

	
	Most Representative
	Least
Representative
	Most Representative
	Least Representative

	Cluster1
	RGN-48
	Krishna
	RH-1230
	Shivalik

	Cluster2
	Kranti
	Varuna
	BR-40
	Pushabold

	Cluster3
	PM-30
	CS-54
	Kranti
	Varuna

	Cluster4
	Pushabold
	RCC-4
	Maya
	Pusa Bahar

	Cluster5
	RGN-73
	RB-50
	PM-22
	Kanti

	Cluster6
	Gujrat Mustard-2
	Shivalik
	Geeta (01 Genotype Only)



5.0 CONCLUSION
The present study systematically assessed genetic variability, genetic divergence, and oil yield of thirty Indian mustard (Brassica juncea L.) genotypes under timely and late sowing environments in Doon Valley, Uttarakhand, India, with specific emphasis on the influence of terminal heat stress on oil yield and related traits.
Indian mustard genotypes exposed to maximum temperatures exceeding 34–41 °C experienced terminal heat stress during the flower, seed-filling, and physiological maturity stages under late-sowing conditions. Heat stress significantly reduced oil yield per plant, seed yield and physiological stability among genotypes. Approximately, oil yield per plant decreased by 59%, whereas oil content decreased by 8% under a late-sowing environment, suggesting that oil yield is highly sensitive to heat stress, particularly during reproductive stages. Increased CV for oil content and oil yield under late sowing further indicated greater genotypic variation in this environment, suggesting its importance for effective selection.
The heat susceptibility index emerged as a strong indicator of genotypic tolerance, showing huge variability among genotypes. CS-60, Arawali, and CS-54 showed low HSI values. and lower reductions in oil yield, suggesting high tolerance to terminal heat stress. On the other hand, Kranti, Kanti, and Varuna showed high HSI values, suggesting greater susceptibility to terminal heat stress.
Analysis of variance indicated highly significant genotypic effects for most of the traits under both sowing environments. However, treatment effects were more significant under a late sowing environment, suggesting that heat stress increases genetic variance among genotypes. Traits such as silique per plant, silique on main shoot, oil content, oil yield per plant, physiological traits (PELWL, RWC, MSI), and leaf area index showed robust genetic control even under stress, indicating their importance in the selection program. Seed yield per plant exhibits non-significant genotypic variation under timely sowing but significant under late sowing, suggesting its genetic potential.
Genetic variability analysis indicated PCV was generally higher than GCV for most of the traits, suggesting environmental influences under terminal heat stress. Some traits, such as silique per plant, silique on main shoot, oil yield per plant, seed yield per plant, membrane stability index, and leaf area index, showed moderate to high GCV, broad-sense heritability, and high genetic advance under late sowing. This combination indicates the significance of gene action and a better opportunity for direct selection for heat tolerance and productivity improvement. 

Genetic diversity analysis using Mahalanobis D2 statistics grouped genotypes into six clusters under both timely and late sowing environments, indicating wide genetic divergence. The changing of genotypes among clusters between timely and late sowing, suggesting robust genotype & environment interaction. Decreased intra-cluster distances and significantly increased inter-cluster distances under late sowing indicated that heat stress restricted variability within clusters and increased divergence between clusters. Clusters 3 and 6 exhibit the highest inter-cluster distance under the late sowing environment, suggesting highly diverse parents, suitable for a breeding program through hybridization. 
Cluster composition analysis indicated that genotypes such as CS-60, PM-22, RGN-73, Arawali, CS-54, and Geeta constantly occupied divergent cluster positions under both environments. The identification of Geeta as the sole genotype in Cluster 6 under late sowing highlights its unique stress response and potential as a parent for heat-tolerance breeding.
Overall, the study conclusively demonstrated that terminal heat stress due to delayed sowing severely constrains oil yield and productivity of Indian mustard; however, substantial genetic variability and divergence exist that can be strategically exploited. Traits such as silique per plant, oil yield per plant, seed yield per plant, membrane stability index, and leaf area index emerged as key selection criteria under heat stress. Genotypes CS-60, Arawali, CS-54, PM-22, RGN-73, and Geeta were identified as promising donors for developing high-yielding, oil-rich, and terminal heat–tolerant mustard cultivars.
The findings of this study provide a strong scientific basis for a targeted breeding program to improve heat resilience and oil productivity of Indian mustard under changing climatic conditions, particularly in regions prone to terminal heat stress, such as the Doon Valley.
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Dendrogram of Indian mustard (Brassica juncea L.) under a timely sowing
environment
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Dendrogram of Indian mustard (Brassica juncea L.) under a late sowing
environment
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Growth Stage-wise Temperature Variation in Timely and Late Sown Indian Mustard
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