Multivariate analysis of genetic variability and trait association in Indian mustard (Brassica juncea L.)



ABSTRACT
Sixty Indian mustard [Brassica juncea (L.) Czern & Coss.] genotypes along with two standard checks (RH 725 and RH 749) were evaluated in an augmented design at the research farm of CCS Haryana Agricultural University, Hisar, during Rabi 2023–24 to decipher selection indices for yield improvement through correlation and path analysis. Significant genetic variability was observed for nearly all 19 morpho-physiological and yield-attributing traits. High phenotypic and genotypic coefficients of variation coupled with high heritability and genetic advance as percentage of mean were recorded for seed yield per plant, number of secondary branches per plant, leaf area index, photosynthetic rate, stomatal conductance and carotenoid content. Seed yield per plant was significantly and positively correlated with siliqua length, number of seeds per siliqua, number of siliquae on main shoot, number of primary and secondary branches per plant, plant height, main shoot length, 1000-seed weight, stomatal conductance and total chlorophyll content. Path analysis identified siliqua length (0.338) as exhibiting the greatest direct positive effect on seed yield, followed by number of seeds per siliqua (0.215), plant height (0.142), number of siliquae on main shoot (0.124), 1000-seed weight (0.123) and stomatal conductance (0.119). Cluster analysis grouped genotypes into four distinct clusters with maximum inter-cluster distance between Clusters I and II (7.57), indicating their suitability as parents for hybridization. Genotypes Pusa Krishma, M 35, JD 6 and TM-106 were identified as promising for multiple desirable traits.
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INTRODUCTION
Indian mustard [Brassica juncea (L.) Czern & Coss.] is one of the most economically important oilseed crops in India, ranking first in oilseed production and contributing 33.24% to total national oilseed output. It covers 9.30 million hectares with a production of 11.9 million metric tonnes, with key producing states being Rajasthan, Haryana, Uttar Pradesh and Madhya Pradesh, which together contribute over 80% of acreage and 90% of production (USDA). India contributes 28.3% to world acreage and 19.8% to global production of rapeseed-mustard, ranking fourth globally in acreage after Canada, China and the European Union (USDA). Among all Brassica species, Indian mustard is highly preferred due to its better yield and stronger resistance to saline soil conditions, lodging, shattering, drought and related diseases (Gadi et al., 2020).
The demand for mustard oil has surged dramatically in recent years due to India's rapidly growing population and evolving consumer preferences (Kumari and Kumari, 2018). Meeting this increasing demand necessitates revolutionizing mustard oil production through genetic and genomic interventions to develop high-yielding cultivars (Thakur et al., 2020). The primary aim of any crop improvement program is to enhance yield potential, which requires analyzing the genetic factors affecting seed yield, including genetic variability, heritability, genetic advance and the relationships among yield-contributing traits (Yadava et al., 2011).
Seed yield is a complex polygenic trait influenced by numerous component characteristics. Understanding the extent of genetic variability within germplasm is fundamental to any breeding program since selection efficiency depends on the degree and nature of genetic variation. Genotypic and phenotypic coefficients of variation (GCV and PCV) quantify variation, while heritability in broad sense estimates the heritable fraction of phenotypic variance. Johnson et al. (1955) emphasized that high heritability combined with high genetic advance typically indicates additive gene action, facilitating effective selection. However, heritability estimates alone are insufficient; they should be evaluated alongside genetic advance to understand gene action for polygenic traits (Sikarwar et al., 2017).
Since yield is determined by multiple interrelated morpho-physiological traits, correlation analysis identifies trait associations while path coefficient analysis, developed by Wright (1921) and illustrated by Dewey and Lu (1959), partitions correlations into direct and indirect effects, thereby identifying which traits exert the greatest influence on seed yield. Complementarily, genetic divergence analysis through clustering methods helps identify genetically diverse parents for hybridization programs (Mahalanobis, 1936). Evaluating genetic diversity in B. juncea can help breeders understand germplasm structure and predict which parent combinations would produce superior offspring (Hu et al., 2014).
In view of the foregoing, the present study was designed to assess genetic variability parameters, correlation coefficients, path analysis and genetic divergence in 62 Indian mustard genotypes with the specific objectives of: (i) determining genetic variability, correlation and path coefficients among yield-attributing traits, and (ii) assessing genetic diversity in Indian mustard germplasm to identify superior genotypes for further breeding programs.
MATERIALS AND METHODS
Experimental Site and Material
The experiment was conducted at the research farm of the Oilseeds Section, Department of Genetics and Plant Breeding, CCS Haryana Agricultural University (CCSHAU), Hisar, during Rabi season 2023–24. The experimental farm is located in the sub-tropical North Western Plains Zone (NWPZ) of India at an elevation of 215.2 m above mean sea level (latitude: 29.09°N, longitude: 75.43°E). Experimental material comprised 60 genotypes of Indian mustard procured from diverse sources including IARI New Delhi, DRMR Bharatpur, CCS HAU Hisar, PAU Ludhiana, CSSRI Karnal, GBPUAT Pantnagar, BARC Mumbai, and Australia, along with two standard checks, RH 725 and RH 749 (both from CCS HAU, Hisar).
Experimental Design and Cultural Practices
The experiment was laid out in an augmented design (Federer, 1956) with the crop sown on October 10, 2023. Each genotype constituted one treatment and was grown in a 5-meter-long two-row plot with a row-to-row spacing of 30 cm. Border rows were planted to minimize edge effects. All recommended cultural practices for a successful mustard crop were followed throughout the growing season.
Data Recording
Data were recorded on five randomly selected competitive plants per genotype for 19 morphological, physiological and yield-attributing traits. Days to 50% flowering and days to maturity were recorded on a plot basis. Morphological traits included: days to 50% flowering (DF), Days to maturity (DM), Plant height (PH) in cm, Number of primary branches per plant (NPB), Number of secondary branches per plant (NSB), Main shoot length (MSL in cm), siliqua length (SL in cm), Number of seeds per siliqua (NSS), Number of siliqua on main shoot (SMS), 1000-seed weight (TSW in gram), oil content (OC, %) and seed yield per plant (SYP in gram).
Physiological traits included canopy temperature (CT, °C) measured at 40 days after sowing using an infrared thermometer between 12:00–14:00 h; photosynthetic rate (A, µmol m⁻² s⁻¹) and stomatal conductance (Gs, mmol m⁻² s⁻¹) and transpiration rate (E, mmol m⁻² s⁻¹) measured using an infrared gas analyzer (CID 301, USA) between 12:00–14:00 h; leaf area index (LAI) using a portable leaf area meter; and total chlorophyll content (Chl, µmol m⁻²) and carotenoid content (Caro, µmol m⁻²) using the DMSO pigment extraction method on 100 mg fresh leaf samples collected 20 days before maturity, with absorbance read spectrophotometrically using Wellburn's (1994) equations. Oil content was determined by the Soxhlet extraction method using petroleum ether.
Statistical Analyses
Data were analyzed using OPSTAT and R software. The augmented design analysis was performed following Federer (1956) to obtain adjusted trait values. Genotypic (σ²g) and phenotypic (σ²p) variances were estimated from the mean squares of ANOVA. Phenotypic (PCV) and genotypic coefficients of variation (GCV) were calculated using the formula of Burton and Devane (1953) and classified as low (<10%), moderate (10–20%) or high (>20%) per Sivasubramanian and Madhavamenon (1973). Heritability in broad sense [h²(bs)] was calculated as the ratio of genotypic to phenotypic variance expressed as percentage, and genetic advance (GA) as a percentage of the mean was estimated using the formula of Johnson et al. (1955) at 5% selection intensity (k = 2.06). Phenotypic and genotypic correlation coefficients were computed using variance and covariance components following Al-Jibouri et al. (1958). Path coefficient analysis was performed using genotypic correlation values following Wright (1921) and Dewey and Lu (1959), treating seed yield per plant as the dependent variable. Genetic divergence was assessed using hierarchical cluster analysis with Ward's minimum variance method (Großwendt et al., 2019) based on Euclidean distances among genotypes for all 19 traits.
RESULTS AND DISCUSSION
Analysis of Variance
The analysis of variance (ANOVA) revealed significant mean squares due to genotypes for all 19 traits studied, except transpiration rate (Table 1). Significance was observed for days to 50% flowering, days to maturity, plant height, number of primary and secondary branches per plant, main shoot length, siliqua length, number of seeds per siliqua, number of siliquae on main shoot, 1000-seed weight, oil content, leaf area index, photosynthetic rate, stomatal conductance, canopy temperature, total chlorophyll content, carotenoid content and seed yield per plant.
The significant genotypic variation across 18 of 19 traits indicates a wide spectrum of genetic diversity in the experimental material, affirming its suitability for selection-based breeding. The non-significance of transpiration rate alone suggests greater environmental influence on this trait relative to genetic control. Significant variation for phenological and morphological traits — including days to flowering, maturity, branching pattern, siliqua characters and seed yield — is well corroborated by recent studies in Brassica juncea (Tiwari et al., 2025; Gupta et al., 2025; Choudhary et al., 2025). Notably, Gupta et al. (2025) reported that high heritability coupled with high genetic advance for yield-related traits points to predominant additive gene action, favouring direct selection. Significant variation in physiological traits — photosynthetic rate, stomatal conductance, chlorophyll and carotenoid content — is of particular breeding relevance, as these traits are directly linked to biomass accumulation and yield. Hafeez et al. (2025) demonstrated strong positive associations among leaf area, stomatal conductance, chlorophyll content and seed yield in B. juncea genotypes, while Padra et al. (2024) confirmed high heritability for chlorophyll-related traits under stress conditions. Significant genotypic variation in oil content is consistent with Basak et al. (2024), who reported significant ANOVA for oil and quality traits among advanced mustard lines. Taken together, these findings confirm substantial heritable variation among the genotypes studied, providing a strong foundation for further quantitative genetic analysis and trait-targeted improvement in Indian mustard.
Table 1. Analysis of variance (ANOVA) for morphological, physiological and yield attributing traits among 62 genotypes of Indian mustard
	S. No.
	Traits
	Blocks (ignoring treatments)
	Treatments (ignoring blocks)
	Checks
	Checks+Var vs Var
	Error

	df
	
	3
	61
	1
	60
	3

	1
	DF
	2.47
	4.99*
	0.12
	5.07*
	0.46

	2
	DM
	1.54
	3.17*
	2.00
	3.19*
	0.33

	3
	PH
	0.83
	200.45**
	10.12
	203.62**
	6.75

	4
	NPB
	0.71
	1.83*
	0.50
	1.86*
	0.17

	5
	NSB
	0.80
	17.43**
	0.00
	17.72**
	0.56

	6
	MSL
	13.27
	45.35*
	42.01
	45.41*
	4.46

	7
	SL
	0.04
	0.98*
	0.29
	0.99*
	0.09

	8
	NSS
	0.46
	3.15*
	0.29
	3.20*
	0.12

	9
	SMS
	13.94
	72.71**
	0.42
	73.92**
	2.49

	10
	TSW
	0.32
	1.10**
	0.21
	1.11**
	0.04

	11
	OC
	0.62
	7.19**
	2.00
	7.28**
	0.25

	12
	LAI
	0.00
	0.01*
	0.00
	0.01*
	0.01

	13
	A
	0.35
	2.01*
	0.21
	2.04*
	0.18

	14
	Gs
	0.00
	0.02*
	0.00
	0.02*
	0.02

	15
	CT
	0.12
	0.44*
	0.00
	0.45*
	0.04

	16
	E
	0.23
	1.53 (NS)
	1.37
	1.53 (NS)
	0.18

	17
	Chl
	0.13
	0.16*
	0.00
	0.16*
	0.02

	18
	Caro
	0.01
	0.03*
	0.00
	0.03*
	0.00

	19
	SYP
	4.57
	26.77*
	0.35
	27.21*
	1.06


*, ** Significant at 5% and 1% level of significance, respectively; NS: Non-significant. DF: Days to 50% flowering, DM: Days to maturity, PH: Plant height (cm), NPB: Number of primary branches per plant, NSB: Number of secondary branches per plant, MSL: Main shoot length (cm), SL: Silique length (cm), NSS: Number of seeds per siliquae, SMS: Number of siliquae on the main shoot, TSW: 1000-seed weight (g), OC: Oil content (%), LAI: Leaf area index, A: Photosynthetic rate (μmolm2/sec), Gs: Stomatal conductance (mmol m2/s), E: Transpiration rate (mmol/m2/sec), Chl: Total chlorophyll content (µmol/m2), Caro: Carotenoid content (µmol/m2), CT: Canopy temperature (°C) and SYP: Seed yield per plant (g)
Genetic Variability Parameters
Mean performance and variability estimates for all 19 traits are presented in Table 2. Days to 50% flowering ranged from 42 (NRCDR 2) to 50 days (EC 61-67-1) with an overall mean of 46.62±0.27 days. Days to maturity ranged from 139 (Giriraj) to 147 days (H 8) with a mean of 143.88±0.26 days. Plant height varied from 177.38 cm (DRMR B 9) to 230.04 cm (NPJ 113) with a mean of 203.05±1.76 cm. Number of primary branches per plant ranged from 2.58 (Giriraj, SVJ 64) to 10.42 (M 35) with a mean of 5.93±0.21, while secondary branches ranged from 5.67 (H 8) to 23.83 (EC 76614 B) with a mean of 12.86±0.55. Siliqua length ranged from 2.44 to 6.84 cm with a mean of 4.96±0.14 cm; genotype RH 8701 had the minimum and TM-106 had the maximum siliqua length. Number of seeds per siliqua ranged from 11.59 (BJ-YM) to 19.19 (M 35) with a mean of 15.95±0.23. Seed yield per plant ranged from 6.95 g (EC 61-67-1) to 29.79 g (Pusa Krishma) with an overall mean of 17.06±0.66 g.
PCV estimates were slightly higher than GCV for all traits, indicating minimal environmental influence on trait expression (Table 2). High PCV and GCV (>20%) were recorded for transpiration rate (45.34%, 42.65%), photosynthetic rate (40.13%, 38.28%), leaf area index (33.73%, 32.65%), number of secondary branches per plant (32.46%, 31.94%), seed yield per plant (30.89%, 30.29%), stomatal conductance (26.49%, 25.01%), carotenoid content (23.42%, 22.32%), number of primary branches per plant (22.25%, 21.16%) and total chlorophyll content (21.54%, 20.35%). Moderate PCV and GCV (10–20%) were recorded for 1000-seed weight (19.73%, 19.36%), siliqua length (19.29%, 18.34%), number of siliquae on main shoot (16.03%, 15.76%) and number of seeds per siliqua (11.32%, 11.11%). Low PCV and GCV (<10%) were found for main shoot length, plant height, oil content, days to 50% flowering, canopy temperature and days to maturity.
The marginal difference between PCV and GCV across all traits indicates that phenotypic expression was largely governed by genotypic factors with limited environmental interference, a pattern consistently reported in Indian mustard (Gupta et al., 2025; Choudhary et al., 2025). High PCV and GCV for branching traits, seed yield per plant and physiological parameters such as photosynthetic rate, stomatal conductance and chlorophyll-related traits reflect considerable exploitable variability, corroborating the findings of Evangelin et al. (2023) and Pradhan et al. (2021), who similarly reported high coefficients of variation for secondary branches, siliquae per plant and seed yield. Low variability coefficients for phenological traits such as days to flowering and maturity suggest that these characters are relatively stable and less amenable to selection under normal conditions.
All traits exhibited high broad-sense heritability (>80%), ranging from 88.45% for transpiration rate to 96.81% for number of secondary branches per plant. Traits including number of secondary branches per plant (96.81%), number of siliquae on main shoot (96.65%), plant height (96.44%), oil content (96.44%), seed yield per plant (96.19%), 1000-seed weight (96.28%), number of seeds per siliqua (96.26%) and leaf area index (93.67%) recorded the highest values, indicating that genotypic variance constituted a major proportion of total phenotypic variance. Such uniformly high heritability estimates across morpho-physiological traits are in agreement with Meena et al. (2023) and Kumar et al. (2024), who reported high heritability for branching, siliqua and yield traits in Brassica juncea, and with Singh et al. (2025), who similarly observed high heritability for seed yield and its component traits in F₁ hybrids of Indian mustard.
High heritability in conjunction with high genetic advance as percentage of mean was observed for number of secondary branches per plant (96.81%, 64.83%), leaf area index (93.67%, 65.18%), photosynthetic rate (91.01%, 75.34%), transpiration rate (88.45%, 82.74%), stomatal conductance (89.11%, 48.70%), carotenoid content (90.89%, 43.91%), number of primary branches per plant (90.44%, 41.51%), 1000-seed weight (96.28%, 39.20%), total chlorophyll content (89.33%, 39.69%), siliqua length (90.39%, 35.97%), number of siliquae on main shoot (96.65%, 31.96%), seed yield per plant (96.19%, 61.29%) and number of seeds per siliqua (96.26%, 22.48%). This combination is a reliable indicator of the predominance of additive gene action, implying that direct phenotypic selection for these traits would be effective in improving seed yield. These findings align with Gupta et al. (2025), Pradhan et al. (2021) and Evangelin et al. (2023), who similarly attributed high heritability–genetic advance combinations in yield-related traits to additive genetic effects. In contrast, high heritability coupled with low genetic advance was observed for days to 50% flowering (88.87%, 7.98%), days to maturity (89.05%, 2.23%) and canopy temperature (90.43%, 6.12%), suggesting the predominance of non-additive gene action and limited scope for improvement through direct selection for these traits. Moderate genetic advance was recorded for plant height (13.50%), main shoot length (15.12%) and oil content (13.34%), indicating partial additive control with scope for incremental gains through selection.

Table 2. Estimates of range, PCV (%), GCV (%), heritability (broad sense) and genetic advance (% of mean) for morphological, physiological and yield attributing traits in Indian mustard genotypes
	Traits
	Grand Mean ± SE
	Min
	Max
	PCV (%)
	GCV (%)
	h² (bs) (%)
	GA (% of mean)

	Days to 50% flowering
	46.62±0.27
	42
	50
	4.35
	4.10
	88.87
	7.98

	Days to maturity
	143.88±0.26
	139
	147
	1.21
	1.14
	89.05
	2.23

	Plant height (cm)
	203.05±1.76
	177.38
	230.04
	6.78
	6.66
	96.44
	13.50

	No. of primary branches/plant
	5.93±0.21
	2.58
	10.42
	22.25
	21.16
	90.44
	41.51

	No. of secondary branches/plant
	12.86±0.55
	5.67
	23.83
	32.46
	31.94
	96.81
	64.83

	Main shoot length (cm)
	81.36±0.87
	65.04
	93.71
	8.15
	7.73
	89.87
	15.12

	Siliqua length (cm)
	4.96±0.14
	2.44
	6.84
	19.29
	18.34
	90.39
	35.97

	No. of seeds per siliqua
	15.95±0.23
	11.59
	19.19
	11.32
	11.11
	96.26
	22.48

	No. of siliquae on main shoot
	53.88±1.12
	31.90
	71.06
	16.03
	15.76
	96.65
	31.96

	1000-seed weight (g)
	5.34±0.13
	3.31
	6.91
	19.73
	19.36
	96.28
	39.20

	Oil content (%)
	39.52±0.35
	32.92
	45.81
	6.70
	6.58
	96.44
	13.34

	Leaf area index
	0.12±0.01
	0.04
	0.22
	33.73
	32.65
	93.67
	65.18

	Photosynthetic rate (µmol m⁻² s⁻¹)
	3.49±0.18
	0.81
	6.27
	40.13
	38.28
	91.01
	75.34

	Stomatal conductance (mmol m⁻² s⁻¹)
	0.16±0.01
	0.09
	0.27
	26.49
	25.01
	89.11
	48.70

	Canopy temperature (°C)
	20.35±0.09
	18.95
	22.10
	3.28
	3.12
	90.43
	6.12

	Transpiration rate (mmol m⁻² s⁻¹)
	2.75±0.16
	0.18
	5.14
	45.34
	42.65
	88.45
	82.74

	Total chlorophyll content (µmol m⁻²)
	1.92±0.05
	0.92
	2.83
	21.54
	20.35
	89.33
	39.69

	Carotenoid content (µmol m⁻²)
	0.69±0.02
	0.39
	1.72
	23.42
	22.32
	90.89
	43.91

	Seed yield per plant (g)
	17.06±0.66
	6.95
	29.79
	30.89
	30.29
	96.19
	61.29


GCV: Genotypic coefficient of variation; PCV: Phenotypic coefficient of variation; h²(bs): Heritability in broad sense; GA (% of mean): Genetic advance as percentage of mean
Correlation Coefficient Analysis
Genotypic Correlation
At the genotypic level, seed yield per plant showed significant positive correlations with plant height (0.423), number of primary branches per plant (0.519), number of secondary branches per plant (0.633), main shoot length (0.567), number of siliquae on main shoot (0.569), siliqua length (0.707), number of seeds per siliqua (0.679), 1000-seed weight (0.437), photosynthetic rate (0.339), stomatal conductance (0.568), total chlorophyll content (0.525), carotenoid content (0.438), oil content (0.291) and leaf area index (0.390).Siliqua length showed the highest positive correlation with seed yield per plant (0.707), indicating its paramount importance as a yield determinant. Days to 50% flowering (−0.121) and canopy temperature (−0.204) showed negative correlations, while transpiration rate had a significant negative correlation (−0.391) with seed yield per plant (Table 3 a).
Strong inter-trait positive correlations were observed among yield components. Number of secondary branches per plant showed significant positive correlations with main shoot length (0.381), siliqua length (0.405), number of seeds per siliqua (0.497), number of siliquae on main shoot (0.386), 1000-seed weight (0.325), photosynthetic rate (0.414) and stomatal conductance (0.522). Siliqua length was positively correlated with number of seeds per siliqua (0.327), 1000-seed weight (0.260), oil content (0.306) and total chlorophyll content (0.411). Total chlorophyll content showed significant negative correlations with days to 50% flowering (−0.284) and transpiration rate (−0.370), indicating that genotypes with lower transpiration losses maintain higher photosynthetic pigments (Table 3 a). The strong positive genotypic correlations of seed yield per plant with siliqua length, branching traits, siliquae on main shoot, seeds per siliqua and key physiological parameters collectively indicate that yield improvement in Indian mustard is governed by a coordinated network of morphological and physiological determinants rather than any single trait. The highest correlation of siliqua length with seed yield (r = 0.707) underscores its primacy as a yield determinant, a finding consistently supported in recent literature. Perween et al. (2025) and Chauhan et al. (2025) similarly identified siliqua length, secondary branches and siliquae on the main shoot among the strongest positive correlates of seed yield at the genotypic level in Brassica juncea, reinforcing their utility as reliable indirect selection criteria.
The significant positive associations of seed yield with photosynthetic rate, stomatal conductance, total chlorophyll content, carotenoid content and leaf area index highlight the integral role of photosynthetic efficiency in yield formation. Genotypes with greater leaf area and higher photosynthetic pigment concentrations are inherently better equipped for carbon assimilation, translating to improved source strength and ultimately higher seed filling. The significant negative correlation of transpiration rate with seed yield, coupled with the negative association between transpiration rate and total chlorophyll content, further suggests that genotypes with efficient water-use tend to maintain superior photosynthetic pigment integrity — a physiologically coherent relationship with practical implications for selecting drought-adaptive, high-yielding genotypes.
The negative correlations of days to 50% flowering and canopy temperature with seed yield are consistent with the well-established agronomic understanding that early maturity and lower canopy temperature — often a proxy for cooler, transpiration-efficient canopies — are associated with reduced heat load and better reproductive success in mustard. The robust inter-trait correlations among branching characters, siliqua traits and physiological parameters further confirm that these yield components are functionally interlinked; improvement in one is likely to have favourable indirect effects on others. Pradhan et al. (2021) and Kumar et al. (2024) reported analogous inter-correlations among branching, siliqua and seed yield traits, attributing them to shared developmental and physiological pathways. Taken together, these correlation patterns suggest that simultaneous selection for siliqua length, secondary branching, and photosynthetic efficiency would constitute an effective and biologically sound strategy for advancing seed yield in Indian mustard breeding programmes.
Phenotypic Correlation
Phenotypic correlations followed a similar trend to genotypic correlations, with seed yield per plant exhibiting significant positive associations with plant height (0.432), number of primary branches per plant (0.622), number of secondary branches per plant (0.681), main shoot length (0.563), siliqua length (0.772), number of seeds per siliqua (0.676), number of siliquae on main shoot (0.559), 1000-seed weight (0.453), photosynthetic rate (0.371), stomatal conductance (0.593), total chlorophyll content (0.516), carotenoid content (0.424), oil content (0.266) and leaf area index (0.430). Transpiration rate showed a significant negative phenotypic correlation (−0.398) with seed yield per plant (Table 3b).
The close correspondence between phenotypic and genotypic correlations observed for most traits indicates that the genetic basis of trait associations remained relatively stable under the prevailing environmental conditions, with minimal genotype × environment interaction distorting the underlying relationships. This parallelism is an important validation for breeders, as it implies that phenotypic selection for associated traits will reliably reflect the genetic worth of the material. Perween et al. (2025) similarly reported that phenotypic and genotypic correlations were concordant in direction and magnitude across most yield-related traits in Brassica juncea, and identified secondary branches per plant, main shoot length and siliquae on main shoot as consistently significant at both levels across multiple sowing environments. Comparable agreement between the two levels of correlation for branching, siliqua and seed weight traits has also been documented by Kumar et al. (2024) and Saini et al. (2023), who attributed this consistency to the strong additive genetic control governing these traits.








Table: 3 (a) Estimates of genotypic correlation coefficients among morphological, physiological and yield attributing traits in Indian mustard genotypes 
	
	DF
	DM
	PH
	NPB
	NSB
	MSL
	SL
	NSS
	SMS
	TSW
	OC
	LAI
	A
	Gs
	CT
	E
	Chl
	Caro
	SYP

	DF
	1
	-0.145
	0.098
	0.025
	-0.045
	0.099
	-0.173
	0.108
	-0.029
	-0.261*
	0.029
	-0.07
	-0.021
	-0.044
	0.008
	0.047
	-0.284*
	-0.115
	-0.121

	DM
	
	1
	-0.009
	0.479**
	0.046
	-0.02
	0.038
	0.047
	0.206
	0.138
	-0.048
	0.431**
	0.171
	0.105
	-0.045
	-0.233
	0.171
	0.261*
	0.172

	PH
	
	
	1
	0.194
	0.257*
	0.291*
	0.263*
	0.262*
	0.229
	0.069
	-0.128
	0.112
	0.145
	0.135
	-0.459**
	-0.321*
	0.235
	0.003
	0.423**

	NPB
	
	
	
	1
	0.365**
	0.321*
	0.113
	0.374**
	0.461**
	0.305*
	0.123
	0.443**
	0.268*
	0.454**
	-0.182
	-0.191
	0.265*
	0.436**
	0.519**

	NSB
	
	
	
	
	1
	0.381**
	0.405**
	0.497**
	0.386**
	0.325**
	0.093
	0.318*
	0.414**
	0.522**
	-0.173
	-0.394**
	0.376**
	0.154
	0.633**

	MSL
	
	
	
	
	
	1
	0.47**
	0.442**
	0.421**
	0.109
	0.219
	-0.009
	0.019
	0.457**
	-0.293*
	-0.037
	0.151
	0.341**
	0.567**

	SL
	
	
	
	
	
	
	1
	0.327**
	0.277*
	0.26*
	0.306*
	0.093
	0.208
	0.322*
	-0.003
	-0.292*
	0.411**
	0.277*
	0.707**

	NSS
	
	
	
	
	
	
	
	1
	0.55**
	0.251*
	0.166
	0.257*
	0.215
	0.443**
	-0.232
	-0.252*
	0.288*
	0.207
	0.679**

	SMS
	
	
	
	
	
	
	
	
	1
	0.216
	0.196
	0.316*
	-0.006
	0.295*
	-0.115
	-0.254*
	0.176
	0.147
	0.569**

	TSW
	
	
	
	
	
	
	
	
	
	1
	-0.034
	0.236
	0.141
	0.197
	-0.03
	-0.225
	0.223
	0.194
	0.437**

	OC
	
	
	
	
	
	
	
	
	
	
	1
	0.145
	-0.021
	0.136
	0.118
	0.058
	0.121
	0.399**
	0.291*

	LAI
	
	
	
	
	
	
	
	
	
	
	
	1
	0.106
	0.201
	-0.017
	-0.273*
	0.357**
	0.301*
	0.390**

	A
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.277*
	-0.15
	-0.348**
	0.234
	0.195
	0.339**

	Gs
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	-0.083
	-0.099
	0.159
	0.307*
	0.568**

	CT
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.119
	0.031
	-0.12
	-0.204

	E
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	-0.37**
	-0.131
	-0.391**

	Chl
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.278*
	0.525**

	Caro
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.438**

	SYP
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1


DF: Days to 50% flowering, DM: Days to maturity, PH: Plant height (cm), NPB: Number of primary branches per plant, NSB: Number of secondary branches per plant, MSL: Main shoot length (cm), SL: Silique length (cm), NSS: Number of seeds per siliquae, SMS: Number of siliquae on the main shoot, TSW: 1000-seed weight (g), OC: Oil content (%), LAI: Leaf area index, A: Photosynthetic rate (μmolm2/sec), Gs: Stomatal conductance (mmol m2/s), E: Transpiration rate (mmol/m2/sec), Chl: Total chlorophyll content (µmol/m2), Caro: Carotenoid content (µmol/m2), CT: Canopy temperature (°C) and SYP: Seed yield per plant (g)


Table: 3 (b) Estimates of phenotypic correlation coefficients among morphological, physiological and yield attributing traits in Indian mustard genotypes
	
	DF
	DM
	PH
	NPB
	NSB
	MSL
	SL
	NSS
	SMS
	TSW
	OC
	LAI
	A
	Gs
	CT
	E
	Chl
	Caro
	SYP

	DF
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	DM
	-0.041
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	PH
	0.159
	0.08
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	NPB
	-0.013
	0.439**
	0.252*
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	NSB
	-0.125
	0.155
	0.203
	0.46**
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	MSL
	-0.024
	-0.025
	0.214
	0.319**
	0.424**
	1
	
	
	
	
	
	
	
	
	
	
	
	
	

	SL
	-0.047
	0.158
	0.345**
	0.443**
	0.531**
	0.436**
	1
	
	
	
	
	
	
	
	
	
	
	
	

	NSS
	0.07
	0.007
	0.252*
	0.387**
	0.508**
	0.462**
	0.421**
	1
	
	
	
	
	
	
	
	
	
	
	

	SMS
	-0.077
	0.129
	0.217
	0.415**
	0.455**
	0.413**
	0.335**
	0.56**
	1
	
	
	
	
	
	
	
	
	
	

	TSW
	-0.188
	0.159
	0.106
	0.372**
	0.296*
	0.118
	0.355**
	0.236
	0.219
	1
	
	
	
	
	
	
	
	
	

	OC
	-0.007
	-0.202
	-0.148
	0.073
	0.221*
	0.232
	0.252*
	0.177
	0.156
	-0.038
	1
	
	
	
	
	
	
	
	

	LAI
	0.091
	0.301*
	0.247*
	0.38**
	0.356**
	0.028
	0.381**
	0.207
	0.287*
	0.268*
	0.071
	1
	
	
	
	
	
	
	

	A
	0.049
	0.295*
	0.189
	0.415**
	0.339**
	0.012
	0.342**
	0.208
	0.03
	0.145
	0.023
	0.162
	1
	
	
	
	
	
	

	Gs
	-0.107
	0.087
	0.1
	0.381**
	0.531**
	0.471**
	0.481**
	0.426**
	0.263*
	0.18
	0.18
	0.122
	0.265*
	1
	
	
	
	
	

	CT
	-0.012
	-0.147
	-0.464**
	-0.21
	-0.092
	-0.275*
	-0.107
	-0.219
	-0.139
	-0.031
	0.076
	-0.093
	-0.123
	-0.027
	1
	
	
	
	

	E
	0.068
	-0.352**
	-0.287*
	-0.327**
	-0.384**
	-0.054
	-0.278*
	-0.271*
	-0.305*
	-0.208
	0.007
	-0.325**
	-0.307*
	-0.138
	0.087
	1
	
	
	

	Chl
	-0.274*
	0.136
	0.238
	0.433**
	0.434**
	0.227
	0.367**
	0.313**
	0.221
	0.222
	0.112
	0.351**
	0.222
	0.221
	0.004
	-0.36**
	1
	
	

	Caro
	-0.113
	0.17
	0
	0.448**
	0.229
	0.374**
	0.276*
	0.198
	0.115
	0.197
	0.365**
	0.264*
	0.211
	0.323**
	-0.163
	-0.155
	0.284*
	1
	

	SYP
	-0.081
	0.161
	0.432**
	0.622**
	0.681**
	0.563**
	0.772**
	0.676**
	0.559**
	0.453**
	0.266*
	0.43**
	0.371**
	0.593**
	-0.229
	-0.398**
	0.516**
	0.424**
	1


DF: Days to 50% flowering, DM: Days to maturity, PH: Plant height (cm), NPB: Number of primary branches per plant, NSB: Number of secondary branches per plant, MSL: Main shoot length (cm), SL: Silique length (cm), NSS: Number of seeds per siliquae, SMS: Number of siliquae on the main shoot, TSW: 1000-seed weight (g), OC: Oil content (%), LAI: Leaf area index, A: Photosynthetic rate (μmolm2/sec), Gs: Stomatal conductance (mmol m2/s), E: Transpiration rate (mmol/m2/sec), Chl: Total chlorophyll content (µmol/m2), Caro: Carotenoid content (µmol/m2), CT: Canopy temperature (°C) and SYP: Seed yield per plant (g)

The slightly higher magnitude of phenotypic over genotypic correlations observed for some traits, such as primary branches and stomatal conductance, suggests a modest environmental contribution to the phenotypic expression of these associations, without fundamentally altering the direction or significance of the relationships. The persistently negative phenotypic correlation of transpiration rate with seed yield is noteworthy, mirroring the pattern observed at the genotypic level and consistent with findings of Singh et al. (2023), who reported that under rainfed conditions, lower transpiration rate at the flowering stage was associated with maintained leaf water status and higher seed yield in Indian mustard genotypes. Collectively, the consistency of both correlation matrices across morphological, physiological and quality traits confirms that siliqua length, branching characters, siliquae on main shoot and photosynthetic efficiency are stable and reliable indirect selection criteria for yield improvement in B. juncea, irrespective of the level of correlation examined.
Path Coefficient Analysis
Path coefficient analysis partitioned genotypic correlations into direct and indirect effects of 18 morpho-physiological traits on seed yield per plant, with a residual factor of 0.1045 (Table 4). Siliqua length recorded the highest positive direct effect on seed yield (0.338), followed by number of seeds per siliqua (0.215), plant height (0.142), number of siliquae on main shoot (0.124), 1000-seed weight (0.123), stomatal conductance (0.119), total chlorophyll content (0.102), number of primary branches per plant (0.084), leaf area index (0.083), carotenoid content (0.074), photosynthetic rate (0.069), oil content (0.056), main shoot length (0.055) and number of secondary branches per plant (0.038). Days to maturity (−0.032), days to 50% flowering (−0.026), canopy temperature (−0.012) and transpiration rate (−0.002) exerted negative direct effects. Despite its low direct effect (0.038), number of secondary branches per plant showed a high genotypic correlation (0.633) with seed yield, driven by strong indirect contributions through siliqua length (0.137) and number of seeds per siliqua (0.107). Similarly, main shoot length achieved a moderate genotypic correlation (0.567) largely through indirect effects via siliqua length (0.159) and number of seeds per siliqua (0.095).
The dominance of siliqua length as the strongest direct contributor to seed yield is not surprising  longer siliquae provide greater physical capacity for seed development, directly determining the weight of seed that can be accommodated per pod. This result is consistent with Patel et al. (2023) and Plant Archives (2025), both of whom identified siliqua length and seeds per siliqua among traits with the largest positive direct effects on seed yield in B. juncea, and recommended them as primary selection criteria. The strong indirect effects of secondary branches and main shoot length, operating primarily through siliqua length and seeds per siliqua, explain why these traits show high genotypic correlations with yield despite modest direct effects. They function as structural precursors — more branches and greater main shoot development create the canopy architecture that supports more and longer siliquae. Mishra et al. (2024) made a similar observation, noting that branching traits exerted substantial positive indirect effects on seed yield through siliqua-related components under both timely and late-sown conditions.
What is less commonly reported and worth attention  is the direct contribution of physiological traits. Stomatal conductance (0.119), total chlorophyll content (0.102) and photosynthetic rate (0.069) each recorded meaningful positive direct effects, indicating that photosynthetic capacity feeds directly into seed filling rather than acting only through structural intermediates. This finding is consistent with Meena et al. (2023), who, studying mustard under drought conditions, found that physiological efficiency traits including leaf area index and photosynthetic parameters had substantial direct effects on seed yield, and argued that ignoring them in selection programmes leads to incomplete ranking of genotypes. The negative direct effects of days to maturity and days to 50% flowering are straightforward to interpret — late-maturing genotypes accumulate more degree-days but tend to suffer greater terminal heat and moisture stress during grain filling under north Indian Rabi conditions, ultimately depressing yield. The negligible negative direct effect of transpiration rate (−0.002) further suggests that under non-stress conditions, transpiration per se does not penalise yield; its negative correlation with seed yield observed earlier is mediated through indirect pathways rather than direct physiological antagonism.
Taken together, the path analysis points to a clear selection strategy: direct selection on siliqua length and seeds per siliqua will produce the most reliable gains, while simultaneous attention to stomatal conductance and chlorophyll content adds physiological robustness that purely morphological selection would miss. Secondary branches and main shoot length remain useful indirect indicators. Akkenapally et al. (2022) and Chauhan et al. (2025) reached comparable conclusions across diverse germplasm sets, reinforcing that this trait hierarchy is relatively consistent across genetic backgrounds in Indian mustard.

Table 4: Path coefficient estimates showing direct (diagonal) and indirect (off-diagonal) effects of morpho-physiological and yield attributing traits on seed yield per plant  
	
	DF
	DM
	PH
	NPB
	NSB
	MSL
	SL
	NSS
	SMS
	TSW
	OC
	LAI
	A
	Gs
	CT
	E
	Chl
	Caro
	SYP

	DF
	-0.026
	0.005
	0.014
	0.002
	-0.002
	0.005
	-0.059
	0.023
	-0.004
	-0.032
	0.002
	-0.006
	-0.001
	-0.005
	0
	0
	-0.029
	-0.008
	-0.121

	DM
	0.004
	-0.032
	-0.001
	0.04
	0.002
	-0.001
	0.013
	0.01
	0.026
	0.017
	-0.003
	0.036
	0.012
	0.013
	0.001
	0
	0.017
	0.019
	0.172

	PH
	-0.003
	0
	0.142
	0.016
	0.01
	0.016
	0.089
	0.056
	0.029
	0.009
	-0.007
	0.009
	0.01
	0.016
	0.006
	0.001
	0.024
	0
	0.423

	NPB
	-0.001
	-0.016
	0.028
	0.084
	0.014
	0.018
	0.038
	0.08
	0.057
	0.038
	0.007
	0.037
	0.019
	0.054
	0.002
	0
	0.027
	0.032
	0.519

	NSB
	0.001
	-0.001
	0.037
	0.031
	0.038
	0.021
	0.137
	0.107
	0.048
	0.04
	0.005
	0.027
	0.029
	0.062
	0.002
	0.001
	0.038
	0.011
	0.633

	MSL
	-0.003
	0.001
	0.041
	0.027
	0.014
	0.055
	0.159
	0.095
	0.052
	0.013
	0.012
	-0.001
	0.001
	0.054
	0.004
	0
	0.015
	0.025
	0.567

	SL
	0.004
	-0.001
	0.037
	0.01
	0.015
	0.026
	0.338
	0.07
	0.034
	0.032
	0.017
	0.008
	0.014
	0.038
	0
	0.001
	0.042
	0.02
	0.707

	NSS
	-0.003
	-0.002
	0.037
	0.032
	0.019
	0.024
	0.111
	0.215
	0.068
	0.031
	0.009
	0.021
	0.015
	0.053
	0.003
	0.001
	0.029
	0.015
	0.679

	SMS
	0.001
	-0.007
	0.033
	0.039
	0.015
	0.023
	0.094
	0.118
	0.124
	0.027
	0.011
	0.026
	0
	0.035
	0.001
	0.001
	0.018
	0.011
	0.569

	TSW
	0.007
	-0.004
	0.01
	0.026
	0.012
	0.006
	0.088
	0.054
	0.027
	0.123
	-0.002
	0.02
	0.01
	0.023
	0
	0
	0.023
	0.014
	0.437

	OC
	-0.001
	0.002
	-0.018
	0.01
	0.004
	0.012
	0.104
	0.036
	0.024
	-0.004
	0.056
	0.012
	-0.001
	0.016
	-0.001
	0
	0.012
	0.029
	0.291

	LAI
	0.002
	-0.014
	0.016
	0.037
	0.012
	0
	0.031
	0.055
	0.039
	0.029
	0.008
	0.083
	0.007
	0.024
	0
	0.001
	0.036
	0.022
	0.39

	A
	0.001
	-0.006
	0.021
	0.023
	0.016
	0.001
	0.07
	0.046
	-0.001
	0.017
	-0.001
	0.009
	0.069
	0.033
	0.002
	0.001
	0.024
	0.014
	0.339

	Gs
	0.001
	-0.003
	0.019
	0.038
	0.02
	0.025
	0.109
	0.095
	0.037
	0.024
	0.008
	0.017
	0.019
	0.119
	0.001
	0
	0.016
	0.023
	0.568

	CT
	0
	0.001
	-0.065
	-0.015
	-0.007
	-0.016
	-0.001
	-0.05
	-0.014
	-0.004
	0.007
	-0.001
	-0.01
	-0.01
	-0.012
	0
	0.003
	-0.009
	-0.204

	E
	-0.001
	0.008
	-0.046
	-0.016
	-0.015
	-0.002
	-0.099
	-0.054
	-0.032
	-0.028
	0.003
	-0.023
	-0.024
	-0.012
	-0.001
	-0.002
	-0.038
	-0.01
	-0.391

	Chl
	0.007
	-0.006
	0.033
	0.022
	0.014
	0.008
	0.139
	0.062
	0.022
	0.027
	0.007
	0.03
	0.016
	0.019
	0
	0.001
	0.102
	0.021
	0.525

	Caro
	0.003
	-0.008
	0
	0.037
	0.006
	0.019
	0.094
	0.045
	0.018
	0.024
	0.022
	0.025
	0.014
	0.037
	0.001
	0
	0.028
	0.074
	0.438


DF: Days to 50% flowering, DM: Days to maturity, PH: Plant height (cm), NPB: Number of primary branches per plant, NSB: Number of secondary branches per plant, MSL: Main shoot length (cm), SL: Silique length (cm), NSS: Number of seeds per siliquae, SMS: Number of siliquae on the main shoot, TSW: 1000-seed weight (g), OC: Oil content (%), LAI: Leaf area index, A: Photosynthetic rate (μmolm2/sec), Gs: Stomatal conductance (mmol m2/s), E: Transpiration rate (mmol/m2/sec), Chl: Total chlorophyll content (µmol/m2), Caro: Carotenoid content (µmol/m2), CT: Canopy temperature (°C) and SYP: Seed yield per plant (g)
Residual factor 0.104537

Genetic Divergence Analysis
Hierarchical cluster analysis using Ward's minimum variance method grouped all 62 genotypes into four distinct clusters (Table 5). Cluster I comprised 10 genotypes (BIO 902 B, DRMR-B-8, DRMR B 15, EC 76614 B, EC 766231, M 35, PDZ-1, Pusa Krishma, RH 305-1, TM-106), Cluster II had 21 genotypes including both checks (RH 725 and RH 749), Cluster III contained 11 genotypes, and Cluster IV included 20 genotypes. Cluster I recorded the highest mean values for most yield-attributing traits: secondary branches per plant (18.00), siliquae on main shoot (62.19), siliqua length (6.15 cm), 1000-seed weight (5.82 g), oil content (42.42%), photosynthetic rate (4.50 µmol m⁻² s⁻¹), stomatal conductance (0.23 mmol m⁻² s⁻¹), total chlorophyll content (2.34 µmol m⁻²), carotenoid content (0.88 µmol m⁻²) and seed yield per plant (25.17 g). Inter-cluster distances ranged from 4.83 (Cluster IV, intra) to 7.57 (Clusters I and II), with intra-cluster distances consistently lower than inter-cluster values across all groups (Table 6).
The separation of 62 genotypes into four well-differentiated clusters, each with distinct trait profiles, confirms substantial genetic diversity in the material evaluated. Cluster I stood apart not only in seed yield but also in physiological efficiency — higher stomatal conductance, photosynthetic rate and chlorophyll content — suggesting that its genotypes combine structural yield capacity with superior source activity. This kind of multi-trait superiority is what breeders actually want to see in a donor cluster, and it is not always present when germplasm is assessed on morphological characters alone. Hussain et al. (2025) made a similar observation in multivariate analysis of advanced mustard genotypes, where the cluster with the best oil content and seed weight also recorded higher branching and photosynthetic parameters, reinforcing that these traits tend to co-segregate in high-performing material.
The consistently higher inter-cluster than intra-cluster distances confirm that the four groups represent genetically distinct pools rather than arbitrary subdivisions. The maximum distance between Clusters I and II (7.57) has a direct practical implication: crosses between these two groups are most likely to generate wide segregating populations and exploit heterotic combinations. This logic is well-established Gupta et al. (2023) and Kumar et al. (2024), working with D² statistics in Indian mustard under contrasting sown conditions, both reported that maximum inter-cluster distance reliably predicted the most heterotic cross combinations, and recommended that parents for hybridization be drawn from clusters with the largest pairwise divergence. The minimum distance between Clusters II and IV (5.50) is equally informative, indicating that crosses within this pairing would offer limited genetic novelty. Reddy et al. (2025), evaluating 71 mustard genotypes under the terai agroclimatic zone, found a comparable clustering outcome where seed yield per plant was the largest contributor to inter-cluster divergence consistent with Cluster I's clear separation on yield and its component traits in the present study.
In practical terms, genotypes from Cluster I (particularly those with high siliqua length, oil content and photosynthetic efficiency) crossed with diverse Cluster II genotypes offer the best prospects for generating transgressive segregants superior in both yield and quality. Ingle et al. (2025) arrived at the same recommendation after clustering 30 mustard genotypes using Ward's method, noting that crosses between the highest-yielding and most divergent clusters produced the broadest phenotypic range in F₂ populations.

Fig 1: Dendrogram showing clustering pattern of 62 Indian mustard genotypes based on Euclidean    distance  
Table 5. Clustering of 62 Indian mustard genotypes based on Euclidean distances using Ward's minimum variance method
	Cluster
	No. of Genotypes
	Intra-cluster Distance
	Member Genotypes

	I
	10
	5.84
	BIO 902 B, DRMR-B-8, DRMR B 15, EC 76614 B, EC 766231, M 35, PDZ-1, Pusa Krishma, RH 305-1, TM-106

	II
	21
	5.20
	BJ-YM, BPR-543-3, CS 52, DRMR-B-14, DRMR-B 10, DRMR B 7, H 8, KRANTI, PM-25, RC-1000, RC-110, RC 0781, RC 1615, RH 0406, RH 1224, RH 1400-1, RH 427, RH 725 (check), RH 749 (check), RH 9304, T 6342

	III
	11
	4.94
	DRMR B 19, JD 6, M-82, NPJ 112, NPJ 113, NRCDR 2, NUDBYJ 10, RB 50, RC 14, RC 1658, RH 401 (B)

	IV
	20
	4.83
	DRMR B 9, EC-299293, EC 61-67-1, EC 766602, Giriraj, HEB 1, RC-1163, RC 1614, RC 38, RH-0222, RH-1140, RH-9601, RH 1000, RH 115, RH 1638, RH 60-B, RH 832, RH 8701, RL 1359, SVJ 64



Table 6. Intra (diagonal) and inter-cluster (off-diagonal) Euclidean distances among four clusters of Indian mustard genotypes
	Cluster
	Cluster I
	Cluster II
	Cluster III
	Cluster IV

	Cluster I
	5.84
	7.57
	6.24
	7.46

	Cluster II
	—
	5.20
	5.85
	5.50

	Cluster III
	—
	—
	4.94
	6.10

	Cluster IV
	—
	—
	—
	4.83


Bold diagonal values represent intra-cluster distances; off-diagonal values represent inter-cluster distances
Among individual genotypes, Pusa Krishma recorded the highest seed yield per plant (29.79 g), main shoot length (93.71 cm) and oil content (45.81%), making it an elite genotype for yield-related traits. M 35 had the maximum number of primary branches per plant (10.42), secondary branches per plant (23.00) and seeds per siliqua (19.19). JD 6 had the highest number of siliquae on main shoot (71.06). TM-106 recorded the maximum siliqua length (6.84 cm). Overall, genotypes Pusa Krishma, M 35, JD 6 and TM-106 are identified as promising for maximum number of desirable traits and can be further exploited in breeding programs for developing improved Indian mustard cultivars.
Conclusion
In conclusion, the present study demonstrated the presence of substantial genetic variability among 62 Indian mustard genotypes for morpho-physiological and yield-attributing traits. High heritability coupled with high genetic advance as percentage of mean for seed yield per plant and its major component traits confirms the predominance of additive gene action and the effectiveness of direct selection. Path coefficient analysis identified siliqua length, number of seeds per siliqua, plant height, number of siliquae on main shoot, 1000-seed weight, stomatal conductance and total chlorophyll content as primary determinants of seed yield, suggesting their use as selection criteria in Indian mustard improvement programs. The four-cluster grouping with maximum divergence between Clusters I and II provides a strategic framework for choosing diverse parents for hybridization. Future breeding programs should focus on crossing elite genotypes from divergent clusters to exploit heterosis and recombinant variability for developing high-yielding Indian mustard cultivars.
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